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a b s t r a c t 

Due to the explosive growth of wireless devices and wireless traffic, the spectrum scarcity problem is 

becoming more urgent in numerous Radio Frequency (RF) systems. At the same time, many studies have 

shown that spectrum resources allocated to various existing RF systems are largely underutilized. As a 

potential solution to this spectrum scarcity problem, spectrum sharing among multiple, potentially dis- 

similar RF systems has been proposed. However, such spectrum sharing solutions are challenging to de- 

velop due to the lack of efficient coordination schemes and potentially different PHY/MAC properties. In 

this paper, we investigate existing spectrum sharing methods facilitating coexistence of various RF sys- 

tems. The cognitive radio technique, which has been the subject of various surveys, constitutes a subset 

of our wider scope. We study more general coexistence scenarios and methods such as coexistence of 

communication systems with similar priorities, utilizing similar or different protocols or standards, as 

well as the coexistence of communication and non-communication systems using the same spectral re- 

sources. Finally, we explore open research issues on the spectrum sharing methods as well as potential 

approaches to resolving these issues. 

© 2016 Elsevier B.V. All rights reserved. 
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. Introduction 

Due to the explosive growth of smartphones and other wire-

ess devices, the amount of wireless traffic has been increasing

apidly. At the same time, the amount of spectrum resources

arrying the wireless traffics is almost fixed for most wireless

etworks. Furthermore, it is almost impossible to allocate more

pectrum resources to specific wireless networks due to regulatory

onstraints. Hence, the spectrum scarcity problem becomes more

ronounced in more and more RF systems, e.g., cellular networks

1] , vehicular communication networks [2] , wireless local area net-

orks (WLANs) [3] , radar systems [4] and wireless personal area

etworks (WPANs) [5] . However, it has been observed that the

sage efficiency of large quantities of current spectrum resources

s rather low due to fixed spectrum allocation policies. More

pecifically, spectrum resources of one RF system are not allowed

o be utilized by other systems, which results in significant levels
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f spectrum underutilization. Therefore, a promising method to

lleviate the spectrum scarcity problem is to improve spectrum

tilization via spectrum sharing among different RF systems. An

xample is the coexistence of various wireless networks (e.g.,

i-Fi, Zigbee, Bluetooth etc.) in the license-exempt 2.4 GHz in-

ustrial, scientific, and medical (ISM) band. However, spectrum

haring among different RF systems is non-trivial because most

ireless standards do not explicitly include spectrum sharing

rovisions, and various wireless networks operating in the same

pectrum band may even use significantly different PHY/MAC

rotocols [6,7] . Furthermore, there are only a very limited number

f existing protocols and standards that allow coordination of

ultiple heterogeneous RF systems. The terminology “spectrum

haring” was introduced over a decade ago [8–10] , and various

pectrum sharing mechanisms have been extensively studied since

hen [11–13] . Traditionally, the term “spectrum sharing” means

hat unlicensed devices (i.e., secondary users) are allowed to

tilize a frequency band on the condition that they would not

ause harmful interference to licensed devices (i.e., primary users)

f that band. Hence, “spectrum sharing” is also termed “cognitive

adio” (CR) [14–16] , “dynamic spectrum access” (DSA) [17–19] ,

nd “opportunistic spectrum access” (OSA) [20–22] technology. CR
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Fig. 1. Classification of coexistence scenarios. 
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techniques have been extensively studied, and there exist several

comprehensive survey papers that summarize historical and state-

of-the-art works in this area (e.g., [23–25] ). Different from these

definitions, in this paper, “spectrum sharing” (or “coexistence”) is

defined as the general scenario where multiple, potentially differ-

ent RF systems operate in the same frequency band. In this sense,

CR technology is only one of the “spectrum sharing” technologies

considered in this paper, which particularly deals with spectrum

sharing between a primary system and a secondary system. This

paper covers a wider range of potential approaches to improving

spectrum usage efficiency in current RF systems. 

In this paper, we investigate existing spectrum sharing methods

dealing with the coexistence of multiple RF systems in the same

frequency band. The contributions of this paper are threefold: 

• To the best of our knowledge, this is the first comprehensive

survey studying general spectrum sharing methods for the co-

existence of multiple RF systems in the same frequency band. 

• We classify existing works on spectrum sharing into a number

of general spectrum sharing methods and discuss their applica-

tions in existing coexistence scenarios. 

• We explore open research issues on the spectrum sharing

methods and provide potential approaches to resolving these

issues. 

The remainder of this paper is organized as follows. First, we

discuss existing books and survey papers on spectrum sharing

methods in Section 2 . Then, we present the classification of spec-

trum sharing methods in Section 3 . In Sections 4 –6 , we discuss

spectrum sharing methods dealing with coexistence of homoge-

neous, heterogeneous, and multiple hybrid networks, respectively.

Then, we investigate the coexistence of a communication system

and a non-communication system in Section 7 . Open research is-

sues on the spectrum sharing methods and potential approaches

are discussed in Section 8 . The paper is concluded in Section 9 . 

2. Related works 

Before discussing existing books and survey papers on spec-

trum sharing methods, we first classify them based on the coex-

istence scenarios they apply to. In this paper, “coexistence scenar-

ios” denote neighboring RF environment (or features of coexisting

RF systems) that an RF system is involved in. For example, spec-

trum sharing between a Wi-Fi network and a ZigBee network is a

specific coexistence scenario of two heterogeneous networks. Note

that our classification is a generalization of several popular clas-

sifications of coexistence scenarios such as those in [29,41,42] . As

shown in Fig. 1 , coexistence scenarios can be divided into “hor-

izontal” spectrum sharing and “vertical” spectrum sharing cases

[29] based on the spectrum access priorities of coexisting RF sys-

tems. 

Horizontal sharing refers to the scenarios where coexisting sys-

tems have the same regulatory status (or priority) over the same

frequency band, e.g., the coexistence of Wi-Fi and Bluetooth de-

vices in the license-exempt ISM band. In contrast, vertical sharing

refers to the scenarios where coexisting systems have different reg-

ulatory status (or priorities) over the same frequency band, e.g., co-

existence of licensed and unlicensed devices in the TV white space

(TVWS) band. Furthermore, horizontal sharing scenarios can be

classified into three categories: coexistence of homogeneous net-

works, the coexistence of heterogeneous networks, and coexistence

of multiple hybrid networks. 

Notice that in Fig. 1 , “heterogeneous networks” means that all

coexisting networks are of different type, e.g., the coexistence of an

IEEE 802.22 network, an IEEE 802.11a network, and a cellular net-

work. In contrast, “hybrid networks” means that a network can be
he same type as one of the coexisting networks, e.g., the coexis-

ence of multiple IEEE 802.22 networks, multiple IEEE 802.11a net-

orks, and multiple cellular networks. In particular, in the case of

oexisting hybrid networks, each network has to consider its coex-

stence with both multiple homogeneous networks and heteroge-

eous networks. These three horizontal coexistence scenarios will

e discussed in detail in Sections 4 –6 , respectively. 

The reasons for the distinction among homogeneous, hetero-

eneous and hybrid coexistence are as follows. Firstly, most co-

rdinated methods for homogeneous networks usually require in-

ormation exchange or very explicit coordination of the coexist-

ng networks, which can be impossible for heterogeneous or hy-

rid networks. For example, the IEEE 802.22 standard includes a

elf-coexistence mechanism to facilitate the coexistence of multiple

02.22 networks. This mechanism requires the exchange of chan-

el usage information between two coexisting networks, which is

xplicitly defined in the standard. However, the IEEE 802.22 stan-

ard does not include any mechanism for its coexistence with

ther heterogeneous networks, in which case uncoordinated meth-

ds or coordinated methods with no information exchange are pre-

erred. Although some coordinated methods have also been pro-

osed for the coexistence of two heterogeneous networks, they

an hardly be implemented in existing standards. This is the main

rawback of such methods. 

Secondly, most uncoordinated methods for homogeneous coex-

stence are mostly inapplicable for heterogeneous or hybrid co-

xistence because they usually assume that the coexisting net-

orks use the same PHY and MAC layer techniques. For exam-

le, a CSMA-like contention mechanism can be used to facilitate

LAN–WLAN coexistence or Femtocell–Femtocell coexistence, but

t cannot be used to enable WLAN–Femtocell coexistence because

f the significantly power level asymmetry of the two networks.

ore specifically, the WLAN can easily starve the femtocell net-

ork due to its significantly higher transmit power. 

Thirdly, neither the methods for homogeneous coexistence nor

he methods for heterogeneous coexistence can accommodate the

ybrid coexistence. Although some methods for heterogeneous co-

xistence can be used to enable the hybrid coexistence, they nei-

her leverage the fact that some coexisting networks can have the
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Table 1 

Existing works. 

Year Reference Scenarios Band Networks Key topics 

2003 [26] Horizontal ISM WLAN, WPAN Two coexistence mechanisms for coordination and coordination-free 

cases 

2005 [27] Horizontal ISM 802.11b, Zigbee, 802.15.4 Mutual interference among heterogeneous networks in the ISM band 

2006 [24] Vertical Licensed CR secondary networks CR technology: spectrum sensing/management/mobility/sharing 

2011 [28] Vertical Licensed CR secondary networks CR technology: centralized and distributed spectrum management 

methods 

2011 [25] Vertical Licensed CR secondary networks CR technology: spectrum sensing and dynamic spectrum allocation 

2011 [29] All All WLAN, Wi-Fi, Zigbee, cellular, radar Background and theory on spectrum sharing, listen-before-talk 

approach, radio resource management, CR, and four spectrum 

sharing examples 

2012 [30] Vertical Licensed CR secondary networks CR technology: classification/comparison of CR MAC protocols 

2013 [31] Vertical Licensed CR secondary networks CR technology: machine-learning techniques in CR networks 

2013 [32] Vertical Licensed CR secondary networks CR technology: decision-theoretical solutions for channel 

selection/access 

2013 [33] Vertical Licensed CR secondary networks CR technology: channel assignment approaches in CR networks 

2013 [34] Vertical Licensed CR secondary networks CR technology: spectrum characterization/selection and CR 

reconfiguration 

2014 [35] Horizontal ISM Wi-Fi, Bluetooth, Zigbee, microwave oven Coexistence between Zigbee and other networks operating in the 

2.4GHz band, existing interference mitigation methods 

2014 [36] Vertical Licensed CR secondary networks CR technology: overview/classification of MAC protocols in CR 

networks 

2014 [37] Vertical Licensed CR secondary networks CR technology: resource allocation techniques in CR networks 

2014 [38] Vertical Licensed Radar, TV, and cellular CR technology: methods on detecting spectrum opportunities 

2015 [39] Vertical TVWS CR secondary networks CR technology: MAC issues on the access of TV white space 

2015 [40] Vertical Licensed CR secondary networks CR technology: power control and beamforming in CR networks 

2015 This one All All All RF systems Comprehensive survey of spectrum sharing methods and their 

applications 
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ame PHY/MAC layer features nor overcome the mutual interfer-

nce between these homogeneous networks. For example, the dy-

amic channel selection method can facilitate the coexistence of a

luetooth network and a WLAN. However, it does not directly ap-

ly to the coexistence of multiple Bluetooth networks and a WLAN

ue to the mutual interference among the neighboring Bluetooth

etworks. 

Vertical spectrum sharing is often regarded as an alias of CR

echnology. As shown in Fig. 1 , vertical spectrum sharing can be

ivided into two categories: coexistence of two communication

ystems (e.g., coexistence of an IEEE 802.22 network and micro-

hone devices in the TVWS band), and coexistence of a non-

ommunication system and a communication system (e.g., coex-

stence of a WLAN and a terminal Doppler weather radar system

n the 5 GHz band). Since there are several comprehensive books

nd survey papers studying spectrum sharing between two com-

unication systems using CR technologies, we exclude its discus-

ion from this survey. Instead, we concentrate on the vertical co-

xistence of a communication system with a non-communication

ystem in Section 7 . 

Given the above definitions, we show existing works in Table 1 .

otice that, although there are several comprehensive surveys and

ooks on spectrum sharing, most of them refer to CR technology,

r similar terms such as dynamic spectrum access (e.g., [41,43] )

nd opportunistic spectrum access (e.g., [44] ). In contrast, only a

ery limited number of works focus on general spectrum shar-

ng methods covered in this survey. For example, several spec-

rum sharing methods are discussed in [29] using the coexistence

f WLANs with other RF systems as examples. However, since

he focus of [29] is providing background knowledge on spec-

rum sharing, only a few spectrum methods are discussed, such

s spread spectrum techniques, directional antennas, cognitive ra-

io, database look-up and adaptive frequency hopping. Moreover,

nly coexistence examples related to WLANs are discussed in [29] .

ther existing surveys are dedicated to the coexistence of spe-

ific wireless networks. For example, a survey of spectrum sharing

ethods for Wireless Body Area Network (WBAN) is presented in

45] , coexistence scenarios for 5G systems are discussed in [46] ,
 t
nd a survey of spectrum sharing methods for the coexistence of

EEE 802.11 and IEEE 802.15.4 networks is provided in [47] . As

hown in Table 1 , our survey is the first comprehensive study on

eneral spectrum sharing methods as well as their applications in

arious coexistence scenarios. 

. Overview of spectrum sharing methods 

Due to their importance in improving spectrum efficiency, spec-

rum sharing methods have been widely explored in the literature.

ence, taxonomy is necessary to outline existing works and deter-

ine future research directions. In this paper, “spectrum sharing

ethods” denote medium access control protocols or mechanisms 

hat an RF system uses to share the same frequency band with

eighboring RF systems. In other words, coexistence methods de-

ote specific spectrum sharing techniques, e.g., power control [48–

0] and adaptive frequency hopping [51–53] . 

In the literature, numerous methods have been proposed to fa-

ilitate spectrum sharing among RF systems. The fundamental idea

nder these methods is to share spectrum opportunities in an ef-

cient manner such that multiple RF systems coexist in the same

pectrum band. In this section, we present an overview of the most

idely applied techniques, ideas, and approaches to facilitate spec-

rum sharing. As outlined in Fig. 2 , we first provide a detailed

lassification of the spectrum sharing methods based on whether

xplicit inter-network coordination is required among existing RF

ystems. 

In coordinated methods, either global spectrum usage informa-

ion is collected by the centralized entity, or local spectrum us-

ge information is exchanged among coexisting RF systems. Given

his information, spectrum sharing problems can be formulated

s mathematical resource management problems, which guaran-

ees that the resulting spectrum sharing methods are optimal with

espect to certain system QoS goals (e.g., achieving maximal to-

al throughput [54] and or minimal average delay [55] ). After dis-

ussing the classification of coordinated methods, we will also dis-

uss two common mathematical tools used in these methods: op-

imization theory and game theory. 
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Spectrum Sharing Methods

Classification Mathematical Tools

1. Optimization Theory

1.1 covex program

1.2 linear program

1.3 integer program

1.4 mixed-integer program

1.5 other programs

2. Game Theory

2.1 static games

2.2 dynamic games

3. Other Mathematical Tools

1. Coordinated Methods

1.1 infrastructure-based

1.2 control channel-based

2. Uncoordinated Methods

2.1 distributed power control

2.2 dynamic channel selection

2.3 adaptive frequency hop

2.4 listen-before-talk

2.5 spatial spectrum reuse

2.6 fractional frequency reuse

2.7 cognitive radio

2.8 sharing rule-based

Fig. 2. Classification of spectrum sharing methods and popular mathematical tools 

used in the methods. 
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3.1. Classification of spectrum sharing methods 

In the following, we discuss the classification of coordinated

and uncoordinated spectrum sharing method, respectively. Coordi-

nated methods denote those approaches that require information

collection exchange or explicit coordination among coexisting RF

systems to share the same frequency band. In contrast, uncoordi-

nated methods are those approaches that require little information

exchange, and coexisting RF systems adjust their own operations

to coexist with neighboring RF systems. Details of the two meth-

ods are as follows. 

3.1.1. Coordinated methods 

Existing coordinated methods into two categories: (1)

infrastructure-based method, if a centralized coordination en-

tity is used in the method, (2) control channel-based method,

if no centralized entities are used and coexisting RF systems

coordinate with each other using a common control channel.

Notice that infrastructure-based methods are usually implemented

in a centralized scheme (e.g., IEEE 802.19.1 [56] ), while control
hannel-based methods are usually implemented in a distributed

cheme (e.g., contention-based CSMA/CA schemes used in IEEE

02.11 standard stack [57] ). Hence, coordinated methods can also

e classified into centralized and distributed ones. Details of the

lassification are as follows. 

• Infrastructure-based methods: In infrastructure-based methods,

there is usually a centralized control entity (CE) or a database

responsible for the coordination of spectrum sharing among

RF systems (e.g., [56,58,59] ). All coexisting RF systems send

their spectrum requests to the CE, and access certain frequency

bands according to the decisions of the CE. The CE can separate

coexisting systems in the frequency domain (FDMA), time do-

main (TDMA), code domain (CDMA) or space domain (through

power control or using directional antennas). 

The most significant advantage of these methods is easy im-

plementation because coexisting RF systems only need to send

their spectrum requests to the control entity. Another advan-

tage of this method is its independence of existing standards.

Specifically, this method only deals with spectrum allocation

among coexisting RF systems and thus does not require sig-

nificant modifications to PHY/MAC techniques used by the RF

systems. Moreover, since the centralized control entity allo-

cates wireless resources to coexisting RF systems based on

their requirements as well as the global coexisting environ-

ment, it can achieve efficient resource management. However,

since these methods depend on expensive coordination infras-

tructures, they may not be feasible for many ad hoc wire-

less networks. Moreover, coordination overhead (i.e., all control

messages) can be rather high for large coexistence systems. 

• Control channel-based methods: In control channel-based meth-

ods, RF systems can also exchange information and coordinate

with each other on a common control channel (e.g., [57,60,61] ).

According to these coordination methods, coexisting devices

broadcast their communication parameters (e.g., device type,

location, operating frequency etc.) to other devices on the con-

trol channel at the initialization of the RF system. Besides,

all devices performing communication activities or requesting

spectrum usage are required to broadcast busy/request tones on

the control channel periodically. Multiple spectrum usage poli-

cies can be implemented such as priority-based access, micro-

auction or dynamic pricing [60] . 

Similar to the infrastructure-based methods, control channel-

based methods can also achieve efficient resource manage-

ment due to the knowledge of the global coexisting environ-

ment. Compared with infrastructure-based coordination meth-

ods, these methods are cheaper to implement because they do

not require any construction of infrastructure. However, they

require the existence of a common control channel, which may

be impractical if no such a channel exists in the coexisting en-

vironment (e.g., no control channel is reserved in the TVWS

band). Even when a common control channel is available, it can

get congested easily due to large coordination overhead. For ex-

ample, the control channel in the 5.9 GHz DSRC band gets con-

gested in high vehicle density scenarios [57,62] . Furthermore,

these methods usually require perfect synchronization or prior

coordination among coexisting RF systems, which prove to be

difficult for RF systems using significantly different PHY/MAC

techniques. 

.1.2. Uncoordinated methods 

Although coordinated methods are easy to implement and are

upposed to achieve better coexistence performance, it may not

lways be feasible to have a centralized controller or a common

ontrol channel among all coexisting RF systems, or the associated

verhead may be high. Instead of requiring information exchange,



Y. Han et al. / Ad Hoc Networks 53 (2016) 53–78 57 

Table 2 

Classification of spectrum sharing methods. 

Methods Coordination Examples Pros Cons 

Infrastructure-based 

methods 

Coordinated [56,58,59] Easy to implement, efficient resource management, 

few changes on existing standards 

Coordination overhead, construction and 

maintenance of control entities 

Control channel-based 

methods 

Coordinated [57,60,61] Low cost, efficient resource management, 

distributed implementation 

Coordination overhead, reservation of a common 

control channel, synchronization 

Distributed power 

control 

Uncoordinated [48–50] Simultaneous spectrum access, no synchronization 

requirement, coordination-free, 

Spectrum sensing overhead, low efficiency due to 

lack of global information 

Dynamic channel 

selection 

Uncoordinated [63–65] Reliable protection of legacy users, local 

interference-free access, coordination-free 

Spectrum sensing overhead, congestion on 

high-quality channels, power asymmetry 

Adaptive frequency 

hopping 

Uncoordinated [51–53] Fast discovery of free channels, flexible hopping 

set, protection of high-power devices 

Spectrum discovery delay, unable to handle both 

internal and external interference 

Listen-before-talk Uncoordinated [66,67,68] Easy implementation, interference-free access, no 

synchronization, coordination-free 

No fairness guarantee, low efficiency on handling 

inter-network coexistence 

Spatial spectrum reuse Uncoordinated [69–71] Simultaneous spectrum access, more practical 

modeling of interference 

Potential hidden terminal problem, requires spatial 

information of coexisting devices 

Fractional frequency 

reuse 

Uncoordinated [72–74] Efficient inter-cell interference mitigation, 

coordination-free, no synchronization 

Static spectrum allocation, only apply to dense 

homogeneous networks 

Cognitive radio 

technology 

Uncoordinated [37,75,76] Efficient reuse of licensed bands without affecting 

legacy users, coordination-free 

Only apply to vertical spectrum sharing, spectrum 

sensing/discovery overhead 

Sharing rule-based 

methods 

Uncoordinated [29,77,78] Easy to implement, coordination-free, possible 

performance guarantees 

Spectrum sensing overhead, require knowledge of 

neighbors before developing rules 
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ncoordinated methods adapt their own spectrum access strategies

y observing spectrum usage of other RF systems. In the following,

ome uncoordinated techniques commonly used in spectrum shar-

ng methods are presented. These methods all belong to resource

llocation schemes in the aforementioned four domains: time, fre-

uency, code, space domain, or a combination of them. As shown

n Table 2 , existing uncoordinated schemes can be summarized as

ollows. 

• Distributed power control: Distributed Power Control (DPC)

schemes allow coexisting RF systems to access the same spec-

trum band simultaneously such that they would not cause un-

acceptable interference to each other (e.g., [48–50] ). DPC can

be viewed as a spectrum sharing method in the space do-

main. DPC methods usually aim to maximize coexisting RF sys-

tems’ utility subject to aggregate interference temperature limit

to other heterogeneous RF systems [48] , primary users of the

spectrum [49] , or equivalently to minimize total power con-

sumption subject to QoS requirements of coexisting RF systems

[50] . 

The trade-off under these methods is that increasing an RF

system’s transmission power can potentially increase its util-

ity, but all coexisting systems increasing their power simulta-

neously may pull down individual SINR values and violate the

interference temperature limits, which degrades the utility of

coexisting systems. Hence, optimal DPC schemes must be ex-

plored to facilitate the coexistence of multiple RF system. Po-

tential tools to solve the DPC problems are non-cooperative

game theory [4 8,4 9] and first-order Jacobian iterations [50] . No-

tice that performance of DPC solutions is usually inferior to

centralized power control solutions due to lack of sufficient in-

formation exchange. However, DPC solutions are more practi-

cal especially for the coexistence of heterogeneous networks

where inter-network synchronization and coordination are not

supported. 

• Dynamic channel selection: The core idea under Dynamic Chan-

nel Selection (DCS) or Dynamic Frequency Selection (DFS)

methods is to enable coexisting RF systems to select the best

available channel based on their local observations of spectrum

usage (e.g., [63–65,79] ). DCS belongs to spectrum sharing meth-

ods in the frequency domain. DFS was initially used in WLANs

to protect radar operations in the 5 GHz frequency band [29] ,

and it has been extended to resolve other spectrum sharing

problems. In DFS methods, the first step is to define and mea-
sure channel quality using metrics like the level of noise power,

packet error rate, and link outrage rate. Then, coexisting sys-

tems must decide the set of channels to measure due to sens-

ing energy limits. Generally, each device can only sense a lim-

ited number of channels. Finally, each coexisting system needs

to decide its channel access policy, i.e., which channels to ac-

cess. As discussed in [20,79] , the state of available channels can

be modeled by a partially observable Markov decision process

model, and there exists the so-called “exploration and exploita-

tion” trade-off. More specifically, a device obtains an immediate

reward by sensing and accessing a channel. In contrast, a de-

vice can also learn statistical information of channels states by

simply sensing the channel, which helps it acquire a more fu-

ture reward. Hence, the design of sensing scheduling schemes

must consider the trade-off of acquiring immediate and future

rewards. Moreover, reinforcement learning can also be used to

choose the best channels based on past observations [79] . 

One problem with DFS is that good channels can get con-

gested easily because multiple RF systems are likely to choose

the same channel simultaneously. Another problem is that high

power systems can starve low power system when they access

the same channel at the same time. Hence, DFS can be used

jointly with power control to improve channel usage efficiency. 

• Adaptive frequency hopping: The idea of Adaptive Frequency

Hopping (AFH) is that coexisting systems change their operat-

ing channel by hopping between a pre-determined set of chan-

nels to reduce congestion on specific channels (e.g., [51,52] ).

Notice that AFH is a spectrum sharing method in time and fre-

quency domains. AFH was initially used in Bluetooth, where

low-power Bluetooth devices keep hopping over a subset of 79

channels to avoid interference from high-power WLAN devices

[53] . 

The difficulty in the design of AFH schemes is to find the ef-

ficient set of hopping channels, i.e., those with least interfer-

ence from other devices. AFH has also been extended to en-

able the coexistence of multiple Wireless Personal Area Net-

works (WPANs) [52] as well as the coexistence of WPANs with

other heterogeneous networks (e.g., IEEE 802.11b and Zigbee)

[51] . The first step in AFH is to define and evaluate the quality

of hopping sequences. Packet error rate is widely used as the

channel quality metric [5,51,52] . The second step is that coexist-

ing networks choose their hopping set in a distributed manner

such that both interferences from external networks and mu-

tual interference are minimized. 
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In conventional AFH methods, Bluetooth devices only need to

consider interference from other heterogeneous devices, which

is also called “frequency-static” interference [52] . However, due

to the rapid increase of WPANs, new AFH methods have to

also consider interference from coexisting WPANs (so-called

“frequency-dynamic” interference [52] ). In conventional AFH

methods, Bluetooth devices usually avoid frequency-static in-

terference by reducing their hopping set, which has two draw-

backs. Firstly, reducing hopping set can result in overuse of

remaining channels, which may violate FCC regulations [5] .

Secondly, without coordination, coexisting WPANs can keep

fairly similar hopping set, which increases mutual interference.

Therefore, spectrum access rules are needed to enable the coex-

istence of a WPAN with its neighboring WPANs as well as other

heterogeneous networks. 

• Listen-before-talk: Listen-Before-Talk (LBT) is a spectrum access

etiquette in which a transmitter decides whether a channel

is available through a clear channel assessment check before

transmitting on the channel (e.g., [66–68] ). The idea under

LBT is fairly simple, but its implementation and performance

analysis is nontrivial. Specifically, when LBT is implemented to

enable intra-network spectrum sensing, it works in the same

manner as CSMA/CA for IEEE 802.11 networks. However, im-

plementing and analyzing the performance of LBT for inter-

network coexistence can be much more complicated, espe-

cially for heterogeneous networks. The reason is that these net-

works use different PHY and MAC techniques, and thus cannot

share the same frequency band using simple CSMA/CA schemes.

Instead, implementation of LBT in such cases must consider

PHY/MAC features, traffic demands and interaction among the

systems. To achieve fairness, a possible approach is to limit the

maximum contiguous transmission time of each coexisting sys-

tem such that reasonable amount of spectrum opportunities are

left to other transmitters. Moreover, the choice of other LBT pa-

rameters must also be studied explicitly such as back-off time

intervals, and the set of channels to listen to. 

• Spatial spectrum reuse: In its original inception, Spatial Spec-

trum Reuse (SSR) allows two networks to access the same

channel simultaneously on condition that they are sufficiently

far from each other (e.g., [69,70] ). A more efficient SSR idea is

that an RF system with directional antennas can leave signif-

icant spectrum opportunities for neighboring RF systems (e.g.,

[71,80] ). Most aforementioned spectrum sharing methods are

based on “virtual interference” model, in which two devices are

assumed to interfere with each other if they access the same

channel at the same time. However, these models are not prac-

tical because, in reality, interference between two devices is

highly dependent on their locations. In this sense, SSR methods

are more practical to enable inter-network spectrum sharing. 

In an SSR method, lots of information are needed such as lo-

cations, the transmission range of coexisting devices, propaga-

tion environment etc. Lack of this information can result in hid-

den terminal problems [81] . Spectrum is shared in an underly-

ing manner, meaning that transmissions from other devices are

treated as noise. For the coexistence of static networks, each

network determines its transmission channels and power lev-

els subject to the interference limit to its neighboring networks.

For the coexistence of mobile networks, each network can fur-

ther improve spatial spectrum reuse by choosing optimal loca-

tions for its transmitting devices. 

• Fractional frequency reuse: Fractional Frequency Reuse (FFR) is a

popular technique to mitigate inter-cell interference in multi-

cell OFDMA systems. It has been adopted by Mobile WiMAX

and LTE standard to mitigate inter-cell interference (e.g., [72–

74,82] ). The main idea behind FFR is that inter-cell interfer-

ence can be minimized by leveraging the significantly different
inter-cell interference levels at cell-center and cell-edge users.

More specifically, users close to the cell center are allowed to

reuse frequency bands from neighboring sectors, whereas users

close to the cell edge are assigned inter-cell exclusive frequency

bands. In this way, FFR is able to achieve a better trade-off be-

tween spectral efficiency and inter-cell interference mitigation. 

FFR belongs to spectrum sharing methods in the combination of

frequency and space domains. Conventional FFR methods per-

form a static frequency reuse policy purely based on geography

information of cells, i.e., dividing users into the interior and ex-

terior users according to their distances to the base station. Dif-

ferent from these methods, more and more novel FFR schemes

consider a dynamic frequency reuse policy by leveraging dy-

namic traffic demands from different users. Although FFR was

initially proposed to facilitate inter-network interference in cel-

lular systems, it can be extended to enable the coexistence of

multiple heterogeneous RF systems. 

• Cognitive radio: Cognitive Radio (CR) allows unlicensed users to

access spectrum opportunities in a band as long as they would

not cause harmful interference to the licensed users of that

band (e.g., [83] ). The spectrum opportunities can be identified

either through spectrum sensing or accessing a spectrum us-

age database. Some CR techniques belong to time domain spec-

trum sharing, where unlicensed users are allowed to access the

band only when it is not being used by licensed users, i.e., over-

lay spectrum sharing. In contrast, other CR techniques belong

to space domain spectrum sharing, where unlicensed users are

allowed to use the same frequency band with licensed users

without causing harmful interference to the licensed users, i.e.,

underlay spectrum sharing. Compared to other spectrum shar-

ing techniques, CR technique has been extensively studied in

the literature [23–25] , and thus is only briefly discussed in this

survey. 

• Sharing rule-based methods: Rule-based Spectrum Sharing (RSS)

[77] or so-called spectrum sharing etiquette [29] denotes dis-

tributed spectrum sharing methods in which coexisting sys-

tems access the same frequency band following certain rules.

The simplest sharing etiquette includes Aloha and listen-before-

talk [29] . Recall that listen-before-talk methods have been dis-

cussed above. In Aloha-based methods, a device accesses a

channel with a probability and retries to access the channel

if the previous transmission has collided with other transmis-

sions. These two methods are mostly very inefficient and be-

come more complicated when coexisting systems have differ-

ent priorities of channel access. More efficient rules can be

obtained by theoretically solving resource allocation problems

among coexisting RF systems. The advantage of RSS is that it is

easy to implement, i.e., each RF system simply follows the pre-

determined rules by observing local spectrum usage. Some RSS-

based methods derived from solving resource allocation prob-

lems can still be associated with certain performance guaran-

tees [77] . Although no coordination is needed when coexist-

ing RF systems access the same spectrum band according to

the rules, global information of coexisting systems is required

to develop the spectrum sharing rules. 

.2. Mathematical tools used in spectrum sharing methods 

Spectrum sharing problems can be formulated as global or local

esource management problems in the time domain, frequency do-

ain, code domain, space domain (deployment location or power

ontrol) or a combination of these four domains. Many mathemat-

cal tools have been applied or developed to solve these problems,

mong which optimization theory and game theory are the most

opular ones. Hence, in this section, we discuss these two mathe-

atical tools. 
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Table 3 

Examples of coexistence of homogeneous networks. 

Coexistence scenarios Coordinated methods Uncoordinated methods 

WLAN & WLAN [101–103] [104,105] 

WRAN & WRAN [106–110] [111] 

WPAN & WPAN [112–114] [52,115,116] 

Cellular & Celluar [117–119] [120–122] 

Femtocell & Femtocell [123–125] [126–128] 
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• Optimization theory: An optimization problem usually consists

of at least one objective function and one constraint. In spec-

trum sharing problems, common objective functions are overall

throughput, general connectivity, general link reliability, system

stability, average delay, energy consumption and load balanc-

ing [29] . Constraints of the spectrum sharing problems include

QoS requirements of specific networks or applications, fairness

among coexisting RF systems, energy consumption limits and

other physical constraints like transmission range and mini-

mum SINR requirements. Since the formulation of optimization

problems requires various information of coexisting RF systems

(e.g., locations of devices, PHY/MAC parameters, traffic loads

and external sources of interference etc.), they are more often

used in centralized coordination methods (e.g., [39,54] ). 

Optimization theory has been widely used to solve these spec-

trum sharing problems in the literature [15,40,84] . Optimiza-

tion theory has ample branches, and the following branches are

often applied in spectrum sharing problems: convex optimiza-

tion [85,86] , linear programing [87,88] , integer programing and

combinatorial optimization [89,90] , mixed-integer programing

[7,91] . In particular, cross-layer optimization techniques have

been developed to solve resource management problems in RF

systems (e.g., in [92–95] ), which often consists of one or multi-

ple aforementioned branches of optimization theory. 

• Game theory: Game theoretical models have also been widely

used to deal with spectrum sharing among RF systems (e.g.,

in [96–98] ). A game theoretical model usually has three funda-

mental elements: a set of players, strategy space of each player,

and payoff functions. In spectrum sharing games, each RF sys-

tem acts as a player. The strategy space of a player may include

the set of channels to sense or access, choice of transmission

parameters (e.g., transmission power and interval), whether to

cooperate with other RF systems. Many metrics can be used

as payoff functions such as revenue obtained by transmitting

on a certain channel, throughput, and other utility functions.

In cooperative spectrum sharing games (those with information

exchange among players), the objective is usually to maximize

spectrum efficiency. In particular, the Nash bargaining solution

is widely used in solving cooperative games, which is a unique

Pareto optimal solution games modeling bargaining interactions

[99] . Dynamic games are usually used to study the long-term

interaction of coexisting RF systems [100] . 

One prominent advantage of game theoretical methods is that

they are able to model behaviors of coexisting RF systems in a

practical and reasonable manner by explicitly exploring strat-

egy spaces and utilities of all game participants. On the other

hand, one problem with these methods is that they require ex-

tensive information exchange among coexisting systems. More-

over, although Nash Equilibria can be obtained, they may not

necessarily be Pareto optimal. 

Note that since our paper is focused on the underlying

HY/MAC techniques used in these methods instead of the spe-

ific mathematical tools used to solve the formulated coexistence

roblems, the main text follows the classification of coexistence

ethods based on the underlying PHY/MAC techniques. However,

ince some mathematical tools like game theory can also provide

nsights on the methods, we also highlight these tools in our dis-

ussion of these methods. 

. Coexistence of homogeneous networks 

As outlined in Table 3 , in this section, we consider some spe-

ific examples of coexistence of homogeneous networks as well as

ractical spectrum sharing methods used to facilitate the coexis-

ence. 
.1. Coordinated methods for homogeneous networks 

Compared with other coexistence scenarios, coordination 

mong homogeneous networks is easier because all coexisting net-

orks use the same PHY/MAC techniques. Some standards like

EEE 802.22 and LTE even include coordinated inter-network inter-

erence mitigation schemes. In the following paragraphs, we dis-

uss spectrum sharing methods in the coexistence of homogeneous

ireless Local Area Network (WLAN), Wireless Regional Area Net-

ork (WRAN), Wireless Personal Area Network (WPAN), cellular

nd femtocell networks. 

a) WLAN & WLAN. WLANs are almost the most popular wireless

etworks due to explosive growth of portable devices. Hence, it

s quite meaningful to design efficient spectrum sharing schemes

etween neighboring WLANs. A centralized frequency assignment

echanism is proposed in [101] to enable the coexistence of mul-

iple WLANs. In this mechanism, both co-channel and adjacent

hannel interference relationship of coexisting WLANs is mod-

led by a graph where vertices represent access points (APs) of

he WLANs. Then, a frequency assignment algorithm is developed

ased on graph coloring theory, which maximizes total through-

ut of the coexisting WLANs. The algorithm can be implemented

n both centralized (infrastructure-based) and distributed (control

hannel-based) ways. In the centralized scheme, a central entity

ollects information of the WLANs, implements the frequency as-

ignment algorithm, and sends frequency assignment decisions to

he WLANs. In the distributed scheme, coexisting networks ex-

hange the frequency assignment information on a control chan-

el. 

In [103] , a distributed spectrum sharing method is proposed

ith both channel allocation and load balancing through cell

reathing. In particular, the new communication overhead incurred

y the spectrum sharing method is analyzed. More specifically, the

uthors assume that each AP has two interfaces: one for normal AP

perations, and the other for inter-network communication. Neigh-

oring APs keep exchanging their transmission information, based

n which a channel allocation algorithm and a load-balancing al-

orithm are performed to maximize spectrum usage among the

eighboring WLANs. We can see that this method belongs to the

ontrol channel-based methods. 

b) WRAN & WRAN. As the first standard on cognitive radios,

he IEEE 802.22 standard is becoming more popular in both the

cademy and industry [106,129] , especially after the formal release

f the TVWS band for cognitive access [130] . Since the radius of an

EEE 802.22 network can be as large as 100 km , it is also termed

ireless Regional Area Network (WRAN) [106] . In this standard,

he coexistence of multiple 802.22 networks is also termed “self-

oexistence” [106] . A Coexistent Beacon Protocol (CBP) is included

n the standard to support self-coexistence. In this protocol, each

02.22 frame includes a self-coexistence window during which

oexistence beaconing packets are exchanged over-the-air (cor-

esponds to “Infrastructure-based Coordination” in Section 3 ) or

hrough the backhaul (corresponds to “Common Channel-based
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Fig. 3. IEEE 802.22 self-coexistence example. 
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“  
Coordination” in Section 3 ). The beaconing packets are utilized to

find neighboring 802.22 networks. 

CBP includes two spectrum sharing policies: spectrum etiquette

and on-demand spectrum contention. In the spectrum etiquette

protocol, all neighboring networks will change their channel set-

ting accordingly after one network changes its channel setting. An

example is illustrated in Fig. 3 . Assume that two primary users ap-

pear in Network A occupying channel 3 and 6, respectively. Then,

Network A has to promote channel 7 and 9 as its operating and

backup channel, respectively. Both Networks B and C then perform

spectrum etiquette after receiving the channel set update informa-

tion from Network A . Specifically, Network B removes channel 7

from its candidate channel list. Network C not only removes chan-

nel 7 and 9 from its backup and candidate channel lists, but also

promotes channel 8 to be its backup channel. In this way, the three

networks can decrease the possibility of potential channel conflicts.

Note that the standard also applies to the cases where more than

two networks overlap, which is not discussed in this paper. 

The on-demand spectrum contention protocol is similar to

the CSMA/CA protocol used for MAC in 802.11 networks, in

which coexisting nodes contend for the same channel through

the random back-off mechanism. After the publication of the

802.22 standard in 2011, many other coordinated self-coexistence

schemes have been proposed, such as two channel assignment

schemes for cooperative and non-cooperative 802.22 devices

[131] , traffic-aware self-coexistence management [132] , fuzzy logic

control-based inter-network coexistence protocol [108] , and self-

coexistence among interference-aware IEEE 802.22 networks with

enhanced air-interface [133] . 

In particular, a cooperative real-time spectrum sharing proto-

col is developed in [101] . The proposed On-Demand Spectrum Con-

tention (ODSC) protocol employs interactive MAC layer messaging

on an inter-network communication channel to provide efficient,

scalable, and fair spectrum sharing among WRANs. Therefore, it

belongs to the control channel-based coordinated methods. The

protocol works as follows. Before initiating MAC layer messaging

process, a WRAN demanding additional spectrum resources first

selects a channel on which no incumbents are detected. Then, it

verifies whether the selected channel can be shared by employ-

ing transmit power control technique. If it is feasible, the WRAN

schedules its data transmissions on the selected channel with ap-

propriate power control settings. Otherwise, ODSC messaging takes

place allowing cooperative spectrum contention among WRANs to

share the target channel in a time-sharing manner. 
In addition, auction theory is used to facilitate dynamic spec-

rum sharing among multiple WRANs in [109] . Specifically, a credit

oken-based auction mechanism is devised for coexisting WRANs

o either offer or rent their spectrum resources. To start an auction,

ither a renter WRAN initiates broadcasting of spectrum resource

equests, or an offeror WRAN indicates the intent to share its

esources by broadcasting resource advertisement messages. One

ommon drawback of many ascending bid auction mechanisms is

enters must keep bidding up prices to the offeror, and receive the

esults of bidding repeatedly, which incurs a significant amount of

ignaling overhead. We can see that similar methods using gaming

odels relay on a control channel to exchange price information,

nd thus the signaling overhead is an important issue. To reduce

ignaling overhead, the authors develop a Vickrey-based auction

echanism, which requires renters to bid and receive the bidding

esults only once. Therefore, the signaling overhead of the new bid-

ing scheme is much lower. A similar game model is also proposed

n [110] , which consists of a spectrum offering-renting mechanism

s well as a spectrum contention mechanism. 

Another cooperative spectrum sharing method is proposed in

134] to improve spectrum usage efficiency through the informa-

ion exchange among neighboring SUs in the TVWS band. Instead

f adopting a contention spectrum access mechanisms as used in

EEE 802.22, the authors develop a reinforcement learning scheme

o merge and leverage the spectrum usage information of neigh-

oring SUs. Although this scheme is developed for individual SUs,

t can also apply to the coexistence of multiple WRANs, where base

tations of the WRANs perform the reinforcement learning scheme

o coexist with each other. 

c) WPAN & WPAN. Different from the IEEE 802.22 standard, some

tandards may not include self-coexistence mechanisms, e.g., IEEE

02.15.4-based Wireless Person Area Networks (WPANs). In this

ase, new spectrum sharing methods are needed to enable coex-

stence of multiple such networks. As an example, a simulation

tudy is conducted in [113] to evaluate the interaction between

wo coexisting WPANs using both contention-based CSMA schemes

r contention-free slot allocation schemes. The simulation results

emonstrate that the inter-network interference can significantly

egrade the performance of the two WPANs without efficient spec-

rum sharing mechanisms. 

The coexistence problem is also studied in [112] , in which the

roposed method maximizes both spatial and time domain fre-

uency utilization under channel gain uncertainties, in order to

inimize the number of frequency channels required to accommo-

ate a certain number of coexisting IEEE 802.15.4 networks. In this

ethod, each WPAN has a control node (CN) who coordinates with

he CNs of neighboring WPANs. Specifically, the coexistence prob-

em is first formulated as an optimization problem with the objec-

ive of maximizing intensity of simultaneously active CNs on one

hannel, subject to the limit on outage probabilities in neighbor-

ng WPANs. The only decision variable is a carrier-sensing thresh-

ld, and the trade-off of determining the threshold is as follows.

ncreasing the carrier sensing threshold decreases the contention

omain of each CN, and thus increases the number of CNs that

an use the same logical channel. However, it increases the inter-

erence level and the outage probability. A stochastic geometry ap-

roach is developed to solve the optimization problem, and a su-

erframe structure for the coexisting IEEE 802.15.4 networks is de-

igned. 

Another cooperative spectrum sharing scheme is proposed in

114] to eliminate mutual interference among neighboring 802.15.4

etworks. The scheme consists of two phases: coexistence detec-

ion and coexistence mitigation. In the first phase, CN of each

02.15.4 network keeps sensing its operating channel to detect

harmful” interference from neighboring 802.15.4 networks. Here,
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harmful” is characterized by the criterion that current through-

ut of the 802.15.4 network is less than a threshold. If harmful

nterference is detected by some CNs, the coexistence mitigation

hase will be activated. In this phase, a coexistence manager (CM)

ollects transmission information from CNs of coexisting networks

nd rearranges MAC super-frames for the CNs such that colliding

Ns have non-overlapping super-frames. Due to the use of CMs,

his method belongs to the infrastructure-based methods. 

d) Cellular & Cellular. The Cooperative Multi-Point (CoMP) scheme

as been proposed to improve cell edge user data rate and spectral

fficiency in LTE and LTE-Advanced [117–119,135] . The fundamen-

al idea of CoMP is very similar to Multiple Input Multiple Output

MIMO) technology, i.e., to utilize multiple transmitting and receiv-

ng antennas at multiple locations (that may or may not belong to

he same physical cell) to enhance the received signal quality at

eceivers. In CoMP techniques, a new terminology “Transmit Point”

TP) is defined as a set of collocated antennas and a cell can cor-

espond to one or more TPs. 

Essentially, CoMP can be defined as techniques dealing with co-

rdination of TPs. CoMP techniques consist of three components:

oordinated scheduling and coordinated beamforming (CS/CB),

oint transmission (JT), and TP selection (TPS). Specifically, CS/CB

egulate how coordinated TPs share channel state information (CSI)

f multiple User Equipment (UE) on a control channel and cooper-

te to mitigate mutual interference. The rationale of CS/CB is that

oexisting TPs coordinate to select transmit precoders in each TP,

uch that inter-TP interference is minimized. JT denotes the simul-

aneous transmission of data packets from multiple TPs to a single

E with appropriate beamforming weights. This way, cell-edge ter-

inals can achieve higher performance by converting interference

ignals to desired signals. Finally, TPS works by allowing a UE to

eport the ID of its preferred TP (e.g., the TP with the highest re-

eived SINR), and the selected TP is then scheduled to serve the

E. CoMP is a high-complexity joint PHY/MAC inter-cell spectrum

haring solution, which belongs to the “Infrastructure-based Coor-

ination” method outlined in Section 3 due to the usage of back-

auls to inter-connect BSs. 

e) Femtocell & Femtocell. Due to the small coverage of a femto-

ell, it is common that a lot of femtocells are deployed in an in-

oor environment, which makes the inter-cell interference prob-

em challenging [123] . A centralized spectrum sharing algorithm is

roposed in [123] based on joint sub-channel allocation and power

ontrol. Specifically, the coexistence problem is first formulated as

n optimization problem with the objective of maximizing total

xpected capacity of all coexisting femtocells, in which the weight

f a femtocell is proportional to its traffic load. Due to NP-hardness

f the problem, the authors develop an enhanced modified iter-

tive water-filling algorithm to achieve a sub-optimal solution. An

mportant feature of the algorithm is that each cell performs power

llocation to minimize the interference that it causes to a heavy-

raffic cell to ensure the inter-cell fairness. Since the traffic load in-

ormation must be shared among coexisting networks, this method

s a control channel-based method. 

Another cooperative spectrum sharing scheme is proposed in

124] to overcome inter-femtocell interference. The scheme is a

ross-layer scheme with joint cooperative MAC layer user schedul-

ng and PHY layer beamforming techniques. Firstly, femtocell base

tations collaboratively schedule users to minimize the average in-

erference on spatially correlated channels. Then, either coherent

eamforming or statistical eigen beamforming is selected accord-

ng to the operation condition to maximize the network spectral

fficiency. Since only spatial correlation coefficient is shared among

he base stations, the proposed spectrum sharing scheme is a con-

rol channel-based method with low coordination overhead. 
In [125] , the authors propose another cross-layer spectrum

haring method based on adaptive fractional frequency reuse. In

his method, a centralized femtocell gateway analyzes the impact

f mutual interference among coexisting femtocells based on lo-

ation information femtocells. Then, it classifies femtocells into a

umber of groups according to the amount of interference they

enerate to others. Thereafter, it calculates the minimum num-

er of orthogonal subchannels for each group to guarantee re-

uired QoS performance near the cell boundary. Finally, the trans-

it power of each femtocell is adjusted based on the received sig-

al strength in a distributed manner. It is shown that the proposed

cheme can provide reasonably high ergodic system spectral effi-

iency while assuring the required QoS performance near the cell

oundary. 

.2. Uncoordinated methods for homogeneous networks 

In the following paragraphs, we discuss uncoordinated spec-

rum sharing methods in the coexistence of homogeneous WLANs,

RANs, WPANs, cellular and femtocell networks. 

a) WLAN & WLAN. A Regular Channel Access (RCA) method is

roposed in [104] to improve the coexistence between neighbor-

ng 802.11 networks. The proposed method is an extension to the

CCA channel access method defined in IEEE 802.11e. Specifically,

oexisting 802.11 networks contend to access the same channel

hrough the CSMA/CA scheme. Moreover, similar to IEEE 802.11e,

oexisting networks can have different priorities such that QoS can

e supported. However, the method requires significant changes

o existing IEEE 802.11 standards, and thus may be impractical to

mplement. We can see that this method is based on the listen-

efore-talk principle, and a similar method is also proposed in

102] . 

Coexistence of different Wi-Fi networks is studied in [105] . In

his work, the authors consider the problem of channel conflicts

mong Access Points (APs) from different service providers. The

roblem is formulated as a game where service providers are play-

rs, and the action that each player can take is the assignment of

 set of channels to its APs. The authors consider the price of an-

rchy, which is defined as the ratio between the total coverage of

he APs in the worst Nash equilibrium of the game and what the

otal coverage of the APs would be if the channel assignment were

one by a centralized controller. They provide theoretical bounds

n the price of anarchy based on assumptions on the underlying

etwork, as well as the type of bargaining allowed between ser-

ice providers. The fundamental tool in the analysis is to find Nash

quilibrium of the game by solving a maximal coloring problem

n an appropriate graph. In this work, the authors show that price

f anarchy of these games is related to the approximation factor

f local optimization algorithms for the maximum k -colorable sub-

raph problem. 

b) WRAN & WRAN. An inter-BS Coexistence-aware Spectrum Shar-

ng (CASS) protocol is proposed in [111] to support horizontal co-

xistence of WRAN. The protocol is based on the dynamic channel

election technique discussed in Table 2 . CASS has the following

oteworthy properties: (1) it supports both non-exclusive and ex-

lusive spectrum sharing, and can dynamically switch between the

wo to minimize self-interference, while keeping control overhead

induced by channel contentions) under control. (2) It uses a novel

hannel selection algorithm that utilizes spectrum sensing results

o minimize potential interference to incumbent users. (3) It uti-

izes an inter-BS channel contention procedure that enables a BS

n need of more spectrum resources to borrow channels from its

eighboring cells. 
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Fig. 4. Example of general ICI links. 

Fig. 5. Example of actual ICI links. 
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(c) WPAN & WPAN. In [52] , several dynamic AFH-based methods

are proposed for the coexistence of multiple collocated Wireless

Personal Area Networks (WPANs). In these methods, each WPAN

dynamically selects a subset of frequency channels for hopping

such that mutual interference is minimized. Packet error rate is

measured and used as an input to the proposed methods, which

enables the dynamic AFH to avoid interference from frequency-

static interference sources (e.g., Wi-Fi devices). Since WPAN de-

vices could cause harmful interference to low-power non-WPAN

devices, an etiquette rule is also proposed to characterize the be-

havior of the collocated WPANs with dynamic AFH as a single col-

lective entity that produces interference. The operation of dynamic

AFH is robust and adaptive to the dynamic changes in the environ-

ment and to the noise levels on the channel. 

Another simple distributed spectrum sharing method is pro-

posed in [115] to enable coexistence of multiple WPANs on the

same channel. The spectrum sharing is realized through a “co-

existence test”. Specifically, the control node of a new WPAN

with transmission demands must learn neighboring environment

via spectrum sensing before it assigns frames to its client nodes.

Based on the strength of received signals from neighboring WPANs,

the control node classifies them into two categories: interfering

and non-interfering WPANs. Then, the control node tries to find

non-overlapping time slots with the interfering WPANs. If some

slots are found, it assigns them to its client nodes. Otherwise,

it switches to another channel. Although this scheme can ensure

elimination of inter-network interference, its sensing overhead can

be high because the control node must discover not only interfer-

ing WPANs, but also their inactive periods. We can see that the

fundamental idea of this method is similar to listen-before-talk. 

IEEE 802.15.4 uses a contention-free guaranteed time slot

(GTS) mechanism to eliminate internal contention within a net-

work. However, this mechanism cannot ensure successful trans-

missions with neighboring active 802.15.4 networks due to lack of

inter-network coordination. Given this observation, the authors in

[116] propose a clear channel assessment (CCA) scheme to elim-

inate inter-network transmission collisions, which is similar to

listen-before-talk. According to this scheme, instead of transmitting

immediately at its allocated GTS, an 802.15.4 device must sense the

channel at the beginning of its GTS. If no other transmissions from

neighboring WPANs are detected, the device can continue to trans-

mit. Otherwise, it has to wait until the detected transmission is

finished. A problem with this uncoordinated scheme is that it re-

quires changes to the existing IEEE 802.15.4 standard in MAC layer.

(d) Femtocell & Femtocell. A fully distributed method is proposed

in [126] for dynamic spectrum sharing between femtocells. First,

the available frequency band is divided into a number of channels

with the same bandwidth. Then, the spectrum sharing problem

is converted to a distributed dynamic channel selection problem,

where each femtocell selects a subset of available channels by con-

sidering both spectrum usage efficiency and mutual interference.

More specifically, assuming a symmetric interference relationship,

coexisting femtocells can be represented by vertices in a graph,

and edges between vertices denote the interference relationships.

Given such a graph, a clique is defined as a subgraph where every

pair of vertices in this subgraph share an edge. Hence, the maximal

clique denotes the densest spectrum reuse that can be achieved in

a particular area while keeping an orthogonal channel allocation in

femtocells. 

The goal of the proposed distributed method is to find the max-

imal clique. The proposed method consists of two iterative loops:

the outer loop determines a feasible frequency reuse, and the in-

ner loop allocates channels to each femtocell such that mutual in-

terference is minimized. Starting from a random frequency reuse,

each femtocell makes several attempts to eliminate mutual inter-
erence. The number of attempts is controlled by a timer, and a

ew sparser frequency reuse attempt is started after the timer ex-

ires. Hence, this method is named a timeout-based reuse selec-

ion approach. 

Another distributed spectrum sharing method named “soft fre-

uency reuse” (SFR) is proposed in [127] to enable the coexistence

f densely deployed LTE-based femtocells. SFR is a variation of the

raditional “fractional frequency reuse” (FFR) method for LTE as

iscussed in Section 3 . A remarkable difference between SRF and

FR is that SFR dynamically divides the bandwidth in each cell

ased on the number of interfering femtocells. More specifically, a

emtocell BS mitigates its interference with neighboring femtocells

hrough adjusting its transmission power for downlink transmis-

ions and assigning different channels to cell-center and cell-edge

sers based on the number interfering femtocells for uplink trans-

issions. 

A contention-based spectrum sharing method is proposed

n [128] to facilitate the coexistence of densely deployed self-

rganizing femtocell networks. Different from traditional CSMA-

ike schemes, the authors employ a two-tier contention scheme

onsisting of two phases: contention-scheduling and resource as-

ignment. In the contention-scheduling phase, each femtocell BS

elects a user that contends with users selected by neighbor BSs

or the next allocation interval. In the resource assignment phase,

he user who wins the contention transmits packets in the next al-

ocation interval. The pro of this method is that the contention is

ased on actual inter-cell interference (ICI) links instead of general

o-located “interfering cells”, which improves spectrum usage effi-

iency through allowing multiple transmission links on the same

hannel. A specific example is presented below. 

As shown in Fig. 4 , two cells are mutually interfering if they

ave overlapping areas, and the interference relationship can be

epresented by a so-called “general ICI link” in an interference

raph. In contrast, as shown in Fig. 5 , two cells are mutually inter-

ering if the actual transmission in these cells interfere with each

ther, and the interference relationship can be represented by a

o-called “actual ICI link” in an interference graph. For example,
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Table 4 

Examples of the coexistence of heterogeneous networks. 

Coexistence scenarios Coordinated methods Uncoordinated methods 

Cellular & Ad Hoc [136] [137–139] 

WLAN & WPAN [140–142] [42] 

WLAN & Bluetooth [143] [144–148] 

WRAN & 802 .11af [149–151] [152–154] 
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ince the actual transmissions in Cell C and D do not interference

ith each other, there is no actual ICI link between these two cells.

ence, a single channel can be used by only one cell in Fig. 4 at

ny time, while the channel can be used by cell C , D , and one of A

nd B simultaneously. Therefore, the spectrum usage efficiency in

ig. 5 is two times higher than that in Fig. 4 . 

.3. Comparison between coordinated and uncoordinated methods 

In the previous two parts, we have discussed specific coordi-

ated and uncoordinated methods for the coexistence of homo-

eneous networks, respectively. In addition to the pros and cons

ummarized in Table 2 , we discuss the differences between these

ethods in terms of enabling coexistence of homogeneous net-

orks 

From the above analysis, we can conclude that coordinated

ethods like the self-coexistence protocol in IEEE 802.22 are more

ppropriate for the coexistence of homogeneous networks. The

rst reason is that coordinated method can usually achieve higher

pectral efficiency due to possible optimization of spectrum us-

ge. The second reason is that the cost of including new self-

oexistence functionality in existing wireless standards (e.g., Wi-

i and ZigBee networks) can be negligible. Specifically, to add the

elf-coexistence functionality to new devices, the standard groups

nly need to provide corresponding amendments to the standards

ithout affecting old devices. For example, if two new devices

ave the self-coexistence functionality, both of them can operate

n a spectrum sharing mode such that they can share the same

requency band. If a new device coexists with an old device, since

he old device does not have the self-coexistence functionality, the

ew device also operates in a non-spectrum sharing mode, which

ould not affect the old device. 

Lastly, the signaling overhead in the coordinated methods can

e largely reduced through judiciously designed spectrum sharing

lgorithms or protocols. Specifically, since synchronization among

omogeneous networks can be easy to achieve, broadcasting can

e used to reduce signaling overhead. More importantly, many

pectrum sharing algorithms can be optimized such that only a

ittle amount of information needs to be shared among coexist-

ng networks (e.g., the aforementioned [103,109,124] ). Therefore,

oordinated methods with low signaling overhead have greater po-

ential to facilitate the coexistence of multiple homogeneous net-

orks. 

. Coexistence of two heterogeneous networks 

In this section, we consider the coexistence of two hetero-

eneous networks. Compared with the coexistence of homoge-

eous networks, the coexistence of heterogeneous networks is

uch more challenging, since coexisting networks can use signif-

cantly different PHY/MAC protocol and resource allocation tech-

iques. Some coexistence examples and their corresponding spec-

rum sharing methods are listed in Table 4 . Next, we discuss these

oordinated and uncoordinated methods in Sections 5.1 and 5.2 ,

espectively. 
.1. Coordinated methods for heterogeneous networks 

Although almost no wireless standards include spectrum shar-

ng schemes with other wireless standards, it is rewarding to mod-

fy these standards to improve their spectrum usage efficiency. In

his part, we discuss some coordinated spectrum sharing methods

acilitating the coexistence of two heterogeneous networks. 

a) Cellular & Ad Hoc. A cooperative spectrum sharing method is

roposed in [136] for the coexistence of a cellular network and

n ad hoc network. The motivation for the cooperation is that the

ellular network can improve the throughput of its cell-edge users

ith the help of the ad hoc network while the ad hoc network can

btain extra spectrum resources from the cellular network. More

pecifically, the coexistence problem is formulated as an optimiza-

ion problem with the objective of maximizing the ad-hoc trans-

ission capacity, subject to the constraints on the outage proba-

ility of the ad-hoc network and on the throughput improvement

atio of the cellular network. Decision variables of the optimization

roblem are deployment density of the ad hoc network and time

atio allocated to ad hoc network. Both the capacity of the ad-hoc

etwork and the average throughput of the cellular network are

haracterized using stochastic geometry theory, and a heuristic al-

orithm is devised to solve the problem. 

b) WLAN & WPAN. The IEEE 802.15.4 Wireless Sensor Networks

WSNs) and WPANs with low power consumption and low cost

re widely adopted in low data rate industrial and consumer ap-

lications. The relatively high power IEEE 802.11b/g WLANs offer

igh data rate and larger range. Both these technologies coexist

n the ISM band, which creates a challenging coexistence environ-

ent for WPANs due to the power asymmetry. To address the co-

xistence problem, a Frame Converter (FC) system is developed in

140] to establish cooperative coexistence between a WLAN and a

PAN. More specifically, the FC has both the IEEE 802.15.4 and Wi-

i radio interfaces. It converts the IEEE 802.15.4 frame into Wi-Fi

rame at one interface and converts back into IEEE 802.15.4 frame

t the other interface. This conversion allows the IEEE 802.15.4 net-

ork to use the infrastructure of the WLAN. Hence, the radio range

f the IEEE 802.15.4 network is extended to that of Wi-Fi. It en-

bles cooperative coexistence between the IEEE 802.15.4 WPANs

nd WLANs. 

A centralized spectrum sharing method is proposed in [141] , in

hich an Interference Mediator (IM) is used to eliminate mutual

nterference between a WLAN and a ZigBee WPAN. More specifi-

ally, the IM first detects mutual interference by periodically gath-

ring frame error rate values from ZigBee nodes. If severe interfer-

nce is detected, the IM proceeds to eliminate the interference by

llocating spectrum resources to the WLAN and WPAN in a TDMA

anner. 

A cooperative carrier signaling (CCS) scheme is proposed in

142] to harmonize coexisting WPAN and WLAN devices. The co-

perative signaling scheme is triggered on a control channel when

LAN interference is present and causes severe collisions in the

PAN. The CCS scheme employs a separate WPAN node to emit

 carrier signal (busy tone) concurrently with the desired WPAN

odes’ data transmission, thus enhancing the WPAN nodes’ visibil-

ty to WLAN nodes. Since the busy tone has a transmit power com-

arable with that of WLAN nodes, the CSMA scheme used by Wi-Fi

odes guarantees fairer spectrum usage between WPAN and WLAN

odes. Extensive experiments conducted by the authors show that

CS scheme reduces collision between WPAN and WLAN by 50

ercent for most cases, and by up to 90 percent in the presence of

 high-level interference, all at negligible WLAN performance loss.

his spectrum sharing scheme is essentially coordinated in the



64 Y. Han et al. / Ad Hoc Networks 53 (2016) 53–78 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

f  

l  

s  

c  

D  

f  

e  

f

 

[  

a  

l  

o  

w  

n  

p  

i  

t  

a  

F  

l  

a  

b  

[

(  

8  

e  

c  

(  

l  

r  

l  

o  

t

 

i  

u  

i  

S  

p  

n  

t  

i  

s  

l  

s  

(  

m  

I  

i  

a  

i  

p  

a  

8

 

t  

d  

t  

m  

T  

t  

c  
sense that the selected WPAN node contends with WLAN nodes

using CSMA/CA on the same channel. 

(c) WLAN & Bluetooth. Two overlapping avoidance mechanisms are

proposed in [143] to mitigate interference between a WLAN and a

Bluetooth network. Both of the mechanisms are MAC layer traf-

fic scheduling techniques. More specifically, the first mechanism

avoids overlapping operation time between the Bluetooth voice

traffic and the 802.11 data packets by performing a scheduling of

the traffic transmissions at the WLAN stations. In contrast, the sec-

ond mechanism utilizes the variety of Bluetooth packet lengths

to avoid channel usage overlapping between 802.11 and Bluetooth

transmissions. These two mechanisms can be implemented in ei-

ther collaborative or non-collaborative way depending on how one

system acquires spectrum usage pattern of the other system. 

(d) WRAN & 802.11af. The IEEE 802.22 and IEEE 802.11af are the

first two standards dedicated to the TVWS band and are expected

to be widely adopted in the future [149] . Hence, the coexistence

between these two networks is very important to the future spec-

tral efficiency of the TVWS band. This coexistence scenario is simi-

lar to the coexistence of a WLAN and a WPAN in the sense that

one system uses significantly higher transmit power level than

the other system. The difference, however, is that WRANs and

IEEE 802.11af networks operate in the licensed TVWS band while

WLANs and WPANs operate in the license-exempt ISM band. 

A busy-tone scheme is proposed in [149] to enable co-channel

coexistence of a WRAN and an IEEE 802.11af network, which is

implemented at the WRAN customer-premises equipment (CPE).

More specifically, 802.22 CPEs send out busy tone signals with

known pattern with 100 mW power that is the transmit power

used by 802.11af devices. After detecting the busy tone signals, the

802.11af devices must postpone their transmission to avoid inter-

ference. In this way, WRAN receivers can be protected from hidden

802.11af terminals. Moreover, 802.11af devices can avoid interfer-

ence from WRAN devices by identifying detected CPEs and learn-

ing their transmission patterns. Another similar busy-tone scheme

can be found in [150] . To ensure fair spectrum sharing between the

two networks, a centralized selfishness-aware scheme is proposed

in [151] . In this scheme, a spectrum coordinator allocates spec-

trum resources to the two networks. The spectrum sharing prob-

lem is formulated as a 0–1 multiple knapsack problem with the

objective of maximizing overall spectral efficiency via joint band-

width and channel allocation. Due to NP-hardness of the problem,

a polynomial-time approximation algorithm is proposed to solve it.

5.2. Uncoordinated methods for heterogeneous networks 

In this part, we discuss the uncoordinated spectrum sharing

methods used in the coexistence scenarios in Table 4 . 

(a) Cellular & Ad Hoc. A spectrum sharing method based on dis-

tributed power control is proposed in [137] to improve spectrum

efficiency in cellular networks. The fundamental idea in this book

is that a Device-to-Device (D2D) communication mode can out-

perform the Device-to-Base Station (D2B) mode. More specifically,

the authors first show that, even in a spectral efficient network,

cellular users can exploit the network topology to achieve better

communication performance. Then, they propose a D2D communi-

cation mode where cellular users can communicate directly with

each other rather than using the base station. Hence, the coexis-

tence scenario can be viewed as the coexistence between a low-

power ad-hoc network (D2D) and a high power cellular network

(D2B). To coexist with the cellular networks, D2D users control
heir power such that they would not cause unacceptable inter-

erence to uplink transmissions. Finally, both analytical and simu-

ation results are provided to show that the D2D scheme is a fea-

ible option for next generation cellular networks. However, power

ontrol may not be sufficient to protect uplink transmissions since

2B users can be very close to D2D users. Moreover, interference

rom high power downlink transmissions should also be consid-

red such that D2D transmissions will not fail due to interference

rom the downlink transmissions. 

Another distributed power control algorithm is proposed in

138] to facilitate the coexistence of a D2D ad hoc network and

 cellular network. The proposed coexistence system is very simi-

ar to the spectrum sharing between a primary system and a sec-

ndary system in CR technology. More specifically, the ad hoc net-

ork is allowed to use cellular channels on condition that it would

ot cause harmful interference to cellular transmissions. In the

roposed spectrum sharing method, the authors first derive the

nterference from D2D link to cellular link as a function of the ra-

io of the distance between the base station and D2D transmitter

nd the distance between the D2D transmitter and D2D receiver.

inally, the maximum transmission range of the D2D link is calcu-

ated in the sense that the interference to cellular links is less than

 threshold. Another similar CR-like spectrum sharing mechanism

etween a cellular network and an ad hoc network is proposed in

139] . 

b) WLAN & WPAN. Coexistence between an 802.11g WLAN and an

02.15.4 sensor network is studied in [42] . Three significant differ-

nces between the two standards result in the asymmetry of the

oexistence problem. First, the transmit power of 802.11g devices

above 15 dBm ) are much higher than that of 802.15.4 devices (as

ow as 0 dBm ). Second, 802.15.4 networks are usually large envi-

onment monitoring networks, while 802.11g networks are mostly

ocal small hotspots around Access Points (APs). Finally, in terms

f objectives, 802.11g networks require high-throughput MAC pro-

ocols, while 802.15.4 networks prefer low-delay MAC protocols. 

Given these differences, a dynamic channel selection method

s proposed to improve the performance of the 802.15.4 network

nder varying interference levels from the 802.11 network, which

s another “Dynamic Channel Selection” method as discussed in

ection 3 . Furthermore, three channel selection algorithms are pro-

osed and compared: random frequency selection, simulated an-

ealing, and learning-based distributed approaches. In particular,

he learning algorithm selects a channel for the next period that

s expected to have the best channel quality. Simulation results

how that the simulated annealing and learning-based channel se-

ection algorithms significantly outperform the random frequency

election in terms of average packet delay in the 802.15.4 network.

c) WLAN & Bluetooth. An “Adaptive Frequency Hopping” (AFH)

ethod is proposed in [144] for the coexistence of Bluetooth and

EEE 802.11b systems. The authors propose a novel approach called

nterference source oriented adaptive frequency hopping-based on

 memory and power efficient channel classification procedure. It

s shown that the approach is able to reduce time and space com-

lexity of the coexistence mechanism. A similar approach has been

dopted in [145] to deal with the coexistence of 802.15.4 with

02.11 networks using an adaptive frequency selection scheme. 

A role-switching mechanism is proposed in [146] to optimize

he coexistence of WLANs and Bluetooth networks. Instead of in-

ividual Bluetooth devices, the authors consider centralized Blue-

ooth networks (or piconets), in which a master Bluetooth node

anages both downlink and uplink transmissions in its piconet.

he master node can be selected dynamically. In this case, the au-

hors study the coexistence of WLANs with multiple piconets. The

oexistence problem is formulated as an integer linear programing
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Fig. 6. Two examples of Bluetooth master node choice. 
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roblem with the objective of minimizing total mutual interference

ia smart selection of master nodes in piconets. 

The motivation of the master node selection is illustrated in

ig. 6 where there are two selection cases. In the first case, node

 is selected as the master node, and we can see that the Wi-

i device interferes with all the three Bluetooth links, i.e., A − B,

 − C and A − D . In contrast, in the second case, node C is selected

s the master node, and only link A − C is affected by the Wi-Fi

evice. The master node selection problem becomes more com-

licated when there are multiple Wi-Fi devices as well as mul-

iple piconets, in which both the interference between Wi-Fi de-

ices and piconets and the mutual interference between neighbor-

ng piconets must be considered. One flaw of this work is that the

uthors do not develop specific master selection algorithms with

ertain performance guarantees. Instead, only numerical results are

rovided. 

A channel clustering scheme and a probabilistic channel vis-

ting scheme are proposed in [147] to mitigate mutual interfer-

nce between multiple WLANs and multiple piconets. Most ex-

sting uncoordinated methods use packet error rate (PER) or re-

eived signal strength indication (RSSI) to evaluate the quality of

 WLAN channel. However, these methods fail to consider mutual

nterference among piconets. To address this problem, the authors

n [147] propose a channel clustering scheme that can accurately

nd low-quality WLAN channels using statistical pattern recogni-

ion techniques. Moreover, considering dynamics of WLAN chan-

els, the authors develop a simple probabilistic channel-visiting

cheme, which allows piconets to access low-quality WLAN chan-

els with certain probabilities with the motivation that the chan-

el quality can change over time. However, explicit analysis of the

mpact that the proposed schemes can have on system perfor-

ance is not provided in this work. 

Instead of considering potential interference that high-power

i-Fi devices can cause to low-power Bluetooth devices, the op-

osite problem is studied in [148] . Specifically, the authors devise

n MAC layer packet length optimization scheme for Wi-Fi devices

o avoid interference from Bluetooth devices. Based on the cur-

ent packet error rate, the Wi-Fi devices dynamically adjust their

acket fragmentation to avoid the interference from Bluetooth de-
ices. One problem with this scheme is that the MAC layer packet

rror rate may not necessarily result from Bluetooth interference.

or instance, it can be caused by neighboring WLANs or WPANs.

nother problem is that this scheme requires significant changes

o the existing IEEE 802.11 standards. 

d) WRAN & 802.11af. The power asymmetry problem between

igh-power WRAN and low-power IEEE 802.11af devices is studied

n [152] . To enhance fair spectrum access between the two net-

orks, the authors develop a low-power reservation scheme that

llows low-power 802.11af devices to reserve dedicated time in-

erval from WRAN devices. More specifically, a special preamble is

sed by 802.11af devices to signal the start of a low-power reser-

ation slot. After detecting the preamble, all nodes must refrain

heir transmissions for the reserved time interval. The trade-off

f choosing the length of the preamble is that too short pream-

le length results in packet losses at the low-power devices while

oo long preamble length hampers spatial reuse. Hence, an effi-

ient preamble length selection scheme is devised in this work.

lthough this scheme requires certain agreement between the two

etworks to realize fairness, no information exchange is required

n the spectrum sharing method, and thus it belongs to uncoordi-

ated schemes. 

The power asymmetry problem is tackled in [153] using a

ross-layer design of an adaptive Direct-Sequence Spread Spectrum

DSSS) code modulation scheme. The essential idea of the scheme

s that a DSSS transmitter spreads a data symbol’s energy over a

equence of N samples, called a code. The receiver aggregates the

nergy through matched filtering, which can theoretically improve

he link SNR by N times. In addition, a traffic-aware code assign-

ent algorithm is proposed for uplink packets to balance the re-

uirements of throughput-intensive and delay-sensitive data traf-

cs. Moreover, to validate the proposed spectrum sharing method,

he authors prototyped adaptive DSSS on a TVWS band software

adio platform that operates on a spectrum with the FCC-granted

xperimental license. Experimental results show the high efficiency

f the scheme. One problem with this method is that it requires

ignificant changes to existing standards, even though it is imple-

ented in an uncoordinated manner. 

The power asymmetry problem in the TVWS band is also stud-

ed in [154] . Although the paper focuses on the coexistence of a

RAN and a low-power vehicular network operating in the TVWS

and, the proposed spectrum sharing method is so general that it

lso applies to the coexistence of WRAN and 802.11af networks.

he fundamental idea underlying this paper is that, as an add-on

o the high-power WRAN, the low-power vehicular network tries

o coexist with a WRAN through its own resource allocation based

n existing upstream scheduling information that is periodically

roadcasted by the base station of the WRAN. Therefore, the co-

xistence framework require no information exchange or explicit

oordination between the WRAN and the vehicular network, which

akes it more relevant to implement. More importantly, the vehic-

lar network is not “unrelated” to the WRAN because the vehicular

etwork is also granted to utilize the same unlicensed TVWS band

ith the WRAN. Since ignoring each other can harm the commu-

ication performance of both networks, they all have the intention

o create a more friendly coexistence environment. 

In this paper, the 802.22-vehicular coexistence problem is for-

ulated as an optimization problem with the objective of maxi-

izing throughput of the vehicular network, subject to the con-

traint that interference at WRAN CPEs must be less than prede-

ned thresholds. The problem is shown to be an NP-hard mixed-

nteger nonlinear programing problem, to which the authors de-

elop both a near-optimal algorithm and an efficient approxima-

ion algorithm with theoretical guarantees. 
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Table 5 

Examples of the coexistence of hybrid networks. 

Coexistence scenarios Coordinated methods Uncoordinated methods 

ISM band [60,155] [156] 

TVWS band [56,157–159] [160,161] 

Others [162–165] [13,77] 
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5.3. Comparison between coordinated and uncoordinated methods 

In the previous two parts, we have investigated coordinated and

uncoordinated methods for the coexistence of heterogeneous net-

works, respectively. In addition to the pros and cons enumerated in

Table 2 , we study more specific differences between these methods

in terms of enabling coexistence of two heterogeneous networks. 

From the above analysis, we can conclude that uncoordinated

methods are more appropriate for the coexistence of homogeneous

networks. The reason is that coordinated methods usually require

changes to the standards used by coexisting wireless systems (e.g.,

the aforementioned [140,142,143] ), which can be impossible. The

reason is that a specific spectrum sharing method between two

networks must consider properties of the two networks. Therefore,

for any type of network A , adding coexistence support for another

network B results in an amendment to the standard of A . How-

ever, since network A can coexist with many types of networks,

it is almost impossible to add coexistence supports for all these

networks to its standard. For example, vehicular networks can co-

exist with WRAN, IEEE 802.22 networks, cellular and many other

types of networks in the TVWS band. It is impractical to modify

the standard for vehicular communications to accommodate the

coexistence with all the aforementioned networks. 

In addition, for uncoordinated methods, small-scale or low-

power networks (e.g., ad hoc network in [137] , WPAN in [42] , and

IEEE 802.11af network in [152] ) should adjust their own transmis-

sions to better coexist with large-scale or high-power networks

(e.g., cellular network in [137] , WLAN in [42] , and WRAN in [152] ).

The first reason is that the adjustment of large-scale networks

can affect many other small-scale networks, which makes the co-

existence problem more complicated. The second reason is that

the cost of adjusting transmissions can be negligible in small-

scale networks while the cost can be fairly high in large-scale net-

works. Therefore, uncoordinated methods at small-scale networks

are more appropriate for the coexistence of heterogeneous net-

works. 

6. Coexistence of multiple hybrid networks 

In this section, we investigate the coexistence of multiple ho-

mogeneous and multiple heterogeneous networks in the same fre-

quency band. In this case, each network needs to not only consider

sharing the band with neighboring homogeneous networks but

also consider its coexistence with other heterogeneous networks.

Therefore, corresponding spectrum methods must be able to sat-

isfy both of the coexistence requirements. Most of these methods

do not rely on PHY/MAC techniques of coexisting networks. Some

examples and spectrum sharing methods are provided in Table 5 .

In the following, we discuss these coordinated and uncoordinated

spectrum sharing methods, respectively. 

6.1. Coordinated methods for hybrid networks 

Since hybrid coexisting networks can use different PHY/MAC

techniques, coordinated spectrum sharing methods usually achieve

better spectral usage efficiency. However, they also incur additional

coordination overhead. Below are some examples of coordinated

spectrum sharing methods. 
a) Coexist in the ISM band. In [155] , the authors study the co-

xistence between IEEE 802.15.4g smart utility networks (SUNs)

nd other homogeneous and heterogeneous networks in the ISM

and. SUNs are faced with complicated coexistence environment.

pecifically, each SUN not only coexists with other SUNs but also

hares the same band with other heterogeneous networks such

s IEEE 802.11 b/g/n and IEEE 802.15.1/3/4/4c/4d networks. Three

lternative physical (PHY) layer designs have been specified in

he 802.15.4g standard, namely multi-rate frequency shift keying,

he multi-rate orthogonal frequency division multiplexing and the

ulti-rate offset quadrature phase shift keying. 

A Multi-PHY Management (MPM) scheme is proposed in

155] to facilitate both homogeneous and heterogeneous spectrum

haring for SUNs. The MPM scheme is a control channel-based

ethod discussed in Section 3 . The coordination among multiple

UNs is realized through the use of a Common Signaling Mode

CSM) where the Network Coordinator (NC) of a currently oper-

ting SUN broadcasts Enhanced Beacons (EBs) periodically. NC of a

ewly started SUN first senses the channel to discover neighboring

etworks. If EBs are received, the NC knows that another SUN is

perating on the channel, and it either switches to another chan-

el or synchronizes with the operating SUN and waits until the

hannel becomes available. 

Coexistence between an SUN and other heterogeneous net-

orks is enabled through a so-called neighbor network capacity

cheme. In a beacon-enabled network, users request Guaranteed

ime Slot (GTS) from the NC to perform guaranteed transmission.

oreover, users from neighboring heterogeneous networks are also

llowed to request GTS from the NC. If there are still inactive inter-

als (unassigned GTS) in the SUN, the NC can allocate these inter-

als to users from the heterogeneous networks. One problem with

his method is that interaction between coexisting networks is not

tudied explicitly, and the coexistence solution is a simple heuris-

ic. 

A spectrum etiquette protocol is developed in [60] to enable

pectrum sharing among multiple different wireless networks such

s WLANs, Zigbee and Bluetooth networks. The fundamental idea

f the protocol is to use a common spectrum coordination chan-

el for coexisting networks to announce their transmission param-

ters. One remarkable advantage of this protocol is that it is “policy

eutral” in the sense that it provides a general mechanism, which

an accommodate a wide range of specific spectrum sharing rules.

wo potential spectrum sharing policies are discussed in this work,

amely priority-based and dynamic pricing-based policies. In the

rst policy, users contend for the same channel based on their data

ype. In the second policy, when the channel is congested, each

ser offers to pay a price for accessing spectrum resources, and

he winner of the auction proceeds to transmit. Although the au-

hors do not provide specific spectrum sharing rules, they provide

etails on practical protocol design (e.g., MAC layer details) as well

s proof-of-concept experiments to validate the proposed protocol.

b) Coexistence in the TVWS band. To coordinate spectrum shar-

ng among multiple diverse RF systems, a centralized manage-

ent framework seems more practical and efficient. For example,

 standard-independent coexistence framework was proposed in

EEE 802.19.1 [56] for the coexistence of heterogeneous secondary

etworks (SNs) in the TVWS band. Moreover, in addition to the

VWS band heterogeneous networks, the standard group is also

tudying supporting other networks operating in unlicensed bands

e.g., LTE-unlicensed and Wi-Fi) in its recent proposal [56] . Here

standard-independent” means that the coexistence mechanism is

ot affected by the PHY/MAC standards that SNs follow. 

As shown in Fig. 7 , in the IEEE 802.19.1 coexistence framework,

he coexistence manager (CM), coexistence discovery and informa-

ion server (CDIS), and coexistence enabler (CE) are the three basic
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Fig. 7. IEEE 802.19.1 coexistence enabling system. 
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ntities. CM makes coexistence-related decisions, including gener-

ting and providing corresponding coexistence requests/commands

nd control information to the CE. CE facilitates communications

etween CM and TV band devices. CDIS provides coexistence-

elated information to CM and is responsible for discovering CEs.

he advantage of this framework is the guarantee of reliable and

fficient coexistence of heterogeneous SNs. Given this infrastruc-

ure framework, more advanced spectrum sharing methods can

e developed such as the decision-making algorithm proposed in

157] . However, these solutions are expensive to implement since

hey require the construction of a large number of management

evices. Moreover, overhead and the latency of these methods can

e fairly high due to the large amount of information exchange re-

uired between coexisting networks and the three coexistence en-

ities, as well as information exchange among coexistence compo-

ents. 

The spectrum allocation algorithm developed in [166] can be

everaged by the IEEE 802.19.1 to allocate available TVWS channels

o many hybrid networks with different QoS requirements. In this

ork, the authors first characterize the theoretical time of a SU us-

ng the spectrum depending on its required QoS. Then, a spectrum

llocation algorithm for SUs with these different QoS demands

s developed considering the mutual interference among the SUs.

lthough the algorithm is dedicated to the sharing of spectrum

mong multiple SUs with different Qos demands, it can be incor-

orated in IEEE 802.19.1 to facilitate the coexistence of multiple

econdary networks, in which the coexisting secondary networks

ave different QoS requirements. 

A very similar infrastructure-based spectrum sharing frame-

ork is proposed in [159] , in which Authorized Geo-location

atabase (AGDB), Database of Spectrum Usage (DBSU), and Net-

ork Management Entity (NME) are used to enable the coexistence

f multiple networks operating in the TVWS band. Specifically, Ac-

ess Point (AP) of an SU first registers its spectrum usage at the

BSU. Before initiating its network, AP of a new SU network must

end its geo-location information to the AGDB. The AGDB identi-

es an available spectrum and returns SU transmission parameters

n order to meet the interference constraints at the PU receiver.

hen, the new AP provides NME with transmission parameters as

ell as the quality of transmission that its SU network can achieve.

y checking the DBSU, the NME discovers the first SU network in

he same spectrum. Subsequently, the NME generates a coexistence

olution and returns transmission parameters to the two APs. 

Another coordinated spectrum sharing framework is devised in

158] to facilitate the existence of multiple networks operating in

he TVWS band. The standard-independent framework enables the
xchange of coexistence-related information among coexisting net-

orks in two schemes: centralized (use control infrastructure) and

istributed (use control channel). Both schemes require the use of

ulti-radio cluster-head equipment (CHE) as a physical entity that

cquires coexistence-related information, identifies coexistence op- 

ortunities, and implements autonomous coexistence decisions. In

articular, the authors devise detailed flowcharts for both the two

chemes, which illustrates the explicit exchange of coexistence-

elated information. In the spectrum sharing decision block, dy-

amic frequency selection and transmit power control are two de-

ault spectrum sharing techniques. 

c) Others. Instead of accommodating a specific frequency band,

ome spectrum sharing methods have been proposed for general

oexistence scenarios. For example, in [162] , the authors consider

he problem of many incompatible wireless devices coexisting in

nlicensed bands. Instead of proposing a distinct MAC protocol for

ach type of application, the authors propose a family of param-

terized MAC protocols called WiFlex. Different from most works

nvestigated in this survey, the authors do not consider poten-

ial methods to facilitate spectrum sharing between commercially

vailable technologies such as IEEE 802.11, Zigbee and Bluetooth.

nstead, they aim to design a flexible common platform that si-

ultaneously supports the communication and coexistence of fu-

ure high-end and low-end devices. Since all coexisting devices

re assumed to use similar PHY/MAC techniques, the inter-network

pectrum sharing problem is converted to an intra-network multi-

hannel medium access control problem. 

The authors resolve the conventional multi-channel hidden-

ode problem and control-channel bottleneck problem using a

hree-phase asynchronous split phase protocol. Moreover, a control

hannel-based method is presented to ensure fairness. The method

akes advantage of an “overriding” mechanism, in which coexist-

ng devices cooperate to share the same frequency band based on

heir traffic demands and QoS requirements. Given its flexibility

nd efficiency in spectrum sharing, this paper is more appropriate

or intra-network medium access control instead of current inter-

ystem spectrum sharing since most RF systems are still using their

wn dedicated PHY/MAC techniques. 

Another control channel-based method is proposed in [163] to

nable spectrum sharing between two licensed networks (e.g.,

iMAX and cellular networks). The essential idea under this

ethod is the so-called “spectrum rental” which shares some sim-

larities with the CR technology. Each licensed network reserves

ome of its allocated channels for self-usage and opens the remain-

ng channels for rental in order to obtain extra profits. The num-

er of reserved channels depends on its regular traffic loads and

oS requirements. Similar to CR, each network still maintains own-

rship and first-access priority over the channels for rental. The

pectrum rental is implemented using a control channel, on which

oexisting licensed networks request/offer channels to each other. 

A spectrum load smoothing (SLS) approach is proposed in

164] to meet QoS requirements of coexisting devices. According

o this approach, devices try to achieve an equalized load level

y redistributing their allocations. More specifically, devices with

ess restrictive QoS requirements (e.g., less strict delay require-

ent) distribute their allocated slots to the end of an MAC frame,

hile devices with more restrictive QoS requirements place their

ransmissions at the beginning of the current MAC frame. This idea

omes from enhanced distributed controlled access scheme in IEEE

02.11e in which QoS provisioning for different applications is sup-

orted using different numbers of back-off slots. An important ad-

antage of SLS is that spectrum resources are allocated on a de-

and basis. 

Game theoretical models have been extensively used to facili-

ate spectrum sharing among multiple networks. An auction-based
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spectrum sharing method is proposed in [165] , subject to a con-

straint on the interference temperature at a measurement point.

Users access the channel using spread spectrum signaling, and thus

can cause interference to each other. Each user receives a certain

utility as a function of the received SINR. The authors propose

two auction mechanisms to allocate the received power. In the

first mechanism, users are charged for received SINR, which results

in a weighted max-min fair SINR allocation when combined with

logarithmic utilities. In the second mechanism, users are charged

for transmitting power, which can maximize the total utility when

bandwidth is large enough and the receivers are co-located. Both

auction mechanisms are proved to be socially optimal for a lim-

iting “large system” with co-located receivers, where bandwidth,

power, and the number of users are increased in fixed proportion.

Furthermore, the authors propose an iterative and distributed bid-

updating algorithm, and specify conditions under which this algo-

rithm converges globally to the Nash equilibrium of the auction. 

6.2. Uncoordinated methods for hybrid networks 

In this part, we consider the spectrum sharing methods that do

not require information exchange and specific coordination among

coexisting networks. Instead, each network tries to coexist with

others by observing activities on the channel and adjusting its own

spectrum access strategies. 

(a) Coexist in the ISM band. Although many uncoordinated spec-

trum sharing mechanisms have been proposed for the coexistence

of hybrid networks in the ISM band, most of them focus on ei-

ther the coexistence of two heterogeneous networks (e.g., WLAN

& WPAN and WLAN & Bluetooth networks discussed in Section 5 )

or coordinated methods discussed above. In contrast, only a few

works study uncoordinated methods to enable the coexistence of

multiple hybrid networks. For example, in [156] , a hybrid direct-

sequence (DS) and frequency-hopping (FH) spread spectrum sys-

tem with beamforming technique is proposed to enable spectrum

sharing in the ISM band. Firstly, the FH technique helps coexist-

ing networks avoid causing harmful interference to other networks.

Secondly, extra interference reduction can be achieved due to the

DS spreading gain. 

(b) Coexist in the TVWS band. In [160] , the authors propose an un-

coordinated spectrum sharing method for secondary networks op-

erating in the TVWS band. They show that if all transmitters use

the same power detection threshold and transmit power, coexis-

tence can be achieved in the sense that all active receivers within

a certain distance to the transmitters are guaranteed a minimum

SINR. More importantly, no information exchange is required in

the proposed power control rules, and yet all the coexisting net-

works can share the same band in a fair and efficient way. We can

see that this method is not practical for the coexistence of all net-

works in TVWS because of the aforementioned power-asymmetry

policy regulated by FCC. Specifically, fixed devices can use up to

4 W power while portable devices’ transmit power cannot exceed

100 mW . However, this method can apply to the coexistence of

networks with similar transmit power levels, e.g., a couple of high-

power networks, or several low-power networks. 

The problem of mitigating interference among multiple hetero-

geneous and independently operated secondary networks is in-

vestigated in [161] through optimal distributed channel selection.

More specifically, the TVWS channel selection process in an arbi-

trary secondary network is modeled by a decision process, where

reward is represented by data rate achievable on a channel and

cost is represented by communication overhead for assessing the

coexistence interference. Then, by assuming that interference on
he available TVWS channels is identically distributed, the chan-

el selection problem is converted from an NP-hard problem to a

olynomial-time problem. Finally, an optimal strategy is obtained

y solving the polynomial-time problem. Although this method re-

uires little information exchange, it does not apply to secondary

etworks without central nodes, e.g., vehicular networks. 

c) Others. In [77] , the authors propose a distributed spectrum

anagement architecture to deal with spectrum sharing among

ultiple RF systems (e.g., WiMAX and Wi-Fi), in which nodes share

pectrum resource by following several spectrum sharing rules.

his method belongs to the uncoordinated sharing rule-based

ethods discussed in Section 3 . The authors formulate the spec-

rum sharing problem as a constrained channel allocation problem.

ive spectrum rules are presented to regulate node behaviors with

he objective of maximizing spectrum utilization, which is defined

s a proportional fairness function. 

The fundamental idea behind the proposed rules is that every

oexisting network maintains at least a minimum number of op-

rating channels (i.e., the so-called “poverty line”) to guarantee its

ormal transmission, which eventually leads to fair spectrum shar-

ng among coexisting networks. As an example, in the coexistence

cenario studied in this paper where 40 WLAN and WiMAX ac-

ess points share 20 channels, the poverty line is between 1 and

0. If the number of available channels in a network is less than

he poverty line, the network is allowed to “grab” more channels

rom other neighboring networks. On the other hand, if the num-

er of available channels in the network is greater than its poverty

ine, this network releases some of the channels to neighboring

etworks. Moreover, two coexistence scenarios are considered in

he paper: conflict free channel assignment and contention-based

hannel assignment, for which distributed specific sharing rules

re proposed. 

Similarly, the authors of [13] concentrate on designing self-

nforcing rules to achieve efficient, fair, and incentive-compatible

pectrum sharing among multiple RF systems through both non-

ooperative static and dynamic games. In this context, “efficient”

eans that it is impossible to improve an individual system’s per-

ormance without violating other systems’ performance; “fair” de-

otes methods that optimize certain predefined fairness function;

nd “incentive-compatible” (or “self-enforcing”) means that no in-

ividual system has any incentive to deviate from the current re-

ource allocation (i.e., every self-enforcing protocol corresponds to

 Nash Equilibrium of a game). The authors first characterize the

chievable transmission rate region for the case where coexisting

ystems cooperate with each other, which serves as an upper bond

or non-cooperative scenarios. Then, the achievable rate region is

tudied for the non-cooperative scenarios through both static and

ynamic games. In particular, the authors consider potential selfish

ehaviors of certain coexisting system. A new game is formulated

o incorporate the selfish behaviors, and it is proved that this game

as an efficient and fair Nash Equilibrium for many fairness func-

ions. 

.3. Comparison between coordinated and uncoordinated methods 

In the previous two parts, we have reviewed various coordi-

ated and uncoordinated methods for the coexistence of hybrid

etworks, respectively. In addition to the pros and cons enumer-

ted in Table 2 , we continue to study more specific differences be-

ween these methods in terms of enabling coexistence of hybrid

etworks. 

From the above analysis, we can conclude that standard-

ndependent coordinated methods (e.g., [56,159] ) are more appro-

riate for the coexistence of hybrid networks. Firstly, the coexis-

ence of hybrid networks is a combination of homogeneous and
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eterogeneous coexistence discussed in Sections 4 and 5 . In other

ords, a network has to overcome potential interference from both

eighboring homogeneous networks and heterogeneous networks. 

herefore, neither simple MAC layer self-coexistence coordinated

ethods (e.g., [106,117–119,135] ) nor uncoordinated methods (e.g.,

156,160,161] ) can overcome interference from both sources. 

Due to their standard-independent property, coordinated meth-

ds like IEEE 802.19.1 [56] can easily eliminate mutual interfer-

nce among hybrid networks. The reason is that these methods are

ot affected by the PHY/MAC properties of coexisting networks. In-

tead, all the networks are treated equally as coexisting units seek-

ng for spectrum access. After collecting the requests from the hy-

rid networks, a central spectrum manager coordinates the trans-

issions of these units such that they would not cause harmful

nterference to each other. More importantly, since the standard-

ndependent methods use separate coexistence entities, they re-

uire few changes to the wireless standards used by coexisting hy-

rid networks, which saves a large amount of cost. 

. Coexistence of communication and non-communication 

ystems 

In this section, we consider vertical spectrum sharing be-

ween a communication system and a non-communication system.

pecifically, we study coexistence of radar systems and communi-

ation systems. The following reasons explain why we particularly

hoose radar-communication spectrum sharing as our main exam-

le for vertical spectrum sharing. Firstly, radar and communication

ystems jointly consume most of the highly desirable frequency

ands below 6 GHz, and both systems are faced with growing

pectrum congestion problem [4] . Hence, efficient spectrum shar-

ng methods can improve the capacities of both types of systems.

econdly, many studies have shown that the underutilized radar

pectrum can be used in communication systems to alleviate the

pectrum scarcity problem [185,186] . Thirdly, despite its great im-

ortance, the study of efficient and practical radar-communication

pectrum sharing mechanisms is still at a very early stage. 

Most of the existing works on the coexistence of radar and

ommunication systems focus on physical layer issues such as joint

aveform and OFDM modulation design [187–190] , [191] . Among

he few research projects targeting higher layers, SSPARC program

upported by DARPA targets the design of spectrum sharing mech-

nisms to improve radar and communication joint operational ca-

abilities [4] in the S-band (2 GHz–4 GHz). The SSPARC program

tarted in 2013 with the objective of supporting two types of

pectrum sharing: spectrum sharing between military radars and

ilitary communications systems (“military–military sharing”) and

pectrum sharing between military radars and commercial com-

unications systems (“military–commercial sharing”). The objec-

ive of the military/military sharing is to increase the capabil-

ties of both radar and communication systems simultaneously

n congested and contested spectral environments. The military–

ommercial sharing aims to preserve the radar capabilities while

eeting national and international demands for increased com-

ercial communications spectrum, without incurring the high cost

f relocating radar systems to new frequency bands. 

Next, we discuss coordinated and uncoordinated methods en-

bling the coexistence of a radar and a communication system. In

articular, a comparison of these methods is presented in Table 6 . 

.1. Coordinated methods for the coexistence of communication and 

on-communication systems 

In this part, we consider the case where coexisting radar and

ommunication systems are able to exchange a certain amount of

nformation for the coordination of spectrum access. 
• Location information-based coexistence schemes: One category 

of coordinated methods assume that radar and communica-

tion systems are able to exchange location information to en-

able better utilization of spectrum resources. For example, a

location-aware spectrum and power allocation scheme is pro-

posed in [167] for joint cognitive communication–radar net-

works. More specifically, location information of the communi-

cation system is used by the radar system for adjustable wave-

form design, target state estimation, and power allocation. In

contrast, location information of the radar system is used by

the communication system to identify spectrum holes more ac-

curately. Although it may not be possible to acquire location in-

formation from the radar systems in practice, this work show-

cases the benefits of such information exchange for both sys-

tems. 

• Interference cancellation-based coexistence schemes: The funda- 

mental idea under interference cancellation-based schemes is

that radars are allowed to demodulate interfering communica-

tion signals such that the radars are able to subtract these sig-

nals from the received signals [168–170] . For example, in [168] ,

two interference cancellation-based methods are presented (i.e.,

serial and selective interference cancellation). In the serial can-

cellation method, a cross-correlation function is used to distin-

guish reliable signals from interference signals. However, one

disadvantage of this method is that the amplitude attenuation

and phase rotation of the signals with the same time delay can-

not be distinguished through correlation. In contrast, the se-

lective cancellation method only identifies the strongest inter-

ference signal. Finally, experiment results show that the selec-

tive cancellation method is superior to the serial cancellation

method in terms of resulting radar dynamic range and process-

ing time. 

• Joint resource allocation: In systems where radar imaging and

communications are integrated into the same hardware [192–

194] , joint resource allocation schemes can leverage the inte-

gration such that the spectrum usage efficiency is maximized.

For example, the joint automotive radar and communication

(JARC) system is studied in [171] , in which radar imaging and

vehicular communications are performed through the same an-

tenna phase array in the 79 GHz mm wave band. In this work,

it is shown that exchange of radar imaging results between ve-

hicles through vehicle-to-vehicle communications can improve

the individual radar imaging accuracy. Moreover, a centralized

joint resource allocation framework is proposed where radar

imaging and vehicular communications share the same fre-

quency band in a TDMA manner. Specifically, using the radar

imaging accuracy in a pure automotive radar network as a

benchmark, the proposed resource allocation algorithm maxi-

mizes the left time (i.e., the communication time not dedicated

to the exchange of radar imaging results) for other vehicular

communications after the benchmark accuracy is achieved. 

.2. Uncoordinated methods for the coexistence of communication 

nd non-communication systems 

Compared with coordinated methods, uncoordinated methods 

re more practical for communication–radar coexistence because it

ay be impossible to require explicit cooperation from radars, es-

ecially for military radars. Similar to CR, in uncoordinated meth-

ds, communication systems are required to sense radar signals,

nd access the spectrum on the condition that they would not

ause harmful interference to radar systems. For example, a coop-

rative sensing algorithm is proposed in [195] to facilitate radar–

ommunication coexistence. The proposed sensing algorithm is

ble to increase detection range, improve detection probability, and

ave lower complexity than single terminal sensing. 
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Table 6 

Spectrum sharing methods for communication–radar coexistence. 

Methods Coordination Examples Pros Cons 

Location-based 

methods 

Coordinated [167] High spatial spectrum usage efficiency, no mutual 

interference, fair spectrum sharing 

Exchange of sensitive location information, 

signaling overhead 

Interference 

cancellation methods 

Coordinated [168–170] Normal radar and communication activities not 

affected, no coordination operations in 

communication systems, 

Sharing of parameters in the communication 

systems, radar systems need to adjust their 

activities, signaling overhead 

Joint resource 

allocation 

Coordinated [171] Optimal spectrum utilization, higher radar imaging 

accuracy, radar imaging helps vehicles identify 

neighbors and establish links 

Signaling overhead due to the use of centralized 

control framework 

Cognitive radio Uncoordinated [172,173] Protection of radar systems, high spectrum reuse 

efficiency, no information exchange 

Sensing overhead in the communication systems, 

risk of collision with radar activities 

Resource allocation Uncoordinated [174,175] Optimal spectrum usage efficiency, no information 

exchange 

Spectrum sensing overhead, possible computing 

power requirement, sensing errors 

Null space projection Uncoordinated [176–180] No mutual interference, communication activities 

are not affected 

Radar systems adjust their activities, 

pre-knowledge of communication system 

Waveform design-based 

methods 

Uncoordinated [181–184] Few coordination operations in communication 

systems, high spatial spectral efficiency 

Significant changes to radar systems, 

pre-knowledge of communication system 
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7.2.1. Cognitive radio-based coexistence schemes 

One straightforward generalization of the radar–communication

coexistence is the PU–SU coexistence defined for the CR technol-

ogy. Hence, most CR techniques can be converted to facilitate the

coexistence of radar and communication systems. In [172] , the au-

thors consider opportunistic primary–secondary spectrum sharing

when the primary user is a rotating radar. A secondary device is

allowed to transmit when its resulting interference will not exceed

tolerable interference level of the radar, in contrast to current ap-

proaches that prohibit secondary transmissions if radar signals are

detected at any time. 

They consider the case where an OFDMA-based secondary sys-

tem operates in non-contiguous cells, which might occur with a

broadband hot-spot service, or a cellular system sharing spectrum

with a radar system. It is shown that even when an SU is fairly

close to a radar, it can still achieve a satisfying communication

throughput, albeit with some fluctuations and interruptions as the

radar rotates. For example, at 27 percent of the distance at which

secondary transmissions will not affect the performance of the

radar, the achievable throughput of the SU in down-links and up-

links are around 100 percent and 63 percent respectively of what

can be achieved in a dedicated spectrum. Moreover, the authors

show that a lot of secondary transmissions are still possible even

at different values of key system parameters, such as cell radius,

transmit power, tolerable interference level, and radar rotating pe-

riod. By evaluating a quality of service, it is shown that spectrum

shared with radar systems could be used efficiently for communi-

cation applications, such as non-interactive video, peer-to-peer file

sharing, file transfers, automatic meter reading, and web browsing,

but not for delay-sensitive applications such as real-time transfers

of small files and VoIP. 

A similar scheme is proposed in [173] . The authors propose a

novel integrated approach for CR environment with radar signals

as PUs. The approach consists of a spectrum sensing technique for

radar signals through a Wigner–Hough transformation process, and

a dynamic spectrum allocation scheme using multi-objective ge-

netic algorithm. The Wigner–Hough transformation denotes Hough

transform of the Wigner–Ville distribution of the signals used on

the analysis of multi-component linear-frequency modulation sig-

nals, which has been shown to be asymptotically efficient and of-

fers a good rejection capability of the cross terms [196] . The ob-

jective is to minimize the interference to radars when they are

operating and maximize the spectral efficiency when a radar sig-

nal is not detected. In addition, the power consumption of SUs is

also considered. For validation, existing methods for the coexis-

tence of a communication system with a radar system are com-

pared in terms of throughput. 
m  
.2.2. Resource allocation-based coexistence schemes 

An even more general idea is to enable the radar–

ommunication coexistence via resource allocation within the

ommunication system, e.g., maximizing spectrum efficiency

ubject to interference constraint on the radar system. In [174] ,

he feasibility of sharing spectrum between cellular systems and

tationary radars is studied. This approach allocates resources

o mobile devices such that the QoS requirements of mobile

pplications are met. The rate allocation problem is formulated

s two convex optimization problems, where the radar-interfering

ector assignments are extracted from the portion of the spectrum

on-overlapping with the radar operating frequency. Another

esource allocation algorithm with carrier aggregation is proposed

n [175] to facilitate coexistence of LTE Advanced cellular systems

nd S-band radar systems. In particular, the proposed algorithm

ives priority to users with inelastic traffic. 

.2.3. Null space projection-based coexistence schemes 

The basic idea under one category of uncoordinated methods

s to project the radar signals to the null space of the commu-

ication system. Such methods are also termed “spatial spectrum

haring” [176] . In [177] , the authors consider spectrum sharing be-

ween a communication system and an MIMO radar system. They

rst derive a zero-forcing pre-coder to eliminate radar interfer-

nce at communication receivers. Then they show that this pre-

oder is equivalent to orthogonal projection matrix onto the null

pace of an effective interf erence channel, and choice of pre-coder

ill degrade target direction estimation performance of the radar.

urthermore, they point out that the radar performance can be

mproved at the cost of non-zero interference at communication

eceivers, by projecting the radar signal onto null space of the

ommunication system. Finally, two approaches are proposed to

moothly expand the projected subspace and study the trade-off

etween radar performance and interference at the communication

sers. 

A blind null-space learning scheme is proposed in [178] for the

patial coexistence of an MIMO communication system and a radar

ystem. One significant difference is that this scheme requires pri-

ary users (i.e., radars) to adjust their power such that their trans-

it power level is a monotonic function of the interference from

y the communication system. In [176] , a coexistence of maritime

adar with a communication system is considered. In this work,

he interference channel between the radar and communication

ystem is assumed to be time-varying due to many factors like

he motion of the ship. More specifically, the uncertainty of the

nterference-channel-state-information (ICSI) is modeled using the

atrix perturbation theory. The authors study the impact of per-
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urbed ICSI on the null space projection algorithm as well as the

adar performance. Other similar schemes have been proposed in

179,180] to facilitate the coexistence of a radar system and an LTE

ellular system. 

.2.4. Waveform design-based methods 

Apart from the null-space projection-based methods, several

ther waveform design-based methods have been proposed in the

iterature, e.g., [181–184] . In [181] , an information theoretic wave-

orm design algorithm is proposed for multiple-input–multiple-

utput radars to support coexistence with a communication sys-

em. Additionally, a combined mutual information criterion for

he joint waveform and power spectrum design is developed in

182] to optimize the performance of the radar and communica-

ions systems. The performance is evaluated in terms of the mini-

um separation distance between the two coexisting systems, un-

er the constraint that SINR requirements in both systems must be

atisfied. As a result, large performance gains close to 3.5 dB in the

ommunication system and 1 dB in the radar system are observed

ompared to the scenario where the waveform with equal power

llocation across the frequency bandwidth is used. 

Similarly, in [183] , the authors study the synthesis of optimized

adar waveforms while ensuring spectral compatibility with the

verlaid electromagnetic radiators. In this work, cognition provided

y a radio environmental map is exploited so as to induce dynamic

pectral constraints on the design of radar waveform. A waveform

ptimization is proposed aiming at improving some radar perfor-

ances. The original problem is relaxed into a convex optimization

roblem, and an algorithm is proposed with polynomial computa-

ional complexity. Moreover, waveform performance is also studied

n terms of trade-off among the achievable signal to interference

lus noise ratio, spectral shape, and the resulting auto correlation

unction. 

Another joint communication–radar waveform design approach

s proposed in [184] to achieve high-accuracy radar imaging while

aintaining high throughput communications. In this paper, the

ltra-wide-band (UWB) is chosen to support joint communication–

adar waveform design due to its high spatial resolution and im-

unity to multi-path fading. First, a novel cognitive radar probing

trategy is developed to minimize mutual information (defined in

nformation theory) between successive backscatter UWB pulses.

hen, a pulse position modulation-based waveform design is pro-

osed to integrate radar and communication signals. 

.3. Comparison between coordinated and uncoordinated methods 

In the previous two sections, we have discussed various coor-

inated and uncoordinated methods for the coexistence of com-

unication and radar systems, respectively. In addition to the pros

nd cons enumerated in Table 2 , we continue to study more spe-

ific differences between these methods in terms of enabling coex-

stence of radar and communication systems. 

From the above analysis and the comparison in Table 6 , we

an conclude that CR technology is the most appropriate method

or the coexistence of radar and communication systems. The first

eason is that CR technology does not require sharing of radar-

elated information or changes to the radar systems. Instead, com-

unication systems can discover spectrum holes in the radar sys-

ems through harmless spectrum sensing. The second reason is

hat spectrum sharing between a radar and a communication sys-

em usually happens in the radar frequency (e.g., [4,172,173] ). In

ther words, the communication system wants to reuse the fre-

uency band to improve its communication performance as well

s the spectrum usage efficiency. Therefore, as the licensed users

f the radar frequency bands, the radar systems should have dom-

nant access priority of that band. 
. Open research problems 

In this section, we discuss open research problems in existing

pectrum sharing methods. Although some of the problems have

een studied in the literature for various applications (e.g., energy

aving and QoS provision), their application on enabling coexis-

ence of RF systems has not been studied in depth. Moreover, we

ill not discuss the open problems that have been identified and

xtensively studied in traditional RF systems such as synchroniza-

ion among heterogeneous RF systems, communication overhead

n coordinated methods, distributed power control, channel quality

haracterization, and dynamic channel selection etc. Instead, our

iscussion is focused on the most fundamental and major open re-

earch problems in the context of coexistence of multiple RF sys-

ems. In the following, we investigate open research problems in

oordinated and uncoordinated spectrum sharing methods, respec-

ively. 

.1. Open research problems in coordinated methods 

In coordinated spectrum sharing methods, the first step is usu-

lly to exchange spectrum usage information among coexisting RF

ystems or collect the information at a control entity. Then, spec-

rum sharing decisions are made based on the shared information.

ence, in the following, we discuss open research problems on in-

ormation exchange and decision-making, respectively. 

.1.1. Information exchange protocols in control channel-based 

ethods 

In the control channel-based methods, neighboring RF systems

xchange channel usage information on a common control channel

either in-band or out-of-band). However, it is still an open issue

or potentially heterogeneous RF systems to explicitly exchange in-

ormation on the common control channel. More specifically, since

oexisting RF systems can use different radios and PHY/MAC tech-

iques, it is still unresolved how they can explicitly exchange in-

ormation on the same channel. For example, the CSMA/CA mech-

nism is used in WLANs while OFDMA is used in WRANs in the

AC layer. Hence, when a WLAN and a WRAN share the same fre-

uency band, they cannot communicate on the common control

hannel without changing MAC layer protocols. Therefore, in ad-

ition to their own MAC protocols, a separate MAC protocol (e.g.,

DMA) may need to be developed for coexisting RF systems such

hat they are able to communicate on the control channel. 

Another potential issue on the information exchange is that the

ontrol channel can become fairly congested when a large number

f neighboring RF systems operate in the same band. For example,

hen multiple cellular networks, WLANs, IEEE 802.11af networks,

nd WRANs share the same frequency band, and there is only one

ontrol channel, the control channel can become congested easily.

herefore, efficient protocols need to be developed to facilitate the

nformation exchange among heterogeneous RF systems and ad-

ress the potential congestion issue on the control channel. Sim-

lar to the IEEE 802.19.1 standard managing spectrum sharing us-

ng infrastructure, corresponding protocols need to be developed

o regulate the use of the control channel. 

.1.2. Formulation of coexistence problems 

Given the shared information, the control entity (in

nfrastructure-based methods) or coexisting RF systems (in control

hannel-based methods) need to make spectrum sharing decisions,

hich depends on the formulation of the coexistence problem. It is

lmost impossible to formulate a general problem that could apply

o all coexistence scenarios. Therefore, a coordinated method must

ake into consideration properties of coexisting RF systems, find

 system-wide objective function as well as related constraints,
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develop practical spectrum sharing protocols or strategies, and

eventually implement the developed protocols or strategies in real

coexistence systems. The coexistence problem can be formulated

in any combination of time, frequency, space and code domains,

and the problem becomes more complicated when other factors

like PHY/MAC properties, QoS requirements, and mobility are

considered. 

It is still an open issue in many coexistence scenarios to for-

mulate and solve the spectrum sharing problems. For example,

although the IEEE 802.19.1 standard has developed a centralized

spectrum sharing framework to enable the coexistence of hetero-

geneous RF systems in the TVWS band, it does not include spe-

cific spectrum sharing algorithms. Hence, it is still an open issue to

formulate the centralized spectrum sharing problem in the TVWS

band. To formulate the problem, the control entity needs to first

collect various information from coexisting networks such as net-

work type, size, traffic type, and QoS requirements. Then, a spec-

trum sharing problem can be formulated with an objective func-

tion chosen by the control entity subject to all related constraints.

Since the objective function can be chosen dynamically by the con-

trol entity, many coexistence goals can be achieved, e.g., spectrum

usage efficiency and fairness among coexisting RF systems. Finally,

as discussed in Section 3 , optimization theory, game theory, and

other mathematical tools can be used to solve the formulated co-

existence problem. 

8.2. Open research problems in uncoordinated methods 

In uncoordinated methods, an RF system first monitors spec-

trum usage information in its neighboring RF systems. Then, it

makes spectrum sharing decisions based on the monitored infor-

mation. Hence, in the following, we discuss open research prob-

lems on information monitoring and decision making, respectively.

8.2.1. Identify neighboring RF systems 

In cognitive radio techniques, spectrum sensing is often used

by secondary users to identify primary user activities [197] . Many

spectrum sensing techniques have been developed to fulfill the

goal, such as energy-based sensing, cyclo-stationary feature-based

sensing, compressed sensing, pilot sensing, waveform-based sens-

ing, and radio identification-based sensing [39] . Similarly, in un-

coordinated methods, an RF system must be able to identify its

neighboring RF systems such that it can devise corresponding

spectrum sharing strategies. In cognitive radio techniques, sec-

ondary users only need to identify the existence of primary user

activities. However, in uncoordinated methods, an RF system can

share the same frequency band with multiple hybrid RF systems

with the same or different channel access priorities. Hence, it must

be able to not only detect the existence of the neighboring systems

but also specifically distinguish them. 

Despite its importance, it is still an open issue to distinguish

neighboring RF systems in many coexistence scenarios. For exam-

ple, when a WLAN shares the TVWS band with IEEE 802.11af and

IEEE 802.22 networks, it must be able to identify the interference

signals from these networks such that it can develop correspond-

ing spectrum sharing schemes. In this case, simple energy-based

spectrum sensing techniques cannot fulfill the precise identifica-

tion of various RF systems. Therefore, more advanced PHY and

MAC layer methods must be developed to accomplish this goal.

For instance, in addition to the aforementioned spectrum sens-

ing techniques, machine learning [31] and reinforcement learning-

based techniques [79] can also be used to identify neighboring RF

systems. 
.2.2. Fairness among coexisting RF systems 

In uncoordinated methods, due to lack of coordination, coex-

sting RF systems tend to maximize their own utilities by self-

shly dominating usage of the shared spectrum sharing resources.

owever, these selfish behaviors can lead to serious unfairness is-

ues. For example, when a cognitive vehicular network and an IEEE

02.22 network share the same TVWS channel, although they have

he same priority to access the channel, IEEE 802.22 devices are

llowed to use significantly higher transmit power than vehicu-

ar communication devices [154] . Hence, if the IEEE 802.22 de-

ices take advantage of their high transmit power and selfishly oc-

upy the shared channel all the time, the vehicular devices will

ot be able to use the channel. Moreover, if the vehicular de-

ices also behave selfishly by keeping transmitting with their max-

mum power, they can also cause harmful interference to neighbor-

ng IEEE 802.22 devices. Therefore, behaving selfishly can result in

buse of the shared spectrum, and degrade the spectrum usage ef-

ciency in all coexisting RF systems. 

One potential approach to addressing the unfairness issue is

o regulate spectrum sharing using predetermined etiquette. More

pecifically, every RF system must agree to leave some spectrum

esources to other neighboring RF systems. However, it is still an

pen issue how many spectrum resources should be left to other

eighboring RF systems. Moreover, the etiquette can lead to waste

f the shared spectrum due to lack of information exchange and

oordination among the coexisting RF systems. In our example,

lthough the IEEE 802.22 devices have left some channels to ve-

icular devices, the vehicular devices may have no data to trans-

it, which results in a waste of the channels. Therefore, more ef-

cient spectrum sharing etiquette should be developed to balance

he tradeoff between spectrum usage fairness and efficiency. 

.2.3. Development of sharing rule-based methods 

As discussed in Section 3 , in a sharing rule-based method, the

pectrum sharing problem is first formulated as an uncoordinated

pectrum utilization problem with an objective function and multi-

le system constraints. Then, optimal or sub-optimal solutions can

e obtained by solving these problems, which can be further repre-

ented by specific uncoordinated spectrum sharing rules. However,

he development of such sharing rule-based methods is faced with

wo significant challenges. The first challenge is the accurate for-

ulation of uncoordinated coexistence problems, and the second

hallenge is the development of efficient algorithms that must not

nly solve the coexistence problem, but also obtain specific sharing

ules. Due to these challenges, only a few sharing rule-based meth-

ds have been proposed in the literature, e.g., [29,77,78] . Therefore,

ore effort s are needed to develop sharing rule-based methods to

acilitate the coexistence of multiple RF systems. 

. Conclusions 

In this paper, we investigated techniques and methods in the

iterature to facilitate spectrum sharing among multiple RF sys-

ems. Firstly, we classify existing coexistence scenarios, and explic-

tly compare our survey with existing books and survey papers

n spectrum sharing in Section 2 . Secondly, we investigate exist-

ng spectrum sharing methods as well as mathematical tools used

n these methods in Section 3 . Then, for horizontal coexistence

cenarios, we discuss the coexistence of homogeneous, heteroge-

eous and multiple hybrid networks in Sections 4 –6 , respectively.

n particular, we provide specific coexistence examples and ana-

yze spectrum sharing methods used in these examples in depth.

or vertical spectrum sharing, we particularly study the radar–

ommunication coexistence in Section 7 . Finally, we investigate

pen research issues on existing spectrum sharing methods and try

o provide insights to resolving these issues in Section 8 . 
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