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Abstract—The introduction of heterogeneous wireless mesh
technologies provides an opportunity for higher network capacity,
wider coverage, and higher quality of service (QoS). Each wire-
less device utilizes different standards, data formats, protocols,
and access technologies. However, the diversity and complex-
ity of such technologies create challenges for traditional control
and management systems. This paper proposes a heterogeneous
metropolitan area network architecture that combines an IEEE
802.11 wireless mesh network (WMN) with a long-term evolution
(LTE) network. In addition, a new heterogeneous routing pro-
tocol and a routing algorithm based on reinforcement learning
called cognitive heterogeneous routing are proposed to select the
appropriate transmission technology based on parameters from
each network. The proposed heterogeneous network overcomes
the problems of sending packets over long paths, island nodes,
and interference in WMNs and increases the overall capacity of
the combined network by utilizing unlicensed frequency bands
instead of buying more license frequency bands for LTE. The work
is validated through extensive simulations that indicate that the
proposed heterogeneous WMN outperforms the LTE and Wi-Fi
networks when used individually. The simulation results show
that the proposed network achieves an increase of up to 200%
in throughput compared with Wi-Fi-only networks or LTE-only
networks.

Index Terms—Heterogeneous networks, long-term evolution
(LTE), next-generation network, reinforcement learning, routing
protocol, wireless mesh network (WMN).

I. INTRODUCTION

INTERNET traffic is expected to increase three to five times

over the next three years due to the growing number of

connected mobile devices. The number of connected devices

and machine-to-machine communications is expected to exceed

the number of the population by a factor of 2 over the next

three years. It is predicted that within the next decade, a more

advanced Internet infrastructure will be required to support this

increase in Internet traffic [1], [2].

Next-generation wireless networks need to address several

challenges, including the cost to cover high-density areas,

crowded events, or large areas, or respond to temporary changes
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in demand, e.g., large sporting events. The cost estimation is

dependent on the number of required base stations and the cost

to rent frequency bands. Interoperability is another challenge

as many devices use different operating systems, protocols, and

access technologies. Network reliability is also an important

issue that needs to be addressed to ensure that systems are able

to tolerate faults in case of disasters [3].

The internetworking of different wireless technologies, par-

ticularly long-term evolution (LTE) and wireless local area

networks, is one of the key opportunities for developing next-

generation wireless networks [3]. LTE is an evolution of the

third-generation standard, which provides wide coverage and

a peak transmission rate ranging from 100 to 326.4 Mb/s on

the downlink (from base station to user equipment) and from

50 to 86.4 Mb/s on the uplink (from user equipment to base

station) depending on the antenna configuration and modulation

depth. Due to the advanced technologies employed in LTE

networks, it is used by major mobile operators around the

world to cope with the high traffic demands. However, LTE

networks employ licensed frequency bands, and therefore, to

provide more bandwidth, an additional cost is introduced to

either buy more frequency bands (which may not be available

in all regions) or invest in a higher density of base stations.

Another promising wireless architecture for the next genera-

tion of wireless networks is wireless mesh networks (WMNs).

The WMN is a paradigm developed to provide wide network

coverage without using centralized infrastructure [4]. There-

fore, WMNs are a feasible choice to provide a backbone

network for metropolitan area networks. In such networks,

gateways (wireless nodes with high-speed wired connection to

external Internet) are employed to provide Internet connection

to the mesh network. This architecture offers cost-effective

ubiquitous wireless connection to the Internet in large areas

through multihop transmission to the gateway, and vice versa.

However, the major drawbacks of using WMNs are their limita-

tions in terms of capacity, system performance, and guaranteed

wireless link quality. The causes of those problems originate in

the multihop nature of the network. When data packets traverse

more hops in a large WMN, they may either fail to reach their

destination or consume too many network resources. Moreover,

in case of link or node failure, some nodes may become isolated

from the network due to the lack of a path to the destination or

gateway and form what is known as an “island node.”

The use of heterogeneous technologies in wireless networks

improves the overall network performance by distributing the

load across different network technologies [5]–[7]. However,

switching from one transmission device to another presents

challenges as each wireless device utilizes different standards

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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and data formats. Furthermore, routing packets through a het-

erogeneous network requires a new mechanism to exchange

control messages among the different networks.

In this paper, a new heterogeneous WMN (HetMeshNet)

architecture is proposed to overcome these drawbacks and

provide wider coverage with better quality of service (QoS).

LTE [8] and IEEE 802.11 [9] are employed in each wireless

node to form the infrastructure for the proposed architecture.

In addition, a new routing protocol is developed to enable the

communication among the heterogeneous wireless nodes. A set

of routing tables and control messages is employed to man-

age the interoperability of the proposed heterogeneous WMN.

Moreover, this paper proposes a new heterogeneous routing

algorithm called cognitive heterogeneous routing (CHR) that

enables heterogeneous networks to work as a single network.

The packets are routed through different wireless technologies

based on the QoS metrics of each network. To optimize the

selection of the transmission technology, a new reinforcement

learning algorithm based on Q-learning is developed to allow

each node to learn from previous actions and improve the net-

work performance. Extensive simulations under different sce-

narios and traffic demand in the networks indicate a throughput

gain with up to 200% in the proposed heterogeneous network

when compared with LTE- and Wi-Fi-only networks.

This paper proposes a novel heterogeneous network archi-

tecture that overcomes the drawbacks of each transmission

technology utilized in the network. The use of WMNs increases

network capacity by utilizing unlicensed frequency bands that

reduce the cost of buying more LTE-licensed frequency. The

LTE network is utilized to avoid a low-quality Wi-Fi link or

connect an island node when link failure occurs. To enable com-

munication between WMN and LTE networks, a new routing

protocol is developed that defines a set of routing tables that is

necessary to allow packet exchange between the two different

networks. Then, a cross-layer heterogeneous routing algorithm

called CHR is proposed that employs QoS parameters from

each node with both LTE and Wi-Fi transmission technologies

to select the best radio access technology.

This paper is organized as follows. Section II highlights

related work on heterogeneous networks. Section III introduces

the system architecture. Section IV describes the proposed

heterogeneous routing protocol, which is then experimentally

verified using simulation in Section V. Finally, Section VI

offers concluding remarks and suggestions for future work.

II. RELATED WORK

This section reviews advanced approaches to managing het-

erogeneous wireless networks and discusses the advantages and

disadvantages of each approach. The management of heteroge-

neous networks involves employing different technologies that

cooperate with each other to improve both the system perfor-

mance and the metrics utilized to select the transmission tech-

nology. The proposed work employs WMNs in heterogeneous

network architecture, and therefore, this review first highlights

related work on WMN routing protocols and metrics. This is

followed by a review of heterogeneous network architectures.

A. Routing Protocols in WMNs

There are two types of routing protocols in WMNs. The first

type consists of reactive routing protocols in which the route is

created on demand by flooding the network with route requests.

Route selection is maintained only for nodes that transmit traffic

to a particular destination. Examples of this type of routing are

ad hoc on-demand distance vectors [10] and dynamic source

routing [11]. Reactive routing causes some delay due to the

fact that a route is created only when there are data ready to be

sent. The second type of routing protocol consists of proactive

or table-driven routing protocols. They maintain a table of the

entire destination in the network by periodically distributing an

update of the routing table to all nodes. Destination-sequenced

distance vector [12] and optimized link state routing (OLSR)

[13] are examples of this type of routing protocol. The route

table maintains the route for each destination; transmission

begins with no delay if there are packets ready to be sent.

However, some overhead is added for distributing routing table

information among the nodes in the network. Some routing pro-

tocols, which are known as hybrid routing protocols, combine

reactive and proactive routing to reduce the overhead of route

discovery by employing proactive routing for near nodes and

generating routes for far nodes using on-demand routing [14].

B. Routing Metrics in WMNs

The most widely utilized metrics in WMN routing protocols

select the shortest path to the gateway based on the hop count,

i.e., the number of nodes between the source and the destina-

tion. However, prior research has recognized the shortcoming

of hop count metrics in WMNs because the shortest path metric

results in a congested path [15]. Therefore, many researchers

employ quality-aware metrics, which dynamically evaluate link

quality characteristics to improve network performance. Some

of these metrics employ link loss ratio to select the path to the

gateway. One of the most widely cited measures is expected

transmission count (ETX) [16], which estimates the required

number of transmissions for successful data delivery between

two nodes. ETX does not consider bandwidth, packet size, or

link interference; therefore, the metric does not perform well

with a network that has a high transmission rate and a large

packet size. Expected transmission time [17] enhances ETX by

considering the packet size and the link bandwidth in calcu-

lating the metric. However, this metric does not consider the

load and link interference. Interference and channel switching

(MIC) is proposed [18] as an alternative metric to ETT. MIC is

topology dependent and selects paths with a minimum number

of nodes that share the wireless channel. However, MIC fails

to indicate whether the interferer node has data to transmit,

as the interferer cannot cause interference when there is no

transmission.

Another key link characteristic is the transmission rate.

IEEE 802.11 supports multiple transmission rates; for each rate,

there is a different transmission range and a different interfer-

ence range. The simplest and most widely adopted algorithms

in controlling the transmission rates are based on gathering the

statistics of unsuccessful transmissions on the sender side to
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estimate the interference. The earliest algorithm in this category

is the automatic rate fallback (ARF) [19], which sets a threshold

based on the number of successful and failed transmissions to

increase and decrease the transmission rate. Several enhance-

ments to the ARF have been proposed to avoid unnecessary

updates in transmission rates. For example, adaptive ARF

[20] changes the threshold of switching the transmission rates

adaptively. MadWifi ONOE [21] enhances ARF by assigning

credits to each transmission rate based on the loss rates and then

selects the transmission rates with the highest credits. These

rate adaptation algorithms are developed for infrastructure-

based wireless networks and not for WMNs, and therefore,

they do not consider the competing nodes accessing shared

channels. The recently developed rate adaptation algorithm

based on reinforcement learning (RARE) [22] sets the trans-

mission rate based on the link quality of the neighboring nodes

and the load on the Wi-Fi device. Thus, the transmission rate

estimates the amount of interference and collision with other

nodes and the load on the node. The best link quality is that

which provides a higher transmission rate. This algorithm is

developed for WMNs and designed to work in highly congested

multihop networks.

C. Heterogeneous Network Architectures

This part of the review discusses architectures that utilize

different types of transmission technologies in wireless net-

works. The heterogeneous network architectures are reviewed

according to the type of transmission technologies employed in

the heterogeneous networks (i.e., cellular networks and Wi-Fi

devices).

A cellular/multihop Wi-Fi architecture is proposed to relay

data packets for clients that suffer from low channel quality

or to offload a congested cell by forwarding the traffic from

this cell to other noncongested cells [23]–[26]. These networks

utilize the multihop Wi-Fi network as an auxiliary network to

redirect traffic from one cell to another.

Heterogeneous networks split data among broadband and

Wi-Fi wireless networks [5]–[7], [27]–[31] to increase net-

work capacity. One approach is to distribute traffic among

networks fairly [5] by employing load-balancing algorithms.

Other architectures employ wireless characteristics to distribute

data among networks. For instance, networks with better wall

penetration are utilized for indoor communication, whereas

networks with higher frequency bands are employed for outside

communication [6], [7]. Traffic priority is employed to manage

packet flow in heterogeneous networks [27] in which only

sensitive packets from the Wi-Fi network are forwarded through

the cellular network to avoid unreliable links. Wi-Fi access

points are also utilized to create picocells to offload congested

cells in cellular networks [28].

IEEE 802.11-based vehicular ad hoc networks (VANETs)

and LTE networks are employed to form a hybrid network in

which some nodes in VANETs are elected to work as a gateway

to forward traffic to the LTE base stations [32], [33]. The

access network is selected based on a set of QoS parameters to

improve the network performance throughout the mobile path

of vehicles.

Other recent research aims to improve cellular networks

by employing a mixture of macrocells and small cells, such

as microcells, picocells, and femtocells [34]–[39]. The use

of small cells improves the frequency reuse by employing

lower transmission power, which produces less interference and

increases the data rate of cellular networks.

Heterogeneous wireless ad hoc networks are another type

of heterogeneous networks that employ wireless nodes with

different wireless capabilities and multiple radio devices to en-

hance the routing protocol [40]–[46]. This type of network em-

ploys heterogeneous communication devices (e.g., Bluetooth,

802.11), wireless devices with different transmission ranges, or

different medium access protocols to improve ad hoc networks

without considering the use of broadband networks, such as

cellular, LTE, or WiMAX.

A promising approach is to equip cellular base stations with

different wireless access technologies and frequency bands

to reduce the interference among neighboring cells [47]. The

coverage of each base station is divided into a number of

regions based on the modulation and coding scheme utilized

by each wireless technology in the base station.

The architectures reviewed focus on employing different

wireless technologies either to offload the load on one network

and use the network as an auxiliary network or to provide load

balancing between these two networks. Both LTE and Wi-Fi

networks are employed as two separate networks, and thus, the

user device chooses one of the networks to forward its packets.

The heterogeneous network architecture proposed in this

paper differs from the previously mentioned networks in that

it employs a multihop Wi-Fi mesh network to provide a cost-

effective wide coverage area where only some of the nodes

are connected to the Internet, and the LTE network is tightly

deployed with the Wi-Fi network. The proposed network man-

ages the heterogeneous radio access technologies as a part of

a single virtual network. Thus, the proposed heterogeneous

network utilizes the advantages of using WMN unlicensed free

frequency bands, whereas the LTE network mitigates the issues

that WMN suffers from such as interference and island nodes.

In addition, the Wi-Fi network is utilized to improve the LTE

network on the edge of the cell by propagating data to another

node with better channel quality.

This paper contributes to the body of knowledge in this

area of research by addressing a number of important issues.

First, it proposes a new architecture for heterogeneous networks

by combining WMN architecture with LTE architecture. The

Internet gateway connecting the heterogeneous network to the

Internet is a new feature of this architecture; the WMNs employ

mesh gateways to connect the multihop network to the Internet

through the Internet gateway. The second contribution is the

heterogeneous routing protocol, which prescribes how the het-

erogeneous devices communicate with each other. The purpose

of the proposed protocol is to create the required routing tables

to allow the heterogeneous wireless devices to send packets

between the two networks. The routing protocol specifies the

set of routing tables that each node needs to maintain and the

set of control messages that the heterogeneous nodes exchange

among each other. It also specifies the type of transmission

technology to be used to transmit these control messages. The
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Fig. 1. Heterogeneous mesh network.

third contribution of this work is creating a routing algorithm,

which is called CHR, that defines the steps required to select the

transmission device at the nodes that have both LTE and Wi-Fi

devices. Reinforcement learning is employed to learn from the

previous actions and optimize the network performance.

III. SYSTEM ARCHITECTURE

The proposed heterogeneous WMN (HetMeshNet) considers

the coexistence of multiple wireless technologies as well as a

wired network. It employs the following types of nodes:

• heterogeneous nodes (HetNode)—nodes with both Wi-Fi

and LTE capability;

• mesh gateway nodes—nodes with Wi-Fi and wired con-

nection;

• LTE base stations—also known as evolved NodeB

(eNodeB or eNB);

• Internet gateway nodes—nodes that connect all the net-

works to the Internet using a high-speed wired network;

and

• client nodes—used by end users or sensors.

Fig. 1 shows an example of the proposed HetMeshNet ar-

chitecture. It comprises several types of network components.

First, the LTE network consists of a number of cells distributed

in the region. An LTE base station is located in each cell.

Second, a number of HetNodes are deployed in the network,

each of which is capable of utilizing multiple transmission tech-

nologies. The heterogeneous nodes (HetNodes) are equipped

with Wi-Fi and LTE network interface cards. The mesh gateway

nodes are the third type of nodes, which connect the WMN

to the Internet gateway. The Internet gateway acts as a server;

it provides Internet connection to both the LTE and WMN

networks. Finally, the client nodes could be a human using a

mobile phone, a laptop, or any other device connected to the

Internet (e.g., a sensor sending data to the Internet).

Each heterogeneous node in this architecture can transmit its

data to the Internet using either Wi-Fi or LTE. For example, if

a HetNode sends the packet to a neighboring node via Wi-Fi,

the neighboring node could forward the packet using LTE or

Wi-Fi. Thus, both technologies are employed to mitigate the

disadvantages that each technology could suffer from, including

overloaded nodes or poor-quality wireless channels. By con-

trast, if a node is receiving packets from the Internet (downlink),

the Internet gateway decides whether to forward data via LTE

or WMN. Note that, in contrast to uplink, if Wi-Fi is selected

for the downlink transmission, the intermediate nodes cannot

switch back to LTE.

In this paper, an urban hotspot scenario is considered, in

which a large number of devices wish to access the Internet

simultaneously. No interference is assumed between the net-

works because different frequency bands are employed by the

wireless networks. Each cell in the network employs the same

architecture (as shown in Fig. 1); therefore, this paper is focused

on a single cell of the LTE network.

IV. HETEROGENEOUS ROUTING PROTOCOL

This section provides a detailed description of the proposed

routing protocol of the heterogeneous WMN. The new routing

protocol proposed employs metrics from both networks to switch

dynamically between transmission technologies. The proposed

protocol consists of two main components: the heterogeneous

routing tables and a routing algorithm. In a heterogeneous

wireless network, the routing protocols need to employ metrics

from all the technologies that might be utilized by a node.
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Fig. 2. Flowchart of routing table creation.

A. Heterogeneous Routing Tables

Each type of node uses different transmission technologies,

and each transmission technology employs a different network

address. To route packets between these different networks,

each type of node maintains a routing table to forward data

packets from different networks just as if they were coming

from the same network. First, the Internet gateway node needs

a routing table to forward data packets to and from the Internet

for both WMN and LTE networks. Second, each heterogeneous

node maintains a table of routes to the other heterogeneous

nodes in the network, as well as a list of available mesh gate-

ways and the default mesh gateway to forward heterogeneous

node data. To create this table, an OLSR routing protocol [13] is

utilized to determine the route table for the Wi-Fi mesh network

and employ the hop count as a metric. Then, an extension

to the OLSR is added to support the use of the mesh gateway in

the WMN. The extended OLSR employs two metrics to select

the mesh gateway: the number of hops to the mesh gateway

and the number of nodes connected to it. To achieve this, a

control message is transmitted to the neighboring nodes from

each mesh gateway to advertise its load in terms of the number

of nodes associated with it. Each node selects the mesh gateway

with the shortest path, and if more than one mesh gateway

has the same number of hops, then the node selects the mesh

gateway with lower load. The use of the shortest path to select

the route to the mesh gateway using OLSR will avoid the

occurrence of the route oscillation problem as the node utilizes

only the shortest path to the mesh gateway with no switching

to nonoptimal routes. Another route table is used in the mesh

gateway that lists the addresses of the heterogeneous nodes

associated with it.

Fig. 2 shows the flowchart of creating the routing tables

for each type of node. The flowchart starts by checking the

node type, and then, a set of control messages is exchanged to

maintain the routing table on each node. In the case of a client

node with both LTE and Wi-Fi devices or HetNode, OLSR

[13] is employed to create a routing table for the WMN; then,

it selects the default mesh gateway based on two parameters:

the distance to the mesh gateway in terms of hop count and

the number of heterogeneous nodes associated with the mesh

gateway. Wi-Fi devices in client nodes or HetNodes send con-

trol messages to the Internet gateway that piggyback the node

Internet protocol (IP) address of the Wi-Fi network and the LTE

network using the LTE transmission technology to transmit the

control message to the Internet gateway through the LTE eNB

base station. The Internet gateway employs this information to

create a table of the Wi-Fi IP addresses and the corresponding

LTE IP addresses. This table enables the Internet gateway to

forward Wi-Fi packets using the LTE network, and vice versa.

In the case of mesh gateway nodes, the routing table main-

tains a list of the heterogeneous nodes for which it is responsible

to connect them to the Internet. Each mesh gateway receives

request messages from HetNodes and updates the table of

HetNodes associated with it. The mesh gateways send up-

date messages to the Internet gateway about their new list of

HetNodes. Finally, nodes of type Internet gateway employ this
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information to maintain a table to store the available mesh

gateways and the heterogeneous nodes associated with each

mesh gateway. The LTE base station forwards all the Inter-

net packets to the Internet gateway. In client nodes that are

equipped with either an LTE or a Wi-Fi device, no additional

routing tables are required. The LTE device directly commu-

nicates with the eNB base station, whereas the Wi-Fi device

utilizes OLSR to select the mesh gateway based on hop count

and load on the mesh gateway.

B. CHR Algorithm

The second part of the proposed routing protocol is the

new algorithm developed, referred to here as CHR, which

selects the most suitable transmission technology based on

parameters from both of the utilized transmission technologies.

CHR employs the generated routing tables to select the best

route to send the traffic demands. The CHR is responsible for

selecting the best radio access network, whereas the routing

tables maintained by each node find the route to the Internet.

In case a HetNode selects a Wi-Fi device, it uses the routing

table to send the packets to the next hop on the path of the

selected mesh gateway. CHR adopts a multirate medium access

control (MAC) protocol for 802.11 called RARE [22]. RARE

was developed for a WMN-only environment to consider the

collision and interference in the neighboring nodes. It employs

the transmission rate as a metric to measure the quality of

the Wi-Fi channel. RARE reduces the transmission rate when

interference is identified on the link and increases it when the

interference is low. Thus, the algorithm infers that the wireless

channel quality is good when the transmission rate is high. This

work employs IEEE 802.11a, which supports eight different

transmission rates: 6, 9, 12, 18, 24, 36, 48, and 54 Mb/s. A core

element of CHR is the new algorithm developed to estimate

which transmission technology is the best to send traffic. It is

based on reinforcement learning [48] and Q-learning [48].

Reinforcement learning is a machine learning technique,

which learns, through trial-and-error interactions, how to evalu-

ate an action and find the optimal state through a mathematical

formulation. The Q-learning algorithm is one of the most

well-known approaches of reinforcement learning applied to

wireless networks. Q-learning does not need a model of its

environment; instead, it predicts the future rewards of taking

an action. In Q-learning, each time (ti) an action is executed,

a reward R(ti) is calculated based on feedback from the envi-

ronment. Equation (1) [49] recomputes the Q-value, which is

subsequently used to estimate the best action, i.e.,

Q(ti)=(1−α)Q(ti−1)+α [R(ti)+γQ(ti+1)−Q(ti−1)] (1)

where α is the learning rate (0 ≤ α ≤ 1), ti is the current time,

ti−1 is the previous time for i > 1, and γ is the discount value.

If α = 0, then there is no learning in the algorithm; if γ = 0,

reinforcement learning is opportunistic, which maximizes only

the immediate short-term reward.

CHR, which is the algorithm proposed in this paper, is based

on Q-learning to calculate whether the selected transmission

technology is improving the network performance by learning

from previous actions. It selects an appropriate transmission

technology based on parameters from both Wi-Fi and LTE

networks. The algorithm has two parts. The first part is the

uplink routing algorithm, which is responsible for sending data

packets from the heterogeneous nodes to the Internet. The

second part is the downlink, which is in charge of transmitting

data packets from the Internet to the heterogeneous nodes.

Reinforcement learning is employed in both uplink and

downlink transmissions to estimate the probability of transmit-

ting data packets through each transmission technology. For

uplink transmission, each heterogeneous node utilizes CHR

to select either the LTE or Wi-Fi network. In the downlink

transmission, the CHR algorithm is utilized by the Internet

gateway node only.

The LTE network employs both the load and the probability

of successful transmissions of packets through the network as

metrics to measure link quality. The load of the LTE network

is estimated by measuring the buffer length for each node. This

value is obtained from the radio link control (RLC) protocol

layer in the eNB and the heterogeneous node. Two types of

transmission buffers are maintained by the LTE network: one

for downlink transmission and one for uplink transmission.

Thus, the length of the buffer on each node represents its load

level. Equation (2), shown below, is utilized to estimate the load

on each HetNode, i.e.,

LLd(ti) =
BufLd(ti)

BufLmax

(2)

where LLd(ti) is the estimated LTE load on heterogeneous

node d at time ti, BufLd(ti) is the number of packets

in the LTE transmission buffer for node d at time slot ti,

and BufLmax is the maximum number of packets that the

transmission buffer can accept. The higher LLd(ti) is (0 <=
LLd(ti) <= 1), the more congested the node is.

In WMNs, CHR employs both the transmission rate that each

node utilizes to transmit its packets during time slot ti and

the probability to access the channel as metrics to calculate

the wireless channel quality. Equation (3), shown below, is

employed to measure the Wi-Fi channel quality, i.e.,

CQW d(ti) =
RW d(ti)

RWmax

(3)

where CQW d(ti) is the Wi-Fi channel quality for node d at

time ti, and RW d(ti) is the transmission rate for the Wi-Fi

device at node d at time ti. According to RARE [22], which

is the rate adaptation algorithm adopted by CHR, the node

increases the transmission rate if the estimated interference in

the neighboring nodes is low. Thus, a higher transmission rate

means lower interference on the node and higher probability

of sending the packets successfully. RWmax is the maximum

transmission rate that the WiFi transmission technology can

support.

To route the packets from the heterogeneous nodes to the

Internet and vice versa, the CHR algorithm is utilized for both

uplink and downlink transmissions. A new algorithm based on

reinforcement learning is utilized to estimate the probability of
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Fig. 3. Flowchart of the CHR routing algorithm.

transmitting data packets through each transmission technol-

ogy. Fig. 3 shows the flowchart of the CHR algorithm. The set

of notations used is listed in Table I.

The flowchart shows the steps of employing the CHR algo-

rithm to utilize information maintained by each routing table

generated using the proposed routing protocol. The flowchart is
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TABLE I
VARIABLES AND NOTATIONS

divided into two parts. The first part is exploration, in which the

algorithm initializes the parameters used in the algorithm. Then,

the learning stage starts by evaluating each action performed by

the network nodes.

In particular, the algorithm starts by setting the network

parameters to their defaults values, as shown in the flowchart.

The exploration stage involves sending a specific number of

packets using the Wi-Fi network and the LTE network. A flag

variable (FlagW ) is used to indicate whether the Wi-Fi or the

LTE device is being used during the exploration stage. Then, a

counter variable (Expcount) is employed to control the num-

ber of explorations required to be done in this stage. The length

of the exploration does not have a great impact on the system

throughput, as the algorithm will converge during the re-

inforcement learning cycles. After finishing the exploration

stage, the algorithm starts the learning stage in which each node

calculates the probability of transmitting data successfully for

each transmission technology by learning from previous ac-

tions using Q-learning. Equation (4), shown below, shows how

Q-learning equation (1) is adapted for WMNs and incorporated

in the CHR algorithm to calculate the probability of transmit-

ting data successfully, i.e.,

QW d(ti) = (1 − α)QW d(ti−1)

+ α
[

SRW d(ti−1 − ti) + CQW d(ti)−QW d(ti−1)
]

(4)

where QW d (ti) represents the probability of accessing the

Wi-Fi channel for node d at time ti, α is the learning rate

(α = 0 means there is no learning in the algorithm), and

SRW d(ti−1 − ti) is the success rate of node d since the last

update of the transmission rate, which is calculated using (5),

shown below. CQW d(ti) is the Wi-Fi channel quality for node

d at time ti and is calculated using (3). Thus

SRW d(ti−1 − ti) =
STW d(ti−1 − ti)

TTW d(ti−1 − ti)
(5)

where STW d(ti−1 − ti) is the number of successful transmis-

sions from ti−1 until ti, which is a value that is obtained from

the MAC layer of the IEEE 802.11 device on heterogeneous

node d by counting the number of received acknowledgments

for each transmission, and TTW d(ti−1 − ti) is the total num-

ber of transmissions for node d using Wi-Fi from ti−1 to ti.

Q-learning (1) is adopted by the CHR algorithm (6), shown

below, to estimate the probability of transmitting data success-

fully using the LTE network, i.e.,

QLd(ti) = (1 − α)QLd(ti−1)

+ α
[(

SRLd(ti−1−ti)+
(

1−LLd(ti)
))

−QLd(ti−1)
]

(6)

where QLd (ti) represents the probability of accessing the

LTE channel for node d at time ti; α is the learning rate,

SRLd(ti−1 − ti) is the success rate in the LTE device of node d

since the last update of the probability to access the LTE net-

work, which is calculated using (7), shown below; and LLd(ti)
is the estimated load in the LTE device on node d at time ti and

is calculated using (2). Thus

SRLd(ti−1 − ti) =
STLd(ti−1 − ti)

TTLd(ti−1 − ti)
(7)

where STLd(ti−1 − ti) is the number of successful transmis-

sions for node d during a period (ti−1, ti) using the LTE

network, and this information is obtained from the RLC layer

using acknowledgement mode, and TTLd(ti−1 − ti) is the

number of transmissions using LTE during a period (ti−1, ti).
After finishing the exploration stage, each node waits for new

packets ready for transmission and then updates the probability

to select the transmission technology (QLd(ti) or QW d(ti)).
Thereafter, the algorithm selects the transmission technology

with the higher probability to send the packets successfully

(i.e., higher Q-value). Then, CHR updates all the parameters

and waits for the next packets.
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TABLE II
SIMULATION SETUP

V. PERFORMANCE EVALUATION

Here, the heterogeneous WMN is evaluated using the NS-3

simulator [50], which is a widely used tool for evaluating and

validating wireless networks. In particular, this paper uses the

LENA NS-3 LTE Module model [51]. The proposed network

is compared in terms of throughput with LTE-only networks,

Wi-Fi-only networks, and a random network (R) that randomly

allocates an LTE or a Wi-Fi network for each node.

A. Simulation Setup

Table II shows the network parameters used in the simu-

lation. Two types of scenarios are employed to evaluate and

validate the proposed network. The first scenario consists of

grid topologies in which HetNodes are distributed in a grid

with 100 m between each node. The second scenario consists of

random topologies in which all nodes are randomly distributed

in a 1000 m × 1000 m area. In both scenarios, there are five

mesh gateways distributed in the network, and the LTE eNB

is allocated in the center. To analyze the performance of the

proposed network, different loads are applied to the network

using 19 and 30 nodes transmitting simultaneously for both

uplink and downlink transmissions.

B. Evaluating and Validating Results

The performance of HetMeshNet is compared with LTE-

only and random networks, using different numbers of radio

resource blocks (RBs), and Wi-Fi-only networks.

Two types of scenarios are employed to evaluate the pro-

posed system: one to test the uplink and one to test the

downlink. In the uplink scenarios, the nodes (except the mesh

gateway nodes) generate user datagram protocol (UDP) traffic

with the same rate, and the sole destination is the Internet.

This simulates the uplink traffic from customer terminals to the

Internet. Grid and random topologies are employed in the simu-

lation, and two different loads are applied to the network using

19 and 30 nodes transmitting simultaneously to the Internet.

A second scenario is utilized to show how the algorithm adapts

to the change of the load amount during the simulation.

The simulation results for the uplink scenarios indicate sig-

nificant improvement in system throughput for the proposed

heterogeneous system compared with the benchmark networks.

Fig. 4. Uplink grid scenario with 19 nodes.

Fig. 5. Uplink random scenario with 19 nodes.

Fig. 6. Uplink grid scenario with 30 nodes.

Fig. 7. Uplink random scenario with 30 nodes.

Figs. 4–8 show the throughput results for the adopted uplink

scenarios compared with the LTE-only network, the Wi-Fi-only

network, and random networks. Each figure shows the average
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Fig. 8. Different amounts of load during the simulation on uplink.

Fig. 9. Downlink grid scenario with 19 nodes.

throughput for each network; the results are represented by a

box and whisker graph, where the lower box represents the av-

erage throughput quartile lower than the median, and the upper

box represents the average throughputs higher than the median.

The upper and lower whiskers represent the highest and the

lowest value of the results, respectively. In LTE-only and

random networks, two different bandwidths are employed in

the evaluation of the proposed network model. The bandwidth

in the LTE network is represented by the total number of

RBs available for the user equipment in the network. In the

evaluation, 25 and 50 RBs are utilized by the LTE network and

the HetMeshNet in the simulation.

The same scenarios are employed to evaluate the downlink

communication in the HetMeshNet. In downlink scenarios,

UDP traffic is generated from the Internet, and the destination is

the heterogeneous nodes in the networks. The purpose of sim-

ulating downlink traffic is to show how the proposed algorithm

acts when the data are coming from the Internet. In downlink,

if Wi-Fi is selected, the intermediate nodes cannot switch back

to LTE, whereas in the uplink transmission, intermediate nodes

could switch from Wi-Fi to LTE. The simulation results show a

significant improvement in system throughput. Figs. 9–13 show

the throughput results for the downlink algorithm, whereas

Figs. 7 and 13 apply different amounts of load on the network

for uplink and downlink transmissions, respectively, to show

how the network adapts to different traffic demands during the

simulation. Moreover, another set of scenarios is employed to

evaluate the system performance with a different value of α

Fig. 10. Downlink random scenario with 19 nodes.

Fig. 11. Downlink random scenario with 30 nodes.

Fig. 12. Downlink grid scenario with 30 nodes.

Fig. 13. Different amounts of load during the simulation on downlink.
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Fig. 14. HetMeshNet performance with different values of α in a grid scenario
(0 ≤ α ≤ 1).

Fig. 15. HetMeshNet performance with different values of α using different
amounts of load during the simulation (0 ≤ α ≤ 1).

Fig. 16. Average network throughput over time with different numbers of
transmission nodes.

(learning rate in reinforcement learning). If α is zero, it means

that the system utilizes only the current state of the network

with no learning in the system. The simulation results indicate

that the network with no learning shows the worst performance

in terms of throughput compared with other values of α (learn-

ing is presented). Figs. 14 and 15 show the throughput results

of CHR using different values of α to demonstrate how the

network works without learning, from the results α with a

value higher than 0 (learning is presented in the algorithm),

indicates better throughput results compared with the network

with no learning (α = 0). These results indicate that consider-

ing previous network parameters in selecting the radio access

technology improves the network performance. Fig. 16 shows

the behavior of the network throughput at different times with

Fig. 17. Average network throughput with a constant number of nodes and
mobility.

different numbers of transmission nodes. In this scenario, it

shows how the proposed algorithm reacts to the change of load

on the network. The results indicate that the proposed algorithm

outperforms the benchmark networks; for example, when the

number of transmitting nodes is 15, the average throughput

of the CHR is about 1.7 Mb/s with a bandwidth of 25 RB,

whereas the LTE-only network with a bandwidth of 50 RB

is 1 Mb/s (an increase of 70%) and that with a bandwidth

of 25 RB is 0.5 Mb/s (an increase of 240%). Fig. 17 shows

the behavior of the network with a constant number of client

nodes that are allocated to different HetNodes with a mobility

of client nodes to demonstrate how the learning algorithm react

to a change in the bandwidth request. This scenario employs

a random-walk mobility model to simulate the movements of

client nodes in a 1000 m × 1000 m area. The results indicate

that the learning algorithm adapts very well with the change

in load demands in the network compared with the benchmark

networks in terms of network throughput. For example, the

average network throughput of CHR with a bandwidth of

25 RB is around 2 Mb/s, whereas LTE and random networks

with as twice bandwidth as CHR archive around 1 and 1.5 Mb/s,

respectively.

An ANOVA statistical test was performed on the results from

each scenario to verify that there is a systematic enhancement in

the network that causes the throughput improvement. Equation

(8), shown below, is employed to confirm that the algorithms

are statistically different. Thus

F > FCrit (8)

where F is the ANOVA test statistics, and FCrit is the critical

value extracted from the F-distribution table. Another param-

eter from the ANOVA test is p, which is the probability of

having differences that happen purely by chance, and the pre-

ferred value is smaller than 0.05. Thereafter, to verify that the

HetMeshNet has produced higher throughput than the bench-

mark algorithms, the results from each scenario are submitted to

Fisher’s least significant difference (LSD) test. In each scenario,

there are 19 or 30 throughput results for each type of network.

The average throughput value of these results is calculated

for each network (LTE25avr, LTE50avr, Wi-Fiavr, CHR25avr,

and CHR50avr). Next, if |CHR25avr − LTE25avr| > LSD, then

the two averages are statistically different. Table III shows the

ANOVA and LSD results for each scenario.
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TABLE III
ANOVA AND LSD RESULTS

The results show that the average throughput of the

HetMeshNet outperforms the LTE network, even when the LTE

network utilizes twice as much bandwidth as CHR, whereas the

Wi-Fi networks may suffer from high loss due to interference

and collision. In Fig. 4, the CHR algorithm with an LTE band-

width of 25 RB achieves average uplink throughput between

1.6 and 2.3 Mb/s for 50% of the results, whereas the LTE

network with 50 RB achieves between 0.7 and 1.2 Mb/s, which

shows how the CHR outperforms the LTE-only network with

about 183% by employing less bandwidth (half of the band-

width), and in Fig. 8, the CHR25 increases the network through-

put by about 200%.

In the downlink transmission, the throughput improvement

in some scenarios is lower than that in the uplink due to the fact

that in downlink, the LTE network employs a multiple-input–

multiple-output antenna that increases the total throughput of a

connection in the LTE networks. For instance, Fig. 9 shows the

average throughput of the CHR with 50 RB with about 1.7 Mb/s,

whereas the LTE network with 50 RB achieves around 1.3 Mb/s

(the improvement is about 26%). This method improves the net-

work performance and reduces the cost of buying more licensed

frequencies (LTE frequency) by utilizing unlicensed Wi-Fi

frequencies instead. The results obtained from the HetMeshNet

mitigate the poor performance of the Wi-Fi network through

the use of the LTE network, as Wi-Fi-only networks suffer from

interference. Finally, Fig. 17 shows the number of transmission

packets on each transmission device and the number of packets

that initially started with Wi-Fi and then switched back to the

LTE network after one or more hops, for example, in node 4,

about 45% of the packets are switched from a Wi-Fi network

to an LTE network. This figure shows how the networks dy-

namically switch between the transmission technologies. The

HetMeshNet improves the overall network throughput com-

pared with the LTE network that utilizes twice as much band-

width. Furthermore, Fig. 17 shows that many of the nodes

utilize Wi-Fi bandwidth, which is cheaper than LTE because

Wi-Fi frequencies are unlicensed.

The simulation experiments show that the proposed model

enhances node throughput by up to 200% on the uplink and

downlink compared with the LTE and Wi-Fi networks and

overcomes the problem of throughput degradation in WMNs

under high traffic density.

VI. CONCLUSION

This paper has introduced a new heterogeneous network

architecture in which LTE and Wi-Fi wireless devices are

utilized to benefit from the bandwidth of each transmission

technology. In addition, a new routing protocol for heteroge-

neous WMNs has been developed, which dynamically selects

the transmission technology to increase the overall network

capacity and enhance the average throughput. Moreover, a new

routing algorithm has been proposed for the needs of the routing

protocol, which estimates the cost of transmitting the traffic

through each network. The proposed algorithm considers the

traffic load on the LTE network as a metric to estimate the cost

of transmission over LTE and uses transmission rate as a metric

for the Wi-Fi mesh network. The simulation results show that

the proposed network achieves up to 200% more throughput

compared with Wi-Fi-only networks and LTE-only networks.

The heterogeneous network architecture manages the different

wireless devices as a part of a single virtual network. The LTE

network is utilized to avoid congested Wi-Fi nodes and a high-

interference path in the WMN, whereas the WMN offloads

the load of the LTE network, reduces the cost of using more

licensed frequency bands, and forwards the data to another node

when the LTE throughput is degrading. This work provides

the foundation for future research on developing heterogeneous

Wi-Fi/LTE mesh networks and using other wireless technolo-

gies as part of heterogeneous networks. The proposed routing

protocol has the potential to be extended to support other wire-

less technologies by utilizing their parameters in the learning

algorithm. The proposed architecture provides an easy way to

expand the mobile network coverage and capacity and could

contribute to the fifth-generation infrastructure. Moreover, the

heterogeneous networks could be used to connect the Internet-

of-things networks and employed to provide the infrastructure

for smart homes and smart cities.



AL-SAADI et al.: ROUTING PROTOCOL FOR HETEROGENEOUS WIRELESS MESH NETWORKS 9785

REFERENCES

[1] “5G: A technology vision,” Huawei Technol. Co., Ltd., Shenzhen, China,
2013.

[2] “Cisco visual networking index: Global mobile data traffic forecast update
2014–2019,” Cisco, San Jose, CA, USA, 2015.

[3] “Evolutionary and disruptive visions towards ultra-high capacity net-
works,” IWPC Int. Wireless Ind. Consortium, Doylestown, PA, USA,
2014, pp. 1–89.

[4] I. F. Akyildiz, X. Wang, and W. Wang, “Wireless mesh networks:
A survey,” J. Comput. Netw., vol. 47, no. 10, pp. 445–487, Mar. 2005.

[5] Z. Yang, Q. Yang, and F. Fu, “A novel load balancing scheme in
LTE and WiFi coexisted network for OFDMA system,” in Proc. Int.

Conf. Wireless Commun. Signal Process., Hangzhou, China, 2013,
pp. 1–55.

[6] D. H. Hagos and R. Kapitza, “Study on performance-centric offload strate-
gies for LTE networks,” in Proc. IEEE 6th Joint IFIP WMNC, Dubai,
UAE, 2013, pp. 1–10.

[7] L. Hu et al., “Realistic indoor Wi-Fi and Femto deployment study as the
offloading solution to LTE macro networks,” in Proc. IEEE VTC—Fall,
Quebec City, QC, Canada, 2012, pp. 1–6.

[8] “3GPP, group service and system aspects service requirements for evo-
lution of 3GPP system (Rel.8),” Third-Generation Partnership Project,
Sophia Antipolis Cedex, France, 3GPP TS 22.278, Dec. 2008.

[9] WiFi (Wireless Fidelity), IEEE 802.11 WG, IEEE 802.11-2007, Wireless

LAN MAC and PHY Specification, Revision of IEEE 802.11 1999, IEEE

LAN/MAN Standards Committee, IEEE 802.11, Jun. 2007.
[10] C. E. Perkins and E. M. Royer, “Ad-hoc on-demand distance vector

routing,” in Proc. 2nd IEEE Workshop Mobile Comput. Syst. Appl.,
Washington, DC, USA, Feb. 1999, pp. 90–100.

[11] D. B. Johnson, D. A. Maltz, and Y.-C. Hu, “The dynamic source routing
protocol for mobile ad hoc networks (DSR),” Internet Eng. Task Force

Trust, Fremont, CA, USA, Feb. 2007.
[12] C. E. Perkins and P. Bhagwat, “Highly dynamic-destination sequenced

distance vector routing (DSDV) for mobile computers,” in Proc.

SIGCOMM Conf. Commun. Archit., Protocols Appl., New York, NY, USA,
Aug. 1994, pp. 234–244.

[13] T. Clausen and P. Jacquet, “RFC 3626: Optimized link state routing

protocol,” Internet Eng. Task Force, Fremont, CA, USA, Oct. 2003.
[14] M. Abolhasan, T. Wysocki, and E. Dutkiewicz, “A review of routing

protocols for mobile ad hoc networks,” Ad Hoc Netw., vol. 2, no. 1,
pp. 1–22, 2004.

[15] H. A. Mogaibel and M. Othman, “Review of routing protocols and its

metrics for wireless mesh networks,” in Proc. Int. Assoc. Comput. Sci.

Inf. Technol.-Spring Conf., Singapore, Apr. 2009, pp. 62–70.
[16] D. S. J. De Couto, D. Aguayo, J. Bicket, and R. Morris, “A high-

throughput path metric for multi-hop wireless routing,” in Proc. ACM

MobiCom, New York, NY, USA, 2003, pp. 134–146.
[17] R. Draves, J. Padhye, and B. Zill, “Routing in multi-radio, multi-hop

wireless mesh networks,” in Proc. ACM MobiCom, New York, NY, USA,
Sep. 2004, pp. 114–28.

[18] Y. Yang, J. Wang, and R. Kravets, “Designing routing metrics for mesh
networks,” in Proc. IEEE Workshop Wireless Mesh Netw., Sep. 2005,
pp. 1–9.

[19] A. Kamerman and L. Monteban, “Wavelan®—II: A high-performance

wireless LAN for the unlicensed band,” Bell Labs Tech. J., vol. 2, no. 3,
pp. 118–133, Summer 1997.

[20] M. Lacage, M. Manshaei, and T. Turletti, “IEEE 802.11 rate adaptation:
A practical approach,” in Proc. 7th ACM Int. Symp. MSWiM, Venezia,
Italy, 2004, pp. 126–134.

[21] Madwifi Onoe Specification. [Online]. Available: http://sourceforge.net/
projects/madwifi

[22] A. Al-Saadi, R. Setchi, Y. Hicks, and S. Allen, “Multi-rate medium access
protocol based on reinforcement learning,” in Proc. IEEE Syst., Man

Cybern. Conf., San Diego, CA, USA, 2014, pp. 2875–2880.
[23] H. Wu, C. Qiao, S. De, and O. Tonguz, “Integrated cellular and ad hoc

relaying systems: iCAR,” IEEE J. Sel. Areas Commun., vol. 19, no. 10,
pp. 2105–2115, Oct. 2001.

[24] S. Dixit, E. Yanmaz, and O. K. Tonguz, “On the design of self-organized
cellular wireless networks,” IEEE Commun. Mag., vol. 43, no. 7,
pp. 86–93, Jul. 2005.

[25] H. Luo, R. Ramjee, P. Sinha, L. E. Li, and S. Lu, “UCAN: A unified cellu-

lar and ad-hoc network architecture,” in Proc. ACM MobiCom, San Diego,
CA, USA, Sep. 2003, pp. 353–367.

[26] H. Li, M. Lott, M. Weckerle, W. Zirwas, and E. Schulz, “Multihop com-
munications in future mobile radio networks,” in Proc. IEEE PIMRC,
Lisbon, Portugal, Sep. 2002, pp. 54–58.

[27] G. Chen, M. Song, Y. Zhang, and J. Song, “Cross-layer adaptation with
coordinated scheduling for heterogeneous wireless networks,” in Proc.

IEEE 72nd Veh. Technol. Conf., Ottawa, ON, Canada, Sep. 2010, pp. 1–5.
[28] N. Himayat, S. Yeh, and A. Panah, “Multi-radio heterogeneous networks:

Architectures and performance,” in Proc. IEEE ICNC, Honolulu, HI,
USA, Feb. 2014, pp. 252–258.

[29] L. Chou, S. Cheng, C. Li, and S. Chen, “Wireless network manage-
ment systems for WiMAX/Wi-Fi mesh networks,” Emerging Directions
Embedded Ubiquitous Comput. Lecture Notes Comput. Sci., vol. 4809,
pp. 215–225, 2007.

[30] W. Sun, P. Zhang, Y. Chen, Z. Qin, and D. Teng, “A tight coupling
cooperation scheme in WiFi/WiMAX heterogeneous mesh networks,” Int.
J. Comput., Commun. Control, vol. 8, no. 3, pp. 460–468, 2013.

[31] W. Wang, X. Liu, J. Vicente, and P. Mohapatra, “Integration gain of
heterogeneous WiFi/WiMAX networks,” IEEE Trans. Mobile Comput.,
vol. 10, no. 8, pp. 1131–1143, Aug. 2011.

[32] T. Taleb and A. Ksentini, “VECOS: A vehicular connection steering
protocol,” IEEE Trans. Veh. Technol., vol. 64, no. 3, pp. 1171–1187,
Mar. 2015.

[33] G. Zhioua, N. Tabbane, H. Labiod, and S. Tabbane, “A fuzzy multi-metric
QoS-balancing gateway selection algorithm in a clustered VANET to LTE
advanced hybrid cellular network,” IEEE Trans. Veh. Technol., vol. 64,
no. 2, pp. 804–817, Feb. 2015.

[34] B. Soret and K. I. Pedersen, “Centralized and distributed solutions for fast
muting adaptation in LTE-advanced HetNets,” IEEE Trans. Veh. Technol.,
vol. 64, no. 1, pp. 147–158, Jan. 2015.

[35] Y. S. Soh, T. Q. S. Quek, M. Kountouris, and H. Shin, “Energy-efficient
heterogeneous cellular networks,” IEEE J. Sel. Areas Commun., vol. 31,
no. 5, pp. 840–850, May 2013.

[36] J. Lin and K. Feng, “Femtocell access strategies in heterogeneous
networks using a game theoretical framework,” IEEE Trans. Wireless

Commun., vol. 13, no. 3, pp. 1208–1221, Mar. 2014.
[37] F. Pantisano, M. Bennis, W. Saad, M. Debbah, and M. Latva-aho,

“On the impact of heterogeneous backhauls on coordinated multipoint
transmission in femtocell networks,” in Proc. IEEE ICC, Ottawa, ON,
Canada, Jun. 2012, pp. 5064–5069.

[38] J. Zhang, P. Hong, H. Xue, and H. Zhang, “A novel power control
scheme for femtocell in heterogeneous networks,” in Proc. IEEE CCNC,
Las Vegas, NV, USA, Jan. 2012, pp. 802–806.

[39] P. Palanisamy and S. Nirmala, “Downlink interference management in
femtocell networks—A comprehensive study and survey,” in Proc. IEEE

ICICES, Chennai, India, Feb. 2013, pp. 747–754.
[40] P. Stuedi and G. Alonso, “Transparent heterogeneous mobile ad hoc

networks,” in Proc. 2nd Annu. Int. Conf. Mobile Ubiquitous Syst., Netw.
Serv., San Diego, CA, USA, Jul. 2005, pp. 237–246.

[41] X. Du, D. Wu, W. Liu, and Y. Fang, “Multiclass routing and medium
access control for heterogeneous mobile ad hoc networks,” IEEE Trans.
Veh. Technol., vol. 55, no. 1, pp. 270–277, Jan. 2007.

[42] T. Le, P. Sinha, and D. Xuan, “Turning heterogeneity into an advan-
tage in wireless ad-hoc network routing,” Ad Hoc Netw., vol. 8, no. 1,
pp. 108–118, Jun. 2006.

[43] M. Waheed and K. Karibasappa, “QoS routing for heterogeneous mobile
ad hoc networks,” Int. J. Comput. Eng. Sci., vol. 2, no. 3, pp. 77–81,
Mar. 2012.

[44] S. Fujiwara, T. Ohta, and Y. Kakuda, “An inter-domain routing for
heterogeneous mobile ad hoc networks using packet conversion and
address sharing,” in Proc. IEEE 32nd ICDCSW, Macau, China, Jun. 2012,
pp. 349–355.

[45] K. Kunavut and T. Sanguankotchakorn, “QoS routing for heterogeneous
mobile ad hoc networks based on multiple exponents in the definition
of the weighted connectivity index,” in Proc. IEEE 7th Int. Conf. SITIS,
Dijon, France, Dec. 2011, pp. 1–8.

[46] V. Shah and S. Krishnamurthy, “Handling asymmetry in power hetero-
geneous ad hoc networks: A cross-layer approach,” in Proc. 25th IEEE

ICDCS, Columbus, OH, USA, Jun. 2005, pp. 749–759.
[47] J. Suga and R. Tafazolli, “Joint resource management with reinforcement

learning in heterogeneous networks,” in Proc. IEEE 78th VTC—Fall,
Las Vegas, NV, USA, Sep. 2013, pp. 1–5.

[48] T. Jiang, “Reinforcement learning-based spectrum sharing for cogni-
tive radio,” Ph.D. dissertation, Dept. Electron., Univ. York, York, U.K.,
2009.

[49] P. J. C. H. Watkins and P. Dayan, “Q-learning,” Mach. Learn., vol. 8,
pp. 219–292, 1992.

[50] The ns-3 Network Simulator. [Online]. Available: http://www.nsnam.org/
[51] “The LENA ns-3 LTE module documentation,” CTTC, Barcelona, Spain,

Jan. 2014. [Online]. Available: http://networks.cttc.es/mobile-networks/
software-tools/lena/



9786 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 65, NO. 12, DECEMBER 2016

Ahmed Al-Saadi received the B.Sc. and M.Sc. de-
grees in computer and software engineering from the
University of Technology, Baghdad, Iraq, in 2005
and 2008, respectively. He is currently working to-
ward the Ph.D. degree in engineering with Cardiff
University, Cardiff, U.K.

From 2006 to 2011, he was a Researcher/Lecturer
with the Department of Computer Engineering, Uni-
versity of Technology. His current research interests
include wireless communication, heterogeneous net-
works, semantic computing, and routing algorithms.

Rossitza Setchi (SM’14) received the degree in me-
chanical and electrical engineering from Moscow
Technological University, Moscow, Russia, and the
Ph.D. degree from Cardiff University, Cardiff, U.K.

She leads the Mechanics, Materials, and Ad-
vanced Manufacturing Research Theme at Cardiff
University, as well as the Knowledge Engineering
Systems (KES) Research Group. Her current re-
search interests include intelligent systems, robotics,
artificial intelligence, and knowledge engineering.

Dr. Setchi received the 1999 Literati Club Award
for Excellence, the 2004 Donald Julius Groen Prize from the Institution
of Mechanical Engineers, the KES Conference Best Paper Award in 2012
and 2013, and the 2015 KES Award for outstanding contribution. She is
an Associate Editor of the International Journal of Systems Science and the
International Journal of Knowledge and Systems Science. She is a Chartered
Engineer, a Chartered IT Professional, a European Engineer, a Fellow of the
Institution of Mechanical Engineers, a Fellow of the Institution of Engineering
and Technology, and a Fellow of the British Computer Society.

Yulia Hicks (M’13) received the degree in applied
mathematics from Moscow State University,
Moscow, Russia, and the Ph.D. degree in computer
vision from Cardiff University, Cardiff, U.K.

She is a Senior Lecturer with Cardiff School of
Engineering, Cardiff, U.K., specializing in statistical
modeling, multimodal signal processing, and com-
puter vision. She is a Codirector with the Human
Factors Technology Center, which is an interdiscipli-
nary research center at Cardiff University. Over the
past several years, she has led or was involved with

a number of research-council- and industry-funded research projects on video-
assisted blind source separation, modeling and recognition of human motion
and behavior, signal processing, and statistical modeling.

Stuart M. Allen received the B.Sc. degree in
mathematics from The University of Nottingham,
Nottingham, U.K., and the Ph.D. degree in graph
theory from the University of Reading, Reading, U.K.

He is a Reader with the School of Computer
Science and Informatics, Cardiff University, Cardiff,
U.K. His main research interests are in the investi-
gation and application of social structures to ad hoc

networking and optimization problems arising in
mobile networks.


