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1. Introduction

1.1 Motivation

The design of the first four generations of wireless cellular communication

was driven through one main use case. The 1st generation’s objective was

to allow voice communication through a cellular wireless network, which

was achieved using analogue wireless communication. The 2nd generation

wireless communication introduces digital communication and additional

service, Short Message Service (SMS) [1]. It also introduces an encryption

mechanism to secure wireless communication, which continues to be used

in later generations [2]. The objective of the 3rd generation wireless cellu-

lar network was to additionally provide fast wireless data connections [3].

The design of the 4th generation, known as Long Term Evolution (LTE),

was driven by the Mobile Broadband (MBB) use case, with the objective

of providing extremely high data rates [4].

Unlike the previous generations, the design of the 5th Generation of cel-

lular mobile communications (5G) is driven from the outset by a large

number of diverse use cases, which are often classified into three types:

enhanced Mobile Broadband (eMBB), Ultra Reliable and Low Latency

Communication (URLLC) and massive Machine Type Communication

(mMTC) [5–8]. The eMBB use case strives to catch with the exponen-

tially growing data rate demand [9], mainly through advancements to the

physical layer such as massive Multiple Input Multiple Output (MIMO)

technologies [10]. Unlike the traditional MBB, the other use case types

brought new sets of problems. URLLC is driven by use cases that re-

quire ultra-high reliability and/or ultra-low latency [11, 12]. The mMTC

use case type consists of devices that transmit almost zero-byte data, but

with a huge impact on the network due to their massive number, and the
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related control overhead [13,14]. The mMTC use case requirements such

as ultra-long battery life can only be handled through efficient control

plane design.

The control plane design plays a key role in 5G to efficiently integrate

and use all concepts that address diverse use cases. Control plane design

even directly addresses the requirements of some of the use cases.

Control plane functions can be classified into synchronous and asyn-

chronous [15]. Synchronous control plane functions are radio network

functions whose processing is time-synchronous to the radio interface

(slots/frames). Examples of synchronous control plane functions include

scheduling, power control, interference management and link adaptation.

These are all functions that pertain to communicating user plane data.

On the other hand, the processing of asynchronous control plane func-

tions is time-asynchronous to the radio interface (slots/frames). Some

of the asynchronous control plane functions are mobility, system access,

state handling and multi-connectivity. These are related to handling con-

nectivity in an efficient manner, not to the direct efficiency of user data

transmission.

1.2 Thesis contribution overview

The contribution of the thesis is two-fold. On one hand, we discussed

a synchronous control plane function for co-primary spectrum sharing,

based on publications [PI-PIV]. This includes a coordination protocol

for spectrum sharing among 5G small cells. It is shown that this can

be implemented using a pragmatic non-cooperative strategic game model

using minimal information exchange among the operators and favours

exchanged with instantaneous reciprocity. Two cooperative game mod-

els are also provided, that can be used as an upper bound for the non-

cooperative game.

On the other hand, the thesis contributed several asynchronous control

plane functions for 5G, based on publications [PV-PVIII] which are doc-

umented in patent applications [16–22]. These functions include state

machine handling and mobility procedures. In addition to contributing to

the literature, we also actively promoted these functions in 3rd Generation

Partnership Project (3GPP) standardization. Many of these functions can

be mapped to the 3GPP Radio Resource Control (RRC) specification.
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1.3 Structure of the thesis

The rest of the thesis is organized as follows. Chapter 2 reviews the rele-

vant concepts of 5G architecture and analytical tools. Chapter 3 discusses

a control framework for co-primary spectrum sharing. A non-cooperative

game model and two cooperative game models are discussed as a means

to implement the coordination protocol for spectrum sharing. The perfor-

mance of these games is discussed at the end of the chapter. A mobility

framework for 5G is discussed in chapter 4. This includes an overview

of a state machine with novel state and procedures in these states. Per-

formance of the novel state is discussed in terms of signalling overhead,

power consumption and control plane latency. Conclusions are drawn,

and future work is discussed in the last chapter.
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2. Background

2.1 Overview of 5G

2.1.1 5G Architecture overview

The 5G network architecture consists of a Next Generation RAN (NG-

RAN) and a 5G Core Network (5GC) [23,24]. The architecture is designed

to handle diverse 5G use cases. To this end, it encompasses concepts such

as network slicing, and New Radio (NR) air interface, known as NR Radio

Access.

The 5G architecture from NG-RAN perspective is shown in Figure 2.1a.

NG-RAN has a flat architecture where the base stations, known as Next

Generation NodeBs (gNBs), are interconnected with each other and with

enhanced Long Term Evolution (eLTE) enhanced NodeBs (eNBs), through

an Xn interface. A gNB is a node providing NR user plane and control

plane protocol terminations towards the User Equipment (UE). The gNBs

are connected via the NG interface to the 5GC. There are two functions

in the core network that a gNB connects to. First, it is connected to Core

Access and Mobility Management Function (AMF), using the NG-C in-

terface. The functionalities of AMF include mobility management, access

authentication and authorization, security anchor functions and context

management. Furthermore, a gNB is connected through the NG-U inter-

face to a User Plane Function (UPF), which is an anchor point in the core

network for inter/intra RAT mobility, and the external Protocol Data Unit

(PDU) session point of interconnection, packet routing and forwarding, as

well as QoS handling for user plane. The UE is connected to AMF through

logical interface N1.
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Figure 2.1. A) Overview of 5G architecture from RAN perspective, and b) Control plane
protocol stack.

2.1.2 NR control plane protocol stack overview

The NR control plane protocol stack is shown Figure 2.1b. The Access

Stratum (AS) of the control plane protocol stack consists of Radio Re-

source Control (RRC), Packet Data Convergence Protocol (PDCP), Radio

Link Control (RLC), Medium Access Control (MAC) and Physical Layer

(PHY). Layer 1, which consists of PHY, provides all physical layer func-

tionalities [25]. Layer 2, which consists of MAC, RLC and PDCP, pro-

vides functionalities such as error correction through Automatic Repeat

Request (ARQ) and Hybrid ARQ (HARQ), dynamic scheduling, segmenta-

tion and re-segmentation, header compression and decompression, trans-

fer of user data, ciphering, deciphering and integrity protection [23].

The functionality of Layer 3 RRC protocol consists of broadcast of sys-

tem information, paging, security function including key management,

establishment, configuration, maintenance and release of Signaling Ra-

dio Bearers (SRBs) and Data Radio Bearers (DRBs), mobility function,

QoS management, UE measurement management, and detection and re-

lease of radio link failure [23]. It is the main controlling function in the

AS, being responsible for establishing the radio bearers and configuring

all the lower layers using RRC signalling between the gNB and the UE.

The Non-Access Stratum (NAS) control protocol is terminated in AMF
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on the network side and realizes the N1 interface. It performs functions

such as authentication, mobility management, and security control [24].

2.2 Analytical tools

In this section, we briefly review the relevant mathematical tools used in

the thesis.

2.2.1 Game theory

Non-cooperative strategic games

A strategic game is a model of interacting decision-makers, which are

often referred to as players [26]. In this model, a player is affected not

only by its own action (which will be interchangeably used with the word

strategy) but also the actions of other players. Each player is assumed

to have preferences of the joint action of players. In a non-cooperative

strategic game, the players are competitive, and each player has a payoff

function that maps the joint players’ action into a real number [27].

Definition 1 [27] A non-cooperative strategic game is defined by a set

of players, denoted by N , the joint players’ action, given as {an}n∈N , and

their payoff function, denoted as {Φn(an,a−n)}n∈N , where a−n is the joint

action of the opponents of player n.

As the objective of a rational player is to maximize its payoff, the players

may continue interacting until a steady state is reached. A Nash equilib-

rium is a joint players’ action where no player can improve its payoff by

unilaterally changing its strategy.

Definition 2 [28] A joint players’ action a∗ is a Nash equilibrium if no

player n ∈ N can improve its payoff by unilaterally changing its strategy

Φn(an, a
∗
−n) ≤ Φn(a

∗
n, a

∗
−n) ∀an.

A game may have a unique or multiple Nash equilibrium points.

On the other hand, a player may have a dominant action which has at

least as good payoff as other actions no matter what the joint opponent

players action is.

Definition 3 [26] Player n’s action a
′′
n weakly dominates its action a

′
n if

Φn(a
′′
n, a−n) ≥ Φn(a

′
n, a−n) ∀a−n
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and

Φn(a
′′
n,a−n) > Φn(a

′
n, a−n) for some a−n.

If the inequality is tight for all joint opponent actions, a−n, player n’s

action a
′′
n strictly dominates its action a

′
n. If all players have strictly dom-

inant strategies, the Nash equilibrium is unique.

Cooperative games

Cooperative games study the behaviour of rational players when they co-

operate [29]. Coalition game theory1 is the main branch of cooperative

game theory. It describes the formation of cooperating groups of players,

referred to as coalitions [30], that can strengthen the players’ positions in

a game.

A coalition game is uniquely defined by the pair (N , v), whereN denotes

the set of players and v denotes the coalition value. The most common

coalition game is the characteristic form, where the value of a coalition

S ⊆ N solely depends on the members of the coalition [31]. The value

of a game in characteristic form with transferable utility is defined as v :

2N → R. By the transfer of utility, the total utility represented by this real

number can be divided in any manner between the coalition members.

The payoff of player n ∈ S, denoted as xn, is the amount of utility that the

player receives from the division of v(S).
One of the methods to divide the value of a coalition is using Shapley

value

φn(v) =
∑

S⊆N\n

|S|!(N − S| − 1)

N !
[v(S ∪ {n})− v(S)] (2.1)

where N is the number of players. That is, the mean contribution v(S ∪
{n}) − v(S) of player n over all possible permutations that the coalition

could be formed. The Shapley value follows from the axioms of efficiency,

symmetry, dummy and additivity [29].

2.2.2 Convex optimization

Convex optimization is one of the important tools to solve many engineer-

ing problems [32]. It is widely used in wireless network optimization prob-

lems.
1Bargaining games are sometimes classified as cooperative games.
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Definition 4 [32] A convex optimization problem is given in the form

minimize
x

f0(x)

subject to fi(x) ≤ bi, i = 1, . . . ,m.
(2.2)

where the functions f0, ..., fm : Rn → R are convex, satisfying

fi(αx+ βy) ≤ αfi(αx) + βfi(βy) (2.3)

for all x, y ∈ Rn and all α, β ∈ R with α+ β = 1, α ≥ 0 and β ≥ 0.

The problem (2.2) becomes a concave optimization problem if −f0 is a con-

vex function. If the inequality in (2.3) is tight, fi strictly convex function.

Similarly, if −fi is strictly convex, fi is a strictly concave function. Con-

vex problems do not generally have closed form solutions, but there are

several efficient algorithms for solving such problems [32].

Although not as common as convex problems, optimization with quasi-

convex objective functions also appear in engineering problems.

Definition 5 [32] A function f : Rn → R is called quasiconvex if its

domain and all its sublevel sets

Cα = {x ∈ domf | f(x) ≤ α}, (2.4)

for α ∈ R, are convex.

A function is quasiconcave if −f is quasiconvex. A function that is both

quasiconvex and quasiconcave is called quasilinear.
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3. Synchronous control plane:
Inter-operator spectrum sharing

Synchronous control plane functions are radio network functions whose

processing is time-synchronous to the radio interface (slots/frames). They

usually target UEs with high data activity and are driven by throughput

performance. In this Chapter, spectrum sharing will be concentrated on.

Spectrum sharing is a very promising technology [33], especially in small

cell networks. However, the 5G architecture discussed in the previous

chapter does not support interfaces between operators. In this chapter,

we shall concentrate on spectrum sharing technologies with the objective

to minimize inter-operator signalling.

As spectrum sharing is an example of synchronous control plane func-

tion, which is directly related to controlling user plane traffic, its mod-

elling is driven by the objective to maximize the utility of operators. Ac-

cordingly, methods related to assessing the data throughput of users in a

network, methods to abstract those to a network utility, and methods to

maximize such utilities will be used to analyse spectrum sharing.

3.1 Background work

Inter-operator spectrum sharing is inherently a resource sharing problem

in an interference channel. Therefore, operators can ideally achieve max-

imum performance through interference cancellation, for example, by uti-

lizing the information carried by the interference and its structure. How-

ever, on the one hand, the capacity region of such channel is not fully

characterized yet, making it difficult to achieve the maximum capacity

under all interference regimes no matter how cooperative the operators

are [34–38]. On the other hand, operators are competitive players and

often selfish and not willing to share sensitive information, making it

difficult to have full cooperation in the first place. Therefore, the most

11
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pragmatic approaches are to either allocate orthogonalized resources to

the operators to avoid dealing with inter-operator interference or allow

non-orthogonal spectrum sharing, treating interference as noise, to im-

prove performance by utilizing load differences and channel conditions

and minimizing the impact of interference through power control.

In orthogonal spectrum sharing, operators are allocated with orthogo-

nal resources in time, frequency or spatial dimension. Static frequency

domain orthogonal spectrum sharing is widely used by regulatory bodies

to allocate licensed spectrum to operators [39]. Dynamic frequency do-

main orthogonal spectrum sharing is shown to improve the performance

of static sharing [40–42]. Time domain orthogonal spectrum sharing is of-

ten used for unlicensed spectrum sharing where transmitters are allowed

to use a common resource pool but only a single transmitter at a time.

This can be applied statically, e.g. like in slotted Aloha [43], or dynami-

cally with collision avoidance mechanisms such as listen-before-talk [44].

Orthogonal spectrum sharing in the spatial domain is not common. How-

ever, with massive MIMO being adopted for 5G wireless technology, this

approach is promising to allow operators to achieve huge gains with an

almost-orthogonal transmission due to the narrow beams that character-

ize massive MIMO transmission [10]. There are also schemes that apply a

combination of these approaches. For example, in Licence Assisted Access,

the control plane signals are transmitted on a frequency domain orthogo-

nal resource (licensed spectrum) while the user plane data is transmitted

on a time domain orthogonal resource (unlicensed spectrum) [45, 46]. In

general, although these approaches avoid dealing with interference, mak-

ing them the least difficult approaches to implement, the overall spec-

trum usage may be compromised, especially in a local area and indoor

networks. As such, the performance of orthogonal spectrum sharing can

be improved using non-orthogonal spectrum sharing.

The most generic non-orthogonal spectrum sharing approach assumes

that the operators can non-orthogonally transmit on a common resource

pool, while choosing their upper-bounded transmission power density to

maximize their utility [47–52]. This is often modelled as non-cooperative

strategic games where each player is assumed to be comprised of a single

Base Station (BS)-UE pair. In a one-shot game, it is shown that the full-

power transmission over the whole band is Nash Equilibrium (NE) [49].

However, this leads to poor performance if there is strong inter-operator

interference. Alternatively, repeated games are intensively used to guar-
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antee long term benefit to the players [49–52]. This can be achieved, for

example, through the optimization of Pareto efficient point [49], orthog-

onal allocation [51], social optimum [50] and subgame perfect NE [52].

However, this mechanism is prone to cheating by players who greedily

want to gain more than what they could achieve with fair-play. To coun-

teract this, several mechanisms are applied, such as using a grim trig-

ger [49, 50], a finite period punishment strategy [51] and an everlasting

punishment strategy [52].

Cooperative games are also employed as an alternative approach for

non-orthogonal spectrum sharing [29,33,53–59]. In such games, the play-

ers form coalitions, which consist of subsets of users. In coalition games,

the players form coalitions, which consist of subsets of users. When the

coalition game has characteristic form and transferable utility, each coali-

tion is given a value from a real number [29]. A pre-agreed way, e.g.

Shapley value, is then used to divide the payoff among the members of

the coalition. Therefore, a player tries to maximize its payoff by joining a

coalition that leads to the largest payoff improvement. In barging game,

the joint strategy is chosen such that the product of the gains that the

players get from cooperation is optimized [54].

Recently, co-primary spectrum sharing is proposed as a framework for

horizontal spectrum sharing among primary users [33, 60]. In horizontal

spectrum sharing, the sharing is among systems of the same priority. As

shown in Figure 3.1, regulatory frameworks that support primary user

mode horizontal sharing include Mutual Renting (MR) and Limited Spec-

trum Pool (LSP) or Resource Pooling (RP). In MR, the whole band is di-

vided into resource blocks where each block is licensed to one operator. An

operator may allow, "rent", other operators to use part of its band. In RP,

an operator has an authorization to use the whole band, on a shared basis,

with a limited number of known operators. Co-primary spectrum sharing

can be enabled using a peer-to-peer coordination protocol, inter-operator

message exchange facilitated through a well-defined interface, or through

a centralized spectrum broker.

Co-primary spectrum sharing can be implemented, for example, using

the European Telecommunications Standards Institute (ETSI) Reconfig-

urable Radio Systems (RRS) architecture [61]. A simplified version of the

ETSI-RRS is shown in Figure 3.2. The operators can cooperate on differ-

ent levels, from lower layer Joint Radio Resource Management (JRRM)

to Dynamic self-organizing planning and management (DSONPM), to as
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Figure 3.1. A spectrum sharing toolbox with primary user mode and the required
relations (e.g., needed tools or scenarios which are necessary parts of a

regulatory framework) [60]. Limited Spectrum Pool (LSP) may
interchangeably referred as Resource Pooling (RP).

.

high a layer as Dynamic Spectrum Management (DSM). Each operator

may consist of several Radio Access Technologies (RATs) although only a

single RAT is shown for simplicity.

Comparing to the 5G architecture of the previous chapter, DSONPM

would correspond to an inter-operator Xn, while JRRM would consider

to an inter-operator interface that would have more functionalities, more

capacity and less delay than Xn. As standardizing and implementing such

interfaces seem like a considerable effort, it may be desirable to realize

spectrum sharing on a DSM layer only, which may potentially be a core

network function.
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Figure 3.2. A simplified version of ETSI RRS functional architecture.

3.2 Coordination protocol for spectrum sharing

3.2.1 Overview

In this work, we consider a coordination protocol for co-primary spec-

trum sharing among a limited number of operators as shown in Fig-

ure 3.3 [PIII]. The coordination protocol can be applied with two regu-

latory frameworks, MR and RP, which provide default spectrum usage

patterns, see Figure 3.1 [60]. In a MR scenario, the spectrum is assumed

to be initially distributed among the operators such that each operator has

a legal exclusive license to a part of the spectrum, and they furthermore

have the right to allow other operators to use that spectrum. In a RP sce-

nario, each operator has an equal right to access the spectrum, such that

there are no exclusive licenses. Through negotiations, facilitated by the

coordination protocol, the operators may agree to depart from the default

spectrum usage pattern for a period of time. The negotiation is repeated

periodically, where the spectrum sharing partitions in each period might

not be the same.

For simplicity, we only consider downlink transmission. The set of play-

ers is denoted by N = {1, ..., N}. Each player is assumed to be a network

consisting of multiple BSs and UEs. Without loss of generality, we assume

the total spectrum available to the operators to be equal to 1.

We shall model coordination protocols as results of such spectrum usage
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Figure 3.3. Elements in system functional architecture required for inter-operator
spectrum sharing on the RAN level.

negotiations, such that for each subset S, there is a resulting amount of

spectrum. Thus, in MR, the default spectrum allocation would be, the

players have an exclusive license to an equal amount of spectrum,

b0S =

⎧⎪⎨⎪⎩1/N if |S| = 1

0 otherwise,
(3.1)

where bS is the spectrum non-orthogonally shared by players that are a

member of S. In RP, the players have a license to use a common pool, and

the default allocation is

b0S =

⎧⎪⎨⎪⎩1 if |S| = N

0 otherwise.
(3.2)

When determining a spectrum allocation, the players may be willing to

give and receive favours, as compared to the default allocation, to im-

prove their utility or payoff. In MR, favour is allowing another operator to

transmit in a fraction of the private spectrum. In RP, favour is to refrain

from transmitting on a fraction of the common resource pool.

In this thesis, we consider only instantaneous reciprocity where each

player gives and receives an equal amount of favour during each spec-

trum sharing period, which can range from few milliseconds up to several

seconds. That is, the resource usage partition that is realized during each

spectrum sharing period, though playing a game, fulfils the constraint∑
S∈Pn

bS
|S| =

1

N
∀n ∈ N , (3.3)

where the set Pn consists of all the subsets where n is a member of. For

example, in a two-player scenario, the spectrum partition with b{1} = 1/4,
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b{2} = 1/4, b{1,2} = 1/2 fulfils instantaneous reciprocity. In MR, assuming

each player originally has private resources of size 1/2, each player allows

the other player to use half of their private resource. In RP, in the default

setting all players have a license to transmit on the whole resource pool,

each player mutes its transmission on an equal amount of the common

pool, 1/4 of the pool resource, so that the other player can transmit without

inter-operator interference.

Depending on the level of cooperation among the players, the coordi-

nation protocol can be implemented as a non-cooperative strategic game

or a cooperative game. In a non-cooperative strategic game setting, we

assume the players do not share operator specific information such as

channel state information. However, they are assumed to share informa-

tion that facilitates the game such as favour requests and grants or their

preference of spectrum usage partition. The related non-cooperative spec-

trum sharing games will be called a Mutual Renting Game (MRG), and

Resource Pooling Game (RPG), depending on the default spectrum us-

age. That is, MRG is played by operators that have resources governed by

MR regulatory framework; whereas, RPG is played when the regulatory

framework is RP. After each game, the operators may reach an agreement

to use a spectrum partition different from the default partition set by a

regulatory body for a given period of time. The game can then be repeated

periodically.

In a cooperative game setting, similar to the one discussed in [33], the

players are willing to share sensitive information such as channel state in-

formation, spectral efficiency, and precoding information. However, user

data is not shared in any of the settings. The signalling information that

is exchanged between the players can be transmitted through an interface

that has functionalities defined for this purpose. In principle, the infor-

mation could be exchanged through the DSM-DSM interface, but it will be

slower than lower layer interfaces such as JRRM-JRRM interface. How-

ever, if the intra-and inter-operator interfaces use fast connection such as

fibre optics, the latency discrepancy may not be significant.

3.2.2 Contribution

The thesis discusses a coordination protocol for spectrum sharing that can

be applied under the generic co-primary spectrum sharing framework de-

fined in [60]. It first tried to address the architectural problem, based

on the ETSI RRS architecture and discussing how it can be applied in
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practical networks. It then discusses how the coordination protocol can be

implemented using a cooperative game model when the operators are will-

ing to share operator sensitive information, and using a non-cooperative

game model when the operators are not willing to share operator spe-

cific information. These games can be played under MR or RP regulatory

frameworks.

The non-cooperative game model applies a pragmatic approach unlike

similar games in the literature. In [47–52], an operator is assumed that it

can use any upper bounded power spectral density throughout the whole

transmission band, which is often assumed to be an unlicensed band.

However, this is not allowed in licensed bands by definition and even

in unlicensed bands, an operator has to listen for any ongoing transmis-

sion before starting a transmission. In addition, such arbitrary usage

of transmission power density leads to unpredictable performance in the

short term and applying a punishment strategy to achieve a predictable

long-term performance may be difficult to achieve in practice. In the non-

cooperative games discussed in this thesis, we employ a novel resolution

rule, for example in MR, to ensure that other operators cannot transmit

in an operator’s licensed band without the consent of the operator. The

resolution rule ensures also that an operator can remain in its default

spectrum usage partition if it does not find it beneficial otherwise.

Several results are also driven from the non-cooperative models and

simulation results are used to show their performance. It should be

noted, however, the performance of non-cooperative games is generally

upper bounded by cooperative games with/without interference minimiza-

tion [33], which in turn have a performance upper bounded by cooperative

games with interference cancellation [34–38].

3.3 Non-cooperative Strategic Game Model

3.3.1 One-shot N-player Game Overview

In this spectrum sharing setting, the operators play a non-cooperative

strategic game during each spectrum sharing period. The operators in

set N , are assumed to be rational players who try to maximize their util-

ity without revealing operator-specific information. The outcome of the

game in a given spectrum sharing period does not depend on the outcome

18



Synchronous control plane: Inter-operator spectrum sharing

of past or future games and is governed by the instantaneous reciprocity

constraint (3.3). The players want to share as little information as possi-

ble, and accordingly, they do not have any motivation to coordinate on a

physical layer, for example, to minimize the impact of interference.

The strategy of player n ∈ N is defined as its preference of resource par-

tition usage, an ∈ R2N , where anS is its preferred amount of the resource

shared by players S ⊆ N . As a player is not a member of all subsets, we

have anS ∈ R if n ∈ S. Otherwise, anS takes a null value, anS = ∗. The

strategy space of player n, denoted as An, thus consists of spectrum usage

partitions that fulfil the instantaneous reciprocity constraint∑
S∈Pn

aS
|S| =

1

N
,

anS = ∗ ∀S ⊂ N , n /∈ S,

anS ≥ 0 ∀S ⊂ N , n ∈ S

(3.4)

which is a compact convex set. The objective of a player during the game

is to maximize its utility through a possible change of the default spec-

trum usage partition considering its network state. However, as different

players typically have non-identical preferences, we assume there is an a

priori resolution rule, Υ : R2NN �→ R2N , that maps the set of strategies

of the players, (an, a−n), into a spectrum usage partition, b, that fulfils

the instantaneous reciprocity constraint (3.3). The resolution rule will be

chosen to directly reflect the regulatory situation, i.e., whether a MR or

RP scenario is considered.

Given the strategies of other players, a−n, the payoff of player n with

strategy an is given as

Φn(an, a−n) = gn(Υ(an, a−n)), (3.5)

where gn is its utility function. The utility function maps the spectrum

usage partition into a real number considering the network state. This

function is assumed to be strict concave or strict quasi-concave function

of the resource usage partition, b ∈ R2N and of the player strategies an ∈
R2N . To phrase the concavity precisely, consider two resource utilization

patterns b, b̃ and two subsets S, S̃ ∈ Pn, and a situation where in b, the

allocation to subset S is smaller than in b̃, while the allocation to S̃ is

smaller in b̃ than in b. That is, bS = b0S − ε while bT = b0T for T = S, and

b̃̃S = b0S̃ − ε and b̃T = b0T for T = S̃. Then we have the following order

relationship

S̃ � S ⇒ gn(b2) < gn(b1). (3.6)
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In terms of network games, we interpret this as follows: The players’ util-

ity functions are increasing in the experience of their users, and this expe-

rience increases with decreasing interference from other players. In [PIV],

we have shown that a utility function fulfilling the concavity and the or-

der relationship (3.6) requirements can be obtained for an α-proportional

scheduler.

We consider a resolution rule that minimizes the L1-deviation from the

default spectrum usage partition [PII],[PIV]

Υ(an, a−n) = argmax
b

∑
S⊂N

|bS − b0
S |

subject to b ∈ F

b ∈ In for all n ∈ N ,

(3.7)

where the set of feasible spectrum partition F is given as

F =

⎧⎪⎪⎨⎪⎪⎩b ∈ R2N

∣∣∣∣∣
0 ≤ bS for all S ⊆ N∑

S∈Pn

bS
|S| =

1

N
for all n ∈ N

⎫⎪⎪⎬⎪⎪⎭ (3.8)

and the bound on acceptable partitions for each player In as

In =
∏
S∈Pn

[min(anS , b
0
S),max(anS , b

0
S)]×

∏
S�∈Pn

R.

In MRG, the resolution rule simply leads to b ∈ F where no-one has

to share more than she is willing to: bS = minn∈S{anS} for each S with

|S| ≥ 2. In RPG, b ∈ F is chosen such that the common pool is not shrunk

more than any player is willing to: bN = maxn∈N {anN }, and for the other

shared resources, with 2 ≤ |S| < N , no-one has to share more than she

is interested in: bS ≤ minn∈S{anS}. For RPG, the inequalities are not

tight when the private resource cannot have a non-negative value that

fulfils the instantaneous reciprocity. This ensures that if the spectrum

partition changes, each player gets better payoff than the default payoff.

Thus, a player remains in the default spectrum usage partition if it is not

beneficial otherwise.

3.3.2 Nash equilibrium analysis

Given the strategies of the other players, a−n, the best response sub-space

of player n consists of strategies that lead to the maximum payoff

γn(a−n) = arg max
an∈An

Φ(an, a−n) = arg max
an∈An

gn(Υ(an, a−n)). (3.9)

20



Synchronous control plane: Inter-operator spectrum sharing

Due to its strict concavity or quasi-concavity, gn has a unique minimizer

b̂ ∈ Fn(a−n) where

Fn(a−n) = {Υ(an,a−n) | an ∈ An}. (3.10)

is the set of possible resource allocations b for a given opponent actions.

Therefore, each player has a best response sub-space, which is the set of

actions that can be mapped to this unique minimizer:

γn(a−n) = {an ∈ An : Υ(an, a−n) = b̂}.

This subspace is given by the set of an ∈ An where

anS ≥ b̂S if b̂S = min{amS : m = n} ≥ b0S

or b̂S = b0S > max{amS : m = n},

anS ≤ b̂S if b̂S = max{amS : m = n} ≤ b0S

or b̂S = b0S < min{amS : m = n},

anS = b̂S if max{amS : m = n} < b̂S < b0S

or b0S < b̂S < min{amS : m = n}.

(3.11)

This set is a compact convex set with dimension 2N−1 − 1 − dn where

dn is the number of resources shared by more than one players that are

decided in favour of player n. That is, dn is the number of subsets S where

max{amS : m = n} < b̂S < b0S or b0S < b̂S < min{amS : m = n}.
In [27], it is shown that an N-player game has a Nash equilibrium if it

fulfils the following criteria

1. The payoff function Φ is upper semicontinuous.

2. The joint strategy space A is convex and compact.

3. For each player n ∈ N , and all joint strategies a−n = {aiS : i = n}, the

set of best responses given by (3.9) is convex.

In [PIV], we have shown that the considered N-player game, with the

resolution rule given by (3.7), fulfils the three criteria for the existence of

a Nash equilibrium. The payoff function Φ is upper semicontinuous by

definition. The joint strategy space A =
∏

n∈N An is a product of finitely

many compact spaces and is therefore compact in its own right. The best

response point is convex. Therefore, the N-player game has a Nash equi-

librium. However, it typically consists of a multi-dimension sub-space
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of NE points. In fact, for the game to have a unique NE, the best re-

sponse sub-space should consist of only a single point for all opponent

actions [62].

One of the questions that are left out for future study is whether the set

of NEs is a compact convex set. For every NE point, there is a compact

convex set of NEs that give the players the same payoff. This follows as

the best response subspace is compact and convex. It even implies that

the set of the NE points is compact and convex, more specifically a line,

in a two-player game. However, it is not clear if this also holds for N ≥ 3-

player game.

3.3.3 Myopic best-response strategies

For a rational player, it is natural to choose a spectrum usage partition

that maximizes the utility function as the strategy

an = argmax
a

gn(a)

subject to a ∈ An.
(3.12)

We have shown in [PIV] that such a greedy strategy is weakly dominant

in a two-player game, and any non-greedy strategy is weakly or strongly

dominated by the greedy strategy. However, for N ≥ 3 player game, the

greedy strategy does not lead to NE unless at least N − 1 players have

identical spectrum usage partition preferences.

Since the greedy strategy does not typically lead to NE and the play-

ers does not have complete information about their opponents, e.g. their

utility function, we assume the players play a game where they sequen-

tially update their strategy until they reach convergence, as summarized

in Game 1. In a generic setting, a player can update its strategy using

any strategy from its strategy space. However, for simplicity, we assume

that players myopically update their strategy using a strategy from their

best response subspace.

We have shown in [PIV] that the game with sequential myopic best re-

sponse updates converges to an NE with a class of strategies that fulfil

a convergence criterion. When a player chooses a strategy using myopic

best response update, it chooses a strategy from its best response sub-

space. That is, referring to line 8 of Game 1, player n updates its strategy

with a strategy a such that a ∈ γ(an, a−n). Assume a player chooses a

strategy such that for all joint updated strategies of the opponent players,

a
′
−n = a−n, its payoff is guaranteed to improve, Φ(an,a

′
−n) ≥ Φ(an, a−n),
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Game 1 Multi-stage N -player game
1: INITIALIZATION

2: Given b = b0, ε ≥ 0

3: Each player n ∈ N evaluates an ∈ An using (3.12)

4: repeat

5: bprev = b

6: N̂ = randperm(N ), % randomizing the order of players

7: for n ∈ N̂ do

8: Player n updates its strategy an

9: b← Υ({an}n∈N )

10: end for

11: until convergence: if ||b− bprev||1 < ε, game ends.

if the resolved spectrum usage partition is in its best response sub-

space,Υ(an,a
′
−n) ∈ γ(an,a−n). If each player chooses a myopic best re-

sponse strategy with this criterion, the game converges as such resolved

spectrum usage partitions are in the ascending direction of the payoff

function, which is upper bounded since the amount of resources per subset

is also upper and lower bounded.

Three classes of strategies that converge to NE can be found in [PIV].

The three classes are called, Full Domain (FD), Resolution rule Con-

strained (RC) and Gradient Weighted (GW) greedy strategies. In FD, a

player chooses a strategy that, if realized, lead to the maximum payoff im-

provement among strategies which fulfil the convergence criterion. That

is, the player chooses its strategy as

an =argmax
a

gn(a)

subject to a ∈ γ(an, a−n)

Φ(a,a
′
−n) ≥ Φ(an,a−n) if Υ(a,a

′
−n) ∈ γ(an, a−n), ∀a

′
−n.

(3.13)

Notice that the first constraint indicates that the player chooses its strat-

egy from its best response subspace and the last constraint is due to the

convergence criterion.

In RC, a player chooses a strategy that, if realized, lead to the maxi-

mum payoff improvement among the resolution-rule constrained strate-

gies which also fulfil the convergence criterion. That is, the player chooses
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its strategy as

an =argmax
a

gn(a)

subject to a ∈ γ(an, a−n)

b−nS ≤ aS ≤ b−nS + |S| min
m �=n,m∈S

{b−n{m}}

Φ(a, a
′
−n) ≥ Φ(an, a−n) if Υ(a,a

′
−n) ∈ γ(an,a−n), ∀a

′
−n

(3.14)

in MRG, and as

an =argmax
a

gn(a)

subject to a ∈ γ(an, a−n)

b−nS ≤ aS ≤ b−nS + |S|( min
m �=n,m∈S

{b−n{m}}+ b̂N /N)

Φ(a, a
′
−n) ≥ Φ(an, a−n) if Υ(a,a

′
−n) ∈ γ(an,a−n), ∀a

′
−n

(3.15)

in RGP, where b−n = Υ(an,a−n) and b̂ ∈ Fn(a−n) is a unique minimizer

of gn in Fn(a−n). Notice that the second constraint in (3.14) and (3.15)

is introduced to take into account the bounds due to the resolution rule

when selecting a strategy.

In GW, a player chooses a strategy that, if realized, leads to maximum

payoff improvement among strategies in a given gradient direction which

also fulfil the convergence criterion. That is, the player chooses its strat-

egy as

an =argmax
a

gn(a)

subject to a ∈ γ(an,a−n)

aS = b̂nS + wSδ, δ ≥ 0∑
S⊇n

wS/|S| = 0

Φ(a, a
′
−n) ≥ Φ(an, a−n) if Υ(a,a

′
−n) ∈ γ(an,a−n), ∀a

′
−n.

(3.16)

Notice that the second constraint ensures that the chosen strategy is

along a line in the gradient direction given by w and a suitable selected

weight δ, and the third constraint ensures the selected strategy fulfils the

instantaneous reciprocity constraint. One way to choose the weights is as

the projected gradient at b̂ into the constraint space. That is,

w∗ = argmin
w

‖b̂+ σ(∇gn|b̂ −w)‖22

subject to b̂+ σw ∈ γn(a−n)∑
S⊇n

wS = 0

(3.17)
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for a suitably chosen δ > 0.

One approach to achieve the last constraint of (3.13), (3.14), (3.15)

and (3.16) is to restrict the search domain within the best response sub-

space, when updating a strategy, as b0S ≤ b̂S ≤ aS ≤ a∗nS or a∗nS ≤ aS ≤
b0S ≤ b̂S for all S ∈ Pn, where

a∗nS = argmax
anS

gn(a)

subject to anT = b̂T , ∀ T = S

a ∈ γn(a−n).

(3.18)

Due to the concavity of gn, this set of strategies fulfils the convergence

criterion.

3.4 Cooperative Game Model

In this sub-section, we will discuss two co-primary spectrum sharing

schemes which can be formulated as cooperative games per se, but with

a trivial solution where the players always form a grand coalition. The

first scheme employs a centralized scheduler that finds a spectrum usage

partition which fulfils the instantaneous reciprocity and leads to a social

optimum. This scheme is an upper bound to the spectrum sharing scheme

using non-cooperative game discussed in section 3.3. The second scheme

has a centralized entity that maximizes the overall sum rate by lever-

aging scheduling gain and minimizing inter-operator interference using

sparse precoding.

A cooperative game model for spectrum sharing has been proposed

in [33, 54]. In [54] a bargaining game is used to divide a given amount

of spectrum among many nodes in an efficient and fair way. However, the

game in [54] does not guarantee that each player contributes equal spec-

trum, nor is the spectrum usage imbalance compensated, for example,

through monetization. In [33], non-orthogonal spectrum sharing is shown

to be beneficial when the operators apply coordinated transmit beamform-

ing to steer the transmission towards their intended UE and away from

the other players UEs [63]. Although our centralized scheduler with in-

terference minimization applies similar principles, it also adds scheduling

gain by dynamically dividing the spectrum into private and shared bands.

This is due to the reason that coordinated beamforming may sometimes

not be sufficient to deal with strong inter-operator interference. Thus, it

would be beneficial to serve such UEs facing strong interference using
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orthogonal spectrum sharing.

3.4.1 Centralized scheduler with instantaneous reciprocity

One option for operators to share their licensed spectrum is using a cen-

tralized scheduler that determines the spectrum usage partition that

maximises the sum of the utilities of the players. Such cooperation re-

quires the exchange of operator specific information such as the utility

function, and instantaneous network load. The central scheduler func-

tion can be implemented independently by the operators, assuming each

operator has complete information about the others. The sum utility of

all operators can be maximized such that the instantaneous reciprocity is

fulfilled as
b∗ = argmax

b

∑
n∈N

gn(b)

subject to
∑
S∈Pn

bS
|S| =

1

N
∀n ∈ N

b � 0.

(3.19)

This can be formulated as a convex problem, whose solution can be readily

found.

The scheme can be described as cooperative game (v,N ). Coalitions

are, again subsets S ⊂ N , and the value of a coalition is the sum of the

scheduling gain due to centralized scheduling among the members of the

coalition

v(S) = 1/M

M∑
i=1

∑
n∈S

(gn(b
∗i)− gn(b

0)) (3.20)

where M is the number of spectrum sharing periods, where for simplicity

only one scheduling decision is made by the centralised scheduler in each

period, that this cooperation is going to be applied for and b∗i is the social

optimal spectrum usage partition that could be achieved with coalition S
during the ith spectrum sharing period. Note that centralized scheduling

would apply when determining the spectrum partition to all subsets S ′ ⊂
S, while in centralized scheduling would not fully apply in subsets that

have members that do not belong to S. Considering the expected gain over

a large value of the number of spectrum sharing periods, or equivalently

number of scheduling decisions, M → ∞, forging the grand coalition N
becomes the most beneficial coalition. This is due to the property that

the expected scheduling gain proportionally increases with the number of

players. If the operators have symmetric load and M → ∞, the expected

scheduling gain is equally divided among the players, which would have
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followed if Shapley value 1 were used to distribute the gain.

Notice that if the value of M is small, other coalitions than the grand

coalition are typically formed. For example, consider an extreme case with

M = 1, where the operators serve their users according to the centralized

scheduler only once. Depending on the network state, an operator with

the smallest number of users to serve and strong inter-operator interfer-

ence may not benefit from joining any coalition. Other players may benefit

forming a coalition only with a subset of other operators, and so on. The

grand coalition is likely to be formed only, for example, if the operators

have roughly the same load and inter-operator interference is small.

Nevertheless, the value of M can practically be considered to be infinity.

This is because setting up a centralized scheduler requires a long-term

commitment as operators need to spend money on scheduler with a high-

speed processor, low-latency interface, etc. Since scheduling decisions are

made in the order of milliseconds, the number of scheduling decisions,

which is basically the value of M , will be large, M →∞ practically.

3.4.2 Centralized scheduler with inter-operator interference
minimization

A centralized scheduler with inter-operator interference minimization can

be implemented, for example, if the players employ Coordinated Multi-

point MIMO transmission. Authors of [64] shown that the precoder in a

multi-cell MIMO can be designed such that the inter-cluster interference

is nulled while minimizing the emitted out of cluster interference. In [PI],

we have shown that this can be applied to inter-operator spectrum shar-

ing to maximize the social optimum, in terms of the sum of the sum rate of

all operators, by optimizing the spectrum usage partition and minimizing

inter-operator interference.

Consider a scenario where each operator n ∈ N has a network that

consists of a set of Vn Transmitters (TXs) and a set of Un UEs. For

simplicity, we assume |Un| ≤ |Vn| so that the TXs are able to jointly

serve all their UEs at the same time. The channel matrix HS with size

|∪n∈SUn|×|∪n∈SVn| contains the channel gains from all TXs of the players

that are a member of S to all the UE of these players. Here hS,(i,j) is the

channel gain from TX j to UE i. Similarly, the precoder matrix WS with

1The utility is not transferable, and although the Shapley value can be extended
to non-transferable utility as well [29], the discussion is included to show that
the scheduling gain that the players get is equal to the Shapley value.
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size | ∪n∈S Vn| × | ∪n∈S Un| contains the transmission power coefficients all

TXs of the players that are a member of S to all their UEs, where wS,(i,j)

is the transmission power to transmit the data symbols of UE j from TX

i. Since the players do not share data symbols, wS,(i,j) = 0 if UE j and

TX i do not belong to the same operator. This is further captured using a

routing matrix DS of size | ∪n∈S Vn| × | ∪n∈S Un|, where dS,(i,j) = 1 if the

data symbols for UE j are transmitted through TX i. Otherwise, we have

dS,(i,j) = 0. Notice that the inter-operator interference is coloured as it

depends on the jointly served user group, that is, the routing matrix.

For a given routing matrix DS , the precoder used for transmissions in a

resource shared by the set of players S can be designed to minimize the

emitted interference, ‖HS(WS�DS)−I‖F . Here ’�’ denotes element-wise

multiplication, the Frobenius norm is used, and I = [e1, ..., e|∪n∈SUn|] is the

identity matrix of size |∪n∈SUn|. Assuming a per-stream power constraint,

the beamforming vectors can be computed independently as

wS,j(DS) = argmax
wS,j

‖HS(wS,j � dS,j)− ej‖22, (3.21)

which is a least squares problem. Considering the sparsity of wS,j , the

solution of (3.21) can be efficiently computed [65], [64],[PI].

Having computed the precoders that minimize inter-operator interfer-

ence, the centralized scheduler has to find a spectrum usage partition

that maximizes the social optimum. For a given routing matrix DS , the

Signal to Noise and Interference Ratio (SINR) of UE u ∈ Un on a resource

shared by players in set S ⊇ n is given as

γuS(DS) =
|hT
S,uwS,u(DS)|2∑

u′ �=u,u′∈∪n∈SUn |h
T
S,uwS,u′(DS)|2 + ηuS

(3.22)

where ηuS denotes the white noise and background interference power

experienced by UE u. We model the corresponding spectral efficiency as

μuS(DS) = log2 γuS(DS). (3.23)

The rate of the player can then be written as

ru(DS) =
∑
S∈Pn

wSμuS(DS), (3.24)

where bS is the resource allocation to subset S. With a suitably chosen

utility function fn, the sum utility function of player n as a function of the

spectrum usage partition, b, and the routing matrix, DS , becomes

gn(b,D) =
∑
u∈Un

fn(ru(D)) (3.25)
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where D = {DS}S∈Pn .

With the utility function that includes inter-operator spectrum mini-

mization defined in (3.23),(3.24),(3.25), the central scheduler maximizes

the social optimum over the spectrum usage partition and the routing

matrix

(b∗,D∗) = argmax
(b,D)

∑
n∈N

gn(b,D)

subject to
∑
S∈Pn

bS
|S| =

1

N
∀n ∈ N

b � 0

D = {DS}S∈P
DS,(i,j) ∈ {0, 1}

DS,(i,j) = 0 if ∃n,m ∈ N : n = m, j ∈ Um, i ∈ Vn,
(3.26)

where the last constraint reflects that data is not shared among the op-

erators. In [PI], we have studied this approach in a two-operator setting

employing an ad-hoc algorithm to find a spectrum usage partition and

routing matrix that maximizes the social optimum in terms of the sum

rate of the players of all operators. Using similar analysis as for the cen-

tralized scheduler, this scheme can be shown to be a solution of a cooper-

ative game.

3.5 Results and discussion

In this section, the performance of the non-cooperative strategic game and

the cooperative game with interference minimization are studied. The

centralized scheduler with instantaneous reciprocity is used as an upper

bound for the performance analysis of the non-cooperative strategic game.

3.5.1 Performance analysis of the non-cooperative strategic
game

In this sub-section, we study the performance of non-cooperative game for

co-primary spectrum sharing among multiple operators or players. The

number of operators is generally more than two to avoid market oligopoly.

However, simulating the scenarios for all number of operators might lead

to redundant results. For example, it is shown in [PIV] that the results

for two-operator and four-operator games follow similar performance gain

pattern in terms of user rate distribution and Jain’s index. As such, we
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consider four-operator non-cooperative game in this subsection to show a

typical performance of the games2.

The performance of the non-cooperative games is evaluated using

WINNER II indoor office model A1 [66], which is also shown in Fig-

ure 3.4 [PIV]. Only distance dependent pathloss and fast fading com-

ponents of the channel are considered. The rooms are assumed to be sep-

arated with thick walls that have a 12 dB loss. The operators share a

resource of N × 20 MHz, where N is the number of operators. A transmit

power intensity of -53 dBm per Hz is applied, which is equivalent to a

power budget of 20 dBm per 20 MHz of band. The thermal noise power

intensity is -174 dB, which is equivalent to -101 dB per 20 MHz of band.

The noise power is often negligible compared to the strength of intra and

inter-operator interference.

Spectrum sharing is applied among BSs located on the same floor, treat-

ing interference from other floors by adding to the noise power. We con-

centrate on the second floor, where there is most interference. The utility

of a player considered is thus the sum of the utilities of the players that

are served by its BSs on the second floor. We assume that a proportionally

fair scheduler is used when serving users. The visiting probability of the

2The performance of the two-player non-cooperative game is also studied and can
be found in [PII] for performance in outdoor scenario with intra-operator multi-
cell MIMO transmission and in [PIV] for indoor office scenario performance.

Figure 3.4. WINNER-II A2 office layout.
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Figure 3.5. Four-player MRG. Visiting probability = 0.

area of other operators is 0.5 if the UEs are uniformly distributed within

the whole floor. In contrast, the visiting probability is 0 if the UEs are

uniformly distributed within an area that guarantees that their nearest

BS belongs to their operators.

The performance of the one-shot N-player game is studied, where my-

opic best response updates strategies are applied to reach the NE. We par-

ticularly compare the performance of Full Domain (FD), given by (3.13),

Resolution-rule Constrained (RC), given by (3.14) and (3.15), and Gradi-

ent Weighted (GW), given by (3.16), best response strategies, discussed in

section 3.3.3, against the performance of default non-spectrum sharing

(Default), Joint Scheduler with Instantaneous Reciprocity (JS-IR), dis-

cussed in 3.4.1, and Joint Scheduler (JS). The centralized scheduler is

similar to CS-IR except it does not have the instantaneous reciprocity

constraint, which can be found in [PIV].

Figures 3.5, and 3.6 show simulation results for four-player MRG. The

corresponding mean rate gain, the 5th percentile rate gain and Jain’s fair-

ness index are summarized in Table 3.1 and 3.2. All the greedy best re-

sponse approaches provide significant gain as compared to the default

spectrum allocation when the visiting probability is 0. However, the gain

achieved by JS-IR and JS is different. In particular, GW performs best,

it almost achieves optimal gain; FD and RC achieve considerably lower

performance with RC performance being slightly better. With visiting

probability is 0.5, the gains are smaller. Keeping resources orthogonal is

a good strategy when there is strong inter-operator interference.
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Figure 3.6. Four-player MRG. Visiting probability = 0.5.

FD, 0% RC, 0% GW, 0% JS, 0%

MG 15.5/97.3% 18.4/115% 22.9/143% 26.1/164%

FG 2.43/91.5% 2.86/108% 3.94/148% 4.81/181%

JI 0.60 0.60 0.62 0.67

Table 3.1. Mean Gain (MG), 5th percentile Gain (FG) and Jain’s Index (JI) for MRG
with 0% visiting probability.

FD, 50% RC, 50% GW, 50% JS, 50%

MG 3.51/24.1% 3.83/26.4% 7.15/49.3% 9.05/62.4%

FG 0.28/15.9% 0.29/16.5% 0.42/24.1% 0.68/38.5%

JI 0.55 0.55 0.54 0.57

Table 3.2. Mean Gain (MG), 5th percentile Gain (FG) and Jain’s Index (JI) for MRG
with 50% visiting probability.

Figures 3.7 and 3.8 show simulation results for four-player RPG. The

corresponding mean rate gain, the 5th percentile rate gain and Jain’s in-

dex are summarized in Table 3.3 and 3.4. Now the greedy best response

approaches have significant performance gain compared to ’Default’ when

visiting probability is 0.5. However, different levels of gain are achieved

as compared to JS-IR and JS. All the best response approaches have al-

most similar performance, which is considerably lower than optimal per-

formance. This is due to the bottleneck that the default resource utiliza-

tion remains the same for all players even if only one player prefers to

remain in the default resource utilization, which is not the case in MRG.
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Figure 3.7. Four-player RPG. Visiting probability = 0.

Figure 3.8. Four-player RPG. Visiting probability = 0.5.

On the other hand, the gains are from the non-cooperative approaches are

insignificant with visiting probability 0. In this scenario, the joint sched-

ulers still provide consistent gains, although much lower than the gains

with visiting probability of 0.5. Re-using resources is close to optimal

when the inter-operator interference is negligible.

The mean number of iterations until convergence is shown in Table 3.5

for the considered four-player MRG and RPG games. The four-player

MRG games converge rapidly for best response FD and RC based games,

while GW has a relatively slower convergence. RPG with visiting proba-

bility of 0 converges rapidly since there is a high probability that there is

at least one player who prefers to remain in the default resource partition,
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FD, 50% RC, 50% GW, 50% JS, 50%

MG 11.4/101% 11.4/102% 11.7/104% 12.4/111%

FG 0.64/6.4e4% 0.6380/6.4e4% 0.66/6.6e4% 2.44/2.4e5%

JI 0.35 0.35 0.35 0.57

Table 3.3. Mean Gain (MG), 5th percentile Gain (FG) and Jain’s Index (JI) for RPG with
50% visiting probability.

FD, 0% RC, 0% GW, 0% JS, 0%

MG 0.25/0.61% 0.33/0.83% 0.49/1.22% 2.18/5.47%

FG 0.16/3.70% 0.18/4.32% 0.22/5.23% 3.28/78.47%

JI 0.56 0.56 0.56 0.67

Table 3.4. Mean Gain (MG), 5th percentile Gain (FG) and Jain’s Index (JI) for RPG with
0% visiting probability.

which leads to immediate convergence of the game. The convergence for

RPG with visiting probability of 0.5 is relatively slower. The reason for

this is that in RPG, the players have to agree about partial privatization

of the common pool, which is more difficult than agreeing about reciprocal

use of private resources. This implies that RPG is mainly useful in sce-

narios where the operators are facing strong inter-operator interference.

In such a scenario, the operators are willing to cede part of their common

resource in order to obtain private resources to serve their UEs that face

strong inter-operator interference. On the other hand, MRG can be useful

in scenarios with or without strong inter-operator interference, although

it leads to more performance gain when there is no strong inter-operator

interference.

MRG, 0 MRG, 0.5 RPG, 0 RPG, 0.5

FD 2.9 3.4 3.0 12.6

RC 5.2 4.1 3.0 12.8

GW 26.2 18.0 3.5 8.8

Table 3.5. Mean number of convergence steps for MRG and RPG with visiting
probabilities of 0 and 0.5 and FD, RC and GW best responses.
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3.5.2 Performance analysis of the cooperative game with
interference minimization

The performance of the cooperative game with interference minimization

is studied in a two-operator setting [PI]. The operators have a total of

20 MHz, and each consists of four Radio Remote Heads (RRHs) and four

UEs. The deployment scenario is shown in Figure 3.9. The RRHs and

the UEs are uniformly distributed in two concentric circles centred at the

intersection of the three macro base stations and with a radius of 50m and

70m, respectively. The minimum distance between RRH and RRH, RRH

and UE, and UE and UE are 10m, 3m, and 0m, respectively. The channel

is modelled using distance dependent pathloss and fast fading. The RRHs

of an operator jointly serves their UEs with a per-stream power constraint

density of 30 dBm over a 10 MHz band. The macro base stations apply a

transmission power of 46 dB over a 10 MHz band. The interference from

the macro base stations is treated by adding to the noise level.

The simulation result in Figure 3.10 shows the mean rate as a function

of the macro base station Inter-Site Distance (ISD) for ’Adaptive Spectrum

Sharing’, which is achieved with interference sharing, ’Orthogonal Spec-

trum Sharing’, when each operator have exclusive access to half of the

total available spectrum and ’Full-band spectrum sharing’, where both

operators transmit on the whole spectrum. Adaptive spectrum sharing

scheme outperforms both orthogonal and full-band spectrum sharing ap-

proaches under any external interference strength. The mean rate with

Figure 3.9. Illustration of deployment scenario: Four RRHs and four UEs of RAN
r ∈ {1, 2} are randomly distributed within radius of r1 = 50 m and r2 = 70 m
of the hotspot area with dmin,RRH-RRH = 10 m and dmin,UE-RRH = 3 m according
to [67]. There is no minimum RRH to RRH and RRH to UE distance limit if

the two RRHs or the RRH and the UE belong to different operators. The
macrocells are introduced to generate external interference.
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Figure 3.10. Average user rates as a function of the macrocell inter-site distance for the
proposed and baseline spectrum sharing strategies.

adaptive spectrum sharing is significantly higher than the mean with or-

thogonal spectrum sharing. The gain mainly comes from reusing part

of the spectrum by the UEs served in the shared frequency sub-band,

and from improving the received signal quality of the UEs served in the

private frequency sub-band. The reason for improved signal quality is re-

duced interference. As some of the UEs are served in the shared frequency

sub-band, the number of jointly served UEs in the private frequency sub-

band decreases and thus their received signal quality improves. On the

other hand, full-band spectrum sharing has better performance than or-

thogonal spectrum sharing under high external interference. However, it

becomes inter-operator interference limited as the external interference

decreases.

3.6 Feasibility discussion

In this chapter, we have discussed a coordination protocol for co-primary

spectrum sharing. We have shown that it can be implemented using non-

cooperative games when operators do not share sensitive information, and

cooperative games when operators are willing to share sensitive informa-

tion. From an architectural perspective, we have discussed that it can

be implemented using a simplified version of ETSI RRS architecture, as
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shown in Figure 3.2. Depending on the time granularity of the spectrum

sharing, an inter-operator interface is needed among different protocol

layers.

The co-primary spectrum sharing using non-cooperative games can be

implemented in LTE, 5G or future networks, with challenges but that can

be solved. The first challenge is the discreteness of frequency resources.

This leads to an integer programming rather than the continuous func-

tions used to drive the results in the thesis. However, the operators can

still apply continuum relaxation of the integer programming, as though

the spectrum is infinitely divisible, and play the game. Once an agree-

ment on the spectrum partition is reached, the agreed spectrum partition

can be quantized back to the nearest possible value. Another challenge

is regarding the computation complexity of the non-cooperative games,

which might be computationally challenging to implement on a fast-

fading granularity. However, the analytical results of the non-cooperative

game still hold even if an operator makes its decision based on expected

SINR. It will be for a future study to evaluate the performance loss this

might have although it will likely be negligible considering the utility

functions have slowly changing values. With such a slow time scale, an

inter-operator interface above the RAN can be used to facilitate the coor-

dination protocol.

The cooperative game based co-primary spectrum sharing can also be

implemented in LTE, 5G or future networks. The challenges due to the

discreteness of frequency resources and computation complexity are not

as severe as in non-cooperative games. In fact, the frequency can be prac-

tically assumed to be infinitely divisible if the centralized scheduler is

allowed to allocate resources as small as resource blocks. The centralized

scheduler does not require a longer timer, although it requires larger com-

putational capacity when compared to the non-cooperative games since

the spectrum sharing decision is made at one-go, while it requires mul-

tiple negotiations in the non-cooperative game case. However, the cen-

tralized scheduler requires a low latency inter-operator interface since

scheduling decision need to be made at faster time granularity. It should

be noted, though, the cooperative game does not necessarily need a cen-

tralized entity to implement it. All the information that a centralized

entity needs can be shared among all the operators, which can then reach

the same decision as the centralized scheduler’s decision independently.
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4. Asynchronous control plane:
Mobility framework

Asynchronous control plane functions are radio network functions

whose processing is not time-synchronous to the radio interface

(slots/frames) [15]. As discussed in section 1.1, some of the asynchronous

control plane functions are mobility, system access, state handling and

multi-connectivity. On the contrary, synchronous control plane functions

are radio network functions whose processing is time-synchronous to the

radio interface (slots/frames). Examples of synchronous control plane

functions include scheduling, power control, interference management

and link adaptation.

In contrast to the spectrum sharing framework, the asynchronous func-

tions address either UEs who do not have high data activity, or non-data

transmission related functionalities even for UEs that have data activity.

As such, the method to analyse asynchronous control is via signalling di-

agrams, and optimization in design is driven by the objective of reducing

the number of messages and latency, which have a direct impact on the

network. An important design objective for asynchronous control is the

battery lifetime of UEs. It is not desirable that UEs drain their batteries

just to keep the connection to the network alive. A related more refined

performance measure for asynchronous control is thus the UE power con-

sumption is also minimized. As the mobility framework is an example of

an asynchronous control plane function, its modelling is driven primarily

by a reduction of UE signalling messages, with the ultimate objective to

keep the UE battery alive for as long time as possible. A secondary objec-

tive is to keep traffic and storage requirements within operator networks

at a manageable level and to offer low latency access to data communica-

tion. In this chapter, we address mobility functionalities for UEs with no

or little data activity, unlike the spectrum sharing framework which was

focused on UEs with high data activity.
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The design factors such as signalling overhead, latency and UE power

consumption are affected by factors such as:

• Whether the mobility functionality such as paging, that is used to locate

a UE, and UE location tracking is managed by the RAN or the Core

Network (CN).

• Whether the RAN has a termination point to the CN for the UE by keep-

ing an active RAN/CN connection, for example, for fast state transition.

• Whether and how often the UE monitors a paging channel or downlink

channels, for example, to check if the network is trying to reach the UE

for mobile terminated data. This mainly has an impact on UE power

consumption.

• Whether the UE and the network stores AS context that contains secu-

rity context and radio and data bearer configurations, for example, for

fast state transition and contention-based data transmission.

4.1 Background work

Mobility is a critical control plane function for wireless systems as wire-

less users are typically characterized by their mobility and intermittent

data transmission and reception. When data for a UE arrives at the net-

work, it should be able to locate the UE so that the data can be transmit-

ted to the UE. Similarly, the UE should be able to know if the network is

trying to contact it, for example, by monitoring a paging indicator. Maxi-

mum performance can ideally be achieved by tracking the location of the

UE on a serving cell level and using continuous paging indicator monitor-

ing. However, this consumes network resources and drains UE battery,

which is often limited resources. Mobility functions play a key role in

balancing performance and network resource and UE battery usage effi-

ciency, by creating mobility states with at least one state optimized for

high-performance and another state for low network resource consump-

tion and UE battery usage. Achieving this requires several procedures,

for example, to release/re-establish transmission bearers and a UE con-

text, track the UE location, and reach a UE. Depending on the intended

40



Asynchronous control plane: Mobility framework

use cases and network architecture, wireless technologies typically em-

ploy different mobility frameworks [68], [69], [70] [71].

The state machine in Universal Mobile Telecommunications System

(UMTS) consists of one RRC Idle mode and four RRC Connected

modes [68, 69, 71]. Idle mode is optimized for low network resource con-

sumption and UE battery usage. In this state, the UE cannot send

nor receive data, as there is no UE RRC context stored in the network

nor at the UE, and UE mobility is based on cell reselection. The con-

nected modes are optimized for high UE activity, addressing different lev-

els of data activity and UE power consumption. Cell Dedicated Channel

(CELL_DCH) is optimized for high data activity, with network controlled

mobility, dedicated physical channel monitoring, and an active RRC con-

nection. The other connected mode states, Cell Forward Access Channel

(CELL_FACH), Cell Paging Channel (CELL_PCH) and Universal Terres-

trial Radio Access Network (UTRAN) Registration Area (URA) Paging

Channel (URA_PCH), are optimized for low data activity. In these states

mobility is based on autonomous cell reselection by the UEs, and the UEs

perform DL paging channel monitoring, and RRC context is stored in the

network and the UE for fast RRC connection re-establishment. Their dif-

ferences are mainly due to the frequency of location updates and the up-

link data transmission capability, leading to different levels of UE power

consumption. The high number of RRC states is, however, shown to be

complex to implement and take lots of standardization effort [72].

The state machine in LTE initially consisted of only two states, RRC

Connected and RRC Idle [4, 73]. This design was optimized to fit the flat

architectural design where radio protocols are distributed to eNB’s and

addresses an MBB use case. As UE data activity consists of either being

idle, or transmitting large data in MBB, the RRC connection and radio

bearers are kept during data transmission and released when there is no

activity. Thus, RRC Connected is optimized for high data activity, with

network controlled mobility and an active RRC connection. RRC Idle

is optimized for no data activity. As such, UE mobility is autonomous,

and based on cell reselection, no RRC context is stored in the UE nor the

network, and paging channels are monitored in a discontinuous manner.

However, the rise of machine type communication that transmit intermit-

tent and periodic small packets has changed the situation. The two-state

design is shown to be inefficient to handle such a use case [13,14,74–77].

As part of Narrow Band (NB) Cellular Internet of Things (CIoT), RRC
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Suspended is introduced in LTE release 13 to handle use cases with

transmissions of small packets [78]. In order to minimize the heavy

signalling overhead from state transition, the UE Access Stratum (AS)

context is stored in both the network and the UE. This allows faster re-

establishment of the RRC connection during state transition. However,

radio bearers and the RAN/CN connection are released during RRC Sus-

pended, which means that this small packet transmission optimization is

not as optimal as it could be.

To further improve the performance of RRC Suspended, the Light Con-

nected state has been discussed as part of mobility enhancements for LTE

release 16 [79]. In Light Connected, the radio bearers and the NG con-

nection are kept active, in addition to the storing the UE AS context in

both the network and the UE. This significantly improves control plane

latency as there is no need to re-establish radio bearers nor the RAN/CN

connection. It also induces lower signalling overhead as compared to RRC

Suspended. However, due to yet unsolved technical impacts on the CN,

and backward compatibility issues, this state is not standardized yet.

The state machine design for 5G NR follows a two-phase approach, as

does the whole NR architecture design. The state machine that is part of

Release 15 consists of three RRC states: RRC Idle, RRC Connected and

RRC Inactive [70, 80]. RRC Idle and RRC Connected states are similar

to legacy states. RRC Idle is optimized for low power consumption and

network resource consumption. There is no stored UE AS context in the

network nor the UE, there is UE autonomous mobility with cell reselec-

tion and tracking by the CN on a tracking area list level. In contrast, RRC

Connected is optimized for high data activity with an active RRC connec-

tion and network controlled mobility. In RRC Inactive, the RAN/CN con-

nection is kept active and the UE AS context is stored in the network and

the UE for fast state transition, while UE mobility is autonomous within

a subset of the tracking area list coverage to save UE power and network

resources. In 5G NR phase 2, i.e., Release 16, RRC Inactive is expected

to include additional features such as contention based small data trans-

missions, inter-RAT mobility, and state transition optimizations.

42



Asynchronous control plane: Mobility framework

4.2 State machine for 5G with novel RRC state

4.2.1 Motivation

The 5G design is driven by use cases with diverse and sometimes con-

tradictory requirements [5] [7]. For example, more than 50 relevant 5G

use cases have been identified during the feasibility study on new services

and markets technology enablers for 5G. These use cases have latency re-

quirements ranging from <1 ms for URLLC use cases such as automated

driving, to latencies in the order of seconds for mMTC. Reliability require-

ments from 99.999% reliability for URLLC use cases, to some mMTC use

cases relying on User Datagram Protocol (UDP) packet transmission that

does not require acknowledgements. Some mMTC use cases such as sen-

sors are static with no mobility requirements, while a fast train scenario

requires handling mobility with up to 500 km/h speed. There are bat-

tery operated low-cost mMTC devices with up to 15 years of battery life

requirement, while smartphone battery life requirement is only 3 days,

and some use cases in the automation industry have an unlimited power

supply. Similar diversity can be observed in other requirements such as

security and bandwidth. Although several use cases are considered for

5G, they are not meant to be exhaustive. Rather, the idea is to capture

the diversity of their requirements. Still, the set of considered use cases

might not be able to capture the requirements of future use cases that

may arise.

When a new use case is identified, its requirements might not be fully

addressed by an existing system. This would lead to a new study to add

new features that can address the new requirements. This process of-

ten takes much effort and is slow if it requires standardization. A typ-

ical round of standardization would on average take around two years.

Therefore, it is important that the 5G system is designed in a future proof

manner so that new use cases can enter the market quickly. For example,

a system can be developed which provides solutions for standardized use

cases but also allows to adopt propriety solutions for non-standardized

use cases. This approach is, for example, applied in network slicing where

eMBB, URLLC and mMTC are included as standardized slice types while

the solution can still support dozens of non-standardized slice types.

Therefore, when designing a new state machine for 5G, it should

43



Asynchronous control plane: Mobility framework
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Figure 4.1. Potential state model for the 5G radio access network.

1. Address diverse and sometimes contradictory 5G use cases,

2. Ensure future proofness to enable quick time to market for future use

cases,

3. Fulfil the strict control plane latency requirement of 10 ms for 5G. A

control plane latency is defined as the time to move from a battery ef-

ficient state (e.g., IDLE) to start of continuous data transfer (e.g., AC-

TIVE) [81].

4.2.2 State machine overview

Considering the discussed requirements for state machine design, we pro-

pose the state machine shown in Figure 4.1 for 5G [PV],[PVIII]. This

state machine consists of three states: legacy RRC Idle, RRC Connected

states, and a novel RRC Connected Inactive state. Both RRC Idle and

RRC Connected have similar characteristics as the legacy states. In RRC

Idle, there is no connection between the RAN and the CN, there is no AS

context stored in the UE nor the RAN, UE mobility is autonomous within

its CN-provided tracking area list, CN-initiated paging is used to locate

UE, e.g., when there is a mobile terminated data, and the UE has to move

to RRC Connected by establishing an RRC connection with the RAN to

transmit data.

RRC Connected is optimized for high data activity. There is an active

RRC connection between the UE and the RAN, with established bearers
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and AS context stored in both the UE and the RAN, to facilitate their

communication. The RAN creates a connection to the CN to route control

messages and user data to/from the UE. Mobility is network controlled,

with the cell level UE location known by the RAN, and handover used

for serving cell changes. In the case of inter-gNB handover, the RAN/CN

connection is switched to the new gNB.

RRC Connected Inactive is optimized for fast system access, low power

consumption and efficient small packet transmission, and it can be used

as a power efficient state for use cases with diverse and even contradictory

requirements. When a UE is in RRC Connected Inactive, the RAN/CN

connection is kept active and the AS context is stored in the UE and the

RAN to enable fast state transition, as there is still an RRC connection, al-

though inactive, between the UE and the last serving gNB that stored the

UE context (which will be referred to as anchor gNB). The CN tracks the

location of the UE within a Tracking Area (TA) list, which can be provided

to the UE during state transition to RRC Connected Inactive. The RAN,

however, would typically track the UE location within a smaller granular-

ity than the TA, within an area that will be referred to as Tracking RAN

Area (TRA). UE mobility within TRA is autonomous in order to minimize

UE battery consumption. The UE initiates TRA update using a RAN ter-

minated procedure when it moves out of TRA. If the UE moves out of its

TA, it instead initiates a tracking area update procedure towards the CN.

The UE can be reached either from the CN or the RAN.

The state transition between RRC Connected Inactive and RRC Con-

nected can generally be handled using RRC Activate and RRC Inactivate

procedures. Attach or RRC Connect procedures are used for RRC Idle to

RRC Connected transition. In contrast, Detach or RRC Release proce-

dures are used for RRC Connected to RRC Idle transition. As RRC Con-

nected Inactive can serve as a better power efficient state, the role of RRC

Idle is expected to be limited. It is seen as a bootstrap state during Pub-

lic Land Mobile System (PLMS) selection and as a recovery state during

faults.

4.2.3 Contribution

The contribution of this chapter with respect to the RRC states in UMTS,

LTE and 5G, which are introduced in section 4.1, is discussed below.
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Comparison with UMTS RRC states

Although the UMTS state machine consists of five states, see Figure 4.2,

compared to the three-state state machine discussed in this chapter, see

Figure 4.1, RRC Connected Inactive has several high-level characteris-

tics that can be mapped to UMTS connected mode states. Among these

characteristics include the storage of UE AS context in the UE and in

the network and keeping the RAN/CN connection active for the UE. The

RAN−controlled tracking area can consist of multiple cells in URA_PCH,

as it does in RRC Connected Inactive. The RAN−controlled tracking area

of URA_PCH does not typically span multiple RNC coverages in practical

configurations [82], probably due to the large coverage area of an RNC,

although it is not explicitly specified as such in 3GPP.

Idle mode

CELL_DCH CELL_FACH

URA_PCH CELL_PCH

UTRA RRC Connected Mode

Figure 4.2. State Transition diagram in UMTS.

.

There are several high-level differences between RRC Connected Inac-

tive and the UMTS states. The RAN−controlled tracking area consists of

several cells in RRC Connected Inactive, while it consists of only a single

cell in CELL_PCH and CELL_FACH. Small data transmission from RRC

Connected Inactive is allowed, whereas, no uplink transmission is allowed

from URA_PCH and CELL_FACH. In fact, the UE has to transition to

CELL_FACH first before any uplink activity, e.g. to send cell/URA update

request, and cannot directly transition to CELL_DCH from URA_PCH or

CELL_FACH.

There are also differences that emanate from the architectural differ-
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ences between UMTS and 5G/LTE. When a UE in RRC Connected Inac-

tive transitions to RRC Connected, initiates RAN-controlled tracking area

update or transmits a small packet in a base station that does not have

UE context, the fetching of UE context from the anchor base station is

done without the involvement of the CN. However, for uplink activities

by a UE in CELL_FACH that require serving RNC change, the CN is in-

volved during serving RNC relocation. Unlike in UMTS, context fetching

in RRC Connected Inactive requires horizontal, i.e. without the involve-

ment of the CN, derivation of new security key as the same security key

cannot be used in different base stations. This security requirement also

requires different optimization for fast first packet transmission.

The configurability of RRC Connected Inactive can also be considered

a novelty. RRC Connected Inactive can be configured to have at least as

good performance as any of the UMTS states. This simplifies the state

machine complexity significantly without compromising performance as

can be observed from the comparisons between Figures 4.1 and 4.2.

Comparison with LTE RRC states

RRC Connected Inactive have several similarities with RRC Suspended,

which was first introduced as part of the study on architecture enhance-

ments of cellular systems for ultra-low complexity and low throughput

Internet of Things (IoT). The UE context is stored both in the UE and in

the network in both states. A UE is in either state can transition to/from

RRC Connected. A UE in RRC Idle can transition to RRC Connected In-

active or RRC Suspended.

The main differences between RRC Connected Inactive and RRC Sus-

pended comes from the presence of an active RAN/CN connection in the

former state which it is absent from the latter. The implication of this

difference is that mobility functions are solely controlled by the CN in

RRC Suspended, while these mobility functions are mainly managed by

the RAN in RRC Connected Inactive. These mobility functions are trans-

parent to the CN, for example, tracking the UE location within a RAN-

controlled area, paging the UE when there is a data for UE and updating

the RAN-controlled tracking area of the UE. Furthermore, when the UE

transitions to RRC Connected in a BS that does not have UE context,

context fetching is required which is also transparent to the CN.

On the other hand, although RRC Connected Inactive and Light Con-

nected have very closely related characteristics, the discussion of RRC
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Connected Inactive in the academia precedes the discussion of Light Con-

nected in 3GPP, e.g. see [PV].

Comparison with 5G RRC states

Similar to Light Connected, the discussion of RRC Connected Inactive

in the academia precedes the discussion of RRC Inactive in 3GPP, e.g.

see [PV], although they have very similar characteristics. In fact, the

author along a subset of his co-authors have actively contributed to the

development of RRC inactive through contributions to METIS-II [83], a

pre-standardization project that had an objective to influence the 5G de-

sign, and 3GPP’s 5G standardization. Accordingly RRC Inactive as stan-

dardized in 5G, is based in part on the work on RRC Connected Inactive,

presented in this thesis.

4.3 Procedures in RRC Connected Inactive state

In this section, we discuss procedures that are needed in a system with

RRC Connected Inactive.

4.3.1 RRC Connected to RRC Connected Inactive transition

After a period of data inactivity is detected, the network needs to transi-

tion a UE in RRC Connected to RRC Connected Inactive in order to save

UE battery power and network resources. This is done using the RRC

Connected to RRC Connected Inactive state transition procedure. How-

ever, since UE mobility in the latter state is autonomous, the network has

to configure UE behaviour such that it achieves the UE’s service require-

ment, e.g. in terms of battery life, mobility, control plane latency, security

and so on.

An RRC Connected to RRC Connected Inactive procedure is shown in

Figure 4.3. The RRC Inactivate message contains configurations to tune

the UE behaviour during RRC Connected Inactive such that its service re-

quirements are fulfilled. Each UE may have a service ID associated with

it, which shows services, slice types and so on that the UE subscribes to.

The anchor gNB, based on the service Identity (ID), determines the best

configuration for the UE. As different service types may have different

requirements, the configuration could be done, for example, to fulfil the

stringent requirements on mobility, battery life, security, etc.

UE behaviour in RRC Connected Inactive can be tuned using sev-
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UE Last Serving 
gNB CN

CONNECTED

Radio Link Connection

Inactivity detected

RRC Suspend Request

RRC Inactivate  [Resume ID,…,
Configuration based on service]

Inactivity detected

Connection to CN

Figure 4.3. RRC Inactivation procedure with service specific configuration included in
the RRC Inactivate message.

eral configurations such as Discontinuous Reception (DRX) configuration,

measurement configuration, small data transmission configuration. De-

tails on different configurations and example configurations for mMTC

and eMBB use cases can be found in [PVI].

The configurability of RRC Connected Inactive is important to address

the diverse 5G use cases without the need to have a dedicated state for

each use case, which otherwise would lead to a complicated state ma-

chine. It ensures also future proofness as proprietary configuration can

be included. This, in turn, ensures quick market entry for new services.

Although configurability comes at the cost of computational complexity,

the complexity rests at the network. In other words, the network should

be able to configure dozens of services and their combinations while the

UE needs to know only how to implement its received configuration that

is related to its service requirements.

4.3.2 RRC Connected Inactive to RRC Connected transition

The RRC Connected Inactive to RRC Connected transition procedure is

initiated to re-establish the RRC connection between the UE and the net-

work. This is needed, for example, when the UE has data to transmit. As

radio bearer configurations are already stored in the network and the UE

and the RAN/CN connection is kept active, the procedure is merely about

re-activating the already existing RRC connection if the state transition

occurs in the most recent serving gNB. If the state transition occurs in a

gNB other than the most recent one, the new gNB may need to initiate a

procedure to fetch the UE context from the anchor gNB. This takes time

and minimizing delay may be desired. One option is to by pro-actively pre-
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pare the UE context in its tracking area. However, pro-active UE context

preparation consumes network resources if the tracking area is large.

Due to the strict control plane latency requirement for 5G, the RRC Con-

nected Inactive to RRC Connected transition procedure needs to be opti-

mized for first packet transmission. An optimization for RRC Connected

Inactive to RRC Connected transition in a new gNB than the anchor gNB

is shown in Figure 4.4a,b. When a UE receives a packet from the ap-

plication layer, it has already the necessary AS configuration to encrypt

the data. Thus, in principle, the UE could start transmitting data if it is

granted access to radio resources. As such, it is not necessary to wait un-

til re-activation of the RRC connection to start transmission. Thus, data

transmission and the RRC connection re-establishment can be decoupled.

This allows faster first packet transmission, as a consequence lower con-

trol plane latency.

Figure 4.4a shows an optimization for fast small packet transmission.

The first Random Access (RA) message is used to transmit the RA pream-

ble in a contention-based manner. Therefore, the first real opportunity to

send the first packet is as part of the third RA message. As such, the UE

can transmit a small packet by multiplexing it with an RRC Activation

Request message, which is a RA message 3. If the UE does not have any

further data to transmit, which can be indicated in an RRC Activation

Request message or the gNB may know that the UE transmits only small

packets from its service requirement, the gNB can instruct the UE to re-

main in RRC Connected Inactive. If the small data transmission occurs in

a gNB other than the anchor gNB, the new gNB serves as a relay between

the UE and the anchor gNB, transparently forwarding RA message 3 from

the UE to the anchor gNB and RA message 4 from the anchor gNB to the

UE. The anchor gNB deciphers the received small packet and forwards it

to the CN.

A state transition procedure with optimization for fast large first packet

transmission, where the first packet is simply too large to be transmitted

as part of RA messages 3, is shown in Figure 4.4b. In this case, the UE

rather includes its Buffer Status Report (BSR) in the RA message so that

the network allocates the required radio resource to transmit the packet

in RA message 5, multiplexed or not with possible control plane RA mes-

sages, e.g. if there is an RRC Reactivation Ack message. Discussion on

security handling during state transition in a gNB other than the anchor

gNB can be found in [PVIII]. This is needed to avoid allocating resources
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UE gNB Anchor gNB CN1. RA preamble
2. RA response

3. RRC Activation Request (Auth.
Token, resume id, UP data, indication bits) 4. RRC Activation Request (Auth. 

Token, resume id, UP data, indication bits)

7. RRC Inactivate (Auth. Ack, config.)
6. UP data

8. RRC Inactivate (Auth. Ack, Config.)

5. Verify UE, decipher 
UE data

a) Small packet relaying

3. RRC Activation Request (Auth.
Token, resume id) + Resource Request 

(Ini. Auth. Token, BSR) 4. RRC Activation Request (Auth.
Token, resume id)

13. RRC Activate (Auth. Ack, Config.)

6. Verify UE based on Auth.
Token, initiate PDCP, RRC, NG

connection relocation

5. Verify UE based on Ini. Auth. Token

7. Resource Grant
8. UP data

9. Buffer UP data

10. UE context transfer (Security 
info., config., etc)

11. Decipher buffered UP data
12. UP data

14. Path switch request

c) Fast system access with two level authentication

3. RRC Activation Request (Auth. 
Token, resume id, ...) 4. RRC Activation Request (Auth. 

Token, resume id, ...)

6. RRC Activate (Auth. Ack, ...)

7. S-gNB Addition Request 
(Security info., Xn tunnel info., ...)

8. RRC Activate (Auth. Ack, ...)

9. S-RRC Establishment Request (S-
RRC config., ...)

10. RRC Activation Complete

11. S-RRC Establishment Response

13. S-gNB Addition Response 
(Xn tunnel info., ...)

12. RRC Activation Complete

5. Verify UE, decides to keep the RRC 
connection between UE and anchor 
gNB as master RRC, and create a 

slave RRC between UE and new gNB

b) Multi-connectivity setup during state transition

Figure 4.4. RRC Connected Inactive to RRC Connected transition from a new gNB.
Note that RRC Activation Request consists of an authentication token

prepared using UE specific key. It may optionally include an authentication
token prepared using non-UE specific key that works in a group of gNBs.

to malicious UEs. Notice that in both first packet optimizations, the con-

trol plane latency is not affected by the delay for fetching UE context as

the data transmission and RRC connection re-establishment are decou-

pled.

Figure 4.4c shows a state transition with optimization for fast multi-

connectivity access. Multi-connectivity is crucial for improving user data

rate by aggregating resources from multiple base stations, often operat-

ing on different frequency layers. Thus, it is likely that a UE has had

multi-connectivity before transitioning to RRC Connected Inactive. In

such cases, the serving gNB may configure the UE to keep the Secondary
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Anchor gNBgNB not in TRAUE

TRA Update Request
[Resume ID, current TRA, Auth. token]

TRA Update Response
[updated TRA, updated security info.]

TRA Update Complete

TRA Update Request
[Resume ID, current TRA, Auth. token]

TRA Update Response
[updated TRA, updated security info.]

TRA Update Complete

Figure 4.5. TRA update using signalling procedure that is terminated in the RAN.

Cell Group (SCG) configuration. Accordingly, if the UE transitions back

to RRC Connected in the most recent serving gNB, the UE can immedi-

ately reactivate the whole multi-connectivity setting. Even if the UE has

moved to a new area within the coverage area of the most recent serving

cell, the anchor gNB can add the new cell as a secondary serving cell dur-

ing the state transition. This works even if the new cell is an LTE cell

that is connected to 5G CN as discussed in [PVIII].

4.3.3 Paging and location tracking procedures

Due to the characteristics of RRC Connected Inactive, the location of a UE

in this state can be tracked by the RAN and/or the CN, while paging to

locate UE can be initiated either from the CN or the RAN. This flexibility

allows hybrid paging and location tracking where the network can con-

figure the UE, based on its service requirements and mobility, either for

RAN-based location tracking and RAN initiated paging or for CN based

location tracking and CN initiated paging. For example, configuring a low

mobility UE with RAN based location tracking covering a small number

of cells and RAN initiated paging saves paging signalling overhead while

enabling the network to locate the UE faster. However, if the UE was in

high mobility state prior to enter RRC Connected, it would be beneficial

to configure the UE for CN based location tracking that covers a large

number of gNBs to reduce signalling overhead due to location updates.

When the network configures a UE for RAN-based location tracking and

RAN initiated paging, it provides it with TRA and paging configuration for

RAN-initiated paging during state transition to RRC Connected Inactive

or during location area update. If the UE moves out of the TRA, it initi-

ated a location area update procedure towards anchor gNB as shown in
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Figure 4.5. If the location update is initiated in a new gNB, the anchor

gNB may decide to its role or relocate it to the new gNB. When data to

the UE arrives at the CN, the CN may proactively forward the data to the

anchor gNB before the RRC connection is established. The anchor gNB

initiates paging to locate the UE within its TRA when it receives data for

the UE from the CN. Although the UE is paged from the RAN, the CN is

the one which ultimately may declare that a UE is out-of-reach if it cannot

be located within its TA.

On the other hand, the CN is responsible for UE location tracking and

paging if the UE is configured for CN based location tracking and CN-

initiated paging. The related procedures are similar to RRC Idle proce-

dures, where the UE location is tracked on a TA list level and the UE is

paged throughout its TA list. Further discussion on hybrid paging and

location tracking can be found in [PVII].

4.4 Results and discussion

In this section, the performance of RRC Connected Inactive is analysed

in terms of signalling overhead, control plane latency and UE power con-

sumption.

4.4.1 State transition signalling overhead

The signalling overhead of state transition from RRC Connected Inactive

to RRC Connected is compared to LTE’s state transition from RRC Idle to

RRC Connected and RRC Suspended to RRC Connected, whose signalling

diagrams can be found in [84] [78][PV][PVIII]. The state transitions from

RRC Idle to RRC Connected requires 9, 3, 2 messages over the air, the

RAN/CN and intra-CN interfaces, respectively; while the figures for RRC

suspended to RRC Connected transition are 5, 2, 2 messages. However,

the transition from RRC Connected Inactive to RRC Connected involves

only 4 messages over the air interface. This leads to an overall signalling

overhead reduction of 71% and 55% when compared to the transitions

from RRC Idle and RRC Suspended, respectively.

If the state transition occurs in a gNB other than the anchor gNB, ad-

ditional signalling messages are required for RRC Connected Inactive to

RRC Connected transition due to context fetching. The transition may

also require RAN/CN interface relocation to the new gNB unless the UE
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is transmitting small packet without anchor gNB role change. State tran-

sition in a new gNB reduces the overall signalling overhead reduction to

43% and 27% when compared to the transitions from RRC Idle and RRC

Suspended, respectively.

4.4.2 Control plane latency

Control plane latency is one of the important performance indicators for

state transition. It is defined as the time interval from the transmission

of the first message from power efficient state to the time the UE starts

to transmit user plane data [81]. In LTE, the control plane latency is ef-

fectively the same as the state transition latency as a UE cannot start

transmitting user plane data before transitioning to RRC Connected. In

RRC Connected Inactive, the control plane latency is typically less than

the state transition latency as a UE can start transmitting user plane

data as soon as it receives radio resources, decoupling user plane data

transmission from the signalling procedure to reactivate the RRC connec-

tion.

The average control plane latencies of RRC Connected Inactive, RRC

Idle and RRC Suspended are shown in Figure 4.6a. The average con-

trol plane latencies are calculated by combining average state transition,

processing and RA Channel (RACH) latencies using the state transition

diagram in signalling diagrams [84][PV] for RRC Idle, [78] for RRC Sus-

pended, and Figure 4.4 for RRC Connected Inactive. The control plane

latency for RRC Connected Inactive is significantly lower than the laten-

cies for RRC Idle and RRC Suspended. The latency for RRC Connected

Inactive is 88% and 84% lower with small first packet (57% and 41% lower

with large first packet) when a state transition occurs in anchor gNB and

compared to RRC Idle and RRC Suspended, respectively. If the state tran-

sition occurs in a new gNB, the reductions are 88% and 87% with small

first packet and 57% and 54% with large first packet. The control plane la-

tency of RRC Suspended higher where context fetching is required, while

it is not the case for RRC Connected Inactive due to the decoupled user

plane transmission and control plane procedure.

4.4.3 UE power consumption

To evaluate the UE power consumption performance of RRC Connected

Inactive, we consider a use case with static devices that transmit periodic
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a) Control plane latency

b) UE power consumption
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Figure 4.6. Comparison of control plane latency and UE power consumption to transmit
small packet for RRC Connected Inactive, RRC Idle PSM and RRC

Suspended.

small packets and have a long battery lifetime requirement, e.g. sensors.

In RRC Connected Inactive, we assume that such a device is configured

for contention based small packet transmission without state transition,

with long DRX cycle for paging channel monitoring that matches its pe-

riodic transmission, with no measurement configuration. Thus, its power

consumption is highly proportional to the power it consumes to transmit a

small packet. As such, we compare the UE power consumption for trans-

mitting a small packet.

The power consumption to transmit a small packet from RRC Idle, RRC

Suspended and RRC Connected Inactive is shown in Figure 4.6b. The UE
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power consumption model is based on one in [85]. The parameters used

are: DL receive power -40 dBm, UL transmit power 15 dBm, the number

of UL physical resource blocks is 50, the index for DL Modulation and

Coding Scheme (MCS) is 12 and the MCS index for uplink is 12. The UE

power consumption is obtained by aggregating the power consumptions

from the time the UE is awake from the DRX cycle until it transmits the

small packet and returns back to DRX mode. For simplicity, we assume

that UDP packets are used so that the UE can immediately return to DRX

mode after transmitting the packet without waiting for application layer

acknowledgement. With this setting, the UE power consumed to transmit

a small packet from RRC Connected Inactive is 70% and 55% less than the

power consumed from RRC Idle and RRC suspended, respectively. This

shows that control plane latency has a significant impact on UE power

consumption for devices that intermittently transmit small packets, as

reducing the time a UE is kept active minimizes its power consumption.

4.4.4 Hybrid paging and location tracking signalling overhead

To evaluate the performance of hybrid paging, we consider a macro-

cellular deployment scenario with hexagonal cells [86]. In hybrid paging,

the UE is configured for RAN location tracking and RAN-initiated pag-

ing or CN location tracking and CN-initiated paging. The choice between

these is made, e.g., based on a mobility state estimation during state tran-

sition or location area update. In the macro-cellular scenario, each gNB

consists of three cells. We assume an mMTC traffic characterized by Pois-

son arrivals with an average arrival rate of 1 packet per 7716 seconds.

This is the average over average arrival rate values for three types of

mMTC traffic in [87]. For simplicity, we assume that UE mobility follows

a trajectory over a straight line. We consider UE speed of 3, 30, 60, 90,

120 km/h, and assume that the UE provides its mobility state estimate to

the network, e.g. during location update or while in RRC Connected state.

RAN initiated paging and CN initiated paging are taken as a baseline for

comparison.

The overall signalling overhead, i.e. the sum of signalling overhead due

to paging and location area updates, of a UE with mMTC traffic during

a time span of an hour is shown for hybrid paging, RAN initiated pag-

ing and CN initiated paging in Figure 4.7. The result shows that RAN

initiated paging has better performance than CN initiated paging for low-

speed UEs. The overall signalling overhead is dominated by paging over-
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Figure 4.7. Total number of paging and location update signalling messages per hour of
a UE with mMTC traffic (with average packet arrival rate of 2.1433 packets

per hour).

head and RAN initiated paging has lower paging signalling overhead com-

pared to CN initiated paging. On the contrary, CN initiated paging has

better performance for high-speed UEs as the overall signalling overhead

is dominated by location area update overhead and CN-initiated paging

generates lower overhead from location area updates. The hybrid paging

is able to adapt to either of the schemes depending on UE speed and traffic

intensity to lower the overall signalling overhead.

The overall signalling overhead of a UE with File Transfer Protocol

(FTP) traffic that has an arrival rate of 10 packets per hour is shown in

Figure 4.8. Total number of paging and location update signaling messages per hour of
a UE with FTP traffic (with average packet arrival rate of 60 packets per

hour).
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Figure 4.8 [PVII]. Due to the low packet arrival rates, the signalling over-

head is dominated by traffic generated from location updates. As such CN

based paging outperforms the RAN initiated paging under all UE speed.

However, the hybrid paging is still able to adapt to the CN initiated pag-

ing, leading to the same performance as the CN initiated paging.
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5. Conclusion and future work

In this thesis, we discussed control plane functions for 5G development,

concentrating on spectrum sharing and mobility frameworks. The spec-

trum sharing framework consists of a coordination protocol for co-primary

spectrum sharing, a non-cooperative game model and two cooperative

game models. All games assume that favours exchanged among the oper-

ators are equal and instantaneous. The non-cooperative game, modelled

as an N-player game, requires minimal information exchange among op-

erators. This makes it easier to implement, requiring less standardization

effort to specify an interface for inter-operator signalling communication.

It is shown that if the players play a sequential game with myopic best

response strategies, the game converges to Nash Equilibrium of the N-

player game. The cooperative game models, which can be used as an up-

per bound for non-cooperative games, employ a centralized scheduler with

and without inter-operator interference minimization. Simulation results

show that the non-cooperative game outperforms default spectrum shar-

ing both in a mutual renting and a spectrum pooling scenario. The per-

formance gap to a cooperative game without inter-operator interference

minimization is small in most scenarios.

The investigated mobility framework consists of a state machine with

novel RRC Connected Inactive state. The properties of RRC Connected

Inactive and the procedures that are required in this state are discussed.

Performance of RRC Connected Inactive is analysed in terms of signalling

overhead, UE power consumption and control plane latency. The results

show that the state leads to significantly lower signalling overhead, power

consumption and control plane latency when compared to LTE states.

Since RRC Inactive is already specified in NR as an optional state, and

functions of RRC Connected Inactive can be mapped to RRC Inactive, the

RRC Connected Inactive state, discussed in this thesis will have an im-
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pact on NR and especially on mMTC devices communicating in future

cellular IoT networks.

The thesis work can be extended in several ways. The spectrum sharing

framework can be extended in several ways. One topic that needs further

study the computational analysis of the non-cooperative games. It would

be important, from an implementation perspective, if it can be shown that

these games can be played on a slower time scale with little performance

loss than playing the gaming on a faster time scale. Another interesting

topic would be to characterise the set of NE points of the non-cooperative

games, especially if it can be proven that the set of NEs is a compact con-

vex set. Furthermore, the non-cooperative game model can be extended

to higher layer inter-network slice cooperation for efficient resource shar-

ing. Similarly, the cooperative game model can also be extended if there is

also lower layer cooperation among the traffic of different network slices.

These extensions need to take into account that network slice traffic has

different service level agreements and quality of service requirements.

The mobility framework can also be extended in several ways. One of

the characteristics of RRC Connected Inactive that can be extended to

other control plane functions is its configurability. That is, the burden of

the complexity of addressing diverse use cases lies on the network and is

hidden from the UE. In fact, network slicing applies a similar approach to

address diverse use cases without having multiple independent wireless

systems optimised for each use case. Therefore, further study is needed

to add configurability and flexibility to the overall control plane design

to have a truly intelligent system that can leverage diverse architectural

solutions and deployment scenarios and learn from its experiences to ef-

ficiently, if not optimally, address diverse use cases. Another topic that

can be further studied is the efficiency of small packet transmission. For

example, the impact of the use of variable random access message 3 sizes,

that can be indicated using bits added to the RACH preamble, on radio

resource efficiency can be analysed. In LTE, a random access message 3

can only have two values, which is highly unsuitable to efficiently accom-

modate different small packet sizes with little padding bits. Yet another

topic that can be further studied is the impact of the hybrid paging scheme

on the CN, from an implementation perspective. Its signalling overhead

analysis can also be further studied.
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