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Introduction

1 Long Term Evolution Over Unlicensed Band (U-LTE)

The phenomenal increase in mobile subscribers and the rich multimedia applications
lead to an unprecedented demand for broadband access in next generation wireless
networks. It is expected that the next generation of 5G networks will support many
new killer applications, such as 4K Ultra High Definition (UHD) video streaming,
virtual reality based applications, and massive Internet of Things (IoT). UHD TV
requires a bandwidth on the order of tens of megabits per second, and is replacing
cable and satellite TV nowadays. Virtual reality based applications are emerging
as an integral part of the workplace, education, healthcare and entertainment.
Moreover, billions of IoT devices such as wearable electronics, household devices
and sensors, pave the way for smart homes and cities, changing the way people
lives. It is not surprising that Cisco predicts that the global mobile data traffic will
increase seven folds by 2021, reaching 49 exabytes per month, with 78% of which
being video traffic [1].

To fulfill the unprecedented demand and provision Quality of Service (QoS)
for high densities of mobile users, wireless service providers aim to develop
advanced solutions to further augment network capacity at the minimum cost.
It is well recognized that dense deployment of a multi-tier heterogeneous net-
work (HetNet), including macro-cell, micro-cell, pico-cell, and femto-cell, is a
desirable and feasible solution for increasing the spatial network capacity and
QoS provisioning of 5G networks, by exploiting enhanced inter-cell interference
coordination (eICIC) techniques. Generally, small cell technology allows energy
efficient communications over a shorter distance with a lower power consumption,
compared with conventional communications in macro-cells. Besides licensed small
cells, Wi-Fi operating over the unlicensed band is also considered as an alternative
small cell solution for traffic offloading from the licensed band to the unlicensed
band in Long Term Evolution (LTE). Due to the different access technologies
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2 Introduction

in the unlicensed band, it is hard to coordinate the transmissions in Wi-Fi and
cellular networks. Thus, Wi-Fi is usually loosely coupled in LTE HetNets to provide
complementary capacity. Recently, the Federal Communication Committee (FCC)
opened extra sub-bands in the 60 GHz band for unlicensed use, which opens a door
for a new research activity in the 3rd Generation Partnership Project (3GPP) [2],
to exploit the unlicensed spectrum bands along with the existing licensed band to
provide enhanced capacity in LTE networks, based on the existing LTE network
architecture [3–5]. Unlicensed LTE (U-LTE) is considered as a promising solution
to provide high user performance and seamless user experience under a unified radio
technology by extending LTE to the readily available unlicensed spectrum.

2 Research Challenges

Extending LTE to unlicensed bands is by no means a simple task, due to the
different characteristics of the licensed and unlicensed bands. LTE was originally
designed to operate on licensed spectrum bands, which are exclusively used by the
owner operator. The main objective of LTE operators is to maximize the spectral
utilization efficiency of the expensive licensed band to provision seamless mobile
services with guaranteed QoS to mobile users [6]. To achieve this goal, LTE adopts
centralized Radio Resource Management (RRM) in multi-tiered heterogeneous
networks (HetNets), comprising different types of network cells [7–12] to manage
the interference among licensed users. However, unlicensed spectrum is usually
shared by various unlicensed systems of different access technologies, given that the
FCC transmission regulations are met. For example, the ISM (Industrial, Scientific
and Medical) band in the 2.4 GHz is shared by various devices including IEEE
802.11 Wi-Fi, IEEE 802.15.1 Bluetooth, IEEE 802.15.4 Zigbee, and cordless
phones for a variety of applications, such as wireless internet access, manufacturer
monitoring and automation, and telemedication. Compared with the congested
2.4 GHz band, the relatively under-utilized 5 GHz U-NII (Unlicensed National
Information Infrastructure) unlicensed band is mainly used for indoor Wi-Fi net-
works, and also attracts the attention of various wireless internet service providers.
Therefore, the foremost issue in unlicensed systems is to allow various unlicensed
users to efficiently and friendly coexist with each other without causing severe
interference [13, 14]. Due to the difficulty in finding a common central controller for
different unlicensed systems, unlicensed users are usually distributively coordinated
to access the unlicensed spectrum, and there is no QoS guarantee in the unlicensed
band. In addition, the stringent FCC regulations limits the transmit power of
unlicensed users so that unlicensed users can only communicate over a limited
distance in a local area, while licensed LTE is not subject to such FCC regulations
and can provide seamless broadband services to mobile users in a wide area. As an
unlicensed system integrated in the licensed LTE, U-LTE should not only comply
with unlicensed regulations and distributively coordinate with other unlicensed
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systems, but should also be tightly coupled with the centralized LTE to provide
seamless broadband services to mobile users with guaranteed QoS.

U-LTE should be integrated into the unified LTE network architecture and use the
same network access technologies of the conventional LTE for service provisioning.
That is, U-LTE will use the same core network, follow the same authentication,
security and management procedures, and be well synchronized with the licensed
LTE for integrated services. Similar to other unlicensed networks, U-LTE is also
subject to the FCC regulations and thus is more suitable for small network cells.
However, RRM for U-LTE small cells faces many new great challenges that beckons
for further research:

1. The first challenge is efficient spectrum sharing and harmonious co-existence
of U-LTE with various unlicensed systems, especially the widely deployed Wi-
Fi network and U-LTE small cells of other operators. Harmonious co-existence
means no unlicensed system will dominate or starve any other unlicensed system.
As an integral part of LTE, U-LTE is inherently well synchronized for transmis-
sions, while other unlicensed users such as Wi-Fi users may adopt asynchronous
channel access. How to allow synchronous U-LTE to autonomously coordinate
with various unlicensed systems with no or different time synchronization
to achieve adaptive, efficient and fair spectrum sharing is an interesting yet
challenging issue.

2. The second challenge is distributed coordination in U-LTE. Like LTE, U-LTE
is also a multi-carrier system that exploits all available unlicensed bands for
high data rate services. Unlike conventional LTE that adopts centralized RRM
schemes, U-LTE requires distributed RRM schemes to coordinate multiple
unlicensed users to transmit over multiple unlicensed channels, based on the
performance guarantee of other unlicensed systems. Due to the lack of a
common central controller for different U-LTE and other unlicensed systems,
it is critical to characterize different access technologies in different channels in
the distributed RRM to ensure efficient resource utilization and spectrum sharing
of multiple unlicensed networks.

3. The third challenge is efficient carrier aggregation of U-LTE. Generally, the
existing LTE carrier aggregation (CA) technologies cannot be simply applied to
aggregate unlicensed spectrum bands for centralized radio resource scheduling,
because the existing CA assumes the exclusive usage of the licensed bands
without considering the interference from co-existed unlicensed users. Compared
with interference from the licensed users belonging to the same operator,
interference from unlicensed users are more random and cannot be managed
and predicted. How to appropriately manage the radio resources and offload
the traffic into U-LTE HetNets to achieve better integrated services need to be
investigated.
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3 Resource Allocation in U-LTE HetNets

In this book, we systematically study radio resource allocation for U-LTE HetNets.
The first research issue we target is efficient radio access management of U-LTE.
We examine various coexistence schemes of U-LTE with other systems over the
unlicensed band. Specifically, we study the existing coexistence technologies and
develop analytical models to analyze their performance. Based on the analysis, we
identify the key performance issues of these technologies with respect to fairness
and protocol overheads. To address these issues, we then propose an adaptive
coexistence scheme to achieve a better and more harmonious coexistence. The
proposed coexistence scheme is further analyzed and the protocol parameters are
fine tuned to achieve the best coexistence performance among unlicensed systems.
System-level simulations are also carried out to evaluate and verify the performance
of various coexistence schemes.

Spectrum sharing plays a critical role in achieving high spectrum utilization
among unlicensed users. We then investigate spectrum sharing strategies in the
U-LTE HetNets, considering the scenarios where multiple wireless service oper-
ators coexist simultaneously in the unlicensed spectrum. Due to the autonomous
behaviors of each wireless service operator, game theory is put forward to analyze
resource allocation strategies of each wireless service operator in a distributive
fashion. In order to guarantee the performance of other unlicensed systems, transmit
power of each wireless service operator in the unlicensed spectrum is restricted
according to the behaviors of other unlicensed systems. As the transmit power of one
wireless service operator can affect the utilities of other wireless service operators,
competition among multiple wireless service operators is analyzed. By predicting
the corresponding reactions of other operators, the optimal strategy of each wireless
service operator is proposed and the Nash equilibrium solution is achieved.

As there are multiple unlicensed bands available to the U-LTE HetNets with
various interference from other unlicensed systems, we further analyze the spectrum
matching strategies among U-LTE HetNets and Wi-Fi systems for stable and
optimal solutions. Due to various spectrum allocations in Wi-Fi system, in order
to guarantee the performance of Wi-Fi users and improve the performance of all U-
LTE HetNet users, the interaction between LTE and Wi-Fi users, is modeled as the
stable marriage (SM) game in matching theory. Based on different preferences of
U-LTE HetNet users and Wi-Fi users on different unlicensed bands, how to perform
the coupling between U-LTE HetNet users and Wi-Fi users on different unlicensed
band is analyzed.

In addition, from the perspective of each wireless service operator in U-LTE
HetNet, how to beneficially manage the traffic offloading from the licensed bands
to the unlicensed bands remains a significant issue. Due to spectrum sharing among
all service operators and other unlicensed systems in the unlicensed spectrum, it
is significant for each service operator to predict the behaviors of its users and the
resource allocation strategies of other service operators before making decisions to
optimize its own performance. Accordingly, a multi-operator multi-user Stackelberg
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game is proposed, where all wireless service operators act as leaders and all users
act as followers. Considering both competitive and coordinative behaviors of all
wireless service operators, spectrum allocation and power control strategies are
achieved with optimal and equilibrium solutions.

4 Outline

The outline of this book is as follows. In chapter “Radio Access Management of U-
LTE”, we first investigate existing coexistence technologies in U-LTE, and propose
a new coexistence mechanism to achieve harmonious coexistence of U-LTE and
Wi-Fi. In chapter “Game Theory Based Spectrum Sharing”, considering multiple
wireless service operators in the unlicensed spectrum, we propose game theory
based spectrum sharing strategies. For the optimal coexistence between U-LTE
and Wi-Fi systems in all unlicensed spectrum, in chapter “Spectrum Matching in
Unlicensed Band with User Mobility”, we propose a spectrum matching for U-LTE
users and Wi-Fi users with user mobility. Spectrum management and allocation for
each wireless service operator when its congested data traffic is offloaded from the
licensed spectrum to the unlicensed spectrum are investigated in chapter “Traffic
Offloading from Licensed Band to Unlicensed Band”. Finally, we conclude our
book in chapter “Conclusions and Future Works” and discuss some promising future
development directions.
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Radio Access Management of U-LTE

1 Introduction

5G is expected to support new killer applications such as 4K Ultra High Definition
(UHD) video streaming, virtual reality based applications, Internet of Things (IoT)
and wireless sensor networks. UHD TV, which requires a bandwidth on the order of
tens of megabits per second, is replacing cable and satellite TV nowadays. Virtual
reality based applications may pave the way to become an integral part of the
workplace, education, healthcare, engineering and architecture; transforming life
as we know it. Billions of IoT devices such as wearable devices, cameras, cars,
household devices, sensor networks, just to name a few, will be added over the next
5 years. That said, it is not surprising that the global mobile data traffic is expected
to increase sevenfolds by 2021, reaching 49 exabytes per month, with 78% of which
being video traffic [1]. To keep up with this massive demand on wireless broadband
multimedia services, 5G should therefore significantly outperform 4G in terms of
bandwidth, user throughput, coverage and latency.

Two main solutions have been recognized to improve the user throughput
of wireless cellular networks: cell densification and opportunistic operation over
the unlicensed spectrum. Dense deployment of heterogeneous networks (HetNets)
improves spectral efficiency through frequency reuse, and generally may allow
for more Line Of Sight (LOS) communication links with users. With LOS links,
energy efficient communications can be achieved, i.e., high data rate service at a
low transmission power. U-LTE, which is the main focus of this book, is another
promising solution that boosts data rates through Carrier Aggregation (CA), and
achieves high spectral efficiency, due to the synchronous, scheduling-based, channel
access nature of LTE [2].

LTE Frame Structure In order to maintain synchronization and schedule channel
access for different types of information and users, LTE has defined two main
frame structures for its air interface, type 1, which is applicable to Frequency
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8 Radio Access Management of U-LTE

Fig. 1 Type 1 frame structure

Division Duplex (FDD) LTE mode, and type 2, which is applicable to Time Division
Duplex (TDD) LTE mode [3–5]. Type 1 frames have an overall duration of 10 ms,
divided into 10 subframes of 1 ms each. Each subframe is further divided into two
0.5 ms slots, slot 1 and slot 2, as shown in Fig. 1. Each slot contains six or seven
Orthogonal Frequency Division Multiplexing (OFDM) symbols,1 and 12 subcarriers
per symbol. Each 1 subcarrier � 1 symbol, is called a Resource Element (RE), and
each 12 subcarriers over the duration of 1 slot form a Physical Resource Block
(PRB), which is the unit for radio resource allocation in LTE. A group of PRBs
with a common modulation and coding scheme (MCS) forms a transport block. The
number of concurrent PRBs in a transport block depends on the bandwidth option
of LTE, which may be 1:4; 3; 5; 10; 15 or 20 MHz. Therefore, multiple users can
be serviced within one transport block. Such composition facilitate synchronization
and resource allocation. Uplink and downlink transmissions are separated in the
frequency domain in type 1 frames.

In type 2 LTE TDD mode, each 10 ms frame is divided into two half-frames
of 5 ms each. Each half-frame consists of four 1 ms standard subframes, and one
special subframe of 1 ms for synchronization and control information, as shown
in Fig. 2. Each standard subframe is further divided into two 0.5 ms slots. The
recurrence of the special subframe defines the switch-point periodicity, which can
be either 5 or 10 ms. In case of 5 ms switch-point periodicity, the special subframe
exists in both half-frames, whereas in the case of 10 ms switch-point periodicity,
the special subframe exists in the first half-frame only. Different configurations are
defined in the standard for uplink and downlink allocation of standard subframes [3].

1The number of OFDM symbols in a slot depends on the length of the cyclic prefix (CP).
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Fig. 2 Type 2 frame structure (5 ms switch-point periodicity)

U-LTE Modes of Operation Depending on the availability of a licensed carrier
and unlicensed supplementary links, three modes of operation for U-LTE can be
identified [6]:

• Supplemental Downlink (SDL). In SDL, the licensed carrier serves as the
anchor carrier, carrying control plane and QoS user plane traffic. The unlicensed
carrier is opportunistically aggregated when available, for high data rate down-
link transmissions over a wider bandwidth. Since the control plane is reliably
carried over the licensed carrier, SDL provides a secure, reliable communication
with seamless mobility.

• CA time division U-LTE. Similar to SDL, the control plane and QoS user plane
traffic are carried over the licensed spectrum. However, the unlicensed spectrum
is used as a Time Division Duplex (TDD) channel when available, to carry both
downlink and uplink user plane traffic.

• Standalone U-LTE. In standalone U-LTE, no licensed carrier is available to
serve as an anchor, and both control and user plane traffic are carried over the
unlicensed spectrum. Standalone U-LTE exploits the synchronous MAC of LTE
and its physical layer to outperform Wi-Fi in terms of the spectral efficiency, data
rates and coverage. It is worth to mention that the MulteFire Alliance is in the
process of standardizing standalone U-LTE operation [7].

In all of the previous modes, LTE operates over the unlicensed band. Unlike the
licensed spectrum, which is exclusively used by the spectrum owner, the unlicensed
spectrum is shared by different systems with different access technologies. Since
Wi-Fi is the world-wide dominant technology operating in the 2:4 and 5 GHz bands,
it is imperative to design a coexistence mechanism for U-LTE, to ensure efficient,
fair and harmonious operation among U-LTE and Wi-Fi systems over the unlicensed
band. While LTE uses a scheduling-based Medium Access Control (MAC) protocol
for synchronous transmissions, and data transmissions always start at the beginning
of a superframe; Wi-Fi uses a distributed asynchronous MAC based on Carrier
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Sense Multiple Access with Collision Avoidance (CSMA/CA). Therefore, a desir-
able coexistence mechanism should .1/ comply with the synchronous superframe
structure of the LTE system, .2/ well adapt to asynchronous Wi-Fi transmissions,
and .3/ allow friendly coexistence of multiple U-LTE of different operators, which
may lack access coordination in the unlicensed band.

Coexistence Technologies Broadly speaking, coexistence mechanisms can be
classified into two categories; Channel Splitting Mechanisms and Channel Sharing
Mechanisms. In cases where the unlicensed spectrum is under-utilized and there
exist interference-free channels, it is intuitive that the best coexistence can be
achieved by assigning those interference-free channels for full U-LTE operation.
Channel splitting coexistence can be therefore realized using dynamic channel
selection algorithms, which have received a considerable attention from both
academia and industry. In the context of U-LTE/Wi-Fi coexistence, Qualcomm has
done a pioneering work and developed a simple, yet efficient algorithm where the
interference measurements are performed at the initialization stage and periodically
during operation, such that U-LTE always selects the cleanest unlicensed channel for
operation [8]. It is worth to mention that channel selection may suffice to achieve
a harmonious coexistence, especially in places where there is little Wi-Fi activity,
such as outdoor environments.

In many other cases where no clean channel can be found, channel sharing
among U-LTE and Wi-Fi becomes inevitable and co-channel coexistence schemes
are required. Co-channel coexistence schemes can be generally classified into two
categories: non-Listen-Before-Talk (non-LBT) [9] and Listen-Before-Talk (LBT)
[10] mechanisms. In the literature, it is conventional to refer to U-LTE with
opportunistic SDL operating using a non-LBT MAC as LTE-U, whereas U-LTE
with opportunistic SDL operating using an LBT MAC is often called LTE Licensed
Assisted Access (LAA). In 3GPP classifications, non-LBT MACs are referred to as
Category-1 (no LBT), while Categories 2 through 4 describe different variants of
LBT-based MACs. It is worth to mention that a fair coexistence among U-LTE and
Wi-Fi can be achieved as long as a coexistence mechanism is implemented, whether
it is LTE-U or LAA, as shown in [11]. The main consideration when contrasting
LTE-U and LAA is in fact the regulatory requirements.

In some countries such as the United States, China, South Korea and India,
there are no mandatory LBT requirements for operation over the unlicensed band.
A non-LBT based MAC is proposed in [12] based on the Almost Blank Subframes
(ABS) feature of LTE-Advanced, in which LTE remains silent in some frames
in order to yield to 802.11 users’ transmissions. This coexistence mechanism is
shown to increase Wi-Fi throughput, while LTE throughput decreases due to both
losing time resources during blanking, and interference with Wi-Fi users during LTE
transmission. Therefore, the number of blank subframes must be adapted to achieve
fairness among Wi-Fi and LTE users. Qualcomm has proposed an efficient non-
LBT based MAC, called the Carrier Sensing Adaptive Transmission (CSAT) [2, 8],
in accordance with existing 3GPP Rel. 12 PHY and MAC standards, to facilitate
early and harmonious LTE-U deployments in non-LBT markets. In CSAT, the LTE-
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U node defines a duty cycle, in which it transmits during the on period and collects
channel measurements during the off period. Based on these measurements, channel
activity of Wi-Fi users can be inferred, and the duty cycle is adapted accordingly to
ensure the impact of LTE-U on Wi-Fi performance is no worse than another Wi-Fi
Access Point (AP).

Although CSAT has shown a good coexistence performance [13], the absence
of LBT restricts its deployment to non-LBT markets. In most countries, LBT
is a mandatory feature for unlicensed spectrum access, and therefore LBT-based
coexistence schemes are recognized as the desirable global solution. 3GPP Rel.
13 has thus studied two LBT-based access technologies for LTE LAA defined
by the European Telecommunications Standards Institute (ETSI): Frame Based
Equipment (FBE) and Load Based Equipment (LBE) [14]. While FBE builds on
top of the synchronous frame structure of LTE and is easier for implementation, it
is not suitable for supporting different LTE LAA operators. LBE on the other hand,
uses a busytone signal to account for the asynchronous nature of LBT, in which
channel access may not necessarily be at the subframe boundary. This busytone
signal reserves the channel until data transmission starts at the next subframe
boundary [10]. Several works have compared the two access schemes [15–17], and
studied the performance of LBE using simulations or simplified analytical models
[18–20]. Nevertheless, no existing work to the best of our knowledge, has modeled
the interactions between synchronous LTE LAA transmissions and asynchronous
Wi-Fi transmissions, nor the reservation overhead of LBE has ever been analyzed.
Thus motivated, we analytically study the performance of LBE, identify the protocol
overheads, and propose a hybrid MAC design by combining the best features of FBE
and LBE, to achieve the best coexistence performance of LTE LAA and Wi-Fi.

The main contributions of this chapter are fourfold:

• An analytical model is developed to analyze the performance of the LBE MAC.
The reservation overhead of the protocol is derived and the throughput of LTE
LAA and Wi-Fi is analyzed.

• A hybrid LBT MAC with adaptive sleep periods for LTE LAA is proposed to
enable efficient and fair coexistence of U-LTE and Wi-Fi. Specifically, sleep
periods are enforced within an LTE subframe, during which Wi-Fi users can
transmit without contending with U-LTE. During the active period, U-LTE
operates based on CSMA/CA, broadcasting a reservation signal when LBT
completes.

• An analytical model is developed to study the performance of the proposed
MAC, capturing the asynchronous transmissions of Wi-Fi and the synchronous
transmission of U-LTE. Based on the analysis, the sleep period and the contention
window size of U-LTE are optimized to achieve the best throughput fairness and
the minimal reservation overhead.

• The LBE MAC and the proposed MAC are implemented in an event driven
simulation platform based on NS-3. Extensive simulations are performed to
validate the analysis and demonstrate the efficiency of the proposed MAC.
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The rest of this chapter is organized as follows. Existing coexistence mechanisms
and related work are discussed in Sect. 2. An analytical model is developed
to analyze the performance of the reservation-based LBE MAC in Sect. 3. The
proposed MAC and its performance analysis are presented in Sect. 4, followed by
the performance evaluation in Sect. 5. Finally, our concluding remarks and future
work are presented in Sect. 6.

2 LBT-Based Radio Access of Unlicensed LTE

In this section, we study two existing LBT-based channel access technologies
specified in the ETSI standard for synchronous and asynchronous equipment, FBE
and LBE, respectively [14].

2.1 The FBE LBT

FBE has a fixed frame structure of on and off periods, and thus it is not demand-
driven. An unlicensed user will always perform a Clear Channel Assessment (CCA)
for at least 20 �s at the end of the off period [14]. If the channel is idle, the user
transmits in the on period for a duration equal to the Channel Occupancy Time
(COT), which is the maximum time a user can transmit on a channel without
performing CCA. If the channel is busy, the user abstains from transmission and
repeats the CCA at the end of the off period in the next sensing subframe, as shown
in Fig. 3. As per the ETSI standard, COT must be within [1 ms, 10 ms], and the
minimum off period must be at least 5% of the COT. FBE falls under Category 2
(LBT without random back-off) of the 3GPP classifications.

FBE LBT-based channel access has been extensively studied in the literature,
since its synchronous and periodic nature is attractive for LTE implementation.
Compared to CSAT, simulation results in [2] have shown that U-LTE small cell
users can achieve a higher throughput when FBE is used, while still protecting
Wi-Fi networks. Reinforcement learning techniques have been used in [21] to find
the optimal COT under variable Wi-Fi traffic, and a double Q-learning algorithm

Fig. 3 Frame based equipment (FBE)
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is proposed to enhance the throughput performance of both LTE and Wi-Fi, by
jointly learning and optimizing the COT and transmit power. In [22], downlink
throughput of U-LTE and Wi-Fi are mathematically analyzed using a Discrete Time
Markov Chain (DTMC) model. Based on the analysis, an optimization problem is
formulated to find the optimal U-LTE sensing and backoff times in presence of a
given number of Wi-Fi users. An online algorithm is further proposed to adapt the
access parameters. A Fair-LBT algorithm is proposed in [23] to determine the best
number of idle subframes for U-LTE, considering the estimated number of Wi-Fi
users, total system throughput and the fairness among users.

While FBE can achieve a friendly coexistence among U-LTE and Wi-Fi, its
synchronous frame structure is not suitable for fair channel sharing among multiple
synchronous, heavily-loaded unlicensed systems with no time coordination. This
is because the U-LTE operator that senses the channel first is more likely to gain
access to the channel, and thus starve other networks [24]. To resolve this issue, it
is preferable to use random contention slots within the CCA [25], or adopt an LBE
MAC.

2.2 The LBE LBT

LBE is a demand-driven MAC that supports channel sharing among multiple
synchronous U-LTE systems, and demonstrates resilience in channel access fairness
in presence of heavily loaded Wi-Fi users. In LBE, the U-LTE user first performs
a CCA for at least 20 �s whenever it has new data to transmit, and hence its
asynchronous nature shows up. If the channel is idle, the U-LTE user immediately
transmits a channel reservation signal, to which other contenders will backoff and
abstain from accessing the channel [10, 26], as shown in Fig. 4. Data transmission
starts at the beginning of the next subframe boundary, and thus the synchronization
with the licensed LTE superframe is maintained, in spite of the asynchronous,
demand-driven channel access requests that invoke the procedure. If the channel
is busy, an extended CCA check is performed, where the channel must be observed
idle for N unoccupied ECCA slots for a transmission to be launched, where N is a
random variable uniformly generated from Œ0; CWL� [14]. ETSI standard defines two
different variants of the extended CCA check; Option A and Option B. In Option

Fig. 4 Load based equipment (LBE)
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Fig. 5 LBE Option B (Category 4) channel access procedure [10]

A, the backoff window is doubled for every failed transmission until the maximum
window CWmax is reached, whereas in Option B, the backoff window is fixed. In
3GPP classifications, Option A falls under Category 4 (LBT with random back-off
with a contention window of variable size), while Option B falls under Category 3
(LBT with random back-off with a contention window of fixed size). In this chapter,
we adopt Option B (Category 4) of LBE, as illustrated in the flow chart of Fig. 5,
since U-LTE and Wi-Fi collisions in our model do not cause a total transmission
failure of the U-LTE subframe.

In the seminal work of [27], several works have studied the downlink throughput
performance of Wi-Fi and U-LTE using the LBE MAC [19, 20]. The performance
of U-LTE is found to be robust in presence of Wi-Fi interference, whereas the
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performance of Wi-Fi drops significantly at high traffic intensities [19]. To protect
Wi-Fi performance and achieve fairness, an enhanced LBT scheme based on 3GPP
Category 4 was proposed in [20], adapting the contention window size of U-LTE
according to channel utilization during the backoff procedure. Nevertheless, neither
[19] nor [20] has captured the synchronous frame structure of LTE, and thus the
reservation signal overhead is not analyzed. On the other hand, LBE with reservation
based channel access is considered in the simulations of [18], where a heuristic
algorithm is proposed to adapt U-LTE idle and busy durations based on channel
activity statistics. The proposed algorithm is shown to improve the overall system
throughput while protecting the performance of Wi-Fi under varying traffic load.
Still, the overhead of channel reservation was not explicitly evaluated. Reservation-
based channel access in the LBE MAC of LTE LAA can be spectrally inefficient. If
U-LTE completes its LBT procedure in the beginning of a subframe for instance, a
substational portion of the transmission opportunity is wasted for reservation.

Thus motivated, we first develop an analytical model to accurately character-
ize the interactions between asynchronous Wi-Fi transmissions and synchronous
U-LTE transmissions, quantifying the LBE protocol reservation overhead. Based on
which, we propose an enhanced coexistence protocol to minimize the reservation
overhead, while ensuring harmonious coexistence among U-LTE and Wi-Fi.

3 Performance Analysis of LBE MAC

In this section, we develop an analytical model to study the throughput performance
of the LBE MAC described in Sect. 2.2.

3.1 System Model

A single hop WLAN with one AP and Nw Wi-Fi users, coexisting with the
Supplemental Downlink (SDL) of one LTE LAA network over a 20 MHz unlicensed
channel, as shown in Fig. 6 is considered. In the opportunistic SDL of LTE LAA, the
licensed spectrum serves as the anchor carrier and is used to transmit control plane
and sensitive user plane traffic, whereas the unlicensed spectrum is opportunistically
aggregated when available for additional downlink data transmission. U-LTE uses
LBE MAC to access the unlicensed spectrum, whereas Wi-Fi users operate using
legacy Distributed Coordination Function (DCF), based on Carrier Sensing Multiple
Access with Collision Avoidance (CSMA/CA) [27, 28].

In DCF, a Wi-Fi user will sense the channel whenever it has a new frame to
transmit. If the channel is sensed idle for a DIFS, the frame is transmitted, otherwise,
it uniformly picks a random backoff counter from its backoff contention window.
The counter is decremented every idle slot, and is frozen when the channel is
sensed busy. The counter resumes when the channel is sensed idle again for a
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Fig. 6 System model

DIFS. When the counter is 0, transmission starts. If the transmission is unsuccessful,
the contention window is doubled, a new backoff counter is picked and channel
access is started over. The backoff contention window is reset after every successful
transmission, or if the maximum transmission retrials is reached, in which case the
frame is dropped.

All users lie within the CCA range of each other and propagation delay is
assumed to be 0. Thus, all users can sense the ongoing transmission of any other
user(s) once it starts. Wi-Fi users transmit uplink data frames for a duration of
TPLw �s, while eNodeB’s downlink data transmission takes one subframe, i.e.,
1 ms, within which multiple U-LTE users are scheduled and served. All users carry
saturated traffic, i.e., they always have data ready for transmission. The channel is
ideal such that transmission errors only occur due to collisions between two or more
simultaneous transmissions. When a collision occurs between a Wi-Fi transmission
and an U-LTE transmission, the whole Wi-Fi transmission and the corresponding
overlapped portion of the U-LTE transmission are corrupted.

3.2 Performance Analysis

Channel access in the LBE MAC can be modeled as a regenerative renewal process
of idle and busy periods. Each idle and busy periods form one cycle of this renewal
process, as shown in Fig. 7. During the idle period, users decrement their backoff
counters synchronously, until the counter of either U-LTE or a Wi-Fi user reaches 0,
in which case transmission is launched by this user on the channel. The transmission
can be either a successful transmission, or a collision if multiple users transmit
concurrently. Following the busy period, the channel will be idle for DIFS before
users resume decrementing their counters in the next channel access cycle.
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Fig. 7 Channel access process

Let t be a random time representing the beginning of any cycle, and t C 1 be the
beginning of the next cycle, as shown in Fig. 7. The backoff processes of U-LTE and
Wi-Fi users are modeled as a bi-dimensional Markov chain with states fs.t/; b.t/g,
representing the backoff stage and backoff counter in a cycle t, respectively. For
the LBE MAC shown in Fig. 5, the U-LTE user has one backoff stage with a fixed
window, i.e., sl.t/ D 0 and bl.t/ 2 Œ0; CWL�. Wi-Fi users on the other hand, operate
according to CSMA/CA with binary exponential backoff (BEB); hence, the backoff
states for Wi-Fi users are sw.t/ 2 Œ0; R� and bw.t/ 2 Œ0; CWsw �, where R is the
maximum number of retransmissions and CWsw is the maximum contention window
at stage sw. Time after t is slotted into slots indexed i D 0; 1; 2; ::, and the duration
of each slot is � . State transitions in the Markov chain occur after each transmission,
i.e., every cycle.

Let Bl.j/ be the steady state probability that the backoff counter of U-LTE is
j, i.e.,

Bl.j/ D lim
t!1Prfbl.t/ D jg: (1)

Define ˇl.i/ as the probability that U-LTE transmits before slot i. Hence, ˇl.i/ is the
sum of the steady state probabilities of Bl.j/ being at any value less i,

ˇl.i/ D

8
ˆ̂
<

ˆ̂
:

0; i < 0
Pi�1

sD0 Bl.s/; 0 < i � CWL;

1; i > CWL:

(2)

Similarly for a Wi-Fi user, Bw.j/ is the steady state probability that the backoff
counter of a Wi-Fi user is j,

Bw.j/ D lim
t!1Prfbw.t/ D jg; (3)
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and ˇw.i/ is the probability that a Wi-Fi user transmits before slot i,

ˇw.i/ D

8
ˆ̂
<

ˆ̂
:

0; i < 0
Pi�1

sD0 Bw.s/; 0 < i � CWmax;

1; i > CWmax:

(4)

where CWmax D maxsw2Œ0;R� CWsw .
The probability that U-LTE observes no Wi-Fi transmission before slot i is thus,

Ql.i/ D Œ1 � ˇw.i/�Nw ; (5)

and the probability that a tagged Wi-Fi user observes no transmission from any other
Wi-Fi user or U-LTE before slot i is,

Qw.i/ D Œ1 � ˇw.i/�Nw�1 � Œ1 � ˇl.i/�: (6)

Generally, Ql.i/ � Ql.i C 1/ is the probability U-LTE observes a Wi-Fi transmis-
sion at slot i, and Qw.i/�Qw.iC1/ is the probability a tagged Wi-Fi user observes a
transmission by any other user at slot i. Without loss of generality, we first derive the
state transition probabilities for the tagged Wi-Fi user, as in [29–31]. The transition
from state fsw.t/; bw.t/g to state fsw.t C 1/; bw.t C 1/g can happen in any of the
following five cases:

1. The tagged Wi-Fi user does not change its backoff stage nor decreases its backoff
counter during cycle t, i.e., a self-loop transition in the Markov chain. This
happens only if another Wi-Fi user or U-LTE, who has successfully transmitted
in cycle t � 1, chooses a backoff counter of 0, and transmits immediately in
cycle t. The transition probability from fsw.t/ D s0; bw.t/ D b0; b0 ¤ 0g to
fsw.t C 1/ D s0; bw.t C 1/ D b0; b0 ¤ 0g is

Pw1 D Qw.0/ � Qw.1/: (7)

The transition fsw.t/ D s0; bw.t/ D 0g to fsw.t C 1/ D s0; bw.t C 1/ D 0g
represents an impossible event, because transmission starts immediately when
the backoff counter reaches 0, according to DCF rules.

2. The tagged Wi-Fi user decrements its backoff counter from r C b0 to b0 but
does not change its backoff stage. This happens if another Wi-Fi user or U-LTE
transmits in cycle t after r backoff slots. The transition probability from fsw.t/ D
s0; bw.t/ D r C b0; b0 ¤ 0g to fsw.t C 1/ D s0; bw.t C 1/ D b0; b0 ¤ 0g is

Pw2.r/ D Qw.r/ � Qw.r C 1/: (8)

The transition from fsw.t/ D s0; bw.t/ D rg to fsw.t C 1/ D s0; bw.t C 1/ D 0g
without transmitting also represents an impossible event in DCF.



3 Performance Analysis of LBE MAC 19

3. The tagged Wi-Fi user transmits after r backoff slots, and collides with another
user’s transmission. Thus, the tagged Wi-Fi user goes to the next backoff stage,
given sw.t/ ¤ R. The transition probability from fsw.t/ D s0.s0 ¤ R/; bw.t/ D rg
to fsw.t C 1/ D s0 C 1; bw.t C 1/ D b1g is

Pw3.r/ D Qw.r/ � Qw.r C 1/

1 C CWs0C1

: (9)

4. The stage limit R of the tagged Wi-Fi user is reached when it transmits and
collides after r backoff slots in cycle t. In this case, the next backoff stage is
sw.t C 1/ D 0. Thus, the transition probability from fsw.t/ D R; bw.t/ D rg to
fsw.t C 1/ D 0; bw.t C 1/ D b1g is

Pw4.r/ D Qw.r/ � Qw.r C 1/

1 C CW0

: (10)

5. The tagged Wi-Fi user successfully transmits after r backoff slots. This happens if
no other user transmits before rC1 slots during cycle t. The transition probability
from fsw.t/ D s0; bw.t/ D rg to fsw.t C 1/ D 0; bw.t C 1/ D b1g is

Pw5.r/ D Qw.r C 1/

1 C CW0

: (11)

Noting that U-LTE has one backoff stage, the state transition probabilities for
U-LTE can be similarly derived;

Pl1 D Ql.0/ � Ql.1/;

Pl2.r/ D Ql.r/ � Ql.r C 1/;

Pl3.r/ D Pl4.r/ D Ql.r/ � Ql.r C 1/

1 C CWL
;

Pl5.r/ D Ql.r C 1/

1 C CWL
:

(12)

The steady state probability for U-LTE, ˘l.0; j/ D limt!1 Prfsl.t/ D 0;

bl.t/ D jg and for a Wi-Fi user, ˘w.i; j/ D limt!1 Prfsw.t/ D i; bw.t/ D jg, can
be then determined by numerically solving the following set of balance equations
using fixed point iteration,

˘l.0; j/ D

8
ˆ̂
ˆ̂
<

ˆ̂
ˆ̂
:

˘l.0; j/Pl1 CPCWL�j
rD1 ˘l.0; j C r/Pl2.r/C

PCWL
iD0 ˘l.0; i/.Pl4.i/ C Pl5.i//; 0 < j � CWLI

PCWL
iD0 ˘l.0; i/.Pl4.i/ C Pl5.i//; j D 0:

(13)
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and,

˘w.s; j/ D

8
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
<

ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
ˆ̂
:

˘w.s; j/Pw1 CPCWs�j
rD1 ˘w.s; j C r/Pw2.r/

CPCWs�1

iD0 ˘w.s � 1; i/Pw3.i/; 0 < sw � R and 0 < j � CWsI

PCWs�1

iD0 ˘w.s � 1; i/Pw3.i/; 0 < sw � R and j D 0I

˘w.0; j/Pw1 CPCW0�j
rD1 ˘w.0; j C r/Pw2.r/

CPCWmax
iD0 ˘w.R; i/Pw4.i/C

PR
sD0

PCWs
iD0 ˘w.s; i/Pw5.i/; sw D 0 and 0 < j � CW0I

PCWmax
iD0 ˘w.R; i/Pw4.i/C

PR
sD0

PCWs
iD0 ˘w.s; i/Pw5.i/; sw D 0 and j D 0I

0; 0 � sw � R and CWs < j � CWmax:

(14)
From these steady state backoff probabilities, Bl.j/ and Bw.j/ can be found as,

Bl.j/ D ˘l.0; j/ and Bw.j/ D
RX

sD0

˘w.s; j/: (15)

3.2.1 Throughput Analysis

Now that we have derived the steady state backoff probabilities of both U-LTE and
Wi-Fi users, Bl.j/ and Bw.j/; respectively, we can derive the probability a cycle
ends with a successful U-LTE or Wi-Fi user transmission, and the corresponding
throughput performance.

The probability U-LTE transmits in a cycle, is the probability that the backoff
counter of U-LTE expires before or with any other Wi-Fi user,

Psl D
CWLX

iD0

Bl.i/Ql.i C 1/ C Pwl; (16)

where Pwl is the probability U-LTE and a Wi-Fi user(s) transmit simultaneously at
the same slot,

Pwl D
CWmaxX

iD0

ŒQl.i/ � Ql.i C 1/� � Œˇl.i C 1/ � ˇl.i/�: (17)
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Given the tagged Wi-Fi user has a backoff counter Bw.j/, the probability it transmits
successfully in a cycle is Bw.j/Qw.j C 1/, where Qw.j C 1/ is the probability all
other users have a backoff counter greater than j by at least one, which guarantees
a successful transmission for the tagged Wi-Fi user. Hence, the probability a cycle
ends with a successful Wi-Fi transmission, Psw, is

Psw D Nw

CWmaxX

iD0

Bw.i/Qw.i C 1/: (18)

From renewal theory, the normalized throughput of a user is the fraction of the
average cycle duration in which the user transmits successfully. The normalized
throughput of U-LTE, Sl, can be thus found as

Sl D .Psl � Pwl/Tl C Pwl � min.Tl; Tl C EŒTR� � TPLw/

EŒcycle1�
; (19)

where Tl is the duration of U-LTE transmission, .Psl � Pwl/ is the probability
U-LTE transmission is collision-free, EŒTR� is the expected duration of the reser-
vation signal, min.Tl; Tl C EŒTR� � TPLw/ is net duration in which U-LTE transmits
successfully when it collides with a Wi-Fi user with probability Pwl,2 and EŒcycle1�

is the expected duration of a cycle. EŒTR� and EŒcycle1� will be derived shortly.
The normalized reservation overhead is the fraction of the average cycle duration

in which the reservation signal is transmitted,

SR D PslEŒTR�

EŒcycle1�
: (20)

Last but not least, the normalized throughput of Wi-Fi users, Sw, is

Sw D PswTw

EŒcycle1�
; (21)

where Tw is the duration of a Wi-Fi transmission. In the basic access mode, a
successful Wi-Fi transmission and a Wi-Fi collision have the same duration, i.e.,
Tw D TPLw C SIFS C TACK D TPLw C TACKtimeout . TPLw and TACK are the transmission
time of Wi-Fi data and ACK frames, including all headers and PHY preambles;
TACKtimeout is the ACK timeout.

The expected duration of the reservation signal overheard, EŒTR�, is derived next.
Let us consider an U-LTE transmission that ends at a subframe boundary. At the
end of the backoff period, a Wi-Fi user will transmit with probability .1 � Psl/ or
U-LTE will transmit with probability Psl. If U-LTE transmits in this cycle, TR D

2 In case of a collision between a Wi-Fi user(s) and U-LTE, the duration of the transmission over
the channel is .Tl C EŒTR�/ since Tl � Tw, of which min.Tl; Tl C EŒTR�� TPLw / is collision-free.
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Tsf � .DIFSCEŒX��/ on average, where Tsf is the duration of an LTE subframe. If a
Wi-Fi user transmits, the next channel access cycle starts after 2�DIFSCEŒX��CTw

on average. If U-LTE transmits then, TR D Tsf � .2 � DIFS C 2 � EŒX�� C Tw/.
Following this intuition, EŒTR� can be compactly given by,

EŒTR� D
1X

kD0

Psl.1 � Psl/
kTR.k/; (22)

where

TR.k/ D Tsf � Œ.k C 1/.DIFS C EŒX��/ C kTw� mod Tsf ; (23)

is the expected reservation signal duration when there are k consecutive Wi-Fi
transmissions between any two U-LTE transmissions.

Finally, we derive the expected duration of a cycle, EŒcycle1�. Denote X as a
random variable that represents the number of initial backoff slots in a cycle. For k
idle slots, there is a transmission that occurs at the k-th slot by either U-LTE or a
Wi-Fi user. The Probability Mass Function (P.M.F.) of X is therefore

P.X D k/ D
(

Ql.k/.1 � ˇl.k// � Ql.k C 1/.1 � ˇl.k C 1//;

for 0 � k � CWmax;
(24)

and the expected number of backoff slots is

EŒX� D
CWmaxX

kD1

k � P.X D k/: (25)

The expected cycle duration is therefore the sum of the expected idle period,
the expected busy period, which is a weighted average of Wi-Fi and U-LTE
transmissions duration, and a DIFS,

EŒcycle1� D EŒX�� C .1 � Psl/Tw C Psl.Tl C EŒTR�/ C DIFS: (26)

4 Enhanced MAC Design and Performance Analysis

4.1 A Hybrid MAC with Adaptive Sleep

Achieving throughput fairness among multiple Wi-Fi and U-LTE operators by
solely adapting CWL of the LBE MAC, does not guarantee maximum system
throughput due to the reservation overhead of the protocol, which is quantified by
(20). Therefore, it is desirable to design an enhanced MAC, which not only can
achieve throughput fairness, but can also maximize the total system throughput.



4 Enhanced MAC Design and Performance Analysis 23

Fig. 8 Proposed hybrid LBT MAC

Given there are k consecutive Wi-Fi transmissions between any two U-LTE
transmissions, the expected duration of the reservation signal overhead TR.k/, is
upper bounded by the LTE subframe duration Tsf according to (23). Thus, to
minimize the protocol overhead and strike a performance balance between U-LTE
and Wi-Fi, it is quintessential to configure and optimize a sleep period within each
LTE subframe. To achieve this, we propose a hybrid MAC protocol, combining the
best features of FBE and LBE. In each subframe of our proposed MAC, U-LTE is
allowed to access the channel only in the trailing portion of a subframe, i.e., in the
active period, denoted by Tactive, and refrains from channel sensing in the leading
portion, i.e., in the sleep period, denoted by Tsleep, as shown in Fig. 8. In our hybrid
MAC, the sleep period is analogous to the mandatory idle period of the FBE MAC,
while the channel access procedure during the active period is analogous to that of
the LBE MAC.

Before U-LTE can transmit in the active period, it performs an initial CCA for
a DIFS. If the channel is idle, U-LTE transmits a busytone signal to reserve the
channel until data transmission is started at the next subframe boundary. If the
channel is busy, U-LTE uniformly chooses a random number from Œ0; CWL�. During
the active period, the counter is decremented by 1 every time the channel is sensed
idle for a slot of duration � . During the sleep period, or whenever the channel is
sensed busy during the active period, the counter is frozen. The counter is resumed
only when the channel is sensed idle again for a DIFS during the active period.
When the counter reaches 0, a reservation signal is transmitted till the subframe
boundary, when an U-LTE data subframe transmission can be initiated.

This procedure is repeated whenever U-LTE has data ready for transmission.
Hence, our hybrid MAC is also demand-driven like the LBE MAC. It is asyn-
chronous in the sense that the reservation signal transmission can start at any time
within the active period, yet it is synchronous in the sense that data transmission can
only start at subframe boundary. Unlike the LBE MAC, reservation signal overhead
is upper bounded by the active period duration, and Wi-Fi users can freely transmit
without contending with U-LTE during the sleep period. By adaptively adjusting
both Tsleep and CWL, the proposed MAC protocol can: .1/ achieve throughput
fairness between U-LTE and Wi-Fi users, .2/ minimize reservation signal overhead,
and .3/ support the coexistence of multiple U-LTE operators, thanks to the different
sleep periods and the random backoff adopted by each U-LTE operator.
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Fig. 9 A two level renewal process model

4.2 Performance Analysis

The key parameters of our hybrid MAC; namely, the duration of the sleep period and
the contention window size play a crucial role in achieving the best performance.
To this end, we first develop an analytical model to analyze the performance of
the proposed MAC; and based on the developed model, the key parameters are
fine tuned to achieve the best coexistence performance in terms of throughput and
fairness.

In each subframe, as shown in Fig. 9, U-LTE performs channel sensing in
the active period, and freezes the backoff in the sleep period. When the backoff
counter reaches 0 during the active period, U-LTE transmits a channel reservation
signal, followed by one data subframe transmission. Hence, we model successive
U-LTE transmissions as a two-level renewal process, where consecutive Wi-Fi
transmissions are the level-1 renewal process. That is, a level-2 renewal cycle
includes a random number of consecutive level-1 Wi-Fi transmissions, denoted as
NT , plus exactly one U-LTE transmission. Furthermore, each level-1 Wi-Fi cycle
consists of: .1/ a random backoff of Wi-Fi users, denoted as Xw, .2/ one Wi-
Fi Transmission Tw, which can be either a successful transmission or a collision,
and .3/ a DIFS. On the other hand, the U-LTE transmission consists of: .1/ a
random U-LTE backoff Xl, .2/ a random reservation signal overhead OTR, .3/ the
data transmission Tl, and .4/ a DIFS.

Thus, the expected level-2 cycle duration in the hybrid MAC is

EŒcycle2� D EŒNT �.EŒXw�� C Tw C DIFS/ C .EŒXl�� C EŒ OTR� C Tl C DIFS/:

(27)

The normalized throughput U-LTE achieves when it operates using the hybrid
MAC, OSl, is the fraction of the level-2 cycle in which U-LTE transmits collision-
free,

OSl D .1 � OPwl/Tl C OPwl � min.Tl; Tl C EŒ OTR� � TPLw/

EŒcycle2�
; (28)
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where OPwl is the probability of a collision between a Wi-Fi user(s) and U-LTE when
U-LTE transmits. The normalized reservation signal overhead OSR is,

OSR D EŒ OTR�

EŒcycle2�
; (29)

where EŒ OTR� is expected reservation signal duration in the hybrid MAC. Last but
not least, the normalized throughput of Wi-Fi users OSw, is the fraction of the level-2
cycle in which Wi-Fi users transmit successfully,

OSw D EŒNT �Tw OPs

EŒcycle2�
; (30)

where EŒNT � is the expected number of consecutive level-1 Wi-Fi transmissions in
any level-2 cycle, and OPs is the probability a Wi-Fi transmission in a level-1 cycle
is successful. The successful Wi-Fi transmission probability OPs and the expected
number of Wi-Fi backoff slots EŒXw� can be derived as in (18) and (25) in Sect. 3.2,
except that there is no U-LTE transmission, i.e., ˇl.i/ D 0; 8i � 0.

To obtain OSl, OSR, and OSw, we need to derive OPwl, EŒXl�, EŒNT � and EŒ OTR�. Denote L
as the random backoff counter U-LTE uniformly selects from Œ0; CWL�. The P.M.F.
of L is therefore given by,

P.L D l/ D
(

1
1CCWL

; 0 � l � CWL;

0; otherwise:
(31)

Given U-LTE is in the active period, the probability U-LTE transmits is the
probability U-LTE selects a backoff counter smaller than or equal to that of any
Wi-Fi user, i.e.,

P.L � Xw/ D
CWLX

lD0

P.L � XwjL D l/P.L D l/

D
CWLX

lD0

CWmaxX

kDl

P.Xw D k/

1 C CWL
;

(32)

where P.Xw D k/ is the probability there are k idle slots in a level-1 cycle, given by
(24) after setting ˇl.i/ D 0; 8i � 0. Notice that Xw represents the minimum of the
backoff counters of all Wi-Fi users. Similarly, the probability of a collision between
a Wi-Fi user(s) and U-LTE when U-LTE transmits, is the probability U-LTE selects
a backoff counter equal to that of any Wi-Fi user,

OPwl D
CWLX

lD0

P.Xw D l/

1 C CWL
(33)
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The expected number of U-LTE backoff slots EŒXl� is the expected number of L,
given U-LTE selects a counter smaller than or equal to Xw,

EŒXl� D EŒLjL � Xw� D
CWLX

kD0

kP.L D kjL � Xw/

D
PCWL

kD0 kP.L D k/P.L � XwjL D k/

P.L � Xw/

D
PCWL

kD0

PCWmax
jDk kP.Xw D j/

.1 C CWL/P.L � Xw/
:

(34)

Channel access of U-LTE is modeled as a geometric random variable with
probability of success P.L � Xw/Pactive, where Pactive is the probability U-LTE is in
the active period,

Pactive D Tsf � Tsleep

Tsf
D Tactive

Tsf
(35)

Note that Tactive C Tsleep D Tsf . The expected number of consecutive Wi-Fi
transmissions in any level-2 cycle is therefore the number of attempts in which U-
LTE fails to transmit,

EŒNT � D 1

P.L � Xw/Pactive
� 1; (36)

as the last transmission is from U-LTE.
Finally, the average reservation signal overhead in the hybrid MAC EŒ OTR�, is

found in a way similar to (22); however, notice that during the sleep period, the
transmissions are only contributed by Wi-Fi users. Thus,

EŒ OTR� D
1X

kD0

P.L � Xw/.1 � P.L � Xw//h.k/ OTR.k/I.k/; (37)

where OTR.k/ is the expected reservation signal duration in the hybrid MAC when
there are k consecutive Wi-Fi transmissions in the level-2 cycle,

OTR.k/ D Tsf � ŒDIFS C k.EŒXw�� C Tw C DIFS/ C EŒXL��/� mod Tsf ; (38)

I.k/ is an indicator function that is 1 if the expected U-LTE backoff and the expected
reservation signal duration of U-LTE after k consecutive Wi-Fi transmissions, fall
within the active period, and is 0 otherwise,

I.k/ D
(

1; .EŒXL�� C OTR.k// � Tactive;

0; otherwise:
(39)
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and h.k/ is the number of contentions U-LTE loses to Wi-Fi during the active periods
in the level-2 cycle,

h.k/ D
kX

jD0

I.j/ � 1: (40)

4.3 Coexistence Performance Optimization

Based on the developed analytical model, we then can fine tune the duration of the
sleep period Tsleep and the contention window size CWL in the proposed MAC, to
achieve the best coexistence performance between U-LTE and Wi-Fi. We design
an objective function G to jointly consider the total system throughput and fairness
between U-LTE and Wi-Fi users,

G D ˛JF.OSw; OSl/ C .1 � ˛/OST ; (41)

where JF.OSw; OSl/ is Jain’s fairness index that evaluates the throughput fairness of
U-LTE and Wi-Fi users defined by,

JF.OSw; OSl/ D .OSw C OSl/
2

2.OS2
w C OS2

l /
; (42)

and OST is the total normalized throughput of the system,

OST D OSw C OSl: (43)

The objective function G in (41) can be maximized by joint selection of Tsleep

and CWL. ˛ is a weighting factor to strike a balance between fairness and the total
normalized throughput of the system. A larger value of ˛ favors good fairness while
a smaller ˛ favors high system throughput. The optimization problem in (41) is an
integer optimization problem; nevertheless, the optimal value .T�sleep; CW�L / can be
quickly found using a grid search.

5 Performance Evaluation

We implemented the existing LBE and our hybrid MAC in an event driven network
simulator (NS-3), based on the LTE/Wi-Fi coexistence model of [32], for model
validation and performance evaluation. We setup a single hop WLAN with one AP
and Nw saturated Wi-Fi users, coexisting with one U-LTE Base Station (eNodeB),
as shown in Fig. 6. Wi-Fi users contend for access to the shared wireless channel
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Table 1 Simulation
parameters

Parameter Value

TPLw 244 �s

� 9 �s

a DIFS 34 �s

a SIFS 16 �s

TACK 44 �s

TACKtimeout 44 �s

CWmin .CW0/ 15

CWmax 255

R 7

Tsf 1 ms

Tl 1 ms

Fig. 10 Normalized
throughput of LBE
(CWL D 15)
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according to DCF, and transmit uplink traffic to the AP. U-LTE BS on the other
hand, contends for access using either the LBE MAC or our proposed hybrid MAC,
and whenever it wins the contention, it schedules downlink transmissions to its
associated users. The main simulation parameters are listed in Table 1.

We first study the performance of the reservation based LBE MAC with a variable
number of Wi-Fi users Nw in Fig. 10. In this experiment, CWL D 15. While the
normalized throughput of Wi-Fi users slowly increases as Nw increases, it soon
hits a saturation wall and remains much smaller than the throughput of U-LTE.
Comparing the reservation signal overhead with the throughput of Wi-Fi users, it
can be observed that the reservation overhead is higher when Nw � 6, and is not
much less when Nw � 7. In both cases, the reservation overhead accounts for more
than 20% of the channel airtime, which demonstrates the inefficiency of the LBE
MAC.

In Fig. 11, we study the throughput performance of our hybrid MAC for fixed
values of Tsleep D 700 �s and CWL D 15. With Tsleep D 700 �s, U-LTE starts
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Fig. 11 Normalized
throughput of hybrid MAC
with Tsleep D 700 �s
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Fig. 12 Normalized
throughput of LBE (Nw D 3)
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sensing the channel 300 �s before each subframe boundary, during which it operates
based on CSMA/CA. It uniformly selects a backoff counter from Œ0; 15� and can
only start broadcasting a reservation signal when its backoff counter reaches 0. It
can be seen that the reservation overhead has been diminished; nevertheless, U-LTE
throughput is now much lower than that of Wi-Fi due to the long sleep period. This
insinuates the need to properly adjust Tsleep in order to achieve throughput fairness
between U-LTE and Wi-Fi.

In Figs. 12 and 13, we study the effects of CWL on the throughput performance of
the LBE MAC and our proposed hybrid MAC; respectively, when there are Nw D 3

Wi-Fi users. For the LBE MAC in Fig. 12, it can be observed that the reservation
signal overhead is significant, and is much higher than the throughput of Wi-Fi users,
again demonstrating the inefficiency of the LBE MAC. Setting Tsleep D 700 �s
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Fig. 13 Normalized
throughput of hybrid MAC
with Tsleep D 700 �s
(Nw D 3)
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Fig. 14 Normalized
throughput of hybrid MAC
with CWL D 15 (Nw D 3)
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for the hybrid MAC, the reservation overhead is significantly reduced in Fig. 13.
Figure 13 also shows that good fairness between U-LTE and Wi-Fi users can be
achieved when CWL is set to 4.

In Fig. 14, we examine the throughput performance of 3 Wi-Fi users and U-
LTE operating using the hybrid MAC with variable Tsleep and fixed CWL D 15.
It is evident from Fig. 14 that the longer the sleep period in U-LTE subframes, the
smaller the reservation signal overhead and U-LTE throughput are. Although U-
LTE and Wi-Fi can achieve equal throughput at Tsleep D 250 �s; the reservation
overhead is still non-negligible and accounts for 12% of the channel airtime. Hence,
it is desirable to adapt both Tsleep and CWL, in order to achieve throughput fairness
at the minimal reservation overhead. Simulation results validate the accuracy of the
analysis in all the figures.
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Fig. 15 Normalized
throughput of hybrid MAC at
optimal .T�

sleep; CW�

L /

(˛1 D 0:2; ˛2 D 0:8)
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As can be seen from Fig. 15, our hybrid MAC can efficiently minimize the
reservation overhead and maximize the total system throughput, when both Tsleep

and CWL are adapted to maximize the objective function G in (41). In Fig. 15, the
throughput of Wi-Fi users, U-LTE and the reservation overhead are shown under
different number of Wi-Fi users Nw, Wi-Fi data transmission time TPLw , and weight
factor ˛. ˛1 D 0:2 favors a higher total throughput when optimizing (41), while
˛2 D 0:8 favors a greater fairness between U-LTE and Wi-Fi. The baseline for
comparison is the LBE MAC with CWL D 15. In all the cases, it can be seen that
the total system throughput is improved and the reservation overhead is minimized.

6 Summary

In this chapter, we have proposed a hybrid LBT MAC for U-LTE coexisting
with Wi-Fi, in order to improve the efficiency of the existing LBE MAC. We
have developed an analytical framework to analyze the throughput performance of
both the existing LBE MAC and the proposed hybrid-LBT MAC, considering the
asynchronous Wi-Fi transmissions and the synchronous frame structure of U-LTE.
The analytical model is then used to adapt the key parameters of our proposed MAC,
which are the sleep period and the contention window size, such that fair coexistence
between Wi-Fi and U-LTE can be achieved, and the reservation overhead can be
minimized.

In our future work, we will consider multi-carrier U-LTE, where multiple non-
overlapping channels in the unlicensed band are opportunistically aggregated for
data transmissions over a much wider bandwidth. We plan to extend our analytical
model to study the coexistence performance of multi-carrier U-LTE with Wi-Fi,
with the ultimate aim of designing an efficient and fair multi-carrier U-LTE MAC.
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Game Theory Based Spectrum Sharing

1 Introduction

As depicted in the Visual Networking Index (VNI) by Cisco [1], 5.5 billion mobile
users are expected by 2021, with an average mobile connection speed of 20.4 Mbps.
Compared with the 4.9 billion mobile users and 6.8 Mbps speed from 2016, the
increasing number of mobile users and the threefold growth on speed motivate
the exploration and expansion of other possible spectrum resources, including the
unlicensed spectrum bands which are dominantly presently used by Wi-Fi networks.

Accordingly, the coexistence of Cellular Networks (CNs) and Wi-Fi networks is
expected, provided that the mutual interference between CNs and Wi-Fi networks
is properly under control. To address the above issue, many existing works have
proposed solutions and algorithms to ensure possible coexistence of U-LTE and
Wi-Fi in the unlicensed spectrum. In [2], the authors introduce the spectrum sharing
problems when cellular network operators are allowed to access the unlicensed
spectrum. The authors propose a hybrid method where cellular base stations
can simultaneously offload traffic to Wi-Fi networks and occupy certain number
of time slots on unlicensed bands. Practical strategies have been proposed to
maximize the minimum average per-user throughput of each small cell. In [3], the
authors introduce a network architecture where small cells can share the unlicensed
spectrum with the performance guarantee of Wi-Fi systems. An almost blank
subframe (ABS) scheme is employed to mitigate the co-channel interference from
small cells to Wi-Fi systems, and an interference avoidance scheme is proposed
based on small cell estimation of the density of nearby Wi-Fi access points. The
authors in [4] evaluate and compare several existing licensed and unlicensed user
coexisting mechanisms. The appropriate coexistence mechanisms, such as static
muting and sensing-based adaptive, are required to achieve a balance between the
performance of LTE and WLAN systems. In [5], the authors propose a cap-limited
water-filling method for the U-LTE users to regulate the interference to Wi-Fi users
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in the unlicensed spectrum. In [6], the authors propose a novel proportional fair
allocation scheme which guarantees fairness when both U-LTE and Wi-Fi coexist in
the unlicensed spectrum. In [7], the authors propose a spectrum etiquette protocol to
restrict the priority of U-LTE and balance the unfair competition between LTE and
Wi-Fi in the unlicensed spectrum. In [8], the authors propose an “intelligent” power
allocation strategy to optimize the utility of users with U-LTE and the social welfare
simultaneously. In [9], an improved power control method is proposed for uplink
transmissions, and thus both Wi-Fi and LTE are able to coexist with acceptable
interference levels. Moreover, in order to guarantee the performance of Wi-Fi users,
the strategies in cognitive radio networks can also be applied in the relations between
U-LTE and Wi-Fi. In [10], the authors model the cognitive users’ network access
behavior as a two-dimensional Markov decision process and propose a modified
value iteration algorithm to find the best strategy profiles for cognitive users. In
[11], the authors jointly consider the spectrum sensing and access problems as an
evolutionary game, where each secondary user senses and accesses the primary
channel with the probabilities learned from its history. In [12], a Dynamic Chinese
Restaurant Game is proposed to learn the uncertainties of networks and make
optimal strategies. In [13], the authors propose a dynamic spectrum access protocol
for the secondary users to deal with unknown behaviors of primary users. In [14],
the authors investigate resource allocation problems for the uplink transmission of a
spectrum-sharing-enabled femtocell network. A Stackelberg game with one leader
and multiple followers is applied where the macrocell base station, i.e., the leader,
sets prices to the femtocell users, i.e., the follower, to control its interference on
the macrocell users. As the macrocell users and femtocell users share the licensed
spectrum, each femtocell user determines and optimizes the transmit power on
each sub-band only. In [15], the authors propose a fair and Quality-of-Service
(QoS) based unlicensed spectrum splitting strategy to realize the joint operation
of femtocell networks and Wi-Fi networks in the unlicensed spectrum band. In [16],
an analytical model is developed for evaluating the baseline performance of the
coexistence of Wi-Fi networks and LTE networks. In [17], a practical algorithm,
which takes into account the real-time channel, interference and traffic conditions
of licensed and unlicensed bands, is proposed for the integrated femto-WiFi and the
dual-band femtocell to balance their traffic in both spectrum bands.

Moreover, the presence of multiple operators in a common unlicensed spectrum
band makes the coexistence problem more challenging. Spectrum sharing among
multiple operators has been studied in many works. In [18], the potential network
efficiency gain from spectrum sharing between operators is investigated. In [19], the
authors look into the problem of inter-operator sharing of radio resources, including
capacity, spectrum and base stations sharing. From their work, the realistic sharing
architecture and process are supported in the testbed network. However, in the
unlicensed spectrum, how to jointly operate multiple wireless cellular networks
and Wi-Fi networks remains a critical technical problem. Not only should we
consider the competitions among all operators, but each operator is also required
to ensure the performance of its users and Wi-Fi networks users at the same time.
In [20], two general ideas are put forward to solve the problem. One is applying the
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orthogonal/exclusive use of the unlicensed spectrum for each operator. The other
is to propose dynamic schemes for shared use of unlicensed radio resources. The
use of unlicensed spectrum depends on the instantaneous/semi-static traffic load of
U-LTE. However, the first solution lacks flexibility and the second solution requires
perfect central control mechanisms.

Different from the above mentioned literature, we consider in this chapter the
power control problem in a multi-operator spectrum-sharing scenario. Considering
the distributive behaviors of the Wi-Fi Access Point (WAP) and each operator,
game theory is introduced and applied in this scenario, so as to provide optimal
strategies for each operator and Wi-Fi, to achieve high revenues. We model the
interactions among all the operators and the WAP as a layered game. We first
propose the zero-determinant power control strategy for a considered operator
during the interaction with the WAP, by fixing the behaviors of all the other
operators. With the predicted strategies of other operators, all operators play a non-
cooperative game and determine their optimal power control strategies to achieve
the Nash equilibrium results. Simulation results verify the theoretical analysis
carried out in this chapter and show that a high performance can be achieved by
applying the proposed zero-determinant strategies.

The rest of this chapter is organized in the following way. Game theory is
preliminarily introduced first in Sect. 2. Then we model the system and formulate
the power control problem in Sect. 3. Based on the formulated problem, we analyze
the interactions between one operator and one WAP by fixing the behaviors of all
other operators in Sect. 4.1. Then according to the predicted strategies between each
operator and the WAP, we consider a non-cooperative game among all operators in
Sect. 4.2. We present our simulation results in Sect. 5, and finally summarize our
works in Sect. 6.

2 Preliminaries of Game Theory

Game theory is introduced as a powerful tool to analyze the distributive strategies
in competitive or coordinative scenarios, which have been widely applied in
economics, politics, psychology, biology, computer science, engineering, etc. With
tremendous contributions, eleven game-theorists have won economics Nobel Prizes
and have applied a wide range of behavioral relations among humans, animals
and computers efficiently and beneficially. In game theory, there are three main
characteristics, i.e., player, action and utility.

• Player: Players indicate the set of rational individuals which can make decisions
autonomously. In the game, the conflicts normally exist among players and each
player is required to make proper behaviors to either compete or coordinate with
other players.
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• Action: Actions denote the behaviors and strategies of each player during its
interaction with other players. Due to conflicts, the action of one player will
affect the optimal actions of other players.

• Utility: Utilities refer to the revenues or penalties the action brings to each
player. Based on the actions of other players, each player is required to set up
the optimal actions in order to achieve maximum utility for itself. Moreover, in
the distributive network, as the action of other players is related to the action
of the player itself, each player is required to predict and consider the possible
reactions of other players, as well as determine its optimal actions to maximize
its utility.

With the definition of player, action and utility, a game can be played either
statically or sequentially. In the static game, all players play the game simultane-
ously. Accordingly, each player is required to analyze the optimal strategies of other
players before determining the strategy for itself. In order to achieve stable results
for all players, the Nash equilibrium concept is put forward.

Definition 1 Let .X; u/ denote the static game with m players. X D X1 �
X2�; : : : ; �Xm refers to all sets of strategy profiles of all players. u D
.u1.x/; : : : ; um.x// is the utility profile of all players. Let xi be a strategy profile
of player i, x�i be a strategy profile of other players except for player i. A set of
strategy profiles x� 2 X is able to achieve the Nash equilibrium if 8i, xi 2 Xi,

ui.x�i ; x��i/ � ui.xi; x��i/: (1)

Apart from the static game, a game can also be played sequentially. In the
sequential game, the players can be divided into leaders and followers, where
the leaders act first and the followers behaves correspondingly. Accordingly, the
first-mover advantage exists, where the leader is able to predict the corresponding
reactions of followers and make actions firstly for high utilities. In the sequential
game, the stable results can be achieved with Stackelberg equilibrium, which is
defined as follows.

Definition 2 Let ..X; A/; .g; f // be the general sequential game with m leaders and
n followers. X D X1 � X2�; : : : ; �Xm and A D A1 � A2�; : : : ; �An are all sets of
strategy profiles of all leaders and all followers, respectively. g D .g1.x/; : : : ; gm.x//

is the payoff function of leaders for x 2 X, and f D .f1.˛/; : : : ; fn.˛// is the payoff
function of followers for ˛ 2 A. Let xi be a strategy profile of leader i, x�i be a
strategy profile of all leaders except for leader i, ˛j be a strategy profile of follower
j, and ˛�j be a strategy profile of all other followers except for leader j. A set of
strategy profile x� 2 X and ˛� 2 A is the equilibrium of the multi-leader multi-
follower game if 8i; 8j, xi 2 Xi; ˛j 2 Aj,

gi.x�i ; x��i; ˛�/ � gi.xi; x��i; ˛�/ � gi.xi; x�i; ˛�/;

fj.x; ˛�j ; ˛��j/ � fj.x; ˛j; ˛��j/:
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In the following sections, as all operators and the WAP are autonomous indi-
viduals, which try to optimize their own utilities based on the behaviors of others,
we consider all operators and the WAP as the players in one game [21]. With the
established system model and formulated problems for each player, we analyze the
optimal strategies of each operator and WAP pair, and the optimal strategies among
all operators, respectively, in a game-theoretical perspective.

3 System Model and Problem Formulation

We consider an indoor environment where there is a set N D f1; : : : ; Ng of
operators trying to serve their MUs in the unlicensed spectrum. However, as shown
in Fig. 1, the WAP already serves Wi-Fi users (WUs) in the unlicensed spectrum,
so all N operators are required to guarantee the performance of the WUs while
increasing the QoS for their MUs. We suppose the WAP adopts Frequency Division
Multiple Access (FDMA) and there are totally S sub-bands in the unlicensed
spectrum, each labeled as s 2 S D f1; : : : ; Sg. As each sub-band s 2 S of
the unlicensed spectrum is independent of other sub-bands. Thus, in the following
sections, we analyze the strategies of the WAP and all operators in one sub-band,
say s, and hence drop the sub-band index to simplify notational expressions. The
strategies in other sub-bands can be analyzed in a similar way. Accordingly, when
the WAP shares the sub-band with all N operators, the spectrum efficiency of the
WAP can be expressed as

R.w/ D log2

 

1 C p.w/g.w/

P
n2N p.m/

n h.m/
n C �2

!

; (2)

Fig. 1 System architecture
when multiple wireless
operators implement LTE
unlicensed in the same
spectrum band (MU: mobile
user; WU: Wi-Fi user)
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where p.w/ is the transmit power allocated by the WAP for a scheduled WU in the
sub-band. g.w/ is the path gain from the WAP to the WU. p.m/

n is the transmit power
allocated by one base station (BS) of operator n for a scheduled MU. h.m/

n is the path
gain from the BS of operator n to the WU. Thus, p.w/g.w/ is the signal strength that
the WU receives from the WAP, and

P
n2N p.m/

n h.w/
n is the total interference from

BSs of all operators. � is the power of the additive white noise in the sub-band.
Correspondingly, we assume that each operator serves one MU with the closest

BS in the sub-band. Without causing any confusion, we shall thus interchangeably
use an operator and a BS in the following analysis. The spectrum efficiency of each
operator n 2 N in the sub-band can be expressed as

R.m/
n D log2

 

1 C p.m/
n g.m/

n

p.w/h.w/
n CP

n02N nfng p.m/

n0

h.m/

n0n C �2

!

; (3)

where g.m/
n is the path gain from the BS of operator n to the scheduled MU of

operator n. h.w/
n is the path gain from the WAP to the MU. h.m/

n0n is the path gain from

an operator n0 2 N n fng to the MU. Accordingly, p.m/
n g.m/

n is the signal strength the
MU gets from its associated BS of operator n, p.w/h.w/

n is the interference the MU
receives from the WAP, and

P
n02N nfng p.m/

n0

h.m/

n0n is the interference the MU receives
from other operators in the sub-band.

Furthermore, the data transmissions from the WAP and all N operators to
their WU and MUs consume transmit power. To encourage minimizing power
consumption, we suppose the transmit power cost of the WAP is

c.w/ D p.w/r.w/; (4)

where r.w/ is the price of unit transmit power of the WAP. The cost of transmit power
for each operator n 2 N is

c.m/
n D p.m/

n r.m/
n ; (5)

where r.m/
n is the price of unit transmit power of the base station of operator n.

Therefore, in line with the above discussions, the utility of the WAP can be
denoted as the achieved capacity by serving the WU minus its transmit power cost,
i.e.,

U.w/
�

p.w/
ˇ
ˇ
ˇp.m/

�
D BR.w/ � c.w/; (6)

where B is the bandwidth of the considered sub-band s of the unlicensed spectrum.
The transmit powers of both the WAP and all WOs can affect the final utility of the
WAP due to spectrum sharing. We choose p.m/ to denote the transmit powers from
all operators.
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Similarly, the utility of an operator n 2 N is the achieved capacity by serving
the MU minus the corresponding transmit power cost, that is,

U.m/
n

�
p.m/

n

ˇ
ˇ
ˇp.w/; p.m/�n

�
D BR.m/

n � c.m/
n ; (7)

where p.m/�n denotes the transmit powers from all operators except for the operator n.
We suppose that the WAP and all operators are autonomous individuals. In order

to achieve a high utility for itself, the WAP should determine its transmit power p.w/

based on the transmit powers from all operators in the sub-band. For each operator,
however, based on the behaviors of all other operators and the WAP, it is supposed to
determine the transmit power p.m/

n in order to improve its utility while guaranteeing
the performance of the WU at the same time. As the WAP and all operator are able
to make decisions in an iterated way, for simplicity of the analysis, we suppose the
WAP and all operators have two power level choices, namely, p.w/ 2 fp.w/

1 ; p.w/
2 g,

p.m/
n 2 fp.m/

1 ; p.m/
2 g, where 1 stands for the low power level and 2 refers to the high

power level. Accordingly, in the current iteration, if the probability of p.w/ D p.w/
i

is v
.w/
i , and the probability of p.m/

n D p.m/
jn

is v
.m/;n
jn

, 8i; jn 2 f1; 2g, 8n 2 N , the
expected utility of the WAP and the operator n can be, respectively, shown as

E.w/ D
X

i;fjnjn2N g

"

v
.w/
i

Y

n2N
v

.m/;n
jn

U.w/
�

p.w/
i

ˇ
ˇ
ˇ

�
p.m/

jn

ˇ
ˇ
ˇn 2 N

��
#

; (8)

and

E.m/
n D

X

i;fjnjn2N g

"

v
.w/
i

Y

n2N
v

.m/;n
jn

U.m/
n

�
p.m/

jn

ˇ
ˇ
ˇp

.w/
i ;

�
p.m/

jn0

ˇ
ˇ
ˇn0 2 N n fng

��
#

: (9)

For each pair of an operator n 2 N and the WAP, if in the current iteration the
transmit power of the operator n is in level xn, and the transmit power of the WAP is
in level y, we define the expected probability that in the next iteration the operator n
decides the power in level x0n is zyxnx0

n
, 8y; xn; x0n 2 f1; 2g. Correspondingly, we define

the probability that in the next iteration the WAP transmits in level y0 is ayx1x2:::xN y0 ,
8y; xn; y0 2 f1; 2g, 8n 2 N , given that in the current iteration the transmit power
of each operator n is in level xn, and the transmit power of the WAP is in level y.
Accordingly, in the current iteration, the strategy profile for the operator n can be
given by zn D fzyxnx0

n
; 8y; xn; x0n 2 f1; 2gg, 8n 2 N . The strategy profile for the

WAP can be denoted as a D fayx1x2:::xN y0 ; 8y; xn; y0 2 f1; 2g; 8n 2 N g.
In the iterated scenario, for an operator n 2 N , to guarantee the performance

of the WU, it is required to maximize the total utility accumulated over both itself
and the WAP in the same sub-band of the unlicensed spectrum, without knowing
the strategy of the WAP. Furthermore, to achieve a high utility performance for the
MUs, the utility of operator n should be k times larger than the utility of the WAP,
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where k > 0 is a constant. Eventually, the optimization problem for operator n can
be formulated as follows,

max
zn

E.m/
n C E.w/

s:t:

(
0 6 zn 6 1;

E.m/
n � kE.w/:

(10)

Based on the formulated problem, in the following sections, game-theoretical
analysis is adopted to determine the optimal strategies for each operator or WAP so
as to achieve its optimal utility, respectively.

4 Game Analysis

In this section, we analyze the optimal power control strategies for each operator
and the WAP. As the strategy of an operator is affected by all other operators, we
first fix the behaviors of all the other operators and discuss the optimal strategies for
one operator and WAP pair in Sect. 4.1. Furthermore, by predicting the behaviors
of every operator and WAP pair, each operator n, 8n 2 N , is able to adjust its
strategy and compete with other operators. Accordingly, in Sect. 4.2, we formulate
the competition among all operators as a non-cooperative game, and find out the
Nash equilibrium of the game where each of the operators cannot unilaterally
change its behaviors for a higher utility.

4.1 Game Analysis Between an Operator and WAP

In order to better analyze the relationship between an operator n and the WAP, we
fix the transmit powers of all other operators, i.e., p.m/�n , in each iteration of the game.
When both operator n and the WAP transmit in different power levels, they receive
the following utilities,

W.m/
yxn

D U.m/
n

�
p.m/

xn

ˇ
ˇ
ˇp.w/

y ; p.m/�n

�
; (11)

W.w/
yxn

D U.w/
�

p.w/
y

ˇ
ˇ
ˇp.m/

xn
; p.m/�n

�
; (12)

8y; xn 2 f1; 2g. For a better understanding, we illustrate the utilities in Fig. 2, which
is basically a 2 � 2 static game. According to the property of the utility functions,
when operator n increases its power level while the WAP keeps its transmit power
unchanged, the utility function of operator n increases and the utility function of the
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Fig. 2 Game analysis
between the operator n and
the WAP in one iteration

WAP decreases, and vice versa. Thus, we have
8
ˆ̂
<̂

ˆ̂
:̂

W.m/
y2 > W.m/

y1 ; 8y 2 f1; 2gI
W.w/

y2 < W.w/
y1 ; 8y 2 f1; 2gI

W.w/
2xn

> W.w/
1xn

; 8xn 2 f1; 2gI
W.m/

2xn
< W.m/

1xn
; 8xn 2 f1; 2g:

(13)

Based on (13) above, p.w/ D p.w/
2 and p.m/

n D p.m/
2 is the Nash equilibrium of the

game. If W.w/
22 C W.m/

22 > W.w/
11 C W.m/

11 , p.w/ D p.w/
2 and p.m/

n D p.m/
2 also achieve the

Pareto optimality, which constitute the optimal strategies for both operator n and the
WAP.

However, if W.w/
22 CW.m/

22 < W.w/
11 CW.m/

11 , the game becomes a prisoner’s dilemma
where the social optimal point is not the Nash equilibrium solution. In order to
achieve high and stable social welfare while guaranteeing the performance of the
WU, we suppose the game is played in an iterated way. Thus, zero-determinant
strategy can be applied by operator n to unilaterally set a ratio relationship between
the operator n and the WAP, no matter what the strategy of the WAP is [22, 23]. Thus,
when the WAP maximizes its individual utility, the social welfare can be optimized.

In the iterated game, as we do not consider the strategies of other operators, the
strategy of the WAP can be defined as

qyxny0 D
X

fxn0
jn02N nfngg

ayx1x2:::xN yw : (14)

Thus, the transition matrix of the iterated process can be given as

H D

2

6
6
4

q111z111 q111z112 q112z111 q112z112

q121z121 q121z122 q122z121 q122z122

q211z211 q211z212 q212z211 q212z212

q221z221 q221z222 q222z221 q222z222

3

7
7
5 ; (15)

where qyxn1 C qyxn2 D 1 and zyxn1 C zyxn2 D 1, 8y; xn 2 f1; 2g.
In each iteration of the game, we assume the probability that the WAP transmits

in power level y while the operator n transmits in power level xn is dyxn . Thus,

dyxn D v.w/
y v.m/

xn
; (16)
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8y; xn 2 f1; 2g. Denote d D Œd11; d12; d21; d22�>, we model the iterated process as a
Markov chain. If

d>H D d>; (17)

can be established, the process achieves a stationary result. Define H0 D H � I,
where I is the unit diagonal matrix. We then have

d>H0 D 0: (18)

Moreover, according to Cramer’s rule, adj.H0/H0 D det .H0/, where adj.H0/ is
the adjugate matrix of H0. Following the properties of the matrix determinant, we
derive det .H0/ D 0. Thus,

adj.H0/H0 D 0: (19)

Based on (18) and (19), we deduce that each column of the adj.H0/ is propor-
tional to d>. Accordingly, the dot product of d with any vector f D Œf1; f2; f3; f4�>
can be expressed as

d> � f D (20)

det

0

B
B
@

�1 C q111z111 �1 C q111 �1 C z111 f1
q121z121 �1 C q121 z121 f2
q211z211 q211 �1 C z211 f3
q221z221 q221 z221 f4

1

C
C
A ;

where the second and third column of the determinant is only related to the strategies
of the WAP and operator n, respectively. We set zn D Œ�1 C z111; z121; �1 C
z211; z221�> and f D W.w/ � ˇW.m/

n , where W.w/ D ŒW.w/
11 ; W.w/

12 ; W.w/
21 ; W.w/

22 � and

W.m/
n D ŒW.m/

11 ; W.m/
12 ; W.m/

21 ; W.m/
22 �.

If

z D �f; (21)

we have

d> � f D d> � �W.w/ � ˇW.m/
n

�

D F.w/ � ˇF.m/
n D 0; (22)

namely,

F.m/
n D 1

ˇ
F.w/: (23)
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Fig. 3 The utility of the
operator n vs the utility of the
WAP when the operator n
adopts the zero-determinant
strategy
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where F.w/ and F.m/
n are the expected utility of the WAP and operator n in the 2 � 2

game, respectively.
Accordingly, the zero-determinant strategy for operator n is calculated as,

8
ˆ̂
ˆ̂
ˆ̂
<

ˆ̂
ˆ̂
ˆ̂
:

z111 D 1 C �
�

W.w/
11 � ˇW.w/

11

�
;

z121 D �
�

W.w/
12 � ˇW.w/

12

�
;

z211 D 1 C �
�

W.w/
21 � ˇW.w/

21

�
;

z221 D �
�

W.w/
22 � ˇW.w/

22

�
:

(24)

Moreover, as depicted in Fig. 3, the feasible region of the prisoner’s dilemma
is ABCD. The zero-determinant strategy of operator n is characterized by a line
starting at O as shown in Fig. 3, i.e., as long as operator n adopts the proposed zero-
determinant strategy, no matter what the strategy of the WAP is, the final results of
the game fall on one determined line [24]. In order to achieve the maximum utility
for both operator n and the WAP, operator n should determine the line OB. Taking
into account the constraint that E.m/

n � kE.w/, the value of ˇ satisfies

1

ˇ
D max

(

k;
W.m/

11

W.w/
11

)

: (25)

4.2 Game Analysis Among Operators

According to the analysis performed in the previous subsection, when the transmit
powers of all other operators are fixed, the utility profiles of an operator n 2 N

as well as the WAP, namely, W.m/
n D ŒW.m/

11 ; W.m/
12 ; W.m/

21 ; W.m/
22 � and W.w/ D
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ŒW.w/
11 ; W.w/

12 ; W.w/
21 ; W.w/

22 �, are fixed. Therefore, operator n is able to configure the
proposed zero-determinant strategy by setting a ratio between its own utility and
the utility of the WAP. However, when the transmit powers from other operators
are changed, the utility profiles of the operator n and the WAP vary, and so does
the game between operator n and the WAP. That is, the behaviors of each operator
will affect the utility functions of other operators. As each operator would like to
increase its utility in a selfish way, we model the competitions among the operators
as a non-cooperative game. The probability that each operator n transmit in power
level xn, 8xn 2 f1; 2g, 8n 2 N , and the WAP transmits in power level y can be
expressed in the following form

�yx1:::xN D v.w/
y

Y

n2N
v.m/;n

xn
: (26)

And inversely, it’s straightforward to get

v.m/;n
xn

D
X

y;fxn0
jn02N nfngg

�yx1:::xN ; (27)

8xn 2 f1; 2g, and

v.w/
y D

X

fxnjn2N g
�yx1:::xN ; (28)

8y 2 f1; 2g.
Therefore, in the 2 � 2 game between each operator n 2 N and the WAP, the

probability of a situation that all other operators n0 2 N n fng transmits in power
level xn0 is

�n
x1:::xn�1xnC1:::xN

D
X

y;xn

�yx1:::xN ; (29)

8xn 2 f1; 2g.
In each situation, there is a corresponding utility profile for the 2 � 2 game

between operator n and the WAP. Following the game analysis in Sect. 4.1, we are
able to obtain a stationary vector d.x1; : : : ; xn�1; xnC1; : : : ; xN/ for each situation.
Accordingly, we attain

X

fxn0
jn02N nfngg

Tx1:::xn�1xnC1:::xN D � n; 8n 2 N ; (30)

where

Tx1:::xn�1xnC1:::xN D
D �n

x1:::xn�1xnC1:::xN
d .x1; : : : ; xn�1; xnC1; : : : ; xN/ ; (31)
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and

� n D
h
v

.w/
1 v

.m/;n
1 ; v

.w/
1 v

.m/;n
2 ; v

.w/
2 v

.m/;n
1 ; v

.w/
2 v

.m/;n
2

i
: (32)

Moreover, based on the above definitions, we have

( P2
xnD1 v

.m/;n
xn D 1; 8n 2 N I

P2
yD1 v

.w/
y D 1:

(33)

Accordingly, when all the values of �yx1:::xN satisfy (30) and (33), all operators
achieve a Nash equilibrium, where each operator cannot change its strategy
unilaterally for a higher utility. Based on the value of �yx1:::xN , each operator n 2 N
plays an 2 � 2 game with the WAP. The expected utility profile for operator n is

˝ .m/
n D

X

fxn0
jn02N nfngg

�n
x1:::xn�1xnC1:::xN

W.m/
n .x1; : : : ; xn�1; xnC1; : : : ; xN/ : (34)

The expected utility profile for the WAP is

˝ .w/ D
X

fxn0
jn02N nfngg

�n
x1:::xn�1xnC1:::xN

W.w/ .x1; : : : ; xn�1; xnC1; : : : ; xN/ : (35)

Finally, the optimal zero-determinant power control strategy for operator n is
obtained as

zn D zn

X

fxn0
jn02N nfngg

�n
x1:::xn�1xnC1:::xN

: (36)

5 Simulation Results

In this section, we evaluate the performance of the operators and WAP with
MATLAB. Without loss of generality, we assume that there are two operators trying
to share the unlicensed spectrum with the WAP in a two-dimensional area. The
operators are located at coordinates .50; 0/ and .25; 43/, and their scheduled MUs
are located at coordinates .90; 0/ and .�5; 43/. The WAP is assumed to be located
at the origin, and it serves a WU at coordinates .0; 10/. We assume two power levels
for both the operators and the WAP, i.e., the power levels for both operators are,
respectively, f600; 1200g and f450; 900g. And the power levels for the WAP are
chosen from f400; 800g. We set the price of unit transmit power for the WAP to be
0:001 and that for the WO to be 0:002. The power of the additive white noise is
� D �105 dBm.
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Fig. 4 The social welfare vs. iteration when two WOs and the WAP share unlicensed spectrum at
the same time

For better analysis, we compare our proposed zero-determinant strategy with the
Pavlov strategy in the game. In the case of an operator choosing to implement the
Pavlov strategy, if the received utility is higher than a predefined threshold, operator
keeps the current transmit power level. If the received utility is smaller than the
threshold, the operator switches to the other power level. Thus, the Pavlov strategy
for an operator n can be simply denoted by zn D Œ1; 0; 0; 1�, 8n 2 f1; 2g.

From the curves in Fig. 4, we discover that the social welfare of the game finally
converges as the number of iterations increases. The converged value when both the
operators adopt the proposed zero-determinant strategy is larger than the value when
the first operator applies the proposed zero-determinant strategy and the second
operator applies the Pavlov strategy. Moreover, the converged value when the first
operator applies the proposed zero-determinant strategy and the second operator
applies the Pavlov strategy is larger than the value when both the operators adopt
the Pavlov strategy.

Furthermore, we evaluate the influence that the transmit power of the WAP can
make to the system in Fig. 5. As the low power level of the WAP increases, we
discover that the social welfare of the system gradually increases, but the increasing
speed decreases. The reason behind this is that when the low power level of the
WAP increases, the WU is able receive a higher data rate from the WAP. However,
increasing the transmit power of the WAP also increases the interference to the
operators coexisting in the unlicensed spectrum, which indicates the decrease in the
increasing speed. We can also see from the plot that the social welfare when both
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Fig. 5 The social welfare vs. low power level of the WAP in the game

the operators adopt the proposed zero-determinant strategy is always larger than the
social welfare when the first operator applies the proposed zero-determinant strategy
and the second operator applies the Pavlov strategy. The social welfare when the first
operator applies the proposed zero-determinant strategy and the second operator
applies the Pavlov strategy is always larger than the social welfare when both the
operators adopt the Pavlov strategy.

6 Summary

In this chapter, we formulate a layered power control game among all the operators
and the WAP which jointly operate over a common unlicensed spectrum band. Each
operator aims to maximize its own utility in a distributed manner with the protection
of performance achieved by the WU in the Wi-Fi network. In the layered game, we
first fix the transmit powers of all other operators and propose a zero-determinant
strategy for the power control of each considered operator. The advantage of
implementing the zero-determinant strategy is that operators can optimize the social
welfare on their own, no matter what power control strategy is chosen by the WSP.
To deal with the competition among the non-cooperative operators, we propose
that each operator explores the predicted strategies from all other operators in all
situations and hence determines its optimal zero-determinant strategy to reach the
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Nash equilibrium results. The provided simulation results validate the correctness
of the analysis in this chapter, and confirm that the high performance gain can be
realized from the proposed zero-determinant strategies.
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Spectrum Matching in Unlicensed Band
with User Mobility

1 Introduction

1.1 Coexistence Issue in Unlicensed LTE

Recent studies have highlighted that LTE technology has significant performance
gains over Wi-Fi when operating in the unlicensed band [1]. The main advantages
for unlicensed LTE (U-LTE) over Wi-Fi on the unlicensed spectrum include better
link performance, medium access control, mobility management, and excellent
coverage. These benefits have made U-LTE a promising technology. Due to the low
power and high frequency transmission regulations imposed by Federal Communi-
cations Commission (FCC) on the unlicensed spectrum, small cell (SC) deployment
in heterogeneous network (HetNet) is an ideal implementation scenario for the U-
LTE. It is shown in [2] that U-LTE has a great potential in the ultra dense cloud
SC deployment, which combines advantages of the cloud radio access network and
ultra dense SCs. However, U-LTE is still in its infancy, and thus calls for great
effort and careful design before meeting the requirements and regulations of both
licensed and unlicensed transmissions. More specifically, how can we guarantee a
fair coexistence of the newly joined cellular users (CUs) and the existing unlicensed
users (UUs) on the unlicensed band? For traditional Wi-Fi transmission, which is
collision avoidance based, UUs may back off to the co-channel U-LTE users if
the interference level is above the energy detection threshold (e.g., �62 dBm over
20 MHz) [1]. Thus without proper coexistence mechanisms, U-LTE transmissions
can cause considerable interference on Wi-Fi transmissions. On the other hand,
the interference from the co-channel Wi-Fi users may also degrade the U-LTE
devices’ performance, leading to the failure of meeting the quality of service (QoS)
requirements for cellular transmissions. In addition, with limited unlicensed bands,
U-LTE users need to compete with each other. Thus, there may exist inter-operator
interference. To summarize, such unplanned and unmanaged deployment can result
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in excessive interference to both Wi-Fi users and U-LTE users. Therefore, it is
critical to design a coexistence mechanism to avoid such co-channel interference
and guarantee the harmonious coexistence of Wi-Fi and LTE systems [3].

A fair coexistence is always evaluated from both the U-LTE and Wi-Fi users’
point of view, and thus the coexisting interference can be generally categorized
into three types: (1) the interference that CUs bring to the existing UUs; (2) the
interference that the existing UUs bring to CUs; (3) the interference between
multiple CUs who are reusing the same unlicensed band. Therefore, to satisfy
these coexisting constraints, certain transmission restrictions should be imposed on
both LTE and Wi-Fi systems. Some methods have been proposed to deal with the
coexistence issues, for example the Channel Selection mechanism, Carrier-Sensing
Adaptive Transmission (CSAT) and Opportunistic SDL [4]. The Channel Selection
method enables the SCs to choose the cleanest channel based on the Wi-Fi and LTE
measurements. When no clean channel is available, the CSAT algorithm can be used
to apply adaptive TDM transmission based on the long-term carrier sensing of co-
channel Wi-Fi activities. The SDL method allows to turn off the carrier aggregation
when the SC is lightly loaded to avoid interference to Wi-Fi and transmission
overheads. It is pointed out that, for most Wi-Fi and U-LTE SC deployments,
Channel Selection is usually sufficient to meet the coexistence requirements [4]. In
the case that one unlicensed band is the best choice for more than one CU, instead
of allocating all such CUs to this unlicensed band, some CUs can be allocated to
their second-best or third-best choices for more efficient network utilization. Thus,
it becomes a critical issue, from the U-LTE SCs’ perspective, that how to most
efficiently allocate the unlicensed bands to multiple CUs so that the unlicensed
resources can achieve the highest utilization while both cellular and Wi-Fi users’
performances can meet their requirements/regulations.

1.2 Matching Theory for U-LTE

To find a proper solution for this unlicensed resource allocation problem between the
CUs and coexisting UUs, we start by studying the features of the resource allocation
problem and some existing solution methods. The future 5G mobile networks are
expected to be characterized with features such as higher data rates, reduced end-to-
end latency, better network coverage and so on. The heterogeneous characteristics
exhibited by mobile users and the network density are the two major challenges that
face the 5G design. Current architectures for mobile and cellular networks are highly
centralized. The advantage of the centralized approach resides in its optimality,
however with the gigantic information to be collected by the centralized agent (e.g.,
eNBs) and the extremely high computation complexity, the resulting service latency
to the end users can be unsatisfying. In addition, considering the highly dynamic
network environment, including the network topology change and channel condition
varying, distributive network resource management is considered as a more efficient
approach. More specifically, in the U-LTE context, with eNBs in control of the
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resource allocation, we can formulate the unlicensed resource allocation as a
centralized optimization with interference constraints. As discussed previously, the
network density, the user heterogeneity, the require for global information, as well as
the mobility management, may result in high computation overhead and complexity,
which make the centralized approach less efficient. As a popular mathematical
tool, game theory is often used as an alternative approach to solve these problems
in a distributed manner. We can model the resource allocation problem as the
interactions between players under certain rules. However, game theory also has its
limitations, for example that each player requires the knowledge of other players’
actions in many cases, which restricts its distributive implementation. In addition,
specific utility functions are always required for players, which is hard to realize in
some practical applications.

Matching game can overcome some limitations of game theory and centralized
optimization. It can model the competition and negotiation between the distinct
user sets of LTE and Wi-Fi, and solve the problem in a semi-distributive way. We
claim it as semi-distributive w.r.t. the fact that many operations in the matching
algorithms are implemented distributively, including the information collection,
preference list set up, local reject/accept decision making and so on, while certain
operations may require global information from a centralized agent, such as the
detection of a blocking pair. Different from the static resource allocation that has
been studied [5, 6], which is a one-time allocation, the dynamic case is not a simple
repeating of the static allocation over time. In this work, we propose a matching-
based framework to tackle the dynamic U-LTE resource allocation problem, which
explores the relations between the resource allocations of adjacent times. The major
contributions are summarized as follows.

• We have summarized the coexistence issues of U-LTE into three categories. To
solve such issues we have modeled the interactions between CUs and UUs as an
interactive matching game: the stable marriage (SM) problem. The coexistence
constraints are well interpreted through the set up of CUs’ and UUs’ preference
lists.

• We have introduced two semi-distributed solutions: the Gale-Shapley (GS)
algorithm and Random Path to Stability (RPTS) algorithm to tackle the resource
allocations in U-LTE dynamically. Both mechanisms ensure network stability,
while achieving relatively low computation complexity compared with the
centralized optimization. Specifically, the proposed RPTS algorithm, which
makes use of the relations between two time-adjacent matchings, further reduces
complexity compared with GS, and is more suitable for dynamic networks.

• The external effect that occurs in many wireless resource allocation problems,
which refers to instability caused by the inter-dependence of the matching
players’ preference lists, is addressed by the proposed Inter-Channel Cooperation
(ICC) mechanism. The ICC procedure not only re-stabilize the system but also
further improves network throughput.

• We evaluate the adaptability and robustness of the GS+ICC and RPTS+ICC
mechanisms under two user mobility models: the Random Waypoint model, and
the HotSpot model. The computation complexity and system optimality analysis
are performed theoretically and also validated through simulations.
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The rest of the chapter is organized as follows. The system model of the dynamic
resource allocation in U-LTE is provided in Sect. 2. Then, the problem formulation
and centralized solution are presented in Sect. 3. Due to the NP-hardness of the
centralized solution, the semi-distributive matching approaches are introduced in
Sect. 4. Two matching mechanisms are implemented in the time-independent way
and the time-dependent way, respectively. Both theoretical and numerical analysis
are provided in Sect. 5 to evaluate the proposed mechanisms. Finally, conclusion
remarks are drawn in Sect. 6.

2 System Model

We consider a single carrier cellular network, where as illustrated in Fig. 1, there
are N CUs CU D fcu1; : : : ; cui; : : : ; cuNg subscribed to one cellular network
operator (CNO). Each CU is served by its local eNB BS D fbs1; : : : ; bsb; : : : ; bsB1g
with the allocated licensed spectrum. B1 is the number of total eNBs. Due to the
time varying traffic flow, some transmission requests can not be satisfied by the
currently allocated licensed subband. We assume a set of such CUs travel around
in the network with certain mobility patterns. Wherever CUs are located, they
search for nearby UUs, and seek to share their unlicensed spectrum using the CA
technique for supplemental downlink (SDL) transmission. We denote the set of

Fig. 1 System model
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UUs as UU D fuu1; : : : ; uuj; : : : ; uuMg, and each UU is allocated with a specific
unlicensed subband denoted as F D ff1; : : : ; fj; : : : ; fKg for transmission. Typically,
each unlicensed band is shared by multiple UUs based on the CSMA/CA regulation.
All the pathless gains are independent of the unlicensed subbands, and fast fading
is not considered in this work. All the unlicensed subbands use the same carrier
frequency. To simplify the representation, we assume that uuj; uuj 2 UU is assigned
with the unlicensed band fk; fk 2 F . Each UU is served by its local Wi-Fi AP,
denoted as AP D fap1; : : : ; apj; : : : ; apB2g, for transmitting/receiving data, where
B2 is the number of Wi-Fi Access Points (WAPs).

The pre-assigned licensed bands of CUs will be the primary carrier and will be
aggregated with the shared unlicensed bands to enhance transmission. To access
a clean unlicensed channel, CUs need to have the channel sensing phase before
joining any unlicensed channel, and this channel sensing shall be repeated each
time CUs joins a new unlicensed channel. During the channel sensing, CUs can
detect the transmission energy on the target unlicensed channel and decide if this
channel is clean or not by comparing with a threshold. The CUs then communicate
with its local eNBs, who assist the CUs in accessing the unlicensed bands, through
control signal exchanges using the pre-assigned licensed bands. On the other hand,
to model the interference incurred at UUs from the sharing CUs, the locations of
UUs and the Wi-Fi medium utilization (MU) estimation should be performed. The
Wi-Fi MU monitoring is done by the WAPs through network listening, where all the
U-LTE CUs are required to turn off the unlicensed spectrum sharing in this period.
The Wi-Fi network listening decodes the preamble of any WiFi packet detected
during this time and records its corresponding received signal strength indicator
(RSSI), duration in �s (or NAV), modulation, coding scheme and source/destination
address [7]. With the above estimated information of the unlicensed bands and the
existing UUs, the WAPs will share with the U-LTE eNBs so that this information can
be further shared with the CUs to select the proper partner UUs. To the best of our
knowledge, there’s no existing standard specifying how many unlicensed bands that
each CU should use for aggregation in U-LTE, besides SDL is only considered as
an enhancement to LTE transmission without any certain improvement guaranteed.
Thus, without loss of generality, we assume in this work, that each CU will be
matched to at most one UU, i.e., one unlicensed band. On the other hand, each
unlicensed band can accommodate multiple CUs, depending on the number of its
existing UUs.

As discussed in Sect. 1, the coexistence issues are categorized as follows: (1)
the interference that CUs bring to the existing UUs; (2) the interference that the
existing UUs bring to CUs; (3) The interference between multiple CUs who are
reusing the same unlicensed band. We elaborate them one by one into the following
constraints:

• It is well known that in Wi-Fi transmission, the UUs adopt the CSMA/CA
mechanism for coexistence, which is different from the way that LTE system
operates, who directly uses the spectrum without sensing. Thus, it is required that
CUs should keep their interference incurred at the UUs to be sufficiently small,
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such that the channel is treated as “idle” by UUs. To achieve this requirement, we
set the threshold of the any CU’s interference as the energy level of UU’s noise,
denoted as �noise.

• On the other hand, not all unlicensed bands are clean enough for CUs to use. The
existing UUs on some channels cause high interference that greatly reduces the
transmission quality rather than enhancing the transmission. Thus, by restricting
the signal to interference plus noise ratio (SINR) for cui to be higher than the
minimum requirement � min

i when choosing sharing UUs, we can guarantee CUs’
QoS requirements.

• The inter-CU interference can be avoided by the management of eNBs. We
assume the eNBs adopt TDMA for CUs who are sharing the same unlicensed
bands, and each sharing CU is allocated an equal share of time. As more CUs
are assigned to the same unlicensed band, each CU gets a smaller share of the
resource. Thus, it might happen that, after assigned to some unlicensed channel,
some CU may prefer to switch to another channel which has less CUs assigned.
To avoid such situation, we design the ICC strategy to avoid the system-wide
massive switching. The detailed mechanism will be discussed in Sect. 4.2.2.

3 Problem Formulation

There are majorly two factors that may cause network dynamics, one is the user
mobility, and the other the channel fading. To model the network dynamics, which
include the change of propagation gain, interference, and so on, we divide the
simulation period Œ0; T� into identical time slots 	T . The slot duration 	T can be
set according to specific applications. To precisely model the dynamic network due
to user mobility, we can set 	T to be sufficiently small that during each time slot
.t; t C 1/; 8t 2 f1; : : : ; t; : : : ; Tg, the user distribution and channel conditions can be
treated as static. In other words, we assume that the resource allocation only happens
at the beginning of each time slot. Thus, the formulation of our dynamic resource
allocation problem will be built based on each specific time slot .t; t C 1/.

In order to pursuit higher spectrum efficiency, we allow multiple CUs to share the
same unlicensed channel as long as the incurred coexisting interference is acceptable
for each co-channel CU and UU. Each CU is only allowed to be allocated to one
unlicensed channel. In other words, it is a many-to-one matching between CUs and
the unlicensed bands (i.e., UUs). To model the dynamic resource allocation problem
between CUs and UUs, we adopt a binary matrix for each time slot, denoted as

.t/ D f
i;jjcui 2 CU ; uuj 2 UUg. 
i;j.t/ is a binary value equal to 1 or 0 indicating if
cui is or is not assigned with uuj (i.e., subband fj) at time t. To dynamically maximize
the social welfare, we endeavor to find the allocation matrix 
.t/ sequentially at each
time that can achieve the highest overall performance of CUs and UUs.
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3.1 CUs’ Performance

In this work, we assume that U-LTE for CUs’ SDL transmission. Thus, cui is the
receiver and its local eNB bsb is the transmitter. The interference from the coexisting
UU is also incurred on the receiver cui. Thus, The received SINR at bsb when
sharing fj with uuj at time t, used to measure the performance cui, is represented
as follows:

�i;j.t/ D 
i;j.t/Pb;i.t/gb;i.t/

� l
N C Pj;i.t/hj;i.t/

; (1)

where Pb;i.t/ and gb;i.t/ are the transmission power and channel gain from bsb to
cui at time t, respectively. Pj;i.t/ and hj;i.t/ represent the transmission power and
channel gain from uuj to cui, respectively. � l

N is the licensed channel noise.

3.2 UUs’ Performance

On the other hand, UUs will be interfered by the spectrum sharing from CUs,
although the interference is controlled to be small. In the case that fj is utilized
by cui for UL transmission, uuj is interfered by the transmitter cui’s power. Thus,
the interference of uuj from cui at time t is denoted as follows:

IntfUL
i;j .t/ D Pi;j.t/hi;j.t/; (2)

where Pi;j.t/ and hi;j.t/ represent the transmission power and channel gain from cui

to uuj, respectively.
While fj is utilized by cui for DL transmission, uuj is interfered by the transmitter

bsb’s transmission power. Thus, the interference of uuj from bsb at time t is denoted
as follows:

IntfDL
i;j .t/ D Pb;j.t/hb;j.t/; (3)

where Pi;j.t/ and hi;j.t/ represent the transmission power and channel gain from bsb

to uuj, respectively.
Thus, uuj’s received interference Intfi;j equals to Pi;j.t/hi;j.t/ if cui is a transmitter,

and Intfi;j D Pb;j.t/hb;j.t/ if cui is a receiver. We represent uuj’s SINR at time t when
sharing fj with cui as:

� UU
j;i .t/ D 
i;j.t/Pj.t/gj.t/

�u
N C Intfi;j

; (4)

where Pj.t/ and gj.t/ is the transmission power and channel gain for uuj, respec-
tively. �u

N is the unlicensed spectrum noise.
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Now, we formulate the dynamic spectrum sharing problem in U-LTE as a
sequence of static resource allocation problems for each time slot. With the objective
of dynamically maximizing the system throughput, the problem formulation is
shown as follows:

max

i;j.t/

X

i

.
X

j


i;j.t/
P

i 
i;j.t/
fk log.1 C � CU

i;j .t///

C
X

j

.
X

i

1
P

i 
i;j.t/
fk log.1 C � UU

j;i .t///; (5)

s.t. :

� CU
i;j .t/ � � min

i ; 8cui 2 CU ; (6)

Intfi;j.t/ � �noise; 8uuj 2 UU ; (7)
X

j


i;j.t/ � 1; 8cui 2 CU ; (8)

X

i


i;j.t/ � 1; 8uuj 2 UU ; (9)

Notice that for any uuj, its associated unlicensed band is pre-assigned, and
is denoted as fk; 8fk 2 F . Equation (6) is the SINR requirement that any CU
should satisfy if to reuse a certain unlicensed band. It limits the interference CU
receives from the coexisting UUs on the unlicensed band. Equation (7) represents
the maximum interference that any UU can allow resulting from the coexisting CUs
on the unlicensed band to guarantee fair coexistence. Equations (8) and (9) are the
capacity requirements for CUs and UUs. Each CU can be allocated to only one UU
(i.e., one unlicensed band), and each UU is only allowed to matched to one CU.

The formulated problem becomes a sequential mix integer nonlinear program-
ming (MINLP) problems, which are in general NP-hard to solve centrally [8]. In
addition, to cope with network dynamics, distributive solutions usually act more
quickly with lower computation complexities. Thus, we introduce the matching-
based approach as the semi-distributive solution, which will be discussed in the
following section.

4 Dynamic Matching Framework

Matching theory, as a mathematical framework attempting to describe the formation
of mutually beneficial relations, has been successfully applied to many economic
fields. Recently, it has emerged as a promising technique for future wireless
resource allocation solutions, which overcomes some limitations of traditional game
theory and centralized optimization [9]. The advantages of matching theory include
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suitable models for various communication issues, preference interpretations for
system constraints and efficient algorithms for desired objectives. As a fundamental
requirement for wireless systems, the concept of stability should be treated with
great attention. Generally speaking, the stability notion in wireless resource alloca-
tion applications refers to the situation where no player pairs/groups (e.g., CU and
UU pairs) have the incentive to violate the current assignment under the table for
their own benefits. The instability caused by such deviations is undesirable in any
communication systems. To give a general idea of how matching theory works, we
take the classical matching model stable marriage (SM) [10] as an example. Assume
there are a set of men and a set of women, each of which is called a matching agent.
A preference list for each agent is an ordered list based on the preferences over
the other set of agents who he/she finds acceptable. A matching consists of (man,
woman) pairs. A basic requirement, the stability concept refers to the case that, in
a matching there exists no (man, woman) pair, who both have the incentive to leave
their current partners and form a new marriage with each other.

The formulated optimization problem in Sect. 3, looking from a matching point
of view, can be modeled as a one-to-one matching game between the CUs and UUs,
which resulting in a many-to-one matching between the CUs and unlicensed bands.
Typically, the two-sided one-to-one matching problem has been well studied using
the SM model we discussed previously. Different from the traditional SM model, the
sequential optimization problems correspond to a dynamic many-to-one matching
problem. Intuitively, we can tackle the sequential optimization problems by taking
each individual time interval as a traditional SM game, and solving each of them
independently over time. This idea will be elaborated in Sect. 4.2. However, in a
dynamic network, both the network topology and channel conditions are not isolated
in time, and thus there exists some relations between the resource allocations for
adjacent times. Instead of solving the optimization problem independently, we may
explore the relation between any two time-adjacent networks, and make use of
it for the resource allocation. Under such belief, we propose another matching
approach, called the random path to stability (RPTS) algorithm, to address the
network dynamics. By taking advantage of the relations over time, we can lower
the solution cost as compared to the repeated GS approach. The second approach
will be discussed in more details in Sect. 4.3. A detailed implementation for both
approaches is shown in Fig. 2.

4.1 Basics of the SM Game

The SM problem is a bipartite matching problem with two-sided preferences. We
assume an instance I of the SM problem, which involves a set of men M D
fm1; : : : ; mn1g and a set of women W D fw1; : : : ; wn2g. Each man ranks the
women from the most favorite to the least favorite based on his preferences, such as
personalities, interests, income and so on. Such ranking is called men’s preference
list. On the other hand, women do the same thing to men. Once the preference lists
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Fig. 2 Matching implementations

are built, the players (men/women) take actions according to the lists. Each man
or woman is allowed to be matched to at most one partner. The final result of this
SM matching consists of man-woman pairs, while the objective of the matching
diverges. The stability definition for the SM instance is provided in Definition 1.

Definition 1 Let I be an instance of SM, and M be a matching in I. A pair .mi; wj/

blocks M, or is a blocking pair of M, if the following conditions are satisfied relative
to M:

(1) mi is unassigned or prefers wj to M.mi/;
(2) wj is unassigned or prefers mi to M.wj/.

M is said to be stable if it admits no blocking pair.
M.x/ refers to the partner of x in M, and x can be either a man or a woman.

Similar to the SM matching game, we assume CUs to be men and UUs to be
women. Then as the pre-procedure of all matching algorithms, we first establish
each player’s preference list over the other set of players. With the channel sensing
results from both CUs and WAPs, CUs and UUs can set up their preference lists.
Pay attention that, UUs’ preference lists set up are not actually performed by UUs,
but by U-LTE eNBs and then update to all CUs. More specifically, combining the
Wi-Fi MU information from WAPs and the CUs’ channel sensing results, the U-
LTE eNBs are able to generate the UUs’ preference lists representing the interests
of UUs. Thus, the interaction between the CUs and UUs are in fact interactions
between CUs and the LTE-U eNBs. The preference of a CU cui; cui 2 CU over
its neighboring UUs uuj; uuj 2 UU is based on cui’s achievable transmission rate
when uuj’s unlicensed spectrum fj. Notice here, that each unlicensed band could be
shared with multiple UUs as long as such UUs satisfy the unlicensed transmission
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regulation. Thus, each unlicensed band can also be shared within multiple CUs,
which brings interference between coexisting CUs. However, before CUs join any
unlicensed spectrum, they have no idea on the other coexisting CUs. Thus, the
preference of cui over uuj (on fj) at time t is simply assumed to be cui’s transmission
rate when only itself is sharing fj, and is represented as follows:

PLCU
i;j .t/ D fj log.1 C � CU

i;j .t//: (10)

On the other hand, the preferences of uuj over cui at time t is based on uuj’s
achievable transmission rate when sharing spectrum with cui, which is shown as
follows,

PLUU
j;i .t/ D fj log.1 C � UU

j;i .t//: (11)

4.2 Time-Independent Implementation

4.2.1 The GS Algorithm

Generally speaking, a stable matching for an SM instance can be achieved by using
the GS algorithm. A stable matching is always guaranteed by using the GS algorithm
as stated in Theorem 1 [11].

Theorem 1 Given an instance of SM, the GS algorithm constructs in O.m/ time,
the unique man-optimal stable matching, where m is the number of acceptable man-
woman pairs.

The GS algorithm consists of sequential proposing and accepting/rejecting
actions. Each iteration starts with the men proposing to the most favorite women (the
first entity on the preference list) on their current preference lists. After proposing,
the women being proposed to are removed from the men’ preference lists. Then
the women decide whether to accept or reject the proposals they’ve received so far
based on their preference lists over the men. If the cumulative proposals exceed
1, each woman chooses to keep the man that she favors most, and rejects the rest.
This proposing and accepting/rejecting iteration runs for as many rounds as needed
until all men are matched or all men preferences are empty, and its convergence is
provided in [10]. The implementation details of the modified GS in U-LTE can be
found in Algorithm 1.

4.2.2 Eliminating the External Effect

Notice here, for the conventional SM game, a stable matching is guaranteed using
the GS algorithm. However, this conclusion is only correct under the canonical
matching assumption, which implies that the preference of any player depends
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Algorithm 1 Man-oriented GS (GS) algorithm
Input:CU , UU , PLCU.t/, PLUU.t/, q
Output:Matching M.t/

Construct the set of unmatched CUun, set CUun D CU ;
while CUun ¤ ; and PLCU ¤ ; do

CUs proposal to UUs;
for all cui 2 CUun do

Propose to the first UU it in its preference list uuj, and remove uuj from PLUU ;
end for
UUs make decisions;
for all uuj 2 UU do

if uuj has received proposals no more than 1 then
uuj keeps the proposal, and remove this CU from CUun;

else
uuj keeps the most preferred proposal, and rejects the rest;
Remove this favorite CU from the CUun, and add the rejected CUs into the CUun;

end if
end for

end while

solely on the local information about the other type of players. However, for the
case, where players’ preferences are affected by other players’ choices/decision, the
matching resulting from the traditional GS algorithm no longer guarantees stability.
Any matching with the inter-dependence of players’ preferences, is called matching
with externality [12]. In fact, the external effect is commonly seen in the wireless
resource allocation problems due to users’ coexistence interference. Unfortunately,
our proposed framework also exists externality, since CUs’ performances are indeed
affected by the other CUs’ choices. For example, if too many CUs are matched to
the same unlicensed band, then each of them will be assigned a smaller share (by
TDMA) than they expect in the preference list, in which case some CU may have
the incentive to change to some unlicensed band (i.e., a different UU) that is not
assigned any CU or assigned with less CUs. In addition, each CU is only admitted
by its matched UU, but are not necessarily acceptable to the coexisting UUs on the
same unlicensed band, and vice verse for the UUs on the other admitted CUs. Such
many-to-one relationship between CUs and unlicensed bands brings externality in
the channel allocation, thus making the resulting matching no longer stable nor
valid.

In order to eliminate such externality, we propose the Inter-Channel Cooperation
(ICC) strategy to validate and re-stabilize the matching. As a first step, those invalid
sharing, i.e., if a CU is not admitted by at least one of the UUs on the allocated
unlicensed band, should be forbidden or removed. As we have discussed before,
eNBs are representing the UUs/unlicensed bands to interact with CUs, thus after
the matching using GS, eNBs can help find out those invalid CUs/UUs. Then, such
invalid sharing are removed by eNBs informing both the related CU and UU, and
also help update their preferences by removing invalid players from the lists. Such
invalid sharing detection requires centralized information and operation, i.e., the
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assistance of eNBs. The next step, is to re-stabilize the matching. Pay attention that,
since UUs are not really involved in the interaction, but represented by eNBs, thus,
the whole matching is based on the interest of the CUs. As long as the unlicensed
transmission regulation are meet, the allocation strategy should focus on how to
further improve CUs’ performances. Therefore, at this time point, the external effect
can be evaluated from the CUs’ perspective only. In other words, it becomes a one-
sided “stability” problem. The new “stability”, different from Definition 1, relies
on the equilibrium among all CUs (i.e., there is no CU that has incentive to make
any change). We call this one-sided “stability” as “Pareto Optimality” in matching
theory [11]. The definition of Pareto optimal is given as follows.

Definition 2 Pareto Optimal: A matching is said to be Pareto Optimal if there is
no other matching in which some player (i.e., CU) is better off, whilst no player is
worse off.

Accordingly, we provide the new definition of BP for the one-sided matching
problems in Definition 3.

Definition 3 A BP in the one-sided matching: A CU pair .cui; cuj/ is defined as a
BP, if both cui and cuj are better off after exchanging their partners.

The basic idea of ICC is described as follows: firstly remove all invalid (CU,
UU) pairs. The removed CUs will remain unmatched during the rest of the ICC
algorithm. This is because ICC is designed based on the Pareto optimality, which
is the one-sided stability. If any (CU, CU) pair would exchange partners, both of
the CUs must agree with the exchange (i.e., benefit from the exchange). Now that
the invalid (CU, UU) pairs have been removed, meaning these CUs currently have
no UU partners (i.e., unlicensed resource), then it is reasonable that no other CU is
willing to exchange partner (i.e., unlicensed resource) with such CUs. The second
step is to search all “unstable” CU-CU pairs (who have the exchange incentive)
regarding the current matching; secondly, check whether the exchange between
such a pair is allowed (beneficial to related CUs); thirdly find the allowed pair,
which provides the greatest throughput improvement, switch their partners, and
update the current matching; then keep searching “unstable” CU-CU pairs until the
trade-in-free environment is reached. The detailed ICC algorithm is illustrated in
Algorithm 2.

In Algorithm 2, we transform the current matching M (i.e., M.t/ generated by
GS) into M0. We define M.cui1/ D uuj1;M.cui2/ D vuj2. The utility of cui is
represented as U.cui/ D fj log.1 C � CU

i;j /, and 	U.cui/ D U.cui/
0 � U.cui/, where

U.cui/
0 is the utility after exchanging partner with another CU. The optimal BP is

defined in (12).

.cu�i1; cu�i2/ D argmax
.cui1;cui2/

X

cui12Mt.uuj1/

	U.cui1/ C
X

cui22Mt.uuj2/

	U.cui2/; (12)

where the CU pair .cui1; cui2/ is allowed to exchange partners. The convergence of
ICC is guaranteed by the irreversibility of each switch. The dynamic stability, under
the time-related implementation, is reached by adopting the GS+ICC algorithm
iteratively in each time slot.
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Algorithm 2 Inter-Channel Cooperation (ICC) strategy
Input: Existing matching M, updated preference lists PLCU.t/ w.r.t. M;
Output: Stable matching M0.
1: M0 DM;
2: Remove all invalid (CU, UU) pairs;
3: while M0 is not Pareto optimal do
4: Search the set of “unstable” CU-CU pairs BP.t/ based on PLCU.t/;
5: for all .cui1; cui2/ 2 BP.t/ do
6: if 9cu 2M0.uuk1

j1 /[M0.uuk2
j2 /, 	U.cu/ < 0 then

7: .cui1; cui2/ are not allowed to exchange partners;
8: else
9: .cui1; cui2/ are allowed to exchange partners;

10: end if
11: end for
12: Find the optimal BP .cu�

i1; cu�

i2/;
13: cu�

i1 and cu�

i2 switch partners;
14: M0  M0=f.cu�

i1;M0.cu�

i1//; .cu�

i2;M0.cu�

i2//g;
15: M0  M0 [ f.cu�

i1;M0.cu�

i2//; .cu�

i2;M0.cu�

i1//g;
16: Update PLCU.t/ based on M0;
17: end while

4.3 Time-Dependent Implementation

Although we can use GS+ICC repeatedly in each time slot to find stable solutions, it
is not computationally efficient to do so. Let’s consider the case that for two adjacent
time slots, the network condition varies very slightly. In other words, only a small
number of users’ preferences are changed. Under such small network variation, the
stable matching also only varies a little bit regarding a small number of players.
Thus, instead of redoing the whole matching, we can utilize the relations between
the matching of the current time slot and that of the previous slot to transform the
previously unstable matching into stable again. There, in this section, we propose
an adaptive matching approach: the random path to stability (RPTS), also called the
Roth Vanda-Vate (RVV) Algorithm [13]. The basic idea of RPTS mechanism is to
use divorce and remarriage operations to transform an existing matching into stable
again. Based on the previous matching M.t � 1/ at time t � 1 and the updated
preference lists PLCU.t/, PLUU.t/ at time t, RPTS algorithm provides a stable
matching M.t/ at time t.

For a SM instance I, consisting of the men set CU and women set UU . As shown
in Algorithm 3, the RPTS algorithm starts from an initial matching M0, which is
the previous matching M.t � 1/ of time t � 1,1 and finally terminates with a stable
matching M.t/ at time t. Each loop of RPTS comes with a matching Mi, and finally
terminates with a stable matching. A set A is utilized during the loop iteration of
RPTS, which is initially empty. MijA denotes Mi \ .A � A/, and IjA denotes the

1We assume the initial matching M0 to be empty.
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Algorithm 3 Random path to stability (RPTS) algorithm
Input: Stable matching M.t � 1/ in the previous time t � 1

Output: Stable matching M.t/ at time t

1: Initialization:
2: Mi DM.t � 1/; A D ;;
3: while M.t/ is not stable in I do
4: if There exists .ai; bj/ 2 bp.I;Mi/ such that ai … A, and bj 2 A then
5: add ai;
6: else
7: choose .mi; wj/ 2 bp.I;Mi/;
8: satisfy .mi; wj/;
9: end if

10: end while
11: M.t/ DMi

Algorithm 4 add procedure for RPTS algorithm
Input: ai,Mi

Output: A,Mi

1: if ai is assigned in Mi then
2: Mi DMi=f.ai;Mi.ai//g;
3: end if
4: A D A[ faig;
5: while ai is blocking agent in .IjA;MijA/ do
6: ai is the proposer;
7: .ai; bi/

:D bestbp.IjA;MijA; ai/;
8: az

:D ai;
9: if bi is assigned in Mi then

10: Mi DMi=f.Mi.bi/; bi/g;
11: ai DMi.bi/;
12: end if
13: Mi DMi [ f.az; bi/g;
14: end while

sub-instance of I obtained by deleting every member of .CU[UU/=A, including the
preference lists. The loop in RPTS iterates as long as Mi is not stable in I. During
each iteration, if there’s a blocking pair .ai; bj/ in such that ai … A and bj 2 A,
procedure add is called with parameter ai. Otherwise, the satisfy procedure is called
with parameters ai and bj (ai … A; bj … A). Notice here, ai can be either a man or a
woman, and similarly for bj. The two procedures add and satisfy are maintained to
ensure: (1) no member of A is assigned in Mi to a member outside of A; (2) MijA
is stable in IjA.

In the add procedure, ai is either a man or a woman, which doesn’t belong to A.
Our task is to ensure that upon the arrival of ai, the matching can be restabilize so
that MijA is again stable in IjA. We start by divorcing the pair .ai;Mi.ai// if ai is
assigned in Mi, and add ai to the set A. If ai, as the current proposer, is a blocking
agent (i.e., involved in a blocking pair) in .IjA;MijA/, we search the best blocking
pair .ai; bi/ in .IjA;MijA/ w.r.t. ai’s preference list. This bi must belong to A, and
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Algorithm 5 satisfy procedure for RPTS algorithm
Input: .mi; wj/,Mi

Output: A,Mi

1: A D A[ f.mi; wj/g;
2: if mi is assigned in Mi then
3: Mi DMi=f.mi;Mi.mi//g;
4: end if
5: if wj is assigned in Mi then
6: Mi DMi=f.Mi.wj/; wj/g;
7: end if
8: Mi DMi [ f.mi; wj/g;

will be divorced from Mi.bi/ if it’s assigned in Mi. Then this Mi.bi/ becomes the
next proposer, and we can marry .ai; bi/ in Mi. The while loop continues as long as
the current proposer is a blocking agent in .IjA;MijA/.

In the satisfy procedure, ai … A and bj 2 A, and we assume ai; bj to be mi; wj.
Our task is to satisfy both wi and wj. We start by adding wi and wj to A. If mi=wj is
assigned in Mi, we divorce it from its partner Mi.mi/=Mi.wj/. Their partners (if
any) will remain unassigned. Then we add this blocking pair .mi; wj/ to Mi.

The dynamic stability, under the time-dependent implementation, is reached by
adopting the RPTS+ICC algorithm iteratively. Regarding the convergence of RPTS
mechanism in the SM model, a conclusion is stated in Theorem 2 [13], and the proof
is provided as follows.

Theorem 2 Let M0 be an arbitrary matching for a SM instance I with N men and
M women. Then there exists a finite sequence of matchings M0; : : : ;Ms, where Mi

is stable, and for each 1 � i � s, Mi is obtained from Mi�1 by satisfying a blocking
pair of Mi�1. Moreover, Ms can be obtained in O..N C M/m/ overall time, where
m is the number of acceptable man-woman pairs in I.

Proof During each iteration of RPTS, A increases in size by either one (add
procedure) or two elements (satisfy procedure). At the end of each such iteration,
we have MijA is stable in IjA. Hence we are bound to ultimately reach the outcome
that Ms is stable in I (when A increase to the size of .N C M/, in which case RPTS
terminates.

The complexity of RPTS is obtained by observing that A increases in size by
a minimum number of one element at each loop iteration of RPTS. Since A �
.N C M/, it follows that the same upper bound applies to the number of execution
of RPTS. Each proposal-rejection sequence during an execution of add involves at
most m pair of agents. Thus, each iteration of add runs in O.m/ time. While each
call of the satisfy procedure takes O.1/ time (no while loop inside). Thus, the overall
computation complexity of finding a stable matching is O..N C M/m/.
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5 Performance Evaluation

5.1 Complexity Analysis

The primary difference between the GS algorithm and RPTS algorithm lies in
their adaptability to network dynamics. Each time, the GS algorithm starts from
an empty matching and by proposing/rejecting actions to reach a stable matching,
while the RPTS algorithm begins with the matching from the previous round and
takes the divorce/remarry operations as its path to stability. Apparently, RPTS takes
advantage of the relations between matchings in adjacent times. The computation
complexity or say iteration times for both algorithms depends on the number of
users and how fast the network changes.

As provided in Sect. 4.2, the complexity of GS is O.m/, where m is the total
length of all players’ preference lists. It makes sense since the worst case of
the GS is to traverse each player’s preference lists and terminate. However, the
termination condition of GS that each of the player has found its stable partner(s)
does not necessarily require the traverse of all preference lists. On the other hand,
the computation complexity of RPTS is O..N C M/m, as indicated in Theorem 2.
Again, it is not necessary for the RPTS that all possible BPs needed to be satisfied.
Regarding the ICC algorithm, it is realized by iterative search of the currently best
BP and to swap their partners. The complexity of finding all the BPs regarding
the current matching, which requires the traverse of all users’ preference lists, is
bounded by MN comparing operations. On the other hand, since the swap in ICC is
irreversible, meaning each two CUs can only swap partners with each other once,
the total iterations of BP searches or swaps are bounded by N2. Thus, the worst
case complexity of terminating the ICC algorithm is O.MN � N2/ or simplified
as O.N3M/. However, the actual computation cost is not necessarily as high as
the theoretical analysis. In the simulations, we have also performed the practical
iteration times of the ICC algorithm.

Theoretically, RPTS has higher complexity than GS in the worst case, however
we should not ignore the piratical implementation. The nature of the GS structure
decides that it does not require any initial matching. However for RPTS, it can
actually take advantage of the previous matching, and transform it into stable instead
of transforming an empty matching. Thus, intuitively if some existing pairs from
the previous matching are reserved for the current period, then RPTS can save the
cost of satisfying these stable pairs. For example, if the previous matching is still
stable for the next time period, then no BP/FPBP needs to be satisfied, meaning
RPTS actually takes no action. Thus, the actual implementation complexity for
GS and RPTS may differ from the theoretical analysis. In practice, the actual
complexity depends on many complicated network factors, such as the user velocity,
network density and so on. To best evaluate the complexity for both algorithms
in wireless communication field, we quantify the complexity (convergence) by
counting the number of new connections between (CU,UU) pairs that attempted to
be set up during the whole matching procedures. However, these new connections
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are not necessarily the final stable connections, since during the matching, a
partnership may break up due to the deviation from any player who receives a better
choice. However, building such a potential new connection requires the exchange
of information through communications at both ends of the link. As we know,
communication overhead is one big concern in protocol/mechanism design w.r.t.
both cost and time efficiency. Thus, numerating the number of new potential link
set up is in fact a reasonable measurement of the complexity cost for practical
implementation. More details of both algorithms’ performances are discussed in
Sect. 5.2.

5.2 Experimental Set-Up

In this simulation, we have adopted two mobility models to test our proposed
algorithms. Among many mobility models, the RWP and HotSpot models represent
unpredictable and predictable user motion, respectively. The RWP model is a
popular mobility model to evaluate mobile ad hoc network routing protocols due
to its simplicity and wide availability. In the RWP model, the movement of nodes is
governed in the following manner: each node begins by pausing for a fixed duration.
Then each node selects a random destination and a random speed between 0 and
the maximum velocity. The node moves to this destination and again pauses for
a fixed period. This behavior is repeated until the end of simulation [14]. On the
other hand, the HotSpot model is also commonly seen. For example, people go
to different places for work, dining, shopping and so on, and thus hotspots are
formed. More specifically, in the HotSpot model [15], users are initially placed in
the neighborhood of a point, which is called the event point. In this motion, each user
moves toward the closest event point, never going closer than a minimum separation
distance from the event point. Then after a fixed time interval from the start of
the event (i.e., the completion of the event), users return to their original locations.
Users move at a random speed between 0 and the maximum velocity, which can be
changed for topology analysis.

We simulate a cellular network consisting of B1 D 5 eNBs randomly distributed
within a circular area with radius of R D 0:5 km. The number of CUs and UUs,
namely N and M, are within the range from 30 to 65, and are initially randomly
distributed within the network. The number of WAPs is set as and B2 D 20. We
assume the total number of unlicensed spectrum as K D 20. The K unlicensed
bands are randomly allocated to the M UUs. The performances of the GS and RPTS
algorithms are evaluated under two mobility patterns: (1) RWP model, (2) HotSpot
model. We set the simulation time slot 	T to be 10 ms, which is selected according
to the time scale of the channel slow fading. Compared with the channel fading
time scale, users mobility time scale are relatively large. In order to exhibit the
influence of both channel change and user movement on the resource allocations,
we have made some assumptions to suit the time scale of user mobility models
to that of channel fading. In the RWP model, the stop time is set as 2 ms for all
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users. In the HotSpot model, the fixed time interval (from the start of the event to
the end) as 300 ms, which is long enough to cover 15 simulation periods so that
during this time interval users are either gathering or leaving the event point. We
set the total simulation time for each experiment as 150 ms, i.e., 15 time slots.2 The
maximum velocities for both RWP and HotSpot model are set to 50 m/s for CUs,
while for UUs, the velocity is set as 10 m/s. An illustration of the user mobility
traces are shown in Fig. 3 for both RWP and HotSpot models.3 The bandwidth of
each unlicensed band is set within Œ2; 4� MHz. The SINR requirement for CUs is
a uniform random distribution within Œ20; 30� dB. While the maximum interference
for VUs is �90 dBm (the noise level of unlicensed spectrum). For the propagation
gain, we set the pass loss constant C as 10�2, the path loss exponent ˛ as 4, the
multipath fading gain as 1, and the shadowing gain as the log-normal distribution
with 4 dB deviation [16]. The channel conditions are assume to change every 10 ms
time slot. The fast fading is assumed to be static during each time slot.

5.3 Experimental Results

We first analyze the impact of network dynamics on the resource allocations, caused
by the channel change and user mobility, in the time frame. Figures 4, 5 and 6
evaluate the time dynamic performances of GS, RPTS and ICC algorithms, w.r.t.
the computation complexity, matching update ratio, and system throughput.

The complexity (measured by the number of new connections as discussed
in Sect. 5.1) of the three proposed algorithms are compared under RWP and
HotSpot patterns in Figs. 4a and 5a, respectively. Apparently, the RPTS algorithm
achieves a much lower complexity than GS under both mobility models during
the whole 150 ms simulation period, which is about only 40% complexity of GS
except at the starting point. As the theoretical analysis indicate that RPTS has
higher complexity than the GS algorithm, however the practical cost depends on
the network implementation. Thus, it demonstrates the effectiveness of the RPTS
algorithm in transforming a random matching into stable with lower complexity
than the GS algorithm. For the starting point, it’s reasonable that RPTS has a
relatively high cost, still lower than the GS, since it starts from am empty matching.
Comparing the two curves of the ICC algorithm implemented after the GS and RPTS
in both Figs. 4a and 5a, they achieve similar results, and the complexity costs for
both are about eight averagely. It means that using the proposed ICC procedures,
only around eight actual swaps are needed to re-stabilize the whole matching. In the
HotSpot model, the complexities for all three algorithms slowly decreases as time

2This time interval is much shorter than practical case of user gathering or moving randomly, which
is specifically shortened to model the impact of the motion pattern on the designed protocols.
3To better illustrate the user mobility traces on the drawing figures, we have tuned the maximum
speeds so that the mobility traces can be evident to see.
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Fig. 3 User mobility traces for both RWP mobility (a) and HotSpot mobility (b)
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Fig. 5 Time dynamics in the HotSpot mobility model. (a) Computation complexity. (b) Connec-
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Fig. 6 Average system throughput comparison. (a) RWP model. (b) HotSpot model
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evolves, which is caused by the slight decrease of the matching ratio as indicated
in Fig. 5b. This is reasonable since in the HotSpot model, CUs are gathering toward
the event point (faster than UUs) and thus less distributively, which gives CUs less
options as most UUs are still far from the event location.

In Figs. 4b and 5b, we have evaluated both the user matching ratio and the
matching update ratio by using GS and RPTS. The user matching ratio represents
the percentage of CUs who are allocated with a proper unlicensed band by sharing
with an UU. As indicated in both figures, GS and RPTS achieve similar matching
ratio, which is as high as 75% in the RWP and 70% in the HotSpot model, averagely.
The other two curves evaluate the percentage of updated users by comparing the
matching results in the previous and current simulation slots. Again, both algorithms
have similar performances, which are around 30% averagely. The update ratio at the
starting point for both GS and RPTS is 100%, since we assume to start with an
empty matching.

For the throughput performance, we compare the GS and RPTS, with five
methods: GS-ICC, RPTS-ICC, Random, Original and Optimal. The GS-ICC and
RPTS-ICC methods refer to the cases that ICC is used after GS and RPTS,
respectively. The Random method refers to randomly allocating the UUs to the CUs,
while the Original method refers to the case that no spectrum sharing happens. In
the RWP model, as shown in Fig. 6a, the average system throughput is evaluated.
Apparently all four matching algorithms outperform the Random and Original
methods a lot. GS and RPTS achieve similar throughput performance, and the
same conclusion can be drawn for GS-ICC and RPTS-ICC. Apparently, with ICC
procedures, the system throughput is further improved for either the GS or RPTS
algorithm. Specifically, the average system throughput achieved by GS+ICC or
RPTS+ICC is about 86% higher than the Original method, and 53% higher than
the Random allocation. We have also compared the performance of the proposed
methods with the optimal result in Fig. 7. The optimal result is found by the brute
force approach, which is time-consuming. Thus, the number of CUs and UUs are
set as N D 4 and M D 4, B1 D 2, and B2 D 2. Averagely, both RPTS-ICC and
GS-ICC can achieve 75% system throughput of the optimal result.

Except the time dynamic analysis, we have also evaluated the impact of network
density and mobility velocity changes to the resource allocations. As shown in
Fig. 8, we change the network density by adding more users, including both CUs
and UUs, to the network without adding any eNBs, WAPs, or unlicensed bands.
We add 5 CUs and UUs to the network by staring with N D M D 20 and end at
N D M D 65. We average the performance result of 150 ms time period for each
network density. The unlicensed band number is set as K D 30. As shown in Fig. 8a,
the complexity of GS, RPTS and ICC all increase as more users join the network,
since more users brings more options. In addition, the complexity of GS grows
faster than the RPTS, which demonstrates good scalability of the RPTS algorithm.
For system throughput, as shown in Fig. 8b, the average user throughput increases
before N/M reaches K and decreases as N/M is greater than K. The peak point is
when each unlicensed band can actually accommodate one CU, and when more CUs
come after this point, the unlicensed bands will be shared between multiple CUs by
TDMA.
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We changed the maximum velocity value in both mobility models to test our
proposed algorithms. As shown in Fig. 9, we increase the maximum use velocity
from 20 to 60 m/s by step of 5 m/s for the CUs. Apparently, the velocity changes
does not necessarily has impact on the computation complexity or the system
throughput, which on the other hand validate that our assumptions in the two user
mobility models have no impact on the results although slightly different from the
practical case.

6 Summary

In this chapter, we have studied the dynamic resource allocation problem in the U-
LTE in a semi-distributive manner. The SM matching model well has interpreted the
two-sided feature of the resource allocation system. The proposed GS and RPTS
algorithms provide close optimal system performance, while both guaranteeing
system QoS requirements and stability. Specifically, the RPTS algorithm, different
from the repeated static resource allocation GS, achieves better performance w.r.t.
the practical implementation complexity, CU matching ratio, and matching update
ratio. In other words, the RPTS algorithm is more adaptable than the GS algorithm
under both unpredictable and predictable mobility patterns in providing paths to
dynamic stability in the U-LTE.
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Traffic Offloading from Licensed Band
to Unlicensed Band

1 Development of Traffic Offloading

In view of the increasing requirements of mobile data rate and data applications,
it becomes challenging for the traditional wireless network to meet the demands
of all user equipments (UEs). Accordingly, it is beneficial and necessary to offload
wireless traffic to other vacant resources. Generally, the traffic offloading is currently
considered in the perspective of network architecture and wireless resource. In
this section, we briefly introduce the traffic offloading in wireless communication
and highlight the promising trends for traffic offloading from licensed spectrum to
unlicensed spectrum with U-LTE.

1.1 Traffic Offloading in Heterogeneous Networks

The decoupling of the increasing density and variety of data services and the limited
amount of wireless resource motivate the improvement of spectrum efficiency
in wireless communication. Heterogeneous network, where multi-tier small cells
overlaid on the traditional macrocells, becomes an effective solution.

In the heterogeneous network as shown in Fig. 1, the data traffic from the
macrocell base station can be offloaded to the small cell base stations close to
the UEs. Due to the small distance or indoor data transmission between small
cell base station and UEs, low power transmission while high quality of service
can be achieved, where the same spectrum can be reused multiple times between
different small cell base station and UE pairs with tolerable interferences in the
same macrocell. Thus, the general network efficiency is improved, leading to high
quality of service (QoS) of all UEs.
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Fig. 1 Traffic offloading in
heterogeneous network

1.2 Traffic Offloading to Wi-Fi Networks

However, even though increasing high spectrum efficiency is able to relief the traffic
congestion, with the demands of data traffic exponentially increasing, wireless
operators also seek for more wireless spectrum resource to meet the requirement
of all UEs. On the other hand, with the fast development of Wi-Fi technology, from
802.11 to 802.11 ac, 802.11 ad and 802.11 ax, the data transmission rate nowadays
has reached up to 6.7 Gbit/s. Therefore, as shown in Fig. 2, it is promising to offload
the congested data traffic in wireless communication network to the Wi-Fi networks,
where the unlicensed spectrum of 2.4, 5 and 60 GHz bands in Wi-Fi is able to relief
the congested traffic in wireless communication network. According to the Cisco
Visual Networking Index, in 2016, 60% of total mobile data traffic was offloaded
through Wi-Fi or femtocell [1]. Companies like AT&T has established and operate
more than 30,000 public Wi-Fi hotspots for their wireless service offloading.

1.3 Traffic Offloading to Unlicensed Spectrum with U-LTE

Nevertheless, compared with Wi-Fi, the LTE technology is able to achieve higher
performance for UEs. Accordingly, it is beneficial if LTE can be applied in
unlicensed spectrum and the congested data traffic is able to be offloaded to the
U-LTE, as shown in Fig. 3. However, as various other data services, e.g., Wi-Fi, are
also presented in the unlicensed spectrum. In order to improve the Quality of Service
(QoS) of its own user while guaranteeing the performance of other unlicensed users
at the same time, it remains challenging for each operator to employ spectrum
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Fig. 2 Traffic offloading to
Wi-Fi Networks

Fig. 3 Traffic offloading to
unlicensed spectrum with
U-LTE

allocation between licensed spectrum and unlicensed spectrum. Moreover, when
multiple operators offload their service on the unlicensed spectrum simultaneously,
further power control and sub-band allocation strategies are required to avoid strong
interference.

From the operators’ perspective, how to manage the resource allocation in
both licensed and unlicensed spectrum is a critical challenge. To minimize the
interference caused by the UEs in U-LTE, a dynamic traffic balancing algorithm
over licensed and unlicensed spectrum was proposed for Integrated Femto-WiFi and
Dual-Band Femtocell in [2]. It is shown that the algorithm can improve the overall
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user experience in both licensed and unlicensed bands. In [3], a flexible resource
allocation scheme is proposed to improve the efficiency of resource utilization
in both licensed and unlicensed bands. By adjusting the resource on licensed
and unlicensed bands dynamically based on the utility functions, the network
performance can be optimized to attain the maximum utility. In [4], the authors
jointly consider the power control and spectrum allocation in both licensed and
unlicensed bands. With the help of convex optimization methods, the spectrum
efficiency is maximized in the system. In [5], the authors propose the channel
selection strategies for U-LTE enabled cells. By adopting the distributed Q-learning
mechanism for channel selection, all LTE operators are able to coexist in an efficient
way. In [6], a student-project allocation matching is applied to approach a stable
matching results of channel allocation problem in the unlicensed spectrum.

Furthermore, continuing the system model in last chapter, the multi-operator
scenarios should be considered in offload problems, where each operator tries
to offload their data service from its unique but congested licensed spectrum to
unlicensed spectrum. Accordingly, the resource management for each operator
between licensed spectrum and unlicensed spectrum and the resource sharing for
all operators in unlicensed spectrum are supposed to be jointly considered. In
the unlicensed spectrum, we set the spectrum sharing scenarios in which multiple
cellular operators serve a set of UEs and charge penalty prices to all UEs accessing
the unlicensed spectrum according to their interference to the Wi-Fi networks. We
focus on the pricing mechanism that can be applied by the cellular operators to
manage and control the interference caused by each UE to other UEs as well as
Wi-Fi users in the unlicensed spectrum. The amount of licensed spectrum and
unlicensed spectrum allocated to each UE as well as the optimal transmit power
for each UE in the unlicensed spectrum can be determined under the pricing
mechanism of the operators. In this chapter, we formulate a multi-leader multi-
follower Stackelberg game to study the interactions between the cellular operators
and UEs. In this game, all operators first set their interference penalty price on
each sub-band of the unlicensed spectrum. Based on the prices set by operators,
each UE then decides its sub-bands in the unlicensed spectrum by a matching
algorithm. Moreover, each UE can also optimize its transmit power to further
improve its capacity without causing intolerable interference to other UEs and
Wi-Fi users. Accordingly, the operators can predict the actions of the UEs and
set the optimal prices to receive high utilities. We propose both non-cooperative
and cooperative schemes for operators to deal with the interference problem in
the unlicensed spectrum. In the non-cooperative scheme, each operator sets its
prices individually without coordinating with others, and a sub-gradient algorithm
is adopted to achieve the highest utility for each operator based on the behaviors of
others. In the cooperative scheme, all operators are able to coordinate when they set
prices. We optimize the relations of the prices with a linear programming method
so as to reach the highest utilities of all operators. To the best of our knowledge,
this is the first work that applies the Stackelberg game with multiple leaders and
multiple followers to study the U-LTE networks. Simulation results show that the
operators in both the non-cooperative and cooperative schemes can improve their
utilities without causing intolerable interferences to the unlicensed users, based on
different traffic conditions in the unlicensed spectrum.
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The rest of this chapter is organized as follows. We introduce the system model
in Sect. 2, and then formulate the problems in Sect. 3. Based on the formulated
problem, we model the scenario in a multi-leader multi-follower Stackelberg game
and further analyze the game in Sects. 4 and 5. We present our simulation results in
Sect. 6 and finally summarize this chapter in Sect. 7.

2 System Model

We consider a heterogenous cellular network system where M co-located operators
serve N UEs in an indoor environment. We assume operator i, 8i 2 M D
f1; 2; : : : ; Mg, deploys Pi Small Cell Base Stations (SCBSs) that are co-located
with Qi Wi-Fi Access Points (WAPs), randomly distributed in the coverage area.
The SCBSs can serve the UEs in both the licensed and unlicensed spectrum. In
the licensed spectrum, we assume all UEs operate in the same manner as the
traditional LTE networks and are able to obtain licensed resource that can support
Cl

j data transmission rate, 8j 2 N D f1; 2; : : : ; Ng. If UE j is satisfied with a data
transmission rate that is less than or equal to Cl

j, it will only access the licensed
spectrum. If UE j requires a data transmission rate that is higher than Cl

j, UE j will
then also seek spectrum resource in the unlicensed spectrum to further improve its
Quality-of-Service (QoS). To simplify our description, we assume the channel gains
between cellular base station and UEs can be regarded as constants, and therefore
Cl

j can be regarded as a fixed value so that we can focus on the resource allocation
in the unlicensed spectrum. In each sub-band of both licensed and unlicensed
spectrum, we suppose there is an upper bound on the transmit power. As the
resource management mechanisms in the licensed spectrum are currently mature
and well-deployed in the telecommunication network, in order to adopt U-LTE
without affecting the original resource management, we follow the current power
control mechanism in the licensed spectrum first. If the UEs are not satisfied with
the services in licensed spectrum, following the power constraint in each sub-band,
the power control in the unlicensed spectrum is executed. Suppose N UEs require to
access to the unlicensed spectrum. In the unlicensed spectrum, all operators utilize
a common spectrum pool with Wi-Fi access points and other unlicensed users. In
order to guarantee the performance of other unlicensed users, the transmit power of
each UE cannot strongly interfere with other unlicensed users in the same sub-band,
or surpass the available residue power. Furthermore, we assume that the UEs served
by the SCBSs can be allocated with unlicensed spectrum, and that each UE chooses
the operator with the SCBS closest to it. We suppose there are S sub-bands in the
unlicensed spectrum. When multiple UEs are allocated with the same sub-band in
the unlicensed spectrum, the UEs may cause severe interference among each other.
Accordingly, we follow the same setting as our previous works [7] and consider
the dynamic spectrum access systems with multiple operators. We assume all the
operators can share the unlicensed spectrum with Wi-Fi networks. Each operator
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can access any sub-band that is occupied or unoccupied by Wi-Fi users in the
spectrum pool. However, each sub-band can only be accessed by one operator at
each time. For the UEs served by the same operator in U-LTE, the LTE standard is
applied in the unlicensed spectrum. Thus, Orthogonal Frequency Division Multiple
Access (OFDMA) is adopted to avoid cross-interference. For UEs that are served by
different operators, we suppose that Frequency Division Multiple Access (FDMA)
is applied [8]. As shown in Fig. 4, in the unlicensed spectrum, following the settings
in [9, 10, 12], before the data transmission between each UE and its serving SCBS,
in the control channels, the operators are able to broadcast the prices that it would
charge in the unlicensed spectrum to all the UEs because of the interference to
the Wi-Fi users. Based on the prices set by all the operators, UE j, where j 2 N ,
determines its desired transmit power in the sub-band s, 8s 2 S D f1; 2; : : : ; Sg,
which is denoted as pj;s.

When UE j is served by the operator i in the sub-band s, 8s 2 S , of the unlicensed
spectrum, we define the spectrum efficiency of UE j as

Rj;s D log2

�
1 C pj;sgj

Zj;s

�
; (1)

where gj is the channel gain from the serving SCBS to UE j, Zj;s is the total
interference measured by UE j in the sub-band s. Receiving the training data,
the serving SCBS are able to feedback the estimated channel response gj and
interference Zj;s to UEs for decisions [13].
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Accordingly, we suppose Bu is the size of each sub-band in the unlicensed
spectrum. If UE j, 8j 2 N , is served in both the licensed and unlicensed spectrum,
the utility of UE j can be shown as

Uj D Cl
j C

SX

sD1

�j;s

 

�jBuRj;s �
MX

iD1

QiX

kD1

rihikjpj;s

!

; (2)

where �jBuRj;s is the profit that UE j receives from the services in the sub-band s,
8s 2 S , of the unlicensed spectrum. �j is the revenue that UE j gains for unit data
rate transmitted. ri is the penalty price for unit watt of operator i in the unlicensed
spectrum, hikj is the channel gain from the kth WAP of operator i to UE j, and pj;s is
the transmit power of UE j in the sub-band s, 8s 2 S , of the unlicensed spectrum. As
the data transmission in the unlicensed spectrum causes interference to the WAPs
nearby, we set ripj;shikj as the interference penalty from the kth WAP of operator
i to UE j in the sub-band s of the unlicensed spectrum, k 2 Ki D f1; 2; : : : ; Qig,
i 2 M, 8s 2 S . The WAPs of operators can forward the information to the core
communication network and feedback the estimated channel gain hikj to UEs for
decisions. �j;s is a binary number determining whether or not the sub-band s is
allocated to UE j.

Accordingly, the utility of operator i is defined as the revenues received from all
WAPs of the operator to all the UEs in the unlicensed spectrum, i.e., 8i 2 M,

Wi D ri

SX

sD1

NX

jD1

 

�j;spj;s

QiX

kD1

hikj

!

: (3)

3 Problem Formulation

In a cellular network system with multiple operators and UEs, it is possible that not
every operator is always interested to coordinate with others. We therefore consider
two specific scenarios: all the operators can either non-cooperate with each other or
can fully coordinate with each other by forming as a group. When some operators
cooperate and do not cooperate, we can combine the above two situations and solve
the problem.

When the operators are not fully coordinated with each other, they can make
decisions in a distributed manner, i.e., operator i sets its price ri of the interference
penalty to all UEs served on all sub-bands in the unlicensed spectrum. Not only
should it predict the reactions of all the UEs, but it also needs to consider the
behaviors of other operators in order to receive satisfying revenues. Therefore, the
optimization problem for operator i is,
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max
ri

Wi.ri j r��i; p�/; 8i 2 M;

s:t:

8

<̂

:̂

r� � 0;

p�j;s � 0; 8j 2 N ; 8s 2 S;

p�j;s < pmax
j;s ; 8j 2 N ; 8s 2 S;

(4)

where r��i is the set of the optimal pricing strategies of all other operators except
operator i on all sub-bands of the unlicensed spectrum. r� D Œr�1 ; r�2 ; : : : ; r�M� is the
set of the optimal pricing strategies of all operators. 0 D Œ0; 0; : : : ; 0� is the set
with M elements, each of which is zero. p� D Œp�1 ; p�2 ; : : : ; p�N � is the set of the
optimal transmit powers of all UEs on all sub-bands of the unlicensed spectrum. In
order to manage the interference to ensure the service of unlicensed users nearby,
the operators should control the transmit power of each UE. We define pmax

j;s as the
maximum transmit power of UE j in the sub-band s of the unlicensed spectrum,
8j 2 N , 8s 2 S .

Furthermore, when all operators are able to cooperate with each other, all
operators aim to achieve the maximum total utility. Accordingly, before setting
prices of interference for all UEs in the unlicensed spectrum, operators are only
required to predict the transmit power of all UEs so as to achieve high utilities. The
optimization problem for all operators is then formulated as follows,

max
r

MP

iD1

˛iWi.r/;

s:t:

8

<̂

:̂

r � 0;

p�j;s � 0; 8j 2 N ; 8s 2 S;

p�j;s < pmax
j;s ; 8j 2 N ; 8s 2 S;

(5)

where ˛i, 8i 2 M is the weight factors for operator i. If ˛i increases, operator i
plays a more significant role in the cooperation.

According to the optimal prices set by all operators r�, UE j determines
the transmit power strategy in each sub-band of the unlicensed spectrum pj;s.
Accordingly, the optimization problem for UE j satisfies,

max
pj;s;�j

Uj.pj;s j r�; ��j/; 8j 2 N ; 8s 2 S;

s:t:

8
ˆ̂
<

ˆ̂
:

pj;s > 0;

pj;s < pmax
j;s ;

�j;sBuRj;s � �j;s

MP

iD1

QiP

kD1

rihikjpj;s;

(6)

where �j D �
�j;1; : : : ; �j;S

�
is the sub-band allocation result for UE j, ��j is the sub-

band allocation results for all other UEs except UE j. The received revenue of UE j,
i.e., BuRj, in the serving sub-band should be no less than the interference penalty the
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UE pays to all operators
MP

iD1

QiP

kD1

rihikjpj;s. As the UEs are unable to acknowledge the

information of Wi-Fi users, we let the operators to set prices to restrict the transmit
power of UEs. When the price imposed by each operator is high, no UE can afford
the prices and therefore no UE will access the service provided by each operator.
Therefore, in the formulated problem of operators, we set the power constraint for
all UEs to guarantee the basic data transmission of Wi-Fi users.

Based on the above formulations, all operators and UEs are autonomous decision
makers who would like to maximize their own utilities in a selfish manner. In order
to analyze the problem of resource allocations in the unlicensed spectrum, we model
the scenario as a multi-leader multi-follower Stackelberg game, where all operators
are leaders and all UEs are followers. In the game, each operator first sets its penalty
price of interference in the unlicensed spectrum. Based on the prices set by all
operators, each UE determines its optimal transmit power. In the following sections,
backward induction is adopted to analyze the problems. We first discuss the strategy
of each UE, given the penalty price of interference set by all operators. Then, with
the prediction of the optimal behaviors of each UE, we design a sub-band allocation
scheme with matching theory and propose the corresponding non-cooperative or
cooperative strategies for operators to achieve the maximum utilities.

4 Analysis of UEs

Observing the prices set by operators, the UEs are supposed to adopt strategies
for optimal utilities. In this section, we first analyze the optimal power transmission
strategies for the UEs. Based on the optimal transmit power on each sub-bands of the
unlicensed spectrum, we then design a sub-band allocation scheme with matching
theory for high utilities.

4.1 Strategies of Power Transmission for UEs

In the formulated multi-leader multi-follower Stackelberg game, all UEs act as
followers. In order to receive high revenues from the services and reduce the
interference penalty to other operators, based on the prices set by operators i,
8i 2 M, UE j optimizes its transmit power pj;s in the sub-band s of the unlicensed
spectrum, 8j 2 N , 8s 2 S . The optimal transmit power for each UE is relative to
the prices set by all operators. Lemma 1 is developed as follows.

Lemma 1 If UE j is served by operator i in the unlicensed spectrum, 8i 2 M,
8j 2 N , the optimal transmit power to UE j on the sub-band is
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; (7)

where

.x/C D max fx; 0g ; (8)

and

qj;s D gj

Zj;s
: (9)

In (7), as the channel gain gj;s is related to the distance between UE j and its serving
SCBS, and the channel gain hikj is related to the distance between the kth WAP of
the operator i and UE j, we discover that when the distance between UE j and its
serving SCBS increases, the channel gain gj;s decreases. Thus, the optimal transmit
power pj;s in the sub-band s decreases. When the distances between the UE j and the
kth WAP of the operator i increases, the value of channel gain hikj decreases. Thus
the optimal transmit power pj;s in the sub-band s increases.

Proof When UE j is allocated with the unlicensed spectrum, the utility function of
UE j is continuous. We take the second derivative of Uj with respect to pj;s, i.e.,
8s 2 S ,

@2Uj

@pj;s
2

D � Buq2
j;s

.1 C pj;sqj;s/
2
: (10)

The second derivative of Uj with respect to pj;s is negative, so Uj is quasi-concave in
pj;s. Accordingly, when the first derivative of Uj with respect to pj;s is equal to zero,
i.e., 8s 2 S ,

@Uj

@pj;s
D Buqj;s

1 C pj;sqj;s
�

MX

iD1

QiX

kD1

hikjri D 0; (11)

the utility function of UE j achieves the maximum value, where the transmit power
from the operator i to UE j in the sub-band s, 8s 2 S , of the unlicensed spectrum
satisfies

pj;s D Bu

MP

iD1

QiP

kD1

hikjri

� 1

qj;s
: (12)
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Furthermore, the transmit power pj;s follows the constraint pj;s 2 Œ0; pmax
j;s �. On

one hand, according to the properties of quasi-concave function, if the value of (12)
is negative, the optimal solution in the feasible region is pj;s

� D 0, i.e., there are
many other UEs and unlicensed users transmitting information on the sub-band
s of the unlicensed spectrum. Thus, the transmit power on the sub-band is zero
because of the high interference penalty. On the other hand, each UE is unaware of
the interference it will cause to other unlicensed users when it accesses each sub-
band. For UE j, if pj;s is larger than the maximum transmit power constraint pmax

j;s in
the sub-band s of the unlicensed spectrum, the UE j will cause severe interference
to all other unlicensed users in the sub-band. In order to ensure the performance of
other unlicensed users, we suppose the transmit power for each UE in the unlicensed
spectrum can be predicted and controlled by the operators, which will be illustrated
in the following sections.

Correspondingly, when UE j is served in the sub-band s, 8s 2 S , of the
unlicensed spectrum, the maximum utility of UE j in the sub-band, if p�j;s D 0, is

uj;s D 0; (13)

where uj;s is the utility of UE j in the sub-band s of the unlicensed spectrum, 8j 2 N ,
8s 2 S . If pj;s

� > 0, we have

uj;s D Bulog2

0

B
B
B
@

qj;s

MP

iD1

QiP

kD1

hikjri
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QiP

kD1

hikjri

qj;s
; (14)

where the optimal utility is related to the prices of operator i in the game, 8i 2 M.
In (14), we take the second derivative of uj;s with respect to ri, i.e.,

@2uj;s

@ri
2

D
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QiP

kD1

hikj

	2

�
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iD1

QiP

kD1

hikjri

	2
: (15)

We discover @2uj;s

@ri
2 � 0, i.e., the optimal utility of each UE is quasi-convex with

respect to the penalty prices set by operator i, if the penalty prices of all other
operators keep unchanged. Accordingly, we set the first derivative of uj;s with respect
to ri equal to zero,

@uj;s

@ri
D �

Bu

QiP

kD1

hikj
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hikjri
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hikj

qj;s
: (16)
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Thus,

MX

iD1

QiX

kD1

hikjri D Buqj;s: (17)

Based on the above, when the price of operator i increases and the prices of all other
operators are unchanged, the utility of UE j first decreases. When the increasing
price satisfies (17), the utility of UE j stops decreasing and starts to increase as the
price continuously increases.

4.2 Sub-band Allocation Scheme

During service, as each UE prefers to be allocated with the sub-band for high utility,
we construct a preference list for UE j based on the utility uj;s in each sub-band s,
such that

PLUE.j; s/ D uj;s: (18)

Considering the optimal transmit power strategies of all UEs, we take the second
derivative of uj;s with respect to Zj;s, i.e.,

@2uj;s

@Zj;s
2

D Bu
�
Zj;s
�2 ; (19)

which is larger than zero, i.e., the uj;s is a quasi-convex function with respect to
Zj;s. Accordingly, we set the first derivative of uj;s with respect to Zj;s equal to zero,
such that,

@uj;s

@Zj;s
D � Bu

Zj;s
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QiP

kD1

hikjri
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D 0: (20)

Thus

Z�j;s D Bugj
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QiP

kD1

hikjri

: (21)

When Zj;s is less than Z�j;s, and Zj;s is increasing, the utility uj;s decreases. When Zj;s

surpasses Z�j;s, the utility uj;s starts increasing. Moreover, according to the constraint
pj;s > 0, we have

Z�j;s <
Bugj

MP

iD1

QiP

kD1

hikjri

: (22)
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Therefore, with Zj;s increasing, the utility uj;s monotonously decreases in the
available region. Accordingly, UE j prefers to be served in the sub-band s with low
interference from other unlicensed users Zj;s.

Moreover, we construct a preference list for sub-band s based on the total revenue
the operators receive from the sub-band s, which is denoted as ws, 8s 2 S ,

PLSB.s; j/ D ws: (23)

Based on the predictions of all UEs’ optimal strategies, the ws can be expressed as
follows,

ws D
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: (24)

We take the first derivative of ws with respective to Zj;s and discover that the value
of ws is monotonously decreasing when Zj;s increases. Therefore, each sub-band s
prefers to be allocated to the UE with small interference.

Based on the preference lists from both UEs and sub-bands, we design a resident-
oriented Gale-Shapley (RGS) algorithm [14] for sub-band allocation, which is
shown in Algorithm 1. In Algorithm 1, each UE first proposes to its desired sub-
bands based on its preference list. According to the proposal from all UEs, if more
than one UE chooses the same sub-band, the sub-band keeps the most preferred
UE based on its preference list and reject all the rest. The rejected UEs then
continue to propose to its preferred sub-bands based on the rest of its preference
list. The circulation continues until each UE is either allocated with sub-bands in
the unlicensed spectrum, or rejected by all the sub-bands on their preference lists.
The UE which is rejected by all the sub-bands on their preference lists will be only
allocated with licensed spectrum for services.

Lemma 2 Following Algorithm 1, the RGS algorithm will ultimately converge and
achieve a stable matching result.

Proof The detailed proof can be found in [14, 15].

5 Analysis of Operators

Based on the predictions of the UEs’ behaviors and the sub-band allocation results,
we first consider that all operators are non-cooperative with each other. Each
operator is required to consider the behaviors of other operators and determine its
optimal strategy. Afterwards, we propose a cooperative scheme where all operators
make decisions in a coordinated way so as to achieve high utility of all operators.
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Algorithm 1 RGS algorithm for sub-band allocation

1: for UE j do
2: Construct the preference list of sub-bands PLUE based on the value of Zj;s;
3: end for
4: for Sub-band s do
5: Construct the preference list of UEs PLSB based on the value of Zj;s;
6: end for
7: while the system is unmatched do
8: UEs propose to sub-bands;
9: for Unmatched UE j do

10: Propose to first sub-band cj in its preference list;
11: Remove cj from the preference list;
12: end for
13: Sub-bands make decisions;
14: for Sub-band s do
15: if 1 or more than 1 UE propose to the sub-band then
16: The sub-band s chooses the most preferred UE and rejects the rest;
17: end if
18: end for
19: end while

5.1 Noncooperative Strategies for Operators

In the unlicensed spectrum, based on the predictions of all UEs’ optimal strategies,
the utility function of operator i, 8i 2 M, satisfies
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Accordingly, each operator is required to determine its prices on the unlicensed
spectrum for satisfactory utilities. We take the second derivative of operator i’s
utility function,
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As the second derivative of Wi with respective to ri is negative, Wi is a concave
function.
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Fig. 5 The utility of operator 1 vs. the prices set by all operators

To better analyze the problem, without loss of generality, assume there are two
operators and two UEs in the unlicensed spectrum. With different prices set by both
operators, the utilities of both operators are shown in Figs. 5 and 6, respectively.

In both figures, the x axis denotes the price set by operator 1, and the y axis is the
price set by operator 2. In Fig. 5, z axis refers to the utility of operator 1. In Fig. 6,
z axis refers to the utility of operator 2. We observe that when the prices of one
operator is fixed, the utility of the other operator is a concave function of its price.

Moreover, the transmit power is constrained with pj;s 2 Œ0; pmax
j;s �, 8j 2 N , 8s 2

S . Thus, on one hand, if the prices are set too high, no UE can afford the high
payment. The optimal transmit power of each UE calculated from (7) is pj;s D 0. In
this case, operators cannot get any revenue. On the other hand, if the prices are set
too low, in order to avoid interference with Wi-Fi users, the highest transmit power
cannot surpass pmax

j;s , resulting in low revenue for each operator. Accordingly, the
price of each operator has upper and lower bounds, satisfying,

pj;s D Bu

MP

iD1

QiP

kD1

hikjri

� 1

qj;s
2 �0; pmax

j;s

�
; 8j 2 N ; 8s 2 S: (28)

Hence, we consider a linear combination of prices set by all operators as

R D
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hikjri: (29)
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Fig. 6 The utility of operator 2 vs. the prices set by all operators

Based on the constraints of all UEs’ transmit power, for operator i, 8i 2 M, the
prediction of prices set by all other operators in the sub-band s of the unlicensed
spectrum follows the constraint,

R 2
"

Buqj;s

pmax
j;s qj;s C 1

; Buqj;s

#

: (30)

Therefore, in order to achieve a Nash Equilibrium solution of the problem, based
on the sub-band allocation results, we adopt the sub-gradient method for the pricing
strategies of operators. The method is shown in Algorithm 2. In Algorithm 2, all
operators start with a high price, such that no UEs would like to be served in the
unlicensed spectrum. Then in each round of the circulation, for operator i, 8i 2 M,
we set a small step 	 and changes its current prices ri with 	 higher or lower than
the original price. If the utility is the highest when the price increases with 	, in
the next round, the price changes to be ri C 	. If the utility is the highest when the
price decreases with 	, in the next round, the price changes to be ri �	. Otherwise,
the price remains unchanged. the circulation continues until all operators can not
deviate from their current price unilaterally for higher utilities.

Lemma 3 When the starting price and the original step size 	 are fixed, the game
can always converge to a unique outcome, which is also the Nash equilibrium of the
game.



5 Analysis of Operators 97

Algorithm 2 Strategy of operators in U-LTE

1: Initially, each operator sets high price. Thus, the transmits power of all UEs equal 0.
2: while At least one operator adjusts its price do
3: for UE j do
4: Based on the price set by all operators and the sub-band allocation results, each UE

determines the optimal transmit power in unlicensed spectrum.
5: end for
6: for operator i do
7: Each operator stores the current value of the service prices, rold D r.
8: Each operator tries to increase and decrease its price with a small step 	 D 	 � 0:99,

and calculates its own payoff based on the prediction of the followers’ optimal strategies.
9: if R.rold �	/ <

Buqj

pmax
j qjC1

then

10: The Wi-Fi users is interfered. Wi D � inf.
11: end if
12: if Wi.roldi ; rold

�i / � Wi.roldiC	; rold
�i / and Wi.roldi�	; rold

�i / � Wi.roldiC	; rold
�i /

then
13: ri D minfrmax

i ; roldi C	gI % Increase the price
14: else
15: if Ui.roldi ; rold

�i / � Ui.roldi�	; rold
�i /and Wi.roldiC	; rold

�i / � Wi.roldi�	; rold
�i /

then
16: ri D maxf0; roldi �	gI % Reduce the price
17: else
18: ri D roldi I % Keep the price unchanged
19: end if
20: end if
21: end for
22: end while

Proof The convergence of the sub-gradient algorithm has been proved in [16] and
[17]. According to [16] and [17], the sub-gradient algorithm is able to achieve an
optimal solution with small ranges in convex optimization. Therefore, with given
moving step size, each operator is unable to unilaterally adjust its price in order
to receive higher utility when the sub-gradient algorithm converges to an optimal
solution.

Furthermore, when the starting price and the original 	 are fixed, the results in
the second iteration are fixed. According to the mathematical induction, we suppose
that at the Qth iteration, the prices of operators are fixed. Then in the .Q C 1/th
iteration, in accordance with the proposed sub-gradient strategy, the step size is
fixed, and the direction from the current iteration to the next iteration is unique.
Therefore, the prices of operators in the .Q C 1/th iteration are also fixed. Based on
the above, the game can converge to a unique outcome, when the starting price and
the original 	 are fixed.
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5.2 Cooperative Strategies for Operators

Nevertheless, in order to make full use of wireless resources and achieve high
revenues, some wireless operators may cooperate with each other in the unlicensed
spectrum. In this subsection, we analyze the behaviors of operators when they
cooperate and optimize the weighted utilities of all operators, such that,

Wall D
MX

iD1

˛iWi: (31)

According to the strategies of all UEs, when all operators set different prices
for interference, the transmit power of UEs may be different. However, in order to
avoid the interference to nearby unlicensed users, the transmit power of each UE

ith is constrained as pj;s 2
h
0; pmax

j

i
. Therefore, if the transmit power of all UEs

is maintained in a feasible region, the prices of all operators r D Œr1; r2; : : : ; rM�

should satisfy
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hikjri � Buqj;s; 8j 2 N ; 8s 2 S; (32)
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QiX

kD1

hikjri � Buqj;s

pmax
j;s qj;s C 1

; 8j 2 N ; 8s 2 S: (33)

Take an example of two operators in the game. We suppose there are two sub-
bands in the unlicensed spectrum, which are allocated to two UEs. Following the
modeling in [11], we denote the relations of pricing between operator 1 and operator
2 in Fig. 7. The x axis shows the prices set by operator 1, r1, and the y axis shows
the price set by operator 2, r2. Correspondingly, according to (32), the upper bound
of prices for UEs 1 and 2 are line segments AB and CD, respectively. The lower
bound of prices for UEs 1 and 2 are line segments EF and GH, respectively. When
both operators set prices higher than the upper bound, the UE cannot afford the
interference penalty and the transmit power is zero. Therefore, in the region above
CJ and JB, there are no UE served in the unlicensed spectrum. In the region BDJ,
only UE 1 is served in the unlicensed spectrum. In the region ACJ, only UE 2 is
served in the unlicensed spectrum. In the region AJDHIE, both UEs are served in
the unlicensed spectrum. Furthermore, in order to avoid interference to Wi-Fi users
in the unlicensed spectrum, the transmit power of all users should satisfy

MX

iD1

QiX

kD1

hikjri � max

(
Buqj;s

pmax
j;s qj;s C 1

; 8j 2 N ; 8s 2 S
)

; (34)

namely, in the example, the feasible region of the prices should be above EI and IH.
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Fig. 7 The feasible region of
the game

As all operators cooperate with each other, we assume that the prices set by all
operators satisfy

ri D �ir1; 8i 2 f2; 3; : : : ; Mg: (35)

Substituting (35) into (25), we have
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where
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Accordingly, the total utility of operators can be derived as
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It is observed that when the relations of prices are fixed, the first part of Wall in (38)
is not related to the value of prices. Based on the expression in the second part
of Wall, Wall is linearly decreasing with each ri, 8i 2 M. Therefore, we have the
following lemma.
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Lemma 4 The optimal solution to achieve the maximum Wall lies in the boundary
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QiX

kD1

hikjri � max

(
Buqj;s

pmax
j;s qj;s C 1

; 8j 2 N ; 8s 2 S
)

: (39)

The position of the solution in the boundary depends on the parameters Ki;s, 8i 2
M, 8s 2 S of prices.

Proof When the UEs receive services in the unlicensed spectrum, in order to
guarantee the performance of Wi-Fi users, the transmit power cannot be above the
upper bound. Correspondingly, the price set by operators cannot be lower than the
boundary

MX

iD1

QiX

kD1

hikjri � max

(
Buqj;s

pmax
j;s qj;s C 1

; 8j 2 N ; 8s 2 S
)

: (40)

Furthermore, when the prices of operators are coordinated, the total utility of
operators is linearly decreasing with the price increasing. In order to achieve high
utility of all operators, the prices of all operators decrease, and finally stop at
the lowest boundary in (40). With different parameter �i, the price decreases with
different tracks, thus stoping at different positions in the lowest boundary.

We would like to find an optimal Ki;s, 8i 2 M, 8s 2 S to achieve the maximum
value of Wall, given the sub-band allocation results. We set the second part of Wall

as G, such as,

G D
MX

iD1

˛iKi;sri: (41)

Equation (41) is a hyperplane in the feasible region of prices. With G increasing
from a small value, the distance between the hyperplane and the feasible region
decreases. Ultimately, the hyperplane will cut through the feasible region. The first
point O� positioned .r�1 ; r�2 ; : : : ; r�M/ in the feasible region achieves the lowest value
of G, compared with all other points in the feasible region. In other words, O�
is the optimal point to achieve the maximum value of Wall. Correspondingly, the
relationship of the prices follows

�i D r�i
r�1

: (42)

To better understand this, we show the procedure in an example of two operators.
Suppose there are two sub-bands in the unlicensed spectrum allocated to two UEs
respectively. As shown in Fig. 8, the hyperplane is shown as G D ˛1K1;1r1 C
˛2K2;2r2. When G approaches G�, the hyperplane goes through the first point O�
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Fig. 8 The optimal solution
when operators are
cooperative

G*=a1K1r1+a2K2r2
G=a1K1r1+a2K2r2

in the feasible region. As the position of point O� is .r�1 ; r�2 /, r�1 and r�2 will be the
optimal solution to achieve the maximum value of Wall. When the weight factors ˛i

in Wall are different, the position of the optimal point O� may be different.

6 Simulation Results

We evaluate the performance of the proposed cooperative and non-cooperative
scheme with MATLAB. We consider a hotspot circle area with a radius of 100 m.
In the area, there are two operators, and each operator randomly deploys 2 SCBSs
and 2 WAPs. We consider the uplink transmission and assume there are 100 UEs
requesting service from the 20 sub-bands in the unlicensed spectrum. In order to
avoid causing intolerably high interference to Wi-Fi users, we set the maximum
transmit power of each UE in each time to be 2 W. We consider Additive White
Gaussian Noise (AWGN) channels. Each sub-band in the unlicensed spectrum is
1 MHz, and the interference in each sub-band of the unlicensed spectrum for each
UE is set as a random number with an average value of �20 dBm. The noise is
assumed to be �30 dBm.

We first compare the performance of proposed cooperative and non-cooperative
schemes with that of a single-operator scenario, where only one operator serves
UEs in the unlicensed spectrum. As most existing resource management schemes in
unlicensed spectrum assume a single-operator scenario, this comparison highlights
the difference and advantages of our proposed strategies.

As shown in Fig. 9, we analyze the total utility of operators under different
number of UEs. With an increasing number of UEs, the total utility of operators
generally increases. In the proposed cooperative scheme, as the operators cooperate
with each other, the total utility is the highest, followed by the non-cooperative
scheme, where each operator makes decisions to maximize its own utility. Moreover,
the total utilities in both the proposed cooperative and proposed non-cooperative
schemes are higher than the total utility when there is only one operator in the
scheme. In the single-operator cases, because of the limited number of WAPs, the
total revenue received by the single operator is also limited.
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Fig. 9 The total utility of operators vs. the number of UEs

In Fig. 10, the total utility of UEs under different numbers of UEs is studied.
When the number of UEs increases, the total utility of UEs increases. In the
proposed cooperated scheme, because of the cooperation of operators, the service
prices set by the operators are low, and each UE can be served with high quality
of service at low prices. Thus, the total utility of UEs is the highest. In the single
operator scheme, the operator is able to set low price to all UEs, while each UE
can choose the SCBSs from different base stations for better performance and lower
prices. Therefore, the total utility of UEs with single operator scheme is higher than
the utility in the proposed non-cooperative schemes, but lower than the utility in
the proposed cooperative scheme. In the proposed non-cooperative scheme, due to
the competition among operators, the prices set by operators do not reach the lower
bound. Thus the UEs pay more to the operators, and the total utility of UEs keeps
the lowest.

In Fig. 11, we analyze the total utility of operators under different number of
WAPs of each operator. When the number of WAPs of both operators increases,
for each WAP, each UE is required to pay the interference penalty. However, in the
proposed cooperative scheme and single operator scheme, in order to avoid losing
UEs because of the high interference penalty, the operators are able to reduce the
price. Thus, with the number of WAPs increasing, the total utility of operators in
the proposed cooperative scheme and single operator scheme generally does not
change, while the total utility of operators in the proposed cooperative scheme keeps
higher than the utility of operator in the single operator scheme. Moreover, in the
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Fig. 10 The total utility of UEs vs. the number of UEs
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Fig. 11 The total utility of operators vs. the number of WAPs of each operator
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Fig. 12 The total utility of UEs vs. the number of WAPs of each operator

proposed non-cooperative scheme, because of the competition, each operator cannot
reduce its price unilaterally to achieve higher utility. Thus, the prices set by operators
keep in high value. Therefore, the total utility of operators in the proposed non-
cooperative scheme is decreasing.

In Fig. 12, we investigate the total utility of UEs under different number of WAPs
of each operator. When the number of WAPs of each operator increases, for each
WAP, each UE is required to pay the interference penalty. However, in the proposed
cooperative scheme and single operator scheme, as the operators are able to reduce
the price in order to avoid losing UEs because of the high interference penalty, the
total utility of UEs in the proposed cooperative scheme and single operator scheme
generally does not change, while the total utility of UEs in the proposed cooperative
scheme keeps higher than the utility of UEs in the single operator scheme. Moreover,
in the proposed non-cooperative scheme, because of the competition, each operator
is unable to reduce its price unilaterally to achieve higher utility. Thus, the prices set
by operators keep in high value, and each UE is supposed to pay higher interference
penalty with the number of WAPs increasing. Accordingly, the total utility of UEs
in the proposed non-cooperative scheme is decreasing.

In Fig. 13, we evaluate the total utility of operators with different interference
from Wi-Fi. As shown in the figure, when the interference from Wi-Fi increases, the
utilities of some UEs may decrease to zero. Therefore, with a fewer UEs using the
unlicensed spectrum, the total utility of operators decreases. Accordingly, the total
utility generally decreases. Moreover, for the proposed non-cooperative scheme, the
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Fig. 13 The total utility of operators vs. the interference from Wi-Fi

total utility of operators first increases slightly then decreases. The reason is that
when the interference from Wi-Fi is small, the prices set by some operators may be
very high. With the interference from Wi-Fi, the operators are able to reduce their
prices first to motivate the UEs to purchase services in the unlicensed spectrum, and
thus the utility increases. However, when the price reduces to the lowest boundary, in
order to guarantee the performance of Wi-Fi users, the operators cannot reduce their
prices anymore, and the utilities of UEs gradually reduce and reach zero ultimately.
Moreover, the total utility of operators in the proposed cooperative scheme is always
larger than the utility of the operators in the proposed non-cooperative scheme and
the utility of the operator in the single operator scheme. When the interference
from Wi-Fi is small, the prices set by the operators are high in the proposed
non-cooperative scheme. Thus, the total utility of operators in the proposed non-
cooperative scheme is lower than the utility of the operator in the single-operator
schemes. With the interference from Wi-Fi increasing, the prices set by the operators
in the proposed non-cooperative scheme gradually decreases. Thus, the total utility
of operators in the proposed non-cooperative scheme gradually surpasses the utility
of operator in the single-operator schemes.

In Fig. 14, we analyze the relation between the total utility of UEs with different
interference from Wi-Fi. Because of the strong interference from Wi-Fi, some
UEs may receive zero utility and refuse to be served in unlicensed spectrum.
Accordingly, the utilities of UEs generally decrease. However, in the proposed non-
cooperative scheme, because the operators can reduce their prices to motivate the
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Fig. 14 The total utility of UEs vs. the interference from Wi-Fi

UEs in the unlicensed spectrum, the utility of UEs first increases then decreases.
The total utility of UEs in the proposed cooperative scheme is always larger than
the utility of the UEs in the proposed non-cooperative scheme and the utility in
the single operator scheme. When the interference from Wi-Fi is small, the prices
set by the operators are high in the proposed non-cooperative scheme. Thus, the
total utility of UEs is lower than the utility of UEs in the single-operator schemes.
With the interference from Wi-Fi increasing, the prices set by the operators in the
proposed non-cooperative scheme gradually decreases. Thus, the total utility of UEs
in the proposed non-cooperative scheme gradually surpasses the utility of UEs in the
single-operator schemes.

In Fig. 15, we discuss the relationship between the total utility of operators
and the maximum transmit power of UEs. With the maximum transmit power
increasing, as operators are able to serve UEs with a lower price, the total utility
of operators generally increases. When the maximum transmit power of UEs
are relatively small, In the proposed cooperative and non-cooperative scheme,
as the UE is able to choose operators with higher quality of service and lower
price, the total utility of operators in the proposed cooperative scheme and in the
proposed noncooperative scheme are always larger than the utility in the single-
operator scheme. Furthermore, because of the competition of operators, the prices
set by the operators in the proposed cooperative scheme are relatively smaller
than the prices in the proposed non-cooperative scheme. Thus, the total utility of
operators in the proposed cooperative scheme remains higher than the utility in the
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Fig. 15 The total utilities of operators vs. the maximum transmit power of UEs

proposed non-cooperative scheme. Moreover, with the maximum transmit power
increasing, the feasible region increases. When the Nash equilibrium point of the
non-cooperative scheme is no longer in the boundary of the feasible regions, the
total utility of operators in the proposed non-cooperative scheme stops increasing
and keeps unchanged. Therefore, when the maximum transmit power is large,
with the maximum transmit power increasing, the total utility of operators in the
single operator scheme surpass the total utility of operators in the proposed non-
cooperative scheme.

In Fig. 16, we analyze the relation between the total utility of UEs and the
maximum transmit power of UEs. When the maximum transmit power increases, all
UEs are able to transmit in high power, increasing the transmission rate during the
service. Therefore, the total utility of all UEs generally increases. The total utility of
UEs of the proposed cooperative scheme is always larger than that of the proposed
non-cooperative scheme. Moreover, when the maximum transmit power is small, as
the UE is able to choose operators with higher quality of service and lower price, the
total utility of UEs in the proposed noncooperative scheme is larger than the utility in
the single operator scheme. However, with the maximum transmit power increasing,
the feasible region of in the Fig. 7 increases. When the Nash equilibrium point of
the non-cooperative scheme is no longer in the boundary of the feasible regions, the
total utility of UEs in the proposed non-cooperative scheme stops increasing and
keeps unchanged. Therefore, when the maximum transmit power is large, with the
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Fig. 16 The total utilities of UEs vs. the maximum transmit power of UEs

maximum transmit power increasing, the total utility of UEs in the single operator
scheme surpass the total utility of UEs in the proposed non-cooperative scheme.

In Fig. 17, we fix the value of ˛2 and increase ˛1 to evaluate the total utility of
operators with different ratio ˛1=˛2 of weight factors. In the simulated scenario, the
ratios of the weight factor ˛1=˛2 can be divided into five sections, which means that
the first intersection O� of the hyperplane G D ˛1K1r1 C ˛2K2r2 and the feasible
region fall in five different points based on different ratios of weight factor ˛1=˛2.
Within five sections, when the ratio increases, the total weighted utility of operators
increases.

In Fig. 18, we evaluate the utility of operator 2 when its price decreases in both
the proposed cooperative and non-cooperative schemes. As shown in the figure, in
the proposed cooperative scheme, as the prices of operators are linearly related, with
the price of operator 2 decreasing, the utility of operator 2 increases monotonically.
Furthermore, in order to guarantee the basic data transmission of Wi-Fi users, when
the prices of all other operators keep unchanged, there is a lower bound for the
price set by operator 2. Therefore, the optimal price of operator 2 is the price in the
lowest boundary. However, in the proposed non-cooperative scheme, when the price
of operator 2 decreases and the price of operator 1 remains unchanged, the utility
of operator 2 first increases and decreases. Thus, the optimal price of operator 2 is
not in the lowest boundary in the non-cooperative scheme, but in the middle of the
feasible region.
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7 Summary

In this chapter, we have studied the power control mechanism among multiple
cellular operators in the U-LTE in order to mitigate the interference management
among multiple cellular operators and the unlicensed systems. A multi-leader multi-
follower Stackelberg game has been formulated and both a cooperative and a
non-cooperative schemes have been proposed for operators to achieve high revenues
in U-LTE. In the non-cooperative scheme, each operator sets price rationally and
independently based on the behaviors of others, and a sub-gradient algorithm has
been adopted to achieve the highest utility. In the cooperative scheme, we have
optimized the relations of the prices with a linear programming method so as to
reach the highest utilities of all operators. Simulation results have shown that the
operators in both the non-cooperative and cooperative schemes can significantly
improve the utilities of all operators without causing intolerable interferences to
unlicensed users, based on different network conditions in the unlicensed spectrum.
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Conclusions and Future Works

1 Conclusions and Remarks

U-LTE provides users with high quality of service, yet it may generate strong
interference to other unlicensed systems if no proper resource allocation is per-
formed. In this book, we thoroughly investigate and improve on the coexistence
technologies of U-LTE with other unlicensed systems over the unlicensed band.
Specifically, we first analyze the performance of existing coexistence technologies,
and identify key issues in terms of fairness and protocol overhead. A new coex-
istence mechanism has been carefully designed to achieve a more efficient and
harmonious coexistence among U-LTE and Wi-Fi over the unlicensed band. Further
analysis is performed to optimize the performance of the proposed coexistence
technology, which has also been validated by system-level simulations.

Next, spectrum sharing in the unlicensed spectrum is analyzed in the multi-
operator scenario. Considering the distributive behaviors of all wireless service
operators and other unlicensed systems, game theory is employed to analyze the
behaviors of each individual. In order to guarantee the performance of original
unlicensed systems, each wireless service operator first adopts a zero-determinant
strategy during the interaction with other unlicensed systems. As the behaviors of
each wireless service operator can influence the utilities of others based on the
restricted behaviors from the zero-determinant strategy, a non-cooperative game is
formulated, where each wireless service operator determines its optimal strategy
and achieves the Nash equilibrium result.

During the spectrum sharing, due to multiple unlicensed bands available the
U-LTE and other unlicensed systems, the stable marriage (SM) game in matching
theory is proposed for the interaction between LTE and Wi-Fi users, and the
coexistence constraints are interpreted as the preference lists. In the SM game, two
semi-distributed solutions, namely the Gale-Shapley (GS) and the Random Path to
Stability (RPTS) algorithms are proposed. In order to address the external effect
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in matching, the Inter-Channel Cooperation algorithm is introduced. The resource
allocation problem is studied with network dynamics, and the proposed mechanisms
are evaluated under two typical user mobility models.

Furthermore, resource allocation of both the licensed and the unlicensed spec-
trum is analyzed from the perspective of each wireless service operator. In the
unlicensed spectrum, the behaviors of one wireless service operator can affect the
utilities of other wireless service operators and users. Accordingly, a multi-operator
multi-user Stackelberg game is proposed, where all wireless service operators act as
leaders and all users act as followers. In order to avoid intolerable interference to the
Wi-Fi access point (WAP), each operator sets an interference penalty price for each
user that causes interference to the WAP. Based on which, users can choose their
sub-bands and determine the optimal transmit power in the chosen sub-bands of
the unlicensed spectrum. With the first-mover advantage, wireless service operators
can predict the behaviors of each user. Considering the behaviors of other wireless
service operators with both coordinative and competitive relations, the optimal
pricing strategy for each wireless service operator is proposed. Simulation results
are further presented to demonstrate the improved performance of our proposed
schemes.

2 Future Works

2.1 Multi-Channel Aggregation in U-LTE

The existing U-LTE MAC protocols only consider spectrum sharing of single cell
U-LTE and Wi-Fi over a single unlicensed channel. However, the recent IEEE
802.11ac and 802.11ax Wi-Fi standards, specified an enhanced MAC protocol
that allows a user to opportunistically bond multiple channels for high data rate
transmissions. Unlicensed LTE is inherently a multi-carrier network, where multiple
unlicensed channels can be aggregated for resource allocation at the LTE BSs. To
capture this feature, we need to design a multi-channel MAC protocol for U-LTE,
and find the best channel access strategies for both U-LTE and Wi-Fi, to attain the
best network performance while ensuring fair sharing of the unlicensed users.

2.2 Explorations of Unlicensed Spectrum in mmWave

Besides the 5 GHz frequency band, there is a growing interest to integrate unlicensed
mmWave spectrum bands into LTE, in order to exploit the ultra-wide bandwidth
available at the unlicensed 60 GHz band and the E-band (71–76 and 81–86 GHz).
Advanced mmWave communication has many salient features and provides a
promising solution for high density multi-band HetNets, yet it also faces new
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challenges when integrated into the existing cellular infrastructure, such as ensuring
inter-operability with existing LTE services. How to exploit mmWave communica-
tions in the design and implementation of U-LTE heterogeneous networks remains
an open research issue. For example, directional transmissions in mmWave band
usually require Line of Sight (LOS) communication links, as mmWave signals are
very sensitive to blockage effects due to the severe penetration loss. Thus, in a
mmWave based U-LTE where the LOS link may be blocked from time to time,
it is desirable to allow one user to associate with multiple BSs to ensure service
continuity. Furthermore, it is also promising to implement relay networks for data
transmission in the blocked areas. Accordingly, how to motivate BSs or relays to
receive data service, and how to design algorithms to select an appropriate set of BSs
or relays for serving users at a reasonable complexity, are interesting yet challenging
research issues.

2.3 Network Virtualization for Resource Allocation in U-LTE

With increasing variety of data services, the variety of service operators increases
correspondingly. As different service providers have different purpose and require-
ments when exploiting data service in unlicensed spectrum, one or multiple
spectrum providers are required to adopt the mapping between different service
providers and all kinds of unlicensed spectrums, so as to make flexible resource
allocation and improve the network efficiency. Due to the complexity of the
mapping, the service operators are invisible to the resource management in the
unlicensed spectrum, and just apply the appropriate amount of unlicensed spectrum
with low interference for its data services in the virtualized networks. Nevertheless,
due to the spectrum reuse and spectrum aggregation issues, considering the different
preferences of service operators and unlicensed spectrum, the management of
resource allocation is required. Moreover, when there are three layers consisting
of multiple service providers, multiple spectrum providers and multiple unlicensed
spectrum bands, respectively, how to deal the competition within each layer and
mapping between each two layers in distributive fashion remains challenging.
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