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Abstract 

 In this paper, an uplink cross-layer resource 

allocation problem based on imperfect channel 

state information (CSI) is modeled as min-max 

fractional stochastic programming for 

heterogeneous wireless access. The resource 

allocation is subject to constraints in delay, service 

outage probability, system radio bandwidth, and 

total power consumption. The joint bandwidth and 

power allocations are based on CSI at the physical 

layer and queue state information (QSI) at the link 

layer. In order to determine the transmission rate of 

each mobile terminal (MT) according to the queue 

buffer occupancy, a probability upper bound of 

exceeding the maximum packet delay in terms of a 

required transmission rate is presented based on 

M/D/1 model. Then, the bandwidth and power 

allocation problem is transformed into biconvex 

programming, and an optimal distributed 

bandwidth and power allocation (ODBPA) 

algorithm is proposed. To reduce computational 

complexity, a suboptimal distributed bandwidth 

and power allocation (SDBPA) algorithm is 

presented. Simulation results demonstrate that the 

proposed algorithms improve the energy efficiency 

greatly. 

I. INTRODUCTION  

 

A future wireless communication system is 

expected to integrate different radio access 

technologies, leading to a heterogeneous wireless 

access [1]. For example, a cellular network will 

include macrocells to support low-to-medium rate 

services with a large coverage area, and femtocells 

to support high rate services in hotspots. Integrating 

macrocells and femtocells can help to provide 

various classes of service to MTs and to support 

seamless user roaming [2]. In order to maximize 

user experience in a heterogeneous wireless access,  

 

 

extensive research works have been carried out to 

take advantage of multi-homing capability, where 

the data stream from an MT is split into multiple 

sub-streams and transmitted over multiple wireless 

media by different radio interfaces simultaneously 

in the uplink [3]. Existing studies in resource 

allocation for a heterogeneous wireless access can 

be divided into three categories [2], [4]–[13]. The 

first category is bandwidth allocation at the 

network layer, which aims to provide call-level 

quality-of-service (QoS) guarantee [2], [4], [5]. The 

available radio resources from multiple wireless 

access media can be aggregated to support services 

requiring a high transmission rate and to reduce call 

blocking probability [2]. The second category is 

packet scheduling of video traffic at the link layer, 

which provides packetlevelQoS guarantee [6], [7]. 

The packet scheduler determines which packet 

should be assigned to which radio interface of an 

MT based on CSI, available radio resources, and 

video traffic characteristics [6]. The third category 

is joint bandwidth and power allocation at the 

physical layer, to meet bit-level QoS requirements 

[8]–[13]. Compared with the call-level and 

packetlevel resource allocation, the bit-level 

resource allocation needs to jointly allocate the 

radio bandwidth and energy resources 

simultaneously. It not only exploits the multiuser 

diversity in wireless transmission among different 

MTs, but also takes advantage of the disparity of 

available resources among different wireless access 

media [13]. In [4], a bandwidth allocation 

algorithm with fairness consideration is proposed. 

In [5], a bandwidth allocation problem of video 

traffic is solved by convex optimization theory and 

the Karush-Kuhn-Tucher (KKT) condition. Further, 

a distributed prediction-based resource allocation 

algorithm for video traffic is presented to achieve 

an acceptable call blocking probability [2]. For 
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packet scheduling, an energy management 

algorithm is proposed in [6], to support a 

sustainable video transmission over the call 

duration and to guarantee a target video quality 

lower bound. Also, a novel scheduling framework 

with delay-constrained high definition video 

transmission featured by frame-level data 

protection is proposed [7]. For joint bandwidth and 

power allocation at the physical layer, there exist 

energy-efficient and spectral-efficient resource 

allocation algorithms. In [8], a joint link selection 

and resource allocation algorithm using the branch 

and bound method is proposed. In [9], an energy-

perbit minimized joint power, subchannel, and time 

allocation scheme for heterogeneous wireless 

networks is proposed with a double-loop iteration 

method. On the other hand, joint bandwidth and 

power allocation algorithms are proposed to 

maximize the spectral efficiency [10], [12], or to 

achieve max-min fairness and proportional fairness 

in resource allocation [11], [13]. The existing 

resource allocation mechanisms mainly limit to a 

particular networking protocol layer. However, 

cross-layer resource allocation has been shown to 

be beneficial in homogeneous wireless access [14], 

[15]. Extending cross-layer design to a 

heterogeneous wireless access requires further 

studies. In this paper, we investigate cross-layer 

resource allocation1 based on CSI and QSI for 

uplink energy-efficient video transmission in a 

heterogeneous wireless access. Specially, we 

summarize our contributions as follows: (i) An 

uplink energy-efficient cross-layer resource 

allocation problem is formulated as min-max 

fractional stochastic programming, and the 

probability upper bound of exceeding the 

maximum packet delay at the link layer is 

transformed to a required transmission rate based 

on an M/D/1 queue system; (ii) Using the 

Dinkelbach-type method, the min-max fractional 

stochastic programming problem is transformed 

into a bi-convex optimization problem, and an 

optimal distributed energy-efficient bandwidth and 

power allocation algorithm based on the dual 

decomposition method is proposed; (iii) In order to 

reduce the computational complexity, a suboptimal 

distributed algorithm is developed. Simulation 

results demonstrate that the proposed algorithms 

greatly improve the energy efficiency of video 

packet transmission in a heterogeneous wireless 

access. 

The rest of this paper is organized as follows. The 

system model and problem formulation are 

described in Sections II. Optimal and suboptimal 

bandwidth and power allocation algorithms are 

presented in Section III. The computational 

complexity and signaling overhead analysis is 

given in Section IV. Finally, performance 

evaluation and conclusions are given in Sections V 

and VI, respectively.  

II. SYSTEM MODEL AND 

PROBLEM FORMULATION  

 

In this section, the system and video traffic models 

are described. Then, the transmission rate based on 

imperfect CSI, and power consumption models are 

presented. Finally, an uplink energy-efficient cross-

layer resource allocation problem is formulated.  

A. System Description 
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remains constant within one time slot and varies 

from one time slot to another time slot. Consider 

video applications [17], [18]. In order to improve 

the coding efficiency of multiview video coding, 

variable block-size motion estimation, disparity 

estimation, and multiple reference frames selection 

are adopted [19]–[21]. Each MT has a video packet 

flow to transmit via nearby BSs/APs, which are the 

BSs/APs within MT’s transmission range. For 

video applications, each packet should be 

transmitted before a deadline. If the transmission 

delay exceeds the bound, the packet is dropped 

from its queue at the source. At heterogeneous 

wireless access, we have considered the co-

existence of LTE and WiFi. In Fig. 1, there are 

Macrocell, Femtocell, and Wi-Fi, based on 

different access technologies and operated by 

different service providers. Additionally, we follow 

the previous literatures of heterogeneous wireless 

access in the system model, i.e., the co-existence of 

LTE and WiFi e.g., [2], [10], [11], [13]. They study 

the bandwidth and power allocation for 

heterogeneous wireless access. On the other hand, 

the video traffic transmission for heterogeneous 

wireless access has been studied in [6] for 

heterogeneous wireless access. 

There are some assumptions in this work, i.e., 

1) In the same network, different BSs/APs reuse 

the same spectral bands, and interference 

mitigation is achieved by interference management 

schemes [22]. Consequently, we do not consider 

the co-channel interference. On the other hand, at 

the different networks, the cross-tier interference is 

also not considered for bandwidth allocation at 

heterogeneous wireless access, e.g., [2], [13]. 

Therefore, we follow the interference assumptions 

for the heterogeneous wireless access in the 

previous literatures [2], [13].  

2) Each MT has a packet queueing buffer and the 

buffer size is infinite. 

 3) The channel power gains remain constant within 

one time slot, and vary from one time slot to 

another time slot and from one link to another link, 

independently.  

4) The video packet arrivals at the transmission 

buffer of MT m follow a Poisson process with an 

average arrival rate λm [23] with a constant packet 

length of L bits [6]. 

 The cross-layer resource allocation design is 

considered in this work. We consider the queueing 

buffer for each MT at the link layer, and joint 

bandwidth and power allocation at the physical 

layer. For each MT, the packet delay requirement 

for video traffic3 and the occupancy at the 

thequeueing buffer influence the required minimum 

transmission rate at the physical layer. On the other 

hand, the joint bandwidth and power allocation 

determines the practical physical transmission rate, 

and influences the performance of the packet delay 

at the link layer. Consequently, it is necessary to 

design the joint bandwidth and power allocation at 

the physical layer incorporating the delay 

requirement information at the link layer.  

B. Transmission Rate Based on Imperfect CSI 

 In wireless communications, the transmission rate 

should be determined based on CSI. BSs/APs 

estimate CSI for uplink transmission, and send it to 

MTs. Channel estimation algorithms can be used 

for heterogeneous radio networks based on 

machine learning techniques, e.g., support vector 

machine [26]–[29]. Because there exist channel 

estimation errors and feedback delays, 
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Problem (9) is a min-max fractional stochastic 

programming, where (8) is a stochastic constraint. 

Additionally, constraint (8) on the delay 

requirement is not directly related to the bandwidth 

and power allocations at the physical layer. In order 

to solve problem (9), we first analyze the 

relationship between the packet delay at the link 

layer and then the transmission rate at the physical 

layer, and transform the stochastic programming 

problem (9) into a min-max fractional deterministic 

programming problem. 

III. JOINT BANDWIDTH AND POWER 

RESOURCE ALLOCATION  

In this section, we first analyze the packet delay. 

Then, we propose an optimal distributed bandwidth 

and power allocation algorithm based on the dual 

decomposition method. Finally, a suboptimal 

distributed bandwidth and power allocation 

algorithm is presented to reduce the computational 

complexity. 
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Fig. 2 shows the impact of the maximum packet 

delay on the maximum consumed energy per bit for 

different algorithms. The simulation parameters are 

listed in Table I. With a lower maximum packet 

delay, more energy per bit is consumed for both 

ODBPA and SDBPA due to the higher required 

transmission rate for each MT. As shown in Fig. 2, 

the proposed ODBPA and SDBPA outperform the 

Benchmark and SRM. This is mainly due to the 

fact that the proposed ODBPA and SDBPA 

allocate different bandwidth among different MTs, 

and different power across different radio interfaces 

at each MT, to minimize the maximum consumed 

energy per bit. Benchmark allocates the bandwidth 

and power equally among different MTs and 

different radio interfaces, and SRM allocates the 

bandwidth and power to maximize the throughput. 

The optimization objective for ODBPA and 

SDBPA minimizes the maximal energy efficiency 

among different MTs, while that for SRM 

maximizes the total network throughput. Since 

increasing  
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is reduced. In Benchmark, the radio bandwidth and 

transmission power are allocated without 

considering the QSI at the buffer. This results in the 

unchanged maximum energy efficiency when 

increasing the average packet arrival rate. The 

ODBPA has an improved performance over the 

SDBPA due to the fact that the ODBPA jointly 

allocates the bandwidth and power, whereas the 

bandwidth and power allocations in the SDBPA are 

designed separately. For SDBPA, increasing the 

minimum transmission rate for each MT can make 

the bandwidth and power resources to be allocated 

fairly among different MTs for SDBPA. This leads 

to the maximization energy efficiency among 

different MTs for SDBPA to be improved firstly. 

When the average packet arrival rate exceeds a 

threshold, the maximization energy efficiency 

among different MTs for SDBPA decreases. 

Consequently, the maximum consumed energy per 

bit for SDBPA increases. It is also observed that 

the minimum energy efficiency for SRM increases 

with the average packet arrival rate, because the 

fact that increasing the average packet arrival rate 

means increasing the required minimum 
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transmission rate and improves the minimum 

energy efficiency. When the 
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increases with the number of femtocellMTs. The 

maximum consumed energy per bit for ODBPA 

decreases first, and then increases with the number 

of femtocellMTs. When the number of femtocell 

MTs is small, the bandwidth and power resource is 

sufficient, and multiuser diversity can improve the 

energy efficiency slightly. However, the QoS 

requirement becomes more strict with the 

increasing number of MTs, which dominates the 

multiuser diversity effect. From Fig. 2 to Fig. 6, it 

can be concluded that the proposed algorithms 

improve the energy efficiency as compared with 

the Benchmark and SRM. Although the SDBPA 

has some energy efficiency loss compared with the 

ODBPA, it achieves a tradeoff between system 

performance and complexity. 

IV. CONCLUSIONS  

In this paper, we study the uplink energy-efficient 

cross-layer resource allocation problem for a 

heterogeneous wireless access. Each MT adjusts 

radio bandwidth and power based on the 

 

channel condition and the queue buffer occupancy, 

so as to minimize the maximum consumed energy 

per bit under the QoS constraints. In order to solve 

the above resource allocation problem, we model 

the energy-efficient bandwidth and power 

allocation problem as min-max fractional stochastic 

programming, and analyze the packet delay. Then, 

the Dinkelbach-type and dual decomposition 

methods are utilized to design the ODBPA, and the 

SDBPA is proposed to reduce the computational 

complexity. Simulation results demonstrate 

proposed algorithms can improve the energy 

efficiency significantly. 
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