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Abstract This paper examines the heterogeneities of wireless networks from six different

perspectives, namely mobile terminals, radio access technologies (RATs), network services,

users, network operators, and network geographical areas. These different aspects of

wireless network heterogeneities offer certain benefits but also pose some challenges to

effective management of radio resources. The challenges of wireless network hetero-

geneities are highlighted in this paper and possible solutions are proffered. The paper then

compares recent network selection algorithms proposed for wireless networks with respect

to the aspects of heterogeneities considered. Comparative analysis of the different network-

selection algorithm shows that whereas RAT, services, and users heterogeneities have

received much attention in the literature, terminal, operator, and geographical area hetero-

geneities have not been widely considered. Thus, more attention should be given terminal,

operator, and geographical area aspects of wireless network heterogeneities so that the

problems of radio resource management in wireless networks can be addressed in a more

holistic way. An algorithm that considers the different aspects of network heterogeneities is

proposed, and simulation results are given to highlight the effects of network heterogeneities

on connection-level quality of service provisioning in heterogeneous wireless networks.

Keywords Wireless networks � Network heterogeneity � Mobile terminals � Radio access

technology � User � Operator

1 Introduction

Current wireless networks encompass different types of users accessing distinct network

services through mobile devices of different capabilities connected to diverse radio access

technologies (RATs) deployed by different network operators in diverse geographical
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areas. Thus current wireless networks are heterogeneous from different perspectives

namely mobile terminals, radio access technologies, network services, network users,

network operators, and network geographical areas. Figure 1 shows the different aspects of

heterogeneities of wireless networks.

In the literature, heterogeneities of wireless networks have mostly been treated with

regard to RATs, network services, and users [1–6], whereas mobile terminal, operator, and

geographical area heterogeneities have not received due attention. However, the different

aspects of wireless network heterogeneities offer certain benefits, but also pose some

challenges to effective management of radio resources in the networks. Therefore, this

paper presents a comprehensive view of wireless network heterogeneities from the six

different perspectives mentioned above.

In existing wireless networks, mobile terminals have different capabilities with respect

to terminal screen features, terminal modality, homing ability, terminal portability/weight,

services supported, battery features, data input method, data storage capacity, processor

speed, and operating system. RATs have different complimentary features with respect to

services supported, cell size, cell capacity, operating frequency, network security level,

service cost, delay and jitter, modulation techniques, multi-access techniques, and duplex

techniques. Services provides by wireless networks have heterogeneous features with

regard to service class, service type, bandwidth requirement, service adaptability, sym-

metry, time-sensitivity, and packet-loss tolerance. Network users differ with respect to

class of services demanded, quality of service requirements, willingness to pay, mobility

pattern, device capability, time-of-use pattern, service security requirements, service

consumption, and technology awareness. Operators of wireless networks have different

features with regard to scale of network deployed, number of RATs deployed, ownership

of network infrastructure, types of services provided, pricing strategy employed, and level

of collaboration. Wireless networks are deployed in diverse geographical areas, which are

characterized by population density, geographic position, topography, infrastructure

availability, legislature and spectrum availability, and proneness to disaster and sabotage.

These different aspects of wireless network heterogeneities are discussed in details in the

subsequent sections.

In wireless networks with multiple RATs, a number of joint radio resource management

(JRRM) algorithms have been proposed for efficient management of radio resources

[7–10]. These JRRM algorithms are designed for making network selection decisions,

packet scheduling, power control, handover decisions, bandwidth allocation, etc. The

overall objectives of JRRM algorithms are to enhance radio resource utilization, improve

quality of service, ensure overall stability of network, enhancement of users’ satisfaction,

and increase in operators’ revenue [7, 8]. This paper focuses on challenges of network

Fig. 1 Heterogeneities of
wireless networks

1714 O. E. Falowo

123



heterogeneities on radio resource management in wireless networks, in general, but pays

particular attention to network-selection algorithm, which is one of the JRRM algorithms.

The contributions of this paper are twofold. First is the qualitative analysis of the

challenges of the different aspects of wireless network heterogeneities from six different

perspectives. The second contribution is the comparative analysis of recent network-se-

lection algorithms with respect to the aspects on wireless network heterogeneities

considered.

The rest of this paper is organized as follows. Section 2 discusses mobile terminal

heterogeneity. Section 3 focuses on RAT heterogeneity. Section 4 analyses network ser-

vice heterogeneity. Section 5 discusses users’ heterogeneity. Section 6 focuses on operator

heterogeneity and Sect. 7 describes geographical area heterogeneity. Section 8 compares

the recent network-selection algorithms proposed for heterogeneous wireless networks

with respect to the aspects of wireless network heterogeneities considered. In Sect. 9, an

algorithm that considers the different aspects of network heterogeneities is proposed, and

Sect. 10 concludes the paper.

2 Mobile Terminal Heterogeneity

A user’s mobile terminal is what grants the user connectivity to an operator’s network.

Existing wireless networks support diverse types of mobile terminals, such as mobile

phones, tablets, phablets, personal digital assistants, and laptops, which have a wide range of

capabilities [11–16]. As mobile networks evolve from one generation to another, equipment

manufacturers have come up with different terminals that have increasing capabilities in

order to take full advantage of new radio access technologies as well as the existing ones in

heterogeneous wireless networks. Moreover, advancement in electronic technologies has

led to development of mobile terminals that have higher capabilities. Consequently, mobile

terminals of various capabilities coexist in wireless networks, and a combination of these

terminals with different capabilities is referred to as heterogeneous mobile terminals.

Figure 2 illustrates the different aspects of mobile terminal heterogeneity.

Battery Life 
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Operating system
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Homing capability
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Fig. 2 Illustration of mobile terminal heterogeneity
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The heterogeneity of mobile terminal in wireless networks can be analyzed from dif-

ferent perspectives. In this paper, mobile terminal heterogeneity is analyzed from ten

perspectives shown in Fig. 2, considering ten important key features namely: screen fea-

tures, modality, homing capability, portability/weight, supported service, battery features,

data storage capability, processor speed, operating system, and data input method. These

features are discussed in Table 1.

Some aspects of mobile terminal heterogeneity have been studied in the literature. In

[14], the effect of terminal heterogeneities in heterogeneous wireless network has been

studied. In, [23] effect of terminal homing capabilities has been studied. In [20], the effect

of mobile phone screen size on video based learning quality of experience has been has

been studied.

3 RAT Heterogeneity

Current wireless networks consist of terrestrial RATs such as WLAN, UMTS,

CDMA2000, LTE, etc., and non-terrestrial networks such as satellite and high-altitude

balloon networks. RAT heterogeneity refers to diversities in the features of different RATs

coexisting in the same geographical area. The demand for higher data rates, improved

coverage, enhanced quality of service, reduced transmitted power, and cost effectiveness

have led to the deployment of multiple RATs in the same geographical area. These dif-

ferent RATs have complementary features that are advantageous when radio resources are

jointly managed [24]. For example, WLANs have high data rates, low coverage, low cost,

and low security level whereas 3G networks have higher coverage, higher security, and

lower data rate than WLAN. Satellite network has wide coverage, high cost, high delay

(resulting from long round trip time), and low data rate, poor coverage indoor, which

makes them less suitable for real-time communication [25]. RAT heterogeneity enables

joint management of radio resource of different networks for enhanced QoS provisioning,

better radio resource utilization, and cost effectiveness. Figure 3 illustrates aspects of RAT

heterogeneity in wireless networks.

RAT heterogeneity in wireless networks can be analyzed from different angles. In this

paper, RAT heterogeneity is analyzed from nine perspectives shown in Fig. 3. The nine

perspectives are services supported, cell size, cell capacity, operating frequency, security

level, service cost, delay and jitter, modulation techniques, multiple access technique, and

duplex technique. RAT heterogeneity is discussed in Table 2.

4 Service Heterogeneity

Service provisioning is the primary reason for deploying wireless networks, and there are

various services provided to users by wireless networks. These services, which include

voice call, audio streaming, audio conferencing, video call, video streaming, web access,

email, file transfer, remote login, online banking, presence, and navigation, etc., can

broadly be classified as voice, data, and video. The aspects of service heterogeneity

considered in this paper are service class, service type, service adaptability, bandwidth

requirements, service symmetry, time-sensitivity, and packet loss tolerance. Figure 4

illustrates aspects of service heterogeneity while Table 3 contains analysis of service

heterogeneity.
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5 Users’ Heterogeneity

It was projected by the International Telecommunication Union (ITU) that mobile-cellular

subscriptions would reach almost 7 billion by end 2014 and that the number of mobile-

broadband subscriptions will reach 2.3 billion globally, with 55 % of them in developing

countries [29]. Thus, the penetration of mobile network has increased dramatically in

recent years to accommodate users from all walks of life. Consequently, wireless network

users are quite diverse with respect to class of network service(s) demanded, QoS

requirements, willingness to pay, mobility pattern, device capability, time-of-use pattern,

security requirement, service consumption, and awareness of technology. The knowledge

of users’ heterogeneity is important for network planning and optimization. Moreover, the

different aspects of users’ heterogeneity could be exploited for efficient radio resource

management in wireless networks, which involves managing the allocation of radio

resources to different users in order to maximize the number of services delivered while

ensuring user satisfaction [30, 31]. Figure 5 illustrates the different aspects of users’

heterogeneity in wireless networks.

The analysis of users’ heterogeneity in wireless networks is presented in Table 4.

6 Operators’ Heterogeneity

Network operators provide telecommunication services, and can be classified in a number

of ways. In this paper, network operators’ heterogeneity is analyzed from six different

perspectives namely: scale of network, number of RATs deployed, ownership of network

infrastructure, pricing strategies, services provided, and level of collaboration.

Based on the scale of network, network operators can be classified as local, regional,

national, or international. Local network operators are the lowest category of operators.

Their frequency spectrum is licensed for use within a local area making the services

provided to subscribers limited to a particular location. In the second category, regional

network operators are given spectrum licenses to operate with a certain region or province.

In the third category, national network operators have spectrum licenses to operate within a

country, and in the fourth category, international network operators have spectrum licenses

to operate within multiple countries. Network operators can also be classified based on the

number of networks deployed as single-RAT or multi-RAT operator. Single-RAT network

Services supported

Cell size

Security level

Modulation technique

Cell capacity

Operating frequency

Delay and jitter

Service cost

Multiple access technique

Duplex technique

Fig. 3 Illustration of RAT heterogeneity
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operators deploy only one type of RAT such as IEEE802.11 WLAN whereas multiple-

RAT network operators deploy multiple RATs such as WLAN and UMTS network, GPRS

and UMTS and LTE, etc.

Moreover, based on ownership of network, network operators can be classified as licensed

network operators or virtual network operators. A licensed network operator owns or controls

all the equipment necessary to provide network services to subscribers, including the radio

frequency, radio access network, and the core network. On the other hand, virtual network

operators provide network services directly to their subscribers, and they do not own the

network infrastructure or the frequency licenses but lease them from licensed network

operators. Virtual network operators promote competition among operators [33].

Considering pricing strategies, network operators employ a variety of pricing mecha-

nisms, which can be broadly classified as prepaid, postpaid, or hybrid. Pricing schemes can

also be classified as fixed or dynamic. In prepaid pricing scheme, credit is purchased in

advance by the network user through a variety of payment methods. The purchased credit

is then used to pay for services consumed by the mobile terminal of the user. If there is no

available credit then access to the requested service is denied. In postpaid pricing scheme,

there is a contractual arrangement between the user of the mobile terminal and the network

operator. The contract may be long term or short term, and payments for services con-

sumed by the user are made at agreed periods of time. Furthermore, based on services

provided, operators can be classified as single-service or multiple-service network oper-

ators. Single-service network operators provides mainly a single type of service such as

voice only or data only whereas multiple-service network operators provide multiple

services such as voice, data, and videos services simultaneously.

Network operators can also be classified based on the level of operator collaboration

among them, which can be: ‘no sharing’ (no collaboration), passive infrastructure sharing,

access network sharing, core network sharing, frequency spectrum sharing, and roaming-

based sharing. [34–36]. In ‘no sharing’, a network operator does not share network

resources with other operators. This has some disadvantages because sharing of network

infrastructure among network operators reduces infrastructure cost and also provides a

better coverage of network service for network users. In passive infrastructure sharing,

physical resources such as network sites, power equipment, transmission equipment, net-

work cabinet, and network tower for antenna placement are shared among operators. In

Service 
Heterogeneity 

Time 
sensitivity

Fig. 4 Illustration of service
heterogeneity
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access network sharing, access network equipment such as Node B, radio access tech-

nologies (RATs), and radio network controller (RNC) are shared among network operators

[37]. In core network sharing, core network infrastructures are shared among network

operators. In frequency sharing, licensed frequency bands are shared among network

operators. Sharing of radio spectrum among operators improves the efficiency of spectrum

utilization [38]. Roaming-based sharing is another form sharing among network operators

[35]. It allows network operators to cover different regions/countries and thereby enables

national/international roaming for the purpose of network coverage. In roaming-based

sharing, network operators allow their subscribers to gain access to other network opera-

tors’ radio resource for service continuity in regions/countries where their home operator’s

networks are nonexistent. Figure 6 illustrates the six aspects of operators heterogeneity

considered in this paper, and Table 5 summarizes the different aspects of operators’

heterogeneity.

7 Geographical Area Heterogeneity

Geographical area heterogeneity explains how the differences between geographical regions

impact radio resource management in wireless networks. The aspects of geographical area

heterogeneity considered in this paper are population density, geographic location, topog-

raphy, infrastructure availability, legislature and spectrum availability, proneness to disaster

and sabotage. Figure 7 illustrates the different area of geographical area heterogeneity.

Population density of wireless network users in a particular area affects the utilization of

radio resources in the area. Based on population density, geographical area can be clas-

sified as urban, sub-urban, or rural areas. In an area of low population density, wireless

networks will require less radio resources than in an area of high population densities.

Thus, high-density areas are usually covered by multiple RATs with smaller cells in order

to provide sufficient capacity for the users. Consequently, handoff frequency is higher in

areas with high population density. High handover frequency is one of the challenges of

Time-of-use pattern

Security requirements

Service consumption

Class of service demanded

QoS requirements 

Mobility pattern

Willingness to pay

Device capability Technology awareness

Fig. 5 Illustration of users’ heterogeneity
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RRM in an area of high user density. Frequent handovers (especially vertical handovers)

drain the battery of a mobile device at a high rate and also place an administrative load

(signaling overhead) on the wireless networks. High frequency of vertical handoff in urban

areas can be reduced by considering individual users mobility pattern in making RAT-

selection decisions.

Another aspect of geographical area heterogeneity is users’ location which can be

classified as indoor or outdoor. The location a user affects the quality of service received

by the user, and the quality of reception also depends on whether the access point or base

station of the wireless network is located indoor or outdoor. When comparing antennas

located indoor or outdoor, indoor antennas usually have a shorter reception range but the

outdoor antenna will generally allow much better signal reception. In [41], it has been

shown that the throughputs obtained in LTE network for outdoor environments are more

consistent than the throughputs obtained in indoor environments. Moreover, in the indoor

environments, a lower average throughput is observed than in outdoor environment [41].

Different propagation models have been developed for indoor and outdoor environments,

and effective use of appropriate model will ensure good quality of service.

Another aspect of geographical area heterogeneity is topography or terrain. The terrain

over which a wireless network is deployed will impact the network due to its effects on signal

propagation at a particular frequency. The terrain of a geographical area can be classified in

different ways. For example, a terrain can be classified as flat, mountainous, water or foliage,

based on natural environment. A terrain can also be classified as rural, sub-urban, or urban,

based on manmade structures. Different propagation models have been developed for dif-

ferent terrains. Efficient use of appropriate signal propagation model in a given geographical

area will ensure good quality of service and efficient utilizations of radio resources.

Availability of basic infrastructure needed to support wireless networks vary with dif-

ferent geographical areas. For example in some geographical areas, electricity infras-

tructure is readily available such that WLAN access points and cellular network base

stations can easily be connected to electrical grid whereas in some geographical areas

electricity infrastructure is nonexistent and therefore access points and base stations are

primarily powered by batteries and diesel generators. Thus, in areas where electricity

infrastructure is nonexistent, the cost or refueling and maintaining generators generally

contributes to higher tariffs for network subscribers.

Legislation and spectrum availability are important factors that vary with geographical

locations. Different countries of the world have different regulatory bodies that determine

spectrum allocation policy. Legislation heterogeneity includes whether a particular fre-

quency band is licensed or unlicensed, effective radiated power at any particular frequency

[42], etc. In addition, wireless networks operating in licensed frequency bands are subject

to regulatory control. A nation’s regulatory body may decide not to auction some fre-

quency bands that are required for some wireless networks in the country, and thereby

hamper the quality and data rates of service deliver by network operators in the country.

These regulation policies affect service pricing, quality of service provisioning, and

competition among network operators.

Proneness to disaster and sabotage is another aspect of geographical area heterogeneity

[43]. Certain regions of the world are more prone to disaster and sabotage than others. For

example, in areas that are prone to natural disasters such as earthquake, hurricanes and

tsunami, terrestrial networks deployed in such areas are easily affected by these events.

Any of the events can cause destruction of network elements and disruption of network

services. However, satellites access networks and high-altitude balloon networks are less

susceptible to damage from natural disasters. Thus, in regions prone to natural disasters,
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integration of terrestrial and satellite networks will ensure connectivity and some level of

service continuity to multi-mode terminals that support these networks, in an event of

natural disaster. Sabotage is another major problem in some geographical area where

communication equipment are frequently vandalized or stolen, which often lead to network

outages, and consequently poor quality of service and inefficient utilization of radio

resources. Table 6 summarizes the different aspects of geographical area heterogeneity.

8 Comparisons of Some RAT-selection Algorithms with Respect
to the Aspects of Wireless Network Heterogeneities Considered

Table 7 shows the comparison of some recent RAT-selection algorithms with respect to

the six aspects of wireless network heterogeneities analyzed above. As shown in Table 7.

RAT heterogeneity is the mostly considered aspect of wireless network heterogeneities

while geographic area heterogeneity is the least considered aspect. In general, RAT, ser-

vice, and users heterogeneities have received much attention in the development of radio

resource management algorithms for wireless networks whereas terminal, operator, and

geographical area heterogeneities have not been widely considered. Thus, researchers

working of radio resource management for wireless networks need to give more attention

to terminal, operator, and geographical area aspect of wireless network heterogeneities in

order to have more holistic solutions to the problems of radio resource management in

wireless networks.

Existing wireless networks are heterogeneous, and the different aspects of wireless

network heterogeneities need to be taken into consideration in developing radio resource

management algorithms. Clear understanding of wireless network heterogeneities will help

researchers in developing more efficient radio resource management algorithms.

9 Proposed Network-Selection Algorithm

This paper proposes a network selection algorithm, which considers the six aspects of

NWGN heterogeneities discussed above. Figure 8 illustrates the heterogeneous scenario

considered in the proposed scheme. As shown in Fig. 8, two geographical areas, namely

Area-P and Area-Q, are considered. Area-P has a moderate population density whereas

Area-Q has a very high population density. Two network operators, namely Operator-A

Operator 
Heterogeneity

O
w

nership of 
infrastructure

Fig. 6 Illustration of operators’
heterogeneity
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and Operator-B, provide network services in the scenario. Operator-A is a national multi-

RAT operator, which provides 2G and 3G co-located cellular networks in Area-P, and 2G,

3G, and LTE co-located cellular networks in Area-Q. Operator-B is a regional multi-RAT

operator, which provides 2G and 3G co-located cellular networks in Area-Q. The 2G

cellular network supports only voice service; the 3G network supports both voice and data

services, and the LTE network supports data services. There are three types of mobile

terminals used in the heterogeneous wireless network, namely MS-1, MS-2, and MS-3.

MS-1 is a single-mode terminal that can connect to only 2G networks; MS-2 is a two-mode

terminal that can connect to 2G and 3G networks; MS-3 terminals are three-mode ter-

minals that can connect to 2G, 3G, and LTE networks. Operator-A has three groups of

subscribers namely, U1, U2, and U3A. Group U1 are voice service subscribers who use

terminal MS-1. Group U2 are voice and data services subscribers who use terminal MS-2,

and Group U3A are voice and data subscribers who use terminal MS-3. Operator-B has

only one group of subscriber called Group U3B. Group 3B subscribers are voice and data

subscribers who use terminal MS-3.

In Fig. 8, the mobile terminal heterogeneities considered are terminal modality and

services supported. The RAT heterogeneities considered is the service(s) supported in each

RAT. The service heterogeneities considered are service class (voice and data), service

type (new and handoff calls), and bandwidth requirements of each service class (bbu). The

user heterogeneities considered are class of service demanded by users and user’s device

capability. The operators’ heterogeneities considered are the scale of network and number

of RATs deployed. The geographical area heterogeneity considered is population density,

which impacts the number of available RATs.

Figure 9 is the flowchart of the proposed network selection algorithm for Operator A.

As shown in Fig. 9, x and y are the amount of radio resources required for voice and data

calls, respectively. Rv
n and Rv

h are the radio resources available for new voice calls and

handoff voice calls, respectively, in the cell of a RAT, and Rd
n and Rd

h are the radio

resources available for new data calls and handoff data calls, respectively, in the cell of a

RAT. The flowchart for Operator B is much simpler because only one group of users

(U3B) is involved.

Population density

Geographic position

Topography

Infrastructure
availability

Legislature and 
spectrum availability 

Proneness to disaster 
and sabotage 

Fig. 7 Illustration of geographical areas’ heterogeneity
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9.1 Performance Evaluation

In this section, the performance of the proposed scheme is evaluated in terms of the

connection-level quality of service, call blocking/dropping probability. For simplicity, in

both Area A and Area B, a group of overlapping (co-located) cells is considered in the

HWN of each network operator. The correlation between the groups of co-located cells

results from handoff connections between the cells of corresponding groups. For each

operator, the state space of a group of collocated cells in the HWN in a particular area can

be represented by a (2 * J * K)-dimensional vector given as:

X ¼ ðmi;j; ni;j : i ¼ 1; . . .;K; j ¼ 1; . . .; JÞ ð1Þ

For each operator, the non-negative integer mi,j denotes the number of ongoing new

class-i calls in RAT j, and the non-negative integer ni,j denotes the number of ongoing

Table 7 Comparison of RAT-selection algorithms considering six aspects of wireless network
heterogeneities

S/N RRM algorithm Heterogeneity considered

Terminal RAT Service User Operator Geographical area

1 Seo and Song [44] H H H

2 Falowo and Chan [2] H H H

3 Jocelyne et al. [36] H H H

4 Malanchini et al. [45] H H H

5 Ramona et al. [1] H H H

6 Du et al. [46] H H

7 Nguyen-Vuong et al. [3] H H H

8 Sgora et al. [4] H H H

9 Kosmidesa et al. [47] H H H H

10 Chamodrakas et al. [5] H H H

11 Falowo et al. [48] H H H

12 Lopez-Benı̀tez et al. [49] H H

13 Gozalvez et al. [6] H H H

14 Choque et al. [50] H H

15 Suleiman et al. [51] H H

16 Omhenia et al. [52] H H H

17 Gelabert, et al. [53] H H H H

18 Vucevic et al. [54] H H H

19 Preethi et al. [55] H H

20 Xie et al. [56] H H

21 Sibanda et al. [57] H H

22 Konka et al. [58] H H H

23 Lee et al. [59] H H H

24 Falowo et al. [60] H H

25 Zhu et al. [61] H H
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handoff class-i calls in RAT j in the group of collocated cells, where J is the number of

RATs available in that particular area, and K is the number of services supported.

Let S denote the state space of all admissible states of the group of collocated cells as it

evolves over time. An admissible state s is a combination of the numbers of users in each

class that can be supported simultaneously in the group of co-located cells while main-

taining adequate QoS and meeting resource constraints. In each operator’s network, let Tj

be threshold for rejecting new calls in RAT j and let bi be the number of basic bandwidth

unit (bbu) allocated to class-i service (call).

U3B
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2G/3G 2G/3G/LTE
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user user
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A

U2 U3A
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Fig. 8 Heterogeneous scenario considers in the proposed network selection algorithm
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For each operator’s network, the state S of all admissible states in the HWN is given as:

S ¼
(
X ¼ ðmi;j; ni;j : i ¼ 1; . . .;K; j ¼ 1; . . .; JÞ: :

XK
i¼1

mi;j : bi �Tj 8 j ^
XK
i¼1

ðmi;j þ ni;jÞ : bi �Cj 8 j

) ð2Þ

RAT selection decisions are made in the arrival epoch. Every time a new call or a set of

handoff calls arrives in the group of co-located cells in a particular location, the RAT-

selection algorithm decides whether it can accept the call and in which RAT to admit the

call. If a call cannot be admitted into the HWN because there is not enough bbu, it is

blocked/dropped.

Following the general assumption in wireless networks, new and handoff class-i calls

arrive in each cell in Area z (z [ {P, Q}) in the HWN according to Poisson process with rate
zkni and

zkhi respectively. Let
zqnewi;j

and zqhani;j denote the load generated by new class-i calls

and handoff class-i calls, respectively, in RAT-j in Area z. Let 1=zlni and 1=zlhi denote the
channel holding time of new class-i call and handoff class-i call respectively, in Area z and

let zkni;j and
zkhi;j denote the arrival rates of new class-i call and handoff class-i call in RAT j,

respectively in Area z, then,

zqnewi;j
¼

zkni;j
zlni

8 i; j; ð3Þ

zqhani;j ¼
zkhi;j
zlhi

8 i; j ð4Þ

From the steady state solution of the Markov model, performance measures of interest

can be determined by summing up appropriate state probabilities. Let Pz(s) denotes the

steady state probability that system is in state s (s [ S) in Area z. From the detailed balance

equation, Pz(s) is obtained as:

PzðsÞ ¼ 1

G

YK
i¼1

YJ
j¼1

ðzqnewi;j
Þmi;j

mi;j!

ðzqhani;jÞ
ni;j

ni;j!
8 s 2 S ð5Þ

where G is a normalization constant in Area z is given by:

Gz ¼
X
s2S

YK
i¼1

YJ
j¼1

ðzqnew
i;j
Þmi;j

mi;j!

ðzqhan
i;j
Þni;j

ni;j!
ð6Þ

9.2 New Call Blocking Probability

In Area z, a new class-i call is blocked in the group of co-located cells if none of the

available RATs that support the new class-i call has enough bbu to accommodate the

new call with the bandwidth requirements. Let wSzbi � S denote the set of states in which

a new class-i call from user w (w [ {U1, U2, U3A} for Operator A and (w [ {U3B} for

Operator B) is blocked in the group of co-located cells in area z (z [ {p, q}. It follows

that
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wSzbi ¼ s 2 S : bi þ
XK
i¼1

ðmi;j þ ni;jÞ: bi [ Ti _ bi þ
XK
i¼1

ðmi;j þ ni;jÞ: bi [Ci

 !(

8 j 2 hw;z

)
:

ð7Þ

where hw;z is the set of indices of RATs of an operator’s network that supports class-i calls

from user w in area z. Thus the blocking probability,wPz
bi, for new class-i call from user w

in the group of co-located cell in Area z is given as:

wPz
bi ¼

X
s2wSz

bi

PzðsÞ ð8Þ

9.3 Handoff Call Dropping Probability

In Area z, a handoff class-i call is dropped in the group of co-located cells in if none of the

available RATs that support the handoff class-i call has enough bbu to accommodate the

handoff call with the bandwidth requirements. Let wSzdi � S denote the set of states in

which a handoff class-i call from user w (w [ {U1, U2, U3A} for Operator A and (w [
{U3B} for Operator B) is dropped in the group of co-located cells in area z (z [ {p, q}. It

follows that

wSzdi ¼ s 2 S : bi þ
XK
i¼1

ðmi;j þ ni;jÞ: bi [Ci

 !
8 j 2 hw;z

( )
: ð9Þ

Thus the dropping probability,wPz
di, for handoff class-i call from user w in the group of

co-located cell in Area z is given as:

wPz
di ¼

X
s2 wSz

di

PzðsÞ ð10Þ

9.4 Simulation Results

The performance of the proposed scheme is evaluated through simulation in this subsec-

tion. The simulation parameters used are shown in Table 8. Other parameters used are:
Qk n

1 ¼ ½1; 10 �, Pkn1 ¼ Qkn1,
Pk h

1 ¼ 0:5 Pkh1,
Qk n

2 ¼ ½1; 10 �, Pkn2 ¼ Qkn2,
Pkh2 ¼ 0:5 Pk h

2 ,
Qln2 ¼ Qlh2 ¼ 0:5, Pln2 ¼ Plh2 ¼ 0:5, Qln1 ¼ Qlh1 ¼ 0:5, Qln1 ¼ Qln2 ¼ 0:5. For simplicity,

RAT-1 has the same value for Operator A and Operator B. Similarly RAT-2 has the same

value for the two operators, while RAT-3 is unique to Operator-A.

Figure 10 shows the effect of mobile terminal heterogeneity on call blocking/dropping

probabilities. As shown in Fig. 10, U1 and U2 both subscribe to voice service in Operator-

A’s network, and are in Area P. However, a subscriber in U1 having a new voice call on a

single-mode terminal (voice_new_U1) experiences a higher voice call blocking probability

than a subscriber in U2 having a new voice call on a dual-mode terminal (voice_new_U2).

Similarly, a subscriber in U1 having a handoff voice call on a single-mode terminal

(voice_hand_U1) experiences a higher voice call blocking probability than a subscriber in
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U2 having a handoff voice call on a dual-mode terminal (voice_hand_U2). Thus terminal

heterogeneity affects connection-level QoS.

Figure 10 also shows the effect of RAT heterogeneity because RAT 1 supports only

voice whereas RAT 2 supports both voice and data calls. Thus, a data call from a sub-

scriber in U2 cannot be accepted in RAT 1 (blocked) whereas it can be accepted into RAT

2. Moreover, Fig. 10 shows the effect of user heterogeneity in the sense that subscribers in

U1 are single-service (voice only) users whereas subscribers in U2 and dual-service (voice

and data) users. If all the users are single service (voice) users, the overall call block-

ing/dropping probability will be less because a data call requires more bbu than a voice

call.

Figures 11 and 12 show the effect of operators’ heterogeneity on call blocking/dropping

probability. As shown in Fig. 11, subscribers in U3A and subscribers in U3B all use three-

mode terminals, and are in the same geographical location (Area-Q) but belong to different

operators. As shown in Fig. 11, U3A subscribers experience lower new voice call blocking

probability (voice_new_U3A) than new voice call blocking probability (voice_new_U3B)

experienced by U3B subscribers. Moreover, U3A subscribers experience lower handoff

voice call dropping probability (voice_hand_U3A) than handoff voice call dropping

probability (voice_drop_U3B) experienced by U3B subscribers. The reason for this is

simply that Operator-A has deployed the LTE network in Area-Q, which carries much of

the data traffic from U3A, and thereby free resources in the 3G network for voice calls

whereas Operator-B has not deployed LTE, therefore all the data traffic are carried through

Table 8 Simulation parameters

RATs RAT capacity (bbu) RAT threshold (bbu) RAT’s service class Bandwidth required
for service class (bbu)

RAT 1 (2G) C1 = 8 T1 = 4 Voice (class 1) b1 = 1

RAT 2 (3G) C2 = 12 T2 = 5 Voice (class 1)
and data (class 2)

b1 = 1, b2 = 4

RAT 3 (LTE) C3 = 16 T3 = 8 Data (class 2) b2 = 4
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Fig. 10 Effect of mobile terminal, RAT, and user heterogeneities on call blocking/dropping probability
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3G network. Thus, operators’ heterogeneities impact the quality of service experience by

their respective subscribers.

Figure 12 shows that the new data call blocking probability (data_new_U3A) from U3A

subscribers is less than the corresponding new data call blocking probability (data_ne-

w_U3B) from U3B subscribers. Moreover, it shows that the handoff data call dropping

probability (data_hand_U3A) from U3A subscribers is less than the corresponding handoff

data call dropping probability (data_hand_U3B) from U3B subscribers. Thus, operators’

heterogeneities impact the quality of service experience by their respective subscribers.

Figures 13 and 14 show the effect of service heterogeneity on call blocking/dropping

probabilities, considering subscribers in group U3A. As shown in Fig. 13, the blocking

probability for new data calls (data_new_AP) is higher than the corresponding blocking

probability for new voice calls (voice_new_AP) in Area-P because of service heterogeneity

(i.e. the data calls require more bbu than the voice calls). Similarly, the blocking proba-

bility for new data calls (data_new_AQ) is higher than the corresponding blocking
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Fig. 11 Effect of operator heterogeneity on voice call blocking/dropping probability
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Fig. 12 Effect of operator heterogeneity on data call blocking/dropping probability
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probability for new voice calls (voice_new_AQ) in Area-Q because of service hetero-

geneity. Figure 14 shows that the dropping probability for handoff data calls (data_-

hand_AP) is higher than the corresponding dropping probability for handoff voice calls

(voice_

hand_AP) in Area-P. Similarly, the dropping probability for handoff data calls (data_

hand_AQ) is higher than the corresponding dropping probability for handoff voice calls

(voice_hand_AQ) in Area-Q because of service heterogeneity.

Figures 13 and 14 also show the effect of geographical area heterogeneity on call

blocking/dropping probabilities, considering subscribers in group U3A. When a subscriber

in U3A moves from Area-Q to Area-P, he will experience different degrees of connection-

level quality of service because of geographical area heterogeneity. In Fig. 13, for a

subscriber in UA3, the blocking probability of a new voice call in Area P (voice_new_AP)

is higher than the corresponding blocking probability for a new voice call in Area-Q

(voice_new_AQ). The same trend is observed for a new data call in Area P and Area-Q.

Moreover, In Fig. 14, the dropping probability for a handoff voice call in Area P

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1 2 3 4 5 6 7 8 9 10

Ca
ll
bl
oc
ki
ng

pr
ob

ab
ili
ty

Call arrival rate

voice_new_AQ
voice_new_AP
data_new_AQ
data_new_AP

Fig. 13 Effect of service and geographical area heterogeneities on new call blocking probability
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Fig. 14 Effect of service and geographical area heterogeneities on handoff call dropping probability
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(voice_hand_AP) is higher than the corresponding dropping probability for handoff voice

call in Area-Q (voice_hand_AQ). The same is observed for handoff data calls in Area-P

and Area-Q. The reason is that in Area-Q, a U3A subscriber can access three available

RATs deployed by Operator-A, whereas in Area-P, the subscriber can access only two

available RATs deployed by Operator A. Thus, geographical area heterogeneity affects

connection-level QoS in wireless network of the same operator.

10 Conclusion

This paper has examined wireless network heterogeneities from six different perspectives

namely mobile terminals, radio access technologies (RATs), network services, users,

network operators, and network geographical areas. The paper then analyzed the different

aspects of wireless network heterogeneities and compared existing network-selection

schemes proposed for radio resource management based of the six aspects of the wireless

network heterogeneities. Comparative analysis of the different network-selection algorithm

shows that whereas RAT, services, and users heterogeneities have received much attention

in the literature, terminal, operator, and geographical area heterogeneities have not been

widely considered. Thus, more attention should be given to terminal, operator, and geo-

graphical area aspects of wireless network heterogeneities. Comprehensive knowledge of

the different aspects of wireless network heterogeneities, as well as their challenges on

efficient radio resource management and quality of service provisioning in wireless net-

works will help researchers in developing more efficient radio resource management

algorithms. An illustrative algorithm that considers the different aspects of network

heterogeneity has been evaluated, and simulation results are given to highlight the effects

of network heterogeneity on connection-level quality of service provisioning in hetero-

geneous wireless networks.
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