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Abstract 
In recent years, as energy consumption in wireless networks has been explosively increased due 

to the wide spread of multimedia wireless services, Green Radio which emphasizes on energy 

efficiency has been proposed as an inevitable trend for wireless network design. In this thesis, a 

resource allocation problem in OFDMA (orthogonal frequency division multiple access) which 

is a popular access scheme for the broadband wireless standards such as 3GPP LTE and WiMAX 

is studied for the energy efficiency of wireless network. Most relevant researches only account 

for the energy consumption at transmitter, while few works consider the circuit energy 

consumption at receiver solely. In the study of this thesis, energy consumption at both transmitter 

and receiver are concerned, and the objective is to minimize the total energy consumption which 

includes transmission energy consumption, and circuit energy consumption at both transmitter 

and receiver with required per user’s rate target being fulfilled in the downlink of OFDMA 

wireless networks. 

 

For problem solution, several approaches are applied in this paper. We first implement an 

exhaustive search to provide the optimal solution for algorithm performance evaluation. Due to 

the high computational complexity of the exhaustive search, it is inefficient in practice to get the 

optimal especially for large-scale wireless networks. Thus, a heuristic algorithm with lower 

computational complexity and suboptimal solution is proposed. The proposed algorithm is 

developed in two steps with an increasing order of complexity. In the first step, we reduce the 

complexity of studied problem by separating the objective of total energy consumption 

minimization into two sub-problems by solving which the first-step heuristic algorithm is 

generated. In the second step, the first-step heuristic algorithm is improved by gradually 

integrating the separate energy consumption minimizations, namely the two sub-problems, to 

gradually approach the original studied problem, thus gradually approach the optimal solution of 

the original studied problem to generate the final proposed heuristic algorithm. Besides, a 

bounding scheme which is based on the model linearization referring to the transformation of 

given nonlinear system model into a MILP (mixed integer linear programming) model is also 

proposed to provide lower and upper bounds for the objective of studied problem for further 

algorithm performance evaluation. All approaches are numerically applied at the end of the 

thesis word, and the performances of the first-step algorithm and the proposed heuristic 

algorithm are also compared in this paper. 

 

Numerical results show that the proposal heuristic algorithm can achieve near-optimal 

performance with applicable computational complexity even for large-scale networks, and that 

the bounds from the bounding scheme for both small- and large-scale OFDMA networks are 

very tight. 

 

 

Keywords ‒ OFDMA, resource allocation, energy efficiency, circuit energy consumption at 

transmitter and receiver, heuristic search, integer linear programming, upper and lower bounds  
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1. Introduction 

1.1. Background 

Orthogonal Frequency Division Multiple Access (OFDMA) is a multi-user version of the 

popular Orthogonal Frequency Division Multiplexing (OFDM) access scheme which is a current 

technology in wireless network for delivering high-speed connections in a multi-path 

environment via wireless communications. Figure 1 illustrates the access scheme of OFDM and 

OFDMA. In OFDM all subcarriers of a symbol (or all subcarriers in one time slot) are used for 

transmitting data to only one specific user, while in OFDMA the subcarriers of each symbol 

could be divided among multiple users. In frequency-selective fading environments, subcarriers’ 
channel gains are different and they can be considered uncorrelated for different users, thus 

subcarriers which appear in deep fade to one user may not be in deep fade for other users. [1] 

And in OFDMA, subcarriers could be assigned to the more favored users in each time slot, 

which enables the better use of the radio resources.  

 
Fig.1. OFDM and OFDMA access schemes 

 

In OFDMA networks, the resource consists in not only the large set of orthogonal subcarriers 

illustrated as in Figure 1 but also limited power or energy which is out from the battery of 

wireless devices. The resource allocation in the downlink (from access point to multiple users) of 

OFDMA wireless networks is to allocate all subcarriers among multiple users and then for each 

user assign transmission power to allocated subcarriers for symbol or date transmission.  

 

In recent years, with the wide spread of multimedia wireless services, energy consumption at 

wireless devices has been rapidly and explosively increased, which results in a large operational 

expenditure and negative impact on the environment. [2] For this reason, Green Radio (GR), 

which emphasizes on energy efficiency (EE) has been proposed as an effective solution and 
becomes an inevitable trend for wireless network design. [3] To keep pace with GR, OFDMA, as 

a primary access scheme for the broadband wireless standards such as WiMAX and LTE [3], has 

been extensively studied in the direction of resource allocation for the energy efficiency of 

OFDMA networks. 
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1.2. Literature Review 

Earlier research of energy efficiency in OFDMA wireless networks commonly focuses on the 

resource allocation aiming to maximum the system throughput with given resource constraints in 

transmission power (namely, Rate-Adaptive (RA)), or to minimize the total transmission power 

with throughput targets being fulfilled (namely, Margin-Adaptive (MA)) [4]. Further studies 

involve in the RA or MA under specific scenarios such as chunk-based subcarriers allocation in 

[1]. For the issue of system energy efficiency, the emphasis on the efficiency of the transmission 

power is reasonable in the traditional wireless link where the transmission distance is large (≥ 

100 m) so that the transmission energy is dominant in the total energy consumption [5].  

 

When the next-generation wireless systems come, densely distributed wireless access and 

higher data rate are required. Of the requirements, the former implies lower average transmission 

distance, which leads to circuit energy consumption becoming more comparable to the 

transmission energy consumption in the total energy consumption [5]; the latter, besides 

resulting in corresponding higher transmission power for higher data rate, it also leads to more 

aggressive communication schemes being adopt (e.g., N-QAM, convolutional turbo code, etc.), 

thus more complicated circuit designs being required, which finally leads to higher circuit energy 

being consumed as well [6]. Since wireless devices work on battery, due to the limited battery 

capacity and slow advancement of circuit energy-saving design technology, while the circuit 

energy consumption becomes gradually dominant, it either turns into a bottle-neck for the 

reduction of energy consumption to prolong battery life.  

 

As circuit energy consumption emerged as a critical subject, an intense research effort 

involved has been made. Most studies account for the circuit energy consumption at the 

transmitter side and focus on the resource allocation aiming to balance transmission and 

transmission associated transmitter circuit power consumption to achieve the maximum system 

energy efficiency. In those works, the objective of improving energy efficiency commonly refers 

to minimizing the energy consumption per bit [5] or equivalently maximizing the throughput per 

Joule [7], where the circuit power consumption is modeled either as a function of the sum rate 

such as in [8], or simply as a constant such as in [7].  Note that if the circuit power is modeled as 

a constant, when the overall transmission power or overall throughput is fixed, the energy 

efficiency problem above is equivalent to the transmission power efficiency problem MA or RA 

respectively. In [3], further study has proceeded with the concern of optimization of tradeoff 

between EE and SE (spectral efficiency) instead of the sole EE maximization research in the 

downlink OFDMA networks. 

 

While most works concern circuit energy consumption at the transmitter side which are 

dedicated to the research of system energy efficiency (or power efficiency, as the transmission 

energy and associated transmitter circuit energy consumption cover the same time cost), the 

study in [6] makes its effort in the direction of reducing solely circuit energy consumption at 

receiver side over time. As we all know that energy is the multiple of power and time. For circuit 

energy conservation, power efficiency could be achieved by designing low-power circuit which 

is constrained by current technology, thus time-based approaches become a possible solution 

scheme. [6] In current circuit technology, the circuitry of wireless transceivers is designed to 

consume different power in different operation modes such as sleep, idle, transmit and receive 

modes [9]. That is to say, for receiver, if there are no receiving data, the active mode would turn 

its circuit off to conserve circuit energy. To this end, the study in [6] performs a time-based 

approach scheme by scheduling transmission into fewer “wake up” time slots for UEs (User 

Equipment) illustrated in Figure 2. It is to be noted that flat fading is assumed in [6] that is every 
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user has the same gain for different subcarriers while the subcarrier gains still differ for different 

users. Therefore the “fewer wake up time slots” could be easily scheduled and achieved while no 

need to concern the channel diversity. And for the compensation of assumed flat fading, the 

proposed algorithm in [6] works as an appended scheme to the existing transmitter energy 

efficiency optimization, in which frequency-selective fading is considered. Thus, the proposed 

algorithm results in a two-level algorithm, which is running the scheme in [6] in mid-term 

schedule and then executing existing transmitter energy-efficiency scheme in short-term 

schedule to exploit short-term channel diversity. 

 
Fig.2. Arranging transmissions to UEs into fewer slots to reduce receiving energy consumption 

 

Above states the general researches having been made in the direction of resource allocation 

for energy efficiency in OFDMA networks. However, they either focus on the transmission 

power efficiency or aim at the efficiency of energy containing transmission energy, and circuit 

energy only at transmitter or only at receiver. The studies on the energy efficiency accounting for 

transmission energy, and circuit energy at both transmitter and receiver are rarely found. In this 

case, the study in this thesis has been made. 

 

 

1.3. Thesis Overview     
In this thesis, circuit energy consumption at both transmitter and receiver, together with 

transmission energy consumption are all taken into account to the study of energy-efficient 

resource allocation in the downlink of OFDMA wireless networks. The optimization objective 

refers to the minimization of energy consumption per bit, namely to minimize the total energy 

consumption including transmission energy, transmission associated transmitter circuit energy 

(called base energy latter) and receiving energy (namely circuit energy at receiver side) 

consumptions with required per user’s data bits target or rate target being fulfilled.  

 

For channel diversity, frequency-selective fading is considered in this thesis as in most 

previous works, namely subcarriers’ channel gains are different, and considered uncorrelated for 

different users. And in the time domain, since a scheduling grant (predetermined number of time 

slots for resource allocation) covers numbers of time slots and for each time slot the duration is 

quite short like in millisecond, it will generate tremendous date transmission in uplinks (from 

users to wireless access point) if reporting channel information (containing the subcarriers’ 
channel gains) from each user ahead of every time slot scheduling. Thus we assume that the 

feedback of channel information are reported to the transmitter every one or several scheduling 

grants, namely the channel gain of each subcarrier is considered invariable along the time slots in 

one scheduling grant in the time domain. Besides, for simplicity, we adopt constant model for 

the circuit power (circuit power is a constant) at both transmitter and receiver.  

UEs wake up ≥ 3 slots  UEs wake up for 2slots  
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For solving the energy minimization of resource allocation (EMRA) problem in this thesis, 

several approaches are proposed and applied: 1) exhaustive search, which gives the optimal 

solution of small instance for algorithm performance evaluation; 2) heuristic algorithm, which 

achieves near-optimal solution with much lower computational complexity; 3) a bounding 

scheme, which is based on the model linearization referring to transforming given nonlinear 

system model into a MILP (mixed integer linear programming) model to provide tight upper and 

lower bounds of the objective of studied EMRA problem for both small and large instance for 

further algorithm performance evaluation. All schemes and algorithms are numerically applied to 

get simulation results, with which a conclusion is given, showing that the proposal heuristic 

algorithm can achieve good performance with applicable computational complexity even for 

large-scale wireless networks, while the bounding scheme can provide pretty tight upper and 

lower bounds. 

 

 

1.4. Thesis Outline 

This thesis consists of six chapters, organized as follow.  

 

Chapter 1 introduces the background of this thesis, and gives previous works review together 

with thesis overview and outline.  

Chapter 2 gives the specific system model for the studied problem together with the rough 

introduction of several solution approaches.  

Chapter 3 presents the specific heuristic algorithm proposed for problem solution.  

Chapter 4 presents the bounding scheme in detail proposed to provide upper and lower 

bounds for the objective of studied problem for algorithm performance evaluation. 

Chapter 5 numerically applies all solution approaches and gives the analysis for the 

simulation results.  

Chapter 6 gives the conclusion and simple view of future works. 
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2. Problem Formulation and Solution Schemes  

2.1. System Model 

Consider a single cell OFDMA network with K users and N frequency bands. And one 

scheduling grant is assumed to include M time slots with duration T, where      . Let 

K           , N            and M            denote the sets of all users, all frequency 

bands and all time slots respectively, and    K,    N,    M. Denote the required data bits 

target of user k as   . The resource allocation in the downlink of OFDMA network is to allocate 

all     subcarriers among   users and for each user assign transmission power to allocated 

subcarriers to meet users’ average rate demand         .  

 

Denote the transmission power for user k assigned to subcarrier n in time slot m as        . 

The according achievable data rate of user k on frequency band n in time slot m is                                                              岫          岻                                                             岫 岻   
where       represents the channel gain which is assumed constant along time slots. (Here, 

the rate function     岫     岻 is simplified without considering the noise and delay). For circuit 

power at both transmitter and receiver, constant model has been assumed. We denote    to 

indicate the base power and     to indicate the receiving power of user k respectively, (here, 

varied receiving power for users is assumed to indicate users’ different battery property such as 

battery life and so on). Introduce the binary variable             to indicate whether 

subcarrier n in time slots m is allocated to user k (by 1) or not (by 0). Since circuit energy 

consumption at transmitter or receiver incurs in a time slot when there is data transmitted or 

received in that time slot, the total number of time slots where base energy or user’ receiving 

energy consumption exist can be formulated respectively as 

                           ∑  (∑ ∑           )              ∑  岫∑        岻                    岫 岻 
where  岫 岻 is an integer step function, and has                                                               岫 岻  {                                                                               岫 岻 

     

With all above, the EMRA problem can be formulated as:  

           ∑ ∑ ∑                   ∑  (∑ ∑           )                    
                                                       ∑    ∑  (∑        )                                                                 岫  岻 
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                                           ∑ ∑         岫          岻                                                     岫  岻                                                             ∑                                                                                 岫  岻                                                                                                                                              岫  岻                                                                                                                                                岫  岻 

 

In the system model above,       and      are the variables; E is the total energy 

consumption;  ∑ ∑ ∑                   is the transmission energy consumption;    ∑  (∑ ∑           )       is the base energy consumption;  ∑    ∑  岫∑        岻          is the receiving energy consumption. Constraint (4b) is 

the user rate restriction. Constraint (4c) ensures that each subcarrier is exclusively assigned to at 

most one user in each time slot to avoid interference among users. Constraints (4d) ‒ (4e) state 

the variable conditions.  

 

 

2.2. Solution Approaches 

For solving the EMRA problem, an exhaustive search which gives the optimal solution for 

small instance for algorithm performance evaluation is first implemented. Then, we propose a 

heuristic algorithm which achieves a suboptimal solution but with much lower complexity. After 

that, a bounding scheme which is based on the model linearization is also proposed to provide 

tight upper and lower bounds for both small and large instance for further performance 

evaluation for the proposed heuristic algorithm. 

 

2.2.1. Exhaustive Search 

Exhaustive search is a problem-solving technique of systematically enumerating all possible 

candidates and checking whether each candidate satisfies the problem’s statement for the 

solution, which is very general for problem solving to get optimal solution.  

 

In the studied EMRA problem, the resource allocation includes two parts:  

a. Subcarriers allocation: allocation of subcarriers among users,  

b. Power allocation: assignment of power to the allocated subcarriers for single user to 

fulfill the user’s data rate target. 

The problem solving for power allocation is based on the solution of subcarriers allocation, 

namely with certain subcarriers allocation pattern power allocation could then be solved. In the 

exhaustive algorithm, exhaustive search is applied in subcarriers allocation, which is 

enumerating all possible allocation patterns of subcarriers for all users. To execute exhaustive 

search, recurrence algorithm is developed in this thesis which will not be stated further here. And 

then for each subcarriers allocation pattern, solve power allocation to get minimum transmission 

power     for each user, which results in minimum   , while    and    could be easily 

computed with the constant circuit power,     and   , and the countable time slots for each 

according to expression (2). Therefore, the total energy consumption for each allocation pattern 

could be obtained. By comparing the total energy consumption of each subcarriers allocation 

pattern, optimal solution with the minimum E could be found. 
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Above, for power allocation, water-filling algorithm [10] which is a mature scheme for giving 

the optimal assignment of transmission power values among subcarriers to reach minimal     for 

single user is adopted. According to the rate function in (1), the subcarrier with higher   (gain) 

cost lower power for fulfilling same data rate demand, and as the rate demand increases, the 

increase of cost power for every subcarrier gradually increased. In the water-filling algorithm, 

the subcarrier with higher   (called stronger subcarrier) is prior to be filled with power, and the 

filling keeps till the user’s rate target is fulfilled or the filling reaches an equalization with the 

subcarrier having second higher   (called next stronger subcarrier) where assigning one more 

small enough     to the stronger subcarrier and same     to the next stronger subcarrier the 

transmitted    are the same, (namely, the derivative   岫  岻     for the stronger subcarrier at its 

current assigned power value and derivative for next stronger subcarrier at its current assigned 

power value 0 are the same). And for the latter where the filling reaches an equalization, the next 

stronger subcarrier will join to be filled with power together with the stronger subcarrier till 

target rate fulfilled or next equalization with next-next subcarrier come across. The power being 

filled at the latter for the stronger subcarrier and next stronger subcarrier are the same according 

to same reduction gradient of derivative at respective current assigned power value, which 

further has: when there are subcarriers starting or keeping to be assigned with power for sharing 

rate target, all that subcarriers are in an equalization where they have same derivative at 

respective current assigned power value.  

 

The process of power assignment is just as filling water in a vessel of multiple openings with 

step solid at bottom to find its even level, illustrated as in Figure 3. The height of solid in sub-

vessel (subcarrier) i is 
   , according to the same derivative in equalization, which gets 

same 岾       峇 for all i when i has or is about to have power filling, where     is the power filled 

in i and 岾       峇 is called water level. To be specific, giving an instance with subcarrier    

having power filling and subcarrier    about to have power filling, since they are in equalization 

which has (         )  (         ) where       , then               , thus assigning power to 

that two subcarriers is visually equivalent to filling water into two sub-vessels with the solid 

height of 
     and 

     at bottom. When the filling just fulfils the user’s rate target with water 

level 岾        峇,         is then the optimal transmission power assignment for the user. The 

subcarriers with too high solid, namely too small  , that are not able to be assigned of any power 

to share target rate before target rate fulfilled are called ineffective subcarrier, illustrated as sub-

vessel 3 in Figure 3. 

 
Fig.3. Water-filling algorithm 
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The specific water-filling algorithm for power allocation for single user is stated as Algorithm 

1 below.  
 

—————————————————————————————— 

Algorithm 1: Water-filling Algorithm for Power Allocation 
—————————————————————————————— 

1.                                    

2.                       

for            岫           岻    

    3.      岫   岻      
    4.        岫       岻 

if         

    5.    岫   ⁄   岻    

    6.                          

    7.       
else 

    8.                        
    9.          

    end if 

end for 
10.             
11.   ∑    
—————————————————————————————— 

Algorithm 1: Water-filling Algorithm for Transmission Power Allocation 

     

In the algorithm, line 1 and line 2 is to initialize the allocated subcarriers (in order of strength) 

and power assignment. Line 3 to line 9 is the water-filling process, of which if and else statement 

is to decide whether the rate target is fulfilled or not before a next equalization level reached. In 

line 10, u is the effective subcarriers, and in line 11                     is the optimal 

transmission power assignment. 

 

The exhaustive search performs effectively to get an optimal solution when the problem size is 

small. However, as the scale of inputs increases, the computationally complexity of exhaustive 

search is exponentially increased. It is then hard and takes too long to get the optimal of studied 

problem, which means the exhaustive search is inefficient in practice. Thus, more efficient 

algorithm is needed for the problem solving, and then we propose a heuristic algorithm with 

much lower computational complexity. 

 

2.2.2. Heuristic Search  

Heuristic search is the scheme in computer science for solving a problem more quickly when 

classic methods such as exhaustive search are too slow or for finding an approximate solution 

when classic methods fail to find any exact solution. In this thesis, since it is difficult for 

exhaustive search to find the optimal solution especially for large instance due to high 

computational complexity, we propose a heuristic algorithm with much lower computational 

complexity to get a near-optimal solution for the studied EMRA problem in OFDMA networks. 

 

The proposed heuristic algorithm, same as exhaustive search, is applied in the subcarriers 

allocation, however, is to efficiently find better subcarriers allocation with each iteration to 

gradually approach the objective of minimal total energy consumption instead of enumerating all 

possible allocation patterns as in exhaustive search. And for power allocation and the calculation 

of circuit energy consumption, same schemes in exhaustive algorithm are adopted.  
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According to the system model,   ,    and   are all related to the subcarriers allocation 

(referring to the variable      in system model). And when to minimize the total energy 

consumption trade-off appears among the subcarriers allocation for each energy minimization, 

while for respective    and    minimization trade-off of subcarriers allocation also exists among 

different users, (which will be expounded later in later chapter). It is then hard to directly balance 

all the trade-offs to get an optimal solution for the objective of total energy minimization of the 

studied problem. Considering the high complexity of the problem, the proposed heuristic 

algorithm is explored in two steps. In the first step, we reduce the complexity of the studied 

problem to form a simple and easily solved problem via separating the    minimization from the 

objective of E minimization, and then solving the formed problem to generate a first-step 

heuristic algorithm. In the second step, the first-step heuristic algorithm is improved for the 

proposed heuristic algorithm generation by integrating separate energy consumption 

minimizations to gradually approach the original studied problem, thus gradually approach the 

optimal solution of original studied problem. Details are provided in the next chapter. 

 

2.2.3. Bounding Scheme 

As we know that the optimal solution of studied problem for large instance is hard to be 

obtained via high-complexity exhaustive search, a bounding scheme which is based on the model 

linearization referring to transforming the given nonlinear system model into a MILP (missed 

integer linear programming) model to lower problem complexity is proposed in this thesis to 

provide upper and lower bounds for the objective of studied problem to further assist algorithm 

performance evaluation for proposed heuristic algorithm.  

 

In section 2.1, we could see that the given system model is a nonlinear programming (NP) 

model, in which rate function     岫     岻 in constraint (4b) is the main nonlinear factor. By 

bounding the rate function from above or below, the nonlinear rate function could be 

approximated as a piecewise linear function, thus the model linearization for given nonlinear 

system mode could be easily achieved. And then by solving the formulated MILP models based 

on the rate function bounded from below and above respectively via existing linear solver, the 

upper and lower bounds for system objective of studied problem could be obtained. Specific 

process is declared in Chapter 4. 
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3. Heuristic Search 

In this chapter, we give the analysis for the objective optimization of the studied EMRA 

problem. And based on the problem analysis, a heuristic algorithm for problem solving is 

proposed. The proposed algorithm is initiated with a first-step heuristic algorithm which is 

explored by reducing the complexity of studied problem to form a simple and easily solved 

problem and then solving the formed problem via heuristic search. And next, the first-step 

heuristic algorithm is improved in the second step by gradually increasing the complexity of 

formed problem to gradually approach the original studied problem thus gradually approach the 

optimal solution of studied problem, with which the proposed heuristic algorithm is generated. 

The proposed heuristic algorithm gives a near-optimal solution with low computational 

complexity.  

 

 

3.1. Problem Analysis 

The studied EMRA problem consist of two parts, subcarriers allocation among users for total 

energy minimization and power allocation among allocated subcarriers for single user for 

transmission energy minimization. With certain subcarriers allocation pattern from subcarriers 

allocation, power allocation and circuit energy consumption at both transmitter and receiver 

could be optimally solved and easily computed according to water-filling algorithm and the 

expression in (2) in section 2.1 respectively. Therefore, the only remaining problem is how to 

find an energy-efficiency subcarriers allocation which could approach the minimal total energy 

consumption as near as possible. To efficiently solve the subcarriers allocation problem, we first 

analyze the relation between subcarriers allocation and energy consumption. 

 

Total energy consumption is equal to the transmission energy consumption plus receiving 

energy consumption plus base energy consumption, and according to the system model all of 

those three energy consumptions are related to the subcarriers allocation. When concerning the 

subcarriers allocation for single energy consumption minimization, below analysis is performed.  

 

    For transmission energy consumption, since the channel gain of subcarriers are assumed 

unvaried in time domain, according to water-filling algorithm, if a subcarrier for a user is 

effective (referring to the “ineffective subcarrier” in water-filling algorithm in section 2.2.1) in 

one time slot, the subcarrier is effective in all time slots for the same user, and the higher the 

subcarriers’ channel gain is, the more effective (sharing more target data rate) the subcarriers are. 

Thus for each user the minimization results in effective subcarriers with higher gain and in more 

scheduling time slots being assigned to the user, and for the minimization of transmission energy 

consumption of all user, trade-off appears when users’ effective subcarriers conflicts;  

 

    For base energy consumption which incurs in a time slot when there is data transmitted in the 

time slot, the minimization results in fewer time slots being used for data transmission;  
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For receiving energy, same as base energy, scheduling fewer time slots for data transmission 

to a user could lower the user’s receiving energy consumption. And for the minimization of 

receiving energy of all users, trade-off appears when users’ subcarriers allocation for fewer time 

slots conflicts. In addition, since the channel gain of subcarriers are unvaried in time domain, for 

each user it is same for transmitting data on a subcarrier in one time slot or on the subcarriers in 

any other time slot. It means that the data transmission on a subcarrier in one time slot could then 

be shifted to the subcarrier in any other time slot. Thus with certain subcarriers allocation pattern 

shifting transmission into fewer time slots for a user could further lower the user’s receiving 

energy consumption. And for transmission shifting among users to get minimal receiving energy 

consumption of all users, trade-off appears when users’ transmission shifting for fewer time slots 

conflicts.  

 

                 
 

Fig.4. Subcarriers allocation for separate energy consumption minimization 

 

The analysis of subcarriers allocation for separate energy consumptions minimization is 

simplified showing in Figure 4. From the analysis, we could see that when to minimize the 

overall energy consumption the trade-off of subcarriers allocation exists among each energy 

minimization, and for transmission and receiving energy minimizations there are also trade-offs 

of subcarriers allocation among different users. Thus, it is hard to directly settle the energy-

efficient subcarriers allocation to balance all trade-offs and reach an optimal solution of the 

objective of total energy consumption minimization. In that case we explore the proposed 

heuristic algorithm for subcarriers allocation in two steps. First, reduce the problem complexity 

to form a simple and easily solved problem, and then solve the formed problem to generate a 

first-step heuristic algorithm. Second, improve the first-step algorithm by increasing the 

complexity of formed problem to gradually approach the original studied problem thus approach 

the optimal solution of the original studied problem as near as possible. Details are presented in 

the next section. 

 

 

3.2. Heuristic Algorithm 

    In this section, a first-step heuristic algorithm generated by solving an easily solved problem 

formed by reducing the complexity of original studied EMRA problem via separating receiving 

energy consumption minimization from the objective of total energy consumption minimization 

is presented. And then the improvement of the first-step heuristic algorithm for the proposed 

heuristic algorithm generation in second step is presented, which is developed by gradually 

Transmission energy 

consumption minimization 

Receiving energy 

consumption minimization 

Base energy consumption 

minimization 

 More time slots   Optimized subcarriers allocation in 

   allocated time slots among users  

 

 Fewer time sots 

 

  Fewer time slots   Optimized subcarriers allocation in 

   allocated time slots among users  Optimized transmission shifting among users 

   with allocated subcarriers pattern  

   in allocated time slots 
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integrating the separate energy minimizations to gradually approach the optimal solution of 

studied EMRA problem. 

 

3.2.1. First-step Heuristic Algorithm 

In Figure 4, the minimization of receiving energy consumption involves both subcarriers 

allocation and transmission shifting which is quite complicated. Thus a simple and easily-solved 

problem is formed by separating the receiving energy minimization from the objective of total 

energy minimization to reduce problem complexity, which results in two interdependent sub-

problems:    minimization and (  +   ) minimization. Of the two interdependent sub-problems, 

the latter is first solved via heuristic search to give an energy-efficiency subcarriers allocation 

pattern and with the obtained subcarriers allocation pattern the former is then to be solved via a 

transmission shifting scheme. Figure 5 shows the concept of formed problem solving. And the 

specific heuristic search and transmission shifting scheme for solving the two interdependent 

sub-problems are presented as below, which forms a first-step heuristic algorithm for the studied 

EMRA problem solving.  

 

 
Fig.5. Concept of formed problem and problem solving 

 

 

1) Heuristic search for the minimization of transmission and base energy consumption 

 

In Figure 5, we could see that, the base energy consumption is only involved with the time 

slots allocation, which is directly proportional to the number of allocated time slots, while the 

transmission energy consumption is inverse proportional to the number of allocated time slots. 

Thus the trade-off of subcarriers allocation between the two energy consumption minimizations 

could be balanced by adding time slot one by one till the reduction of transmission energy 

consumption with one more time slot could not counteract the increase of base energy 

consumption with same one more time slot or there is no time slot left in the scheduling grant. 

The increase of base energy consumption in each iteration of adding one time slot is just     , 

while the reduction of transmission energy consumption in each iteration is related to the 

optimized subcarriers allocation for transmission energy consumption minimization before and 

in each iteration. 

More time slots  

Optimized subcarriers allocation in 

allocated time slots among users  

 

Transmission energy 

consumption minimization 

Receiving energy 

consumption minimization 

Base energy consumption 

minimization 

Fewer time slots 

 

 

Optimal transmission shifting among users 

based on allocated subcarriers pattern 
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In each iteration of the time slot adding evaluation optimized subcarriers allocation for 

transmission energy consumption minimization involves two general schemes. One is to 

optimally allocate the subcarriers in all yet allocated time slots together with the being evaluated 

time slot among users in every iteration, and one is to only optimally allocate the subcarriers in 

the being evaluated time slot while reallocate the subcarriers which could be updated as 

unallocated in yet allocated time slots among users. Above, the update for allocated subcarriers 

in yet used time slots appears since when adding a highly effective subcarrier for a user, the 

effective subcarriers which are already allocated to the user may become ineffective, yet could 

be effective for other users due to different channel gains of same subcarrier for different users, 

thus those subcarriers could be updated as unallocated and be reallocated to save subcarriers 

resource as well as reduce energy consumption). For lowering the computational complexity, we 

consider the later one to perform the following specific subcarriers allocation scheme.  

 

For the optimized subcarriers allocation among users in each iteration of time slot adding 

evaluation, following scheme a is adopt which is aiming to assign effective subcarriers to each 

user as stronger as well as more as possible and at the same time to balance the trade-off of 

subcarriers allocation among users (according to problem analysis in section 3.1). In scheme a, 

the transmission power reduction for single user with some allocated subcarriers is obtained 

according to water-filling algorithm in Algorithm 1. The scheme doesn’t guarantee the optimal 

of transmission energy consumption minimization.  

Scheme a: always allocate to the user first, who obtains the most transmission power 

reduction when adding its available best subcarrier (unallocated subcarrier with highest 

gain), with its available best subcarrier, till all available subcarriers have been allocated 

or there is no effective available subcarrier for any user.  

 

In addition, since users don’t share a single subcarrier, to make sure that each user’s data rate 

target could be fulfilled, at least one subcarrier has to be assigned to each user. To meet the 

requirement we reserve 暁K⁄N業 time slots to allocate each user a subcarrier ahead of the time slot 

adding iteration. To optimized the subcarriers allocation in the reserved 暁K⁄N業 time slots for 

transmission energy minimization we first allocate each user a subcarrier according to the 

following scheme b, and then for the remaining unallocated subcarriers in the 暁K⁄N業 time slots if 

there are after scheme b performed, scheme a is applied. Still all related to transmission power 

are obtained according to water-filling algorithm. The subcarriers allocation in the 暁K⁄N業 time 

slots still doesn’t guarantee the optimal of transmission energy consumption minimization. 

Scheme b: always allocate to the user first, who has the largest difference in transmission 

power consumption when allocating its available best subcarrier and its available second 

best subcarrier respectively among the users who haven’t been allocated any subcarrier, 

with its available best subcarrier, till every user has one subcarrier assigned to. 

 

With all above, the subcarriers allocation for minimizing (  +   ) could be obtained. The 

specific algorithm is presented below in Algorithm 2a, and the algorithm doesn’t guarantee the 

optimal.  
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————————————————————————————————————————— 

Algorithm 2a: part 1) of Initial Heuristic Algorithm for sub-problem 1) 

—————————————————————————————————————————          

1.                                    暁  ⁄ 業                 

while      

      2.                                                                   

  while                       
        for        
              if                  岫                                        岻 

                    3.                                          
                    if                                                 

                          4.                       
                    else if                                                         

                          5.         

                    end if 
                    if               

                          6.                
                          7.                                           

                          8.                                                                             
                          if              
                                9.                                                                              
                               10.                                       
                          else if                   
                                11.                    

                                if        
                                      12.          
                                end if 
                         end if 

                         13.               
                   end if 

             end if 

      end for 
       14.                               
       if       
            15.                                                

            16.                                  

            17.                  
            if                    
                  18.         

                  19.      
           end if 

            20.                
       else 
             break 

       end if 
 end while 

 if              暁  ⁄ 業     
       21.                    
       22.         

                   else 

       break 
                  end if 

end while 
23.         

24.      ∑               
————————————————————————————————————————— 

Algorithm 2a: part 1) of Initial Heuristic algorithm for sub-problem 1) 
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In the Algorithm 2a, line 1 is to initialize    - the transmission power of each user,     -the 

number of transmission on subcarrier n along all used time slots for user k which is an easy way 

to indicate the subcarriers allocation pattern and    the number of allocated time slots. And the 

“mark” in line 1 is related to the requirement of at least one subcarrier for each user. The first 

while loop refers to the time slot adding iteration in which the if statement containing line 21 and 

line 22 is to evaluate whether add the   th
 time slot or not. The second lower-level while loop 

indicates the scheme a and scheme b for subcarriers allocation under each time slot adding 

iteration, the schemes are separately performed according to the “mark” status. “check” is used in 

the algorithm for improving computational performance. In line 24,     is the minimal (  +   ) 

which could be obtained. 

 

 

2) Transmission shifting scheme for receiving energy consumption minimization with obtained 

subcarriers allocation pattern 

 

With certain subcarriers allocation pattern obtained from Algorithm 2a, the receiving energy 

could be minimized by applying an optimized transmission shifting scheme. To optimize the 

shifting scheme, according to the problem analysis in section 3.1, transmission for each user 

should be shifted into fewer time slots meanwhile the trade-off among users’ shifting conflicts 

should be balanced. Here, it should be noted that since one transmission shift involves with the 

exchange of transmission on subcarriers between two users, for avoiding tremendous exchange 

among users to simplify the shifting scheme, we consider first clearing all transmissions on all 

subcarriers for all users, and then according to the number of transmission allocated to each 

subcarrier along all used time slots for each user obtained from Algorithm 2a which is namely 

the    , reallocate subcarriers for all users. It is easy to see that above process is equivalent to 

the transmission shifting, and later on, subcarriers reallocation is also used to indicate the 

transmission shifting. 

 

As we know that users consume different receiving powers when there is data received, 

referring to the varied    . And when to perform an effective transmission shift (with the 

transmission shift the used time slot could be reduced by 1) for a user, the user who consumes 

biggest receiving power should be always first selected due to the biggest reduction of receiving 

energy (=                  ) with that transmission shift performed for the user. Thus in the 

proposed transmission shifting scheme, the user with higher receiving power is always first 

considered to reallocate subcarriers for its transmissions. Namely, users apply subcarriers 

reallocation in the order from big     value to small          , by which users’ possible shifting 

conflicts are avoided.    

 

Considering the subcarriers reallocation for a single user, the minimum required number of 

time slots for required transmission for user   equal to            , which we denote as     . 

And then for each single user, following scheme c is proposed for subcarriers allocation aiming 

to use time slots as few as possible to allocate required transmission     for receiving energy 

minimization, in which        is the maximum transmissions which could be allocated to the 

remaining available subcarriers (without transmission on) in time slot m ,        is the number of 

maximum transmission       , and                     is the allocated time slots obtained 

from Algorithm 2a. After applying scheme c for all users, allocate possible remaining 

unallocated transmissions of all users in any found time slots where corresponding unallocated 

subcarriers exist.  
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Scheme c: always find the time slot    with max       for all             and then 

allocate         in time slot    on corresponding unallocated subcarriers, till the max 

      for all              is equal to 1 or there is no unallocated transmission left; and 

if there are several    found with same        
, the first found one  which could make      

reduced when allocating        ,  should be selected to allocate transmission, and if no one 

found could have      reduced, the first found   should be selected to allocate 

transmission.  

 
—————————————————————————————————————— 

Algorithm 2b: part 2) of Initial Heuristic Algorithm for sub-problem 2)  

——————————————————————————————————————          

1.                                  
2.                                             

for                         

  3.                  
  while        

        for                   
              4.                                  

        end for 

        5.                        
 

        if           

              6.                                             

              if length(          )=1 
                    7.                   

                    8.                      

                    9.                  
              else  if  length(          )>1 
                    10.              

                    for            岫          岻 

                          11.                                  岫 岻         

                          if                
                                12.             岫 岻                  岫 岻     

                                13.                         岫 岻    

                                14.                  
                                15.             
                                break  

                          end if 
                    end for 

                    if               
                          16.              岫 岻                  岫 岻     

                          17.                         岫 岻    

                          18.                  

                    end if  
              end if 

        else  

              break 
        end if 

  end while 
                          end for     
                          19.                                                                                                                      
                          20.             岫{ |                      }岻 

                          21.      ∑             

—————————————————————————————————————— 

Algorithm 2b: part 2) of Initial Heuristic Algorithm for sub-problem 2)   
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With the transmission shifting scheme stated all above, the updated subcarriers allocation 

pattern is obtained, together with the minimal receiving energy consumption that could be 

obtained. Specific algorithm is shown in Algorithm 2b above, which doesn’t guarantee the 

optimal. 

 

In Algorithm 2b, line 1 is to initialize the subcarriers allocation pattern and       means 

that subcarrier n in time slot m is allocated to user k. The first for loop refers to the scheme c for 

all k, in which            are the time slots found with max        for all             , and 

“select” is used to indicate if there is time slot               that could make      reduced 

when allocating         in   . In line 20,      
 is the total number of time slots used for data 

transmission to user k with the final updated subcarriers allocation pattern {           
           . And in line 21,    is minimal receiving energy consumption that could be obtained. 

 

 

3.2.2. Improvement of First-step Heuristic Algorithm  

In last section 3.2.1, the first-step heuristic algorithm is explored by solving a simplified 

problem (shown in Figure 5) formed on the basis of the studied EMRA problem to reduce 

problem complexity. In the formed problem, compared with original EMRA problem, the 

receiving energy minimization is separated from total energy minimization and the subcarriers 

allocation for the receiving energy minimization is ignored. Thus, for approaching the optimal 

solution of studied EMRA problem, the first-step heuristic algorithm in section 3.2.1 is improved 

in this section by gradually integrating the two separate energy consumption minimization sub-

problems till original studied EMRA problem is solved. Figure 6 shows the general concept of 

studied EMRA problem and subcarriers allocation for problem solving, which is based on the 

analysis in Figure 4. 

 

 
Fig.6. General concept of studied EMRA problem and subcarriers allocation for problem solving 
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1) Improvement of first-step heuristic algorithm part 1) 

 

To integrate the two sub-problems in section 3.2.1, the subcarriers allocation for receiving 

energy minimization should be considered. From Figure 6, it is easy to find that the receiving 

energy consumption is same as base energy consumption, directly proportional to the number of 

allocated time slots. Thus the first-step heuristic algorithm could be partly improved by 

modifying the evaluation of time slot adding in Algorithm 2a into “adding allocated time slot one 

by one till the reduction of transmission energy consumption with one more time slot could not 

counteract the (increase of base energy consumption + the increase of receiving energy 

consumption) with same one more time slot”.  

 

The increase of receiving energy consumption in each iteration of time slot adding could be 

easily computed according to the expression in (2) in the system model section with the certain 

subcarriers allocation pattern obtained from scheme a (or scheme a and b) before and in each 

iteration.  However, since transmission on subcarriers could be shifted along all allocated time 

slots, when computing the increase of receiving energy consumption, the reduction of receiving 

energy consumption due to transmission shifting scheme should also be taken into account. It 

results in transmission scheme in Algorithm 2b being performed in each time slot adding 

iteration, which leads to higher computational complexity compared with first-step heuristic 

algorithm.   

 

Algorithm 3a shows the algorithm improvement stated above.  

 
——————————————————————————————————— 

Algorithm 3a: Improvement of First-step Heuristic Algorithm - part 1) 
——————————————————————————————————— 

In Algorithm 2a  

(1) Initialize       in line 2, 

(2) Add                in line 17, 

(3) Change: 

                          if              暁  ⁄ 業     
                                21.                    
                                22.         

                                            else 

                                break 
                                           end if 

       into: 

                                            if  岫    岻                暁  ⁄ 業  
                                21.                    
                                22.         
                         else  

                                23.                                                                                                                      
                                if  岫    岻           

                                      24.                    
                                      25.         
                                else 

                         break 
                  end if 

           end if 
——————————————————————————————————— 

Algorithm 3a: Improvement of First-step Heuristic Algorithm - part 1)  
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In the Algorithm 3a,     
 is the increase of receiving energy consumption with transmission 

shifting scheme applied. And from statement (3) it is easy to see that the transmission shifting 

scheme isn’t applied in every iteration of time slot adding evaluation, for we introduce    
 

instead of using     
 in the beginning iterations when D is big enough, where    

>    
and is 

easily obtained according to the statement (2), for the consideration of computational complexity 

reduction as well as the fact that the transmission shifting scheme in Algorithm 2b doesn’t 
guarantee the optimal thus should be less used to lower error.  

 

 

2) Improvement of first-step heuristic algorithm part 2) 

 

Now in Figure 6 the effect of receiving energy minimization acting on the subcarrier 

allocation in each iteration of time slot adding among users is only left to be concerned. 

According to the problem analysis in section 3.1, we could know that when adding a subcarrier 

to a user, while the total transmission energy consumption is either reduced or unvaried, the total 

receiving energy consumption could be increased, unvaried or even reduced still due to the 

transmission shifting happening. For the instance below:  

 [                            ]        

                                                                     

when allocating subcarrier    in time slot    to user   , transmission on that subcarrier could be 

able to shift with the transmission of    on    in   , which results in the reduced total receiving 

energy after the allocation. Thus, the effect of receiving energy on subcarrier allocation could be 

realized by changing the “the most transmission power reduction” in scheme a into “the most 

energy consumption reduction obtained by (the most transmission energy reduction - the total 

receiving energy consumption change” where the change is positive if the total receiving energy 

consumption increased, and is negative if decreased.  

 

The change of total receiving energy consumption with a subcarrier allocated to a user cannot 

be directly computed due to the transmission shifting. To get that value, transmission shifting 

scheme in Algorithm 2b should be applied in each evaluation of allocating a subcarrier to a user, 

which will lead to tremendously high computational complexity, besides the developed 

transmission scheme in Algorithm 2b doesn’t guarantee the optimal, which will also result in big 

error when the transmission scheme is frequently applied. Considering that, we make an 

assumption as below: 

Transmissions of each user could be always shifted into an optimal solution, where the 

used time slot for the transmissions of each user is equal to             for that user.  

 

    With the assumption above, the case in which there exists user k who’s used time slots >             in the optimal transmission shifting solution is ignored, such as the instance 

below in which there is always a user whose used time slots > 1=             for that user.  

 [                       ] 
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Thus the change of total receiving energy consumption with a subcarrier    allocated to a user k 

could be obtained without applying the transmission shifting scheme and is directly equal to 0 if (      )              or equal to      if (      )             . By the way, with 

that assumption, although the increase of receiving energy consumption in each iteration of time 

slot adding could be easily computed by summing (          after the iteration of time slot 

adding –              before the iteration ) for each user without applying the transmission 

shifting scheme, we still adopt the scheme in Algorithm 3a for lessening the error from the 

assumption to some extent. 

 

    The specific algorithm improvement is stated in Algorithm 3b. In the algorithm, the 

accumulated         in line 17 in Algorithm 2a, is changed with the improvement part 2) 

due to the possible changed    in line 13 of Algorithm 3b, and it is needed to be changed back as 

the same D in Algorithm 2a of the first-step heuristic algorithm which is still the accumulated 

reduction of transmission energy consumption. Here we don’t state that specific back change in 

the Algorithm 3b.  

 
——————————————————————————————————— 

Algorithm 3b: Improvement of First-step Heuristic Algorithm - part 2) 

——————————————————————————————————— 

In Algorithm 2a  
1) Change: 

                          if           
                                12.        

                                            end if 
into: 

                                            if             
                                12.         
                         else  
                                if                              
                                      13.           

                  end if 

           end if 
——————————————————————————————————— 

Algorithm 3b: Improvement of First-step Heuristic Algorithm - part 2) 

 

 

    With the two-parts improvement of the first-step heuristic algorithm above, the proposed 

heuristic algorithm is then generated. 
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4. Bounding Scheme 

In this chapter, a bounding scheme based on the model linearization is investigated to provide 

tight upper and lower bounds of system objective for further performance evaluation for 

proposed heuristic algorithm.  

 

We have known that the system model given in Chapter 2 is a NP model, which would be 

solved with a high cost of problem complexity. For reducing the problem complexity and 

making the problem solvable via simple solver, we consider transforming the NP system model 

into a MILP model. From the given system model, we could see that the main nonlinear factor is 

the rate function     岫     岻 located in constraint (4b). And when plotting the rate function, it 

shows as a curve illustrated as the black curve in Figure 7. Thus if we approximate the curve 

with a piecewise linear curve, the nonlinear rate function could be formulated as a piecewise 

linear function, and then the original NP system model could be easily transformed into a MILP 

model as expected.  

 

There are various approaches to approximate the rate function curve with piecewise linear 

curve. In figure 7, two approximations are illustrated, which are approximating the curve with 

piecewise linear curves completely from above and completely from below respectively, and for 

close approximation the two piecewise linear curves share converging points with the original 

rate function curve, illustrated as the blue or red dashed piecewise linear curves in Figure 7. The 

two approaches construct a bounding scheme, and with the bounding scheme, after solving the 

corresponding formulated MILP models, the upper and lower bounds for the objective of studied 

problem could be obtained. 

 

 
Fig.7. Linear approximations for rate function 

 

segment l (l=2)  
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4.1. Model Linearization 

For model linearization, the rate function should be first linearized. Figure 7 shows the two 

linear approximations, which transform the nonlinear rate function into a piecewise linear 

function. To present the piecewise linear function, line segment l, segment slop      and segment 

width      are used, illustrated in Figure 7, and each piece function of the piecewise linear 

function is presented as  

                                                                                                                                                岫 岻  

where               and        is transmission power assigned on segment l of subcarrier n 

for user k in time slot m. It is to be noted that l,     and      are all denoted as uncorrelated with 

m due to the same rate function     岫     岻 for all m and different k and n according to the 

assumed channel gain. The number of line segments should be unlimited according to unlimited 

positive       in original system model, yet here, for simplicity, we adopt the limited uniform L 

and               where L is the number of line segments.  

 

    In Figure 7, we could see that of a piecewise linear curve the segment in front has bigger slop 

than the ones behind, and when it comes to the minimization of power expenditure, there has the 

segment with bigger slope is always first used to allocate power. As a result, when to minimize 

power or energy the segments of a piecewise linear curve could be regarded as uncorrelated and 

independent and there is no need to extra guarantee that segment 岫   岻 is fully allocated with 

power when segment l has been used for power allocation. Therefore, the piecewise linear rate 

function could be presented directly as independent piece function      岫      岻 in (5) in the 

energy minimization MILP model to be formulated. 
  

With the linear rate function in (5), according to the nonlinear constraint (4b) in original 

system model, binary variable      still get in the way for model linearizing. In that case, we 

introduce a new variable       which is the fraction of rate of user k allocated to segment l of 

subcarrier n in time slot m and then the nonlinear constrain (4b) could be linearized as:                                                                                                                                                    岫 岻 

where ∑ ∑ ∑                                  . 

 

In addition, integer step function  岫 岻  is used in original model objective. For the application 

of linear solver to solve formulated MILP model, we transform the step function into equivalent 

integer linear programming via the trick in [11] as below: 

step function:                               {                                                                                                      岫 岻 

integer linear programming:              {                                                                                                     岫 岻 

 

To sum up, based on original system model for studied problem, the MILP model can be now 

formulated as: 

                                  ∑ ∑ ∑∑                      ∑         ∑    ∑                                岫  岻 
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                                                                                                                         岫  岻                                                                                                                                   岫  岻                                                              ∑ ∑ ∑                                                                            岫  岻                                                                                                                               岫  岻                                                              ∑                                                                                岫  岻                                                               ∑ ∑                                                                     岫  岻                                                                ∑                                                                  岫  岻                                                                                                                                          岫  岻                                                                                                                                                       岫  岻                                                                                                                                                  岫  岻 

 

In the formulated MILP model above,                                are the variables, and      and      should be given. 

 

 

4.2. Upper and Lower Bounds Scheme 

    The MILP model in section 4.1 is applicable for both upper bound and lower bound scheme 

proposed in Figure 7, which are distinguished by different given segment width and slop,     and     . In this section, we will specify segment width and slope for upper bound and 

lower bound respectively to form the bounding scheme. 

 

The value setting for     and     varies for different n, k, l. Concerning the simplification for 

system bounding, we make uniform standards for the value assignment to the segment width and 

slope respectively for the rate function bounded from above and rate function bounded from 

below. The standards are declared as: for rate function bounded from below which forms the 

upper bound, we assume segment width      for different n, k, l are the same; and for rate 

function bounded from above which forms the lower bound, we assume the width between two 

adjacent converging points or tangent points  for different n, k, l are the same.  

 

In Figure 7,      is the left endpoint of segment l;      is the tangent point on segment l only of 

the piecewise linear curve for lower bound scheme;      is the width of distance between 

adjacent tangent points      and       . And then the segment width and slope for upper bound and 

lower bound schemes could be specified respectively as: 

for upper bound:                                                                                                                                                             岫  岻                                                            岫   岫  岻     (岫   岻 )岻                                               岫  岻 

for lower bound,        and then:                                                                               (岫   岻 )                                                          岫  岻                                                                                                                                                      岫  岻 
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    Above,   and   are constant;    岫 岻 is referring to the rate function     岫     岻 in (1) in the 

system model section, which has    岫 岻      岫      岻 ;     岫 岻  is the derivation of rate 

function    岫 岻 of with x;      is the abscissa value of terminal vertex     , which could be easily 

computed with certain      and      in lower bound scheme. 

 

It is to be noted that if bounding the original nonlinear rate function closer or approximate 

closer, which means smaller   and   , the corresponding upper bound and lower bound of 

minimum energy consumption are much more close to the optimal of studied problem, namely, 

the objective of total energy consumption could be much more efficiently bounded. However, as   and   decrease, for maintaining the rate target fulfilled, the number of segments L would 

increase, which leads to higher problem complexity. 
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5. Performance Evaluation 

In this chapter, the proposed heuristic algorithm together with exhaustive search, bounding 

scheme and also first-step heuristic algorithm which is used for comparison are numerically 

applied. And according to the simulation results, the performance of the proposed heuristic 

algorithm will be evaluated. The evaluation shows that the proposal heuristic algorithm achieves 

near-optimal performance with applicable computational complexity even for large-scale 

wireless network system. 

 

 

5.1. Numerical Simulation  
For numerical simulation, we consider two cases of (K,N,M)=(3,3,3) and (K,N,M)=(20,15,15). 

For both cases, T=1ms,   =0.2watt, and    =0.1watt for all k. In the small-scale case, the target 

bits    =0.2Kbits,   =2  ,    =4  , while in large-scale case,    =1Kbits for   =1,…,10,    =2     for   =11,…,15,    =4     for   =16,…,20. For the two cases, we have                                             , where      is the average data rate for user 1 in small case 

and for users 1 to 10 in large case. The simulation applies with 10 different sets of     for both 

two cases which gives 10 sets of simulation results and we take the average.  

 

The exhaustive search, proposed heuristic algorithm and first-step heuristic algorithm which is 

for comparison are run with Matlab. And for the bounding scheme, formulated MILP model is 

first transformed to AMPL format, and then solved by existing NEOS solver, XpressMP [12], 

which is used to solve Mixed Integer Linear Programming problem. In the formulated MILP 

models, to keep the bounding gap (%) = 
                                        limited within 10%, we 

set  = =0.25, l=3 for bounding scheme for both cases. The Matlab and XpressMP solver are 

running under approximately same computer and same computer performance and working 

status. 

 

 

5.2. Simulation Results and Analysis 

With the illustrated scenario in above section, the simulation results are obtained.  

 

Table 1 shows the average total energy consumption of exhaustive search, heuristic search 

including first-step heuristics algorithm and proposed heuristic algorithm and bounding scheme 

for both small and large cases, in which bound gap, and energy gap from the lower bound of 

minimum energy for heuristic search are also included, shown in boldface. The unit for energy is 

mJ (millijoule). And in Table 2, the average running times of Matlab and solver XpressMP for 

corresponding search algorithms and bounding scheme for both cases are given. 
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Table 1. Total energy consumption of search algorithms and bounding scheme 

 

Exhaustive 

search 

Heuristic search Bounding scheme  

First-step heuristic 

algorithm 

Proposed heuristic 

algorithm 
lower bound  upper bound 

K=3, N=3, M=3 
1.3647 1.4094 1.3729 1.34528 1.382546 

‒ 4.77% 2.05% ‒ 2.77% 

K=20, N=15, 

M=15 

‒ 23.75362 18.1486 17.119295 18.078282 

‒ 38.75% 6.01% ‒ 5.60% 

 

 
Table 2. Cost time for search algorithms and bounding scheme 

 

Exhaustive 

search 

Heuristic search Bounding scheme  

First-step heuristic 

algorithm 

Proposed heuristic 

algorithm 
lower bound  upper bound 

K=3, N=3, M=3 20h < 3sec < 3sec < 2sec < 2sec 

K=20, N=15, 

M=15 
>> 20h 8min 9min 26min 28min 

 

 

In Table 1, for both cases, the bounding scheme provides tight upper and lower bounds with 

the bounding gap lower than 6%. And for heuristic search, the proposed heuristic algorithm has 

better performance than the first-step heuristic algorithm for both cases. Especially in large-scale 

case the energy gap from lower bound for the proposed heuristic algorithm are lower than 10% 

while the energy gap from lower bound for the initial heuristic algorithm is bigger than 30%, 

which validates that the improvement of the first-step algorithm for the proposed algorithm is 

effective and well worked. Optimal objective value from exhaustive search for small case is also 

included, with which we could say that the proposed heuristic algorithm achieves better 

performance than the bounding scheme in the small-scale case. 

 

In Table 2, we could see that the average running time of exhaustive search is still too long 

even for the small case, which is almost 20 hours, while the cost time for heuristic search and 

bounding scheme are just seconds as well as for the small case. For the large case, the optimal 

from exhaustive search hasn’t been provided due to the tremendous time taken, and the average 

cost time for heuristic search (under 10 minutes) is much less than for the bounding scheme 

(about 30 minutes), both of which are, however, achievable and acceptable. The respective 

running times for the first-step heuristic algorithm and proposed heuristic algorithm are not much 

different.  

 

To sum up, there have: 1) The proposed bounding scheme provides pretty tight upper and 

lower bounds; 2) The proposed heuristic algorithm has much lower computational complexity 

than the exhaustive search; 3) The proposed heuristic algorithm achieves near-optimal solution, 

same with the bounding scheme, but still with lower computational complexity. 4) When 

compared with the first-step algorithm, the proposed heuristic algorithm achieves better 

performance as expected, while with similar computational complexity. 
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More simulation results regarding to the heuristic search are provided in Table 3 and Table 4. 

In Table 3, the total energy consumption and used time slots of different target rate for both cases 

and for both first-step heuristic algorithm and proposed heuristic algorithm are given.      , 

thus the different target rates for both cases are applied by    and     taking values from   *{1, 

2, 3, 4, 5, 6}, and    *{1, 2, 3, 4, 5, 6} respectively. Table 4 shows the receiving energy 

consumptions before and after applying the transmission shifting scheme in Algorithm 2b in the 

first-step heuristic algorithm, and the table covers simulation results for both small and large 

cases, together with the energy saving gap (%).   

 

 
Table 3. Total energy consumption and used time slots comparison of different target 

rate for first-step heuristic algorithm and proposed heuristic algorithm  

 
First-step heuristic algorithm Proposed heuristic algorithm 

E m
*
 E m

*
 

K=3 

N=3 

M=3 

  =0.2 1.4094 1.5 1.3729 1.6   =0.4 2.54155 2.3 2.40985 2   =0.6 3.74353 3 3.57165 2.4   =0.8 4.9484 3 4.85113 3   =1 6.21019 3 6.11969 3   =1.2 16.00483 3 15.99136 3 

K=20 

N=15 

M=15 

   =1 23.7536 9.1 18.1486 4    =2 45.3614 15 37.7620 7    =3 60.2153 15 56.0318 12    =4 77.4459 15 75.6678 13    =5 96.5937 15 95.3293 15    =6 119.7834 15 119.0804 15 

 

 

Table 4. Receiving energy saving in the first-step heuristic algorithm via 

transmission shifting scheme 

 Before transmission 

shifting 

After transmission 

shifting  
Gap 

K=3, N=3, M=3 0.35 0.34 2.86% 

K=20, N=15, M=15 11.46 10.72 6.46% 

 

 

To visually show the numerical results in table 3, we plot the different data bits target versus 

corresponding total energy consumption for both cases and both heuristic algorithms, showing in 

figure 8.  
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                                            a                                                                                                 b 

Fig.8. Energy consumption comparison for different target bits 

a. (K,M,N)=(3,3,3),   ,   =2  and   =4           b. (K,M,N)=(20,15,15),    =2   and    =4    

 

In Figure 8, we could see that for both cases as the user’s demands increase, total energy 

consumption for the two heuristic algorithms are both increased meanwhile used time slots are 

also increased showing in table 3. And when the transmission energy consumption becomes 

more and more dominant, the effects of receiving energy and base energy consumption on time 

slots allocation get smaller and smaller till no longer exist when the used time slots reach the 

number of provided time slots. And then as users’ demands keep increasing, the total energy 

consumption for the two heuristic algorithm are getting closer, due to the difference of each 

user’s demand increasing, which leads to the difference among users’ transmission energy 

consumption reduction when adding one more effective subcarrier becoming bigger and bigger, 

thus the effect of each user’s receiving energy consumption on the subcarriers allocation among 

users become weaker and weaker till no longer exist, and at that time, the performances of the 

two heuristic algorithms are the same, which is shown in the below additional Figure 9 for small 

case, for instance. From below Figure 9, we could see that, the relation between total energy 

consumption and users’ bits demands is similar to the reverse of rate function shown in Figure 7. 

 

 
Fig.9. Total energy consumption for different target bits for small case 
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Table 4 shows the receiving energy saving via transmission shifting scheme in the first-step 

heuristic algorithm. In Table 4 we could see that more than 2% receiving energy are saved, and 

the transmission shifting scheme has better performance in large case than small case.  
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6. Conclusion and Future Work  
The problem of energy-efficiency resource allocation in the downlink of OFDMA wireless 

networks was studied in this thesis. For the energy consumption, besides considering general 

transmission power, circuit energy consumption both at transmitter and receiver side were also 

taken into account. For solving the studied problem, we proposed a heuristic algorithm to 

efficiently approach the optimal solution with low computational complexity. Beside, a low-

complexity bounding scheme which is based on the linearization for given nonlinear system 

model was also proposed for providing tight upper and lower bounds for further algorithm 

performance evaluation, while the implemented exhaustive search was only capable to give the 

optimal solution for small-scale instance for algorithm performance evaluation. The simulation 

results verified that the bounding scheme can give pretty tight upper and lower bounds, and that 

the proposed heuristic algorithms can achieve a near-optimal solution with applicable 

computational complexity even for large-scale OFDMA networks. 

 

In this thesis, the proposed heuristic algorithm does not guarantee the optimal, thus for future 

work, new search algorithms or mathematic technology could be investigated to further approach 

the optimal of system objective of the studied problem in this thesis. Furthermore, we assumed 

invariable channel gain along time slots in one scheduling grant in time domain and constant 

model for circuit power for simplification, thus more complicated network situation could be 

considered to continue the study in the direction of energy-efficiency resource allocation in 

OFDMA networks. 
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