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## 5771421221 : MAJOR ELECTRICAL ENGINEERING

KEYWORDS: SMALL CELL / 5G MOBILE / NETWORK DENSIFICATION / INTERFERENCE

MODELING / RESOURCE ALLOCATION /3D / IN-BUILDING
RONY KUMER SAHA: ANALYSIS OF HIGH CAPACITY MOBILE NETWORK WITH
3D IN-BUILDING DENSE SMALL CELL. ADVISOR: ASSOC. PROF. CHAODIT
ASWAKUL, Ph.D., 333 pp.

This dissertation research emphasizes on achieving high capacity demand of next generation
mobile networks (NGMN), i.e. fifth generation (5G), with small cells, i.e. femtocells, deployed in 3-
dimensional (3D) indoor coverages by employing such procedures as managing co-channel interference,
enforcing a minimum distance, reusing spectrum, and splitting control-plane and user-plane (C-/U-plane)
of femtocells. In conventional mobile networks, a common feature is tightly coupled C-/U-plane
architecture (CUCA) which is one of the major reasons for most of the problems that small cell network
densification faces, e.g. complex interference management. This call for developing a new C-/U-plane
split architecture (CUSA) by decoupling C-/U-plane. Further, in cellular mobile networks, most of the
data traffic is generated within indoor coverages, mainly in urban environments where an existence of
dense high rise multi-floor buildings is a typical scenario. Furthermore, mobile radio propagation in 3D
scenario is far more complex than that of 2D scenario. These cause such inevitable issues as small cell
network architecture modeling and interference characterization, resource reuse and allocation strategy
development, and small cell densification limit characterization to call for their in-depth investigation
and the development of new design technique for 3D in-building small cell networks. This dissertation

research addresses these aforesaid issues.

More specifically, the following objectives are addressed in this dissertation: (i) a review on
enabling technologies for proposing a framework of NGMN architectural evolution to achieve the
prospective capacity of NGMN; for cell-centric networks, (ii) an adaptive almost blank subframe (ABS)
based enhanced intercell interference coordination (elCIC) enabled frequency reuse and scheduling
algorithm (FRSA) for an orthogonal resource reuse and allocation (ORRA), (iii) a tractable analytical
model for interference characterization and minimum distance enforcement for non-ORRA (NORRA),
and (iv) a novel clustering approach along with developing a number of strategies to reuse resources in
femtocells within a 3D multi-floor building; for device-centric networks, (v) a novel multi-band enabled
small cell and UE architecture for uplink/downlink (UL/DL) and C-/U-plane splitting, (vi) numerous
small cell base station (SCBS) architectures for performance comparisons between CUCA and CUSA,

and (vii) a centralized 3D radio resource allocation and scheduling approach for CUSA.

Department: Electrical Engineering Student's Signature

Field of Study: Electrical Engineering Advisor's Signature
Academic Year: 2016
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CHAPTER 1
INTRODUCTION

This chapter gives an introduction of the dissertation research as a whole. The
chapter starts with a background to give a broad idea of the dissertation topic followed
by a problem statement that mainly concerns with what is known, unknown, and
attempted to be known by the research community. Related works are mentioned by
listing relevant state-of-the-art literature to find a research gap and clarify the novelties
and merits of the research gap that the dissertation aims to address. Based on the
research gap, objectives of the dissertation are stated with scopes and limitations. The
chapter ends with a brief outline of the whole dissertation work, which lists out how the

objectives are addressed in the subsequent chapters.

1.1 Background

The exponentially growing number of mobile users and an ever-increasing
demand of high data rates impose several challenges on current cellular networks, e.g.
fourth generation (4G) long term evolution (LTE) network and its evolutions, in terms
of a high network capacity and a wide coverage area to meet up the user demand in next
generation mobile networks (NGMN), i.e. fifth generation (5G) mobile networks. The
major drawbacks that mobile users face from current networks are a non-uniform low
data rate, a non-unified quality of experience, a poor end-to-end performance, a weak
indoor coverage, an insufficient high mobility performance, and a high cost per bit
transfer. Similarly, network operators face a number of difficulties in providing
satisfactory services with their current mobile networks, such as provisions of a high
network capacity, low latency, high spectral efficiency, large amount of spectrum

availability, and low energy consumption.

Moreover, network performances play a significant role on the evolution of a

new generation of mobile networks. In mobile wireless networks, the network capacity



has been seen as the main driver for evolution of a number of past generations, e.g.
second generation (2G), third generation (3G), and 4G. In a similar trend, achieving a
high capacity is considered also the major driver for the evolution of 5G networks.
Typically, to address a high capacity demand, network operators consider reducing the
distance between a base station (BS) and a user equipment (UE) in order to improve
the received signal strength at a UE. A standard practice to reduce cell coverage is to
deploy low power nodes such as femtocells (FCs), picocells (PCs) in the coverage of a
macrocell (MC). This results in shifting traditional homogeneous networks to more
advanced heterogeneous networks (HetNets). A low power node covers a small portion

of a MC area, and hence is also termed as a small cell (SC).

Since typically the capacity per unit area increases with the number of SCs, SCs
are expected to be deployed as densely as possible, and hence HetNets are thus extended
to dense HetNets as one of the potential techniques to address high capacity demand of
5G networks. Besides dense HetNets, the capacity of 5G networks will most likely be
driven by spectrum aggregation and spectral efficiency technique. Since microwave
frequencies deployed in existing networks are almost saturated, millimeter wave
(mmWave) spectrum bands are considered for 5G networks to increase system
bandwidth because of usable high spectrum availability in these bands. Many advanced
techniques such as enhanced inter-cell interference coordination (elCIC) [1],
cooperative communication, and massive multiple-input multiple-output (MIMO) have
been proposed as the major enabling technologies to improve spectral efficiency of 5G

networks.

Since low power small cell base stations BSs (SCBSs) deployed in a MC
coverage can contribute to improving the system capacity of 5G networks, the capacity
gain can be improved further if the system bandwidth can be reused as many times as
possible. A reuse of system bandwidth depends mainly on two aspects, namely
deployment scenarios and SC densities, and is done by co-channel deployment of SCs
within a MC. The reuse can be increased significantly by a dense deployment of SCs
per unit area. In dense HetNets, an extremely large number of SCs are deployed where
the coverages of SCs can even overlap one another. However, this raises the concern of
generating a significant level of interference from one cell to another. Interference is

one of the major bottlenecks and more severe in dense HetNets than in traditional



homogeneous networks. Major sources of interference in HetNets are unplanned
deployment, restricted FC access, and transmission power difference among nodes [1].
FCs are partly deployed by users in an unplanned fashion with almost no consciousness
on density, location, and access type of FCs from an operator perspective. If the access
type of a FC is configured as closed subscriber group (CSG), interference effect

becomes the most severe in comparison with the other access types.

Interference in HetNets can better be managed by using frequency-domain
(FD), time-domain (TD), and power control inter-cell interference coordination (ICIC)
techniques which are aggregately called as elCIC [1]. In TD elCIC technique, a victim
UE is scheduled in TD while interferences from other nodes are reduced. In FD elCIC
technique [1], by an orthogonal scheduling of control channels between cells in a
reduced bandwidth, interference can be mitigated. In power control elCIC technique,
different power control techniques can be applied to SCs [1]. A straightforward way to
address the interference effect is to allocate orthogonal frequencies to SCs. However,
this approach directly impacts a limited and highly expensive system bandwidth, and
hence the achievable system capacity. Another approach is to ensure a very tight
coordination among SCs such that the same frequency can be reused among SCs with

an appropriate cooperation.

Besides, the propagation in indoor environment appears to be much more
uncertain in large scale than in the outdoor environment. Because of a number of effects
in 3-dimensional (3D) in-building scenarios, e.g. complex indoor propagation
mechanisms (from effects within and outside the building of interest, i.e. direct signal
component, reflection from walls and ceilings within the building, and nearby
buildings) and diffraction (from edges and along the building surfaces), 3D modeling
of indoor propagation is necessary over the mostly practiced 2-dimensional (2D)
scenario for SC based dense HetNets. Since most existing approaches to interference
management in SC networks are based on 2D model, these approaches cannot capture
the aforementioned effects for an accurate in-building interference modeling. For
example, many well established and accepted simplified models, which are reasonably
applicable in outdoor environments, are not a straightforward extension to apply to
indoor environments. Hence, outdoor models, which typically consider 2D scenario or

single-floor indoor scenario for the resource reuse and interference management, are



not applicable to indoor 3D in-building scenario. Though there are mainly two
approaches to model indoor propagation proposed in existing literature, because of
complexity of theoretical models and non-portability of empirical models, a trade-off
of these two approaches would be a reasonable choice for developing an indoor model
with sufficient accuracy and less complexity to analyze the resource reuse and

interference management in indoor SC networks.

One of the noticeable characteristics of current mobile networks is that both the
control decision and processing task units exist in the same networking device, e.g. BS,
serving gateway (SGW), and packet data network gateway (PGW) nodes in a LTE
network. This implies that current mobile networks are based on distributed and
coupled control and data planes where each entity distributed over the network is
responsible for executing both decision making and processing tasks. This distributed

nature of current mobile networks results in manifold challenges as follows:

e complexity in control and management of a network (e.g., a mobility manager

needs to coordinate more with an increase in the number of users)

e a poor network efficiency (e.g., it is difficult to update existing devices with

advanced solutions)

e non-evolvability (e.g., there are fewer scopes in creating service differentiations

between competitors)

o inflexibility (e.g., operators rely on vendor specific solutions to introduce a new

feature)

Hence, to address these challenges, network operators seek new solutions [2],
and rather than considering the traditional cell-centric control, an advanced device-
centric control has been proposed as a new solution [3] in distributed networks, in which
the control-plane and user-plane (C-/U-plane) and the uplink and downlink (UL/DL)
split architecture is considered, such that various functionalities, e.g. radio resource
management, interference mitigation, and mobility control among network nodes can
be managed more efficiently than that in cell-centric networks. A more detail

discussion on these aforementioned aspects can be found in Chapter 2 and Appendix



A. Hence, to achieve high capacity demand of 5G networks, modeling interference,
developing efficient resource reuse and allocation strategies, and defining limit of
densification under various constraints in ultra-dense deployment of SCs, particularly
in 3D in-building scenario for urban environments using traditional cell-centric and
new device-centric network architectures have become crucial research issues that call

enormous research attentions for possible solutions.

1.2 Problem statement

The 5G cellular is in its early stage of research and development with no clear
direction on how the envisaged high capacity of 5G networks can be achieved. Though
several proposals on enabling technologies as aforementioned from various aspects
have been introduced in literature, how all these technologies can be applied, controlled,
and managed to meet the required 5G capacity as well as what the 5G network
architecture will eventually look like to achieve the target capacity is still an open
research issue. Based on the trends of enabling technologies, 5G networks are expected
to evolve in three major directions, namely, radio access network (RAN) nodes and
performance improvement technologies to address the high 5G capacity demand,
network programmable capability for the network control, and backhaul networks and
network synchronization to enable coordination between nodes for a cost-effective
quality of experience performance. Hence, all these trends can be classified into three
such directions as RAN node and performance enabler, network control programming
platform, and backhaul network platform and synchronization as parallel horizontal
evolutionary paths toward 5G networks. All these evolutionary paths need to be
vertically integrated to incorporate evolutionary aspects for a full-fledge 5G network
architectural evolution.

Network densification is one of the major enablers to achieve the expected
capacity and spectral efficiency of 5G networks [4] through reusing resources in SCs
such as FCs. Reuse of resources in FCs relies on the inter-FC distance which is a
function of co-channel interference generated from neighboring FCs. In urban

environments where an existence of thousands of 3D multi-storage buildings is an



obvious scenario, modeling co-channel interference and a minimum distance between
FCs in 3D scenario, e.g. office buildings and residential areas, to address high data rate
demand of 5G networks has become one of the major growing concerns. Typically,
interference in HetNets has been studied considerably in 2D scenario [5]. Modeling 2D
interference is simple but not accurate enough since it cannot capture complex
combinations of deployment and propagation effect existing in realistic 3D buildings.
Authors in [5] investigated the impact of three-dimensionality of FC deployments on
cross-and co-tier interferences using realistic building data and showed that the
interference effect of FCs in urban 3D scenario is significantly higher than that when
considering 2D case and proposed to model HetNets in 3D scenario rather than 2D.
Theoretically, the maximum capacity of a SC can be achieved when it is allocated with
the whole system bandwidth. However, in practice, it is difficult to achieve, and only a
fraction of system bandwidth can be allocated to a SC to overcome co-channel
interference. Hence, one of the ways to boost network capacity using a limited spectrum
is to allocate as much of system bandwidth as possible to each SC by employing a
proper interference management scheme. A FC typically has a limited coverage, and
hence we can take this as an advantage by reusing the same frequency simultaneously
in more than one FCs forming a FC cluster (FCL) to boost network capacity. However,
reusing resources simultaneously in FCs results in a significant amount of co-channel
interference if a minimum distance between co-channel FCs (cFCs) is not enforced. A
denser FC network causes a higher co-channel interference effect at a UE. Hence, how
to model co-channel interference and enforce a minimum distance between cFCs [6],
i.e. densification limit, for reusing resources particularly in 3D in-building scenario has

become an active research area.

In existing HetNets, a common feature is tightly coupled control-plane (C-
plane) and user-plane (U-plane) irrespective of the degree of density and heterogeneity
and is one of the major reasons for most of the problems that ND facing, e.g. low energy
efficiency, complex interference management, higher signaling overhead and backhaul
network requirement, and clumsy mobility management. As the data traffic demand
increases, existing networks face problem from providing necessary capacity to
transport this growing data traffic demand. To address such capacity requirement, SCs

are deployed in the coverage of large MCs. However, tight coupling of the C-/U-plane



of conventional HetNets architecture restricts the flexibility in network operation and
performance management. Typically, in conventional HetNets architecture, both MCs
and SCs are operated at the same frequency to provide both coverage and data services.
Because of tight coupling of the C-/U-plane, BSs need to be always active to ensure
ubiquitous coverage even though there is no data traffic demand from UEs and results
in a poor resource utilization and unnecessary energy consumption that leads to low
energy efficiency (EE). These call for developing a new architecture where C-plane and
U-plane are decoupled to switch the BSs on and off depending on the data traffic
demand and to ensure always-on connectivity. Such a network architecture is termed

as C-/U-plane separation architecture (CUSA) (Figure 1.1).
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Figure 1.1 : (a) Conventional network architecture; (b) CUSA network architecture

[7].

However, in comparison with conventional network architecture where all BSs
are always active to overcome coverage holes so that there is no wake up signaling
required, and handover procedure is executed by UEs using reference signal received
power, the design of signaling network in CUSA is challenging [7]. This is because of
the fact that for inactive SCBSs for data services, an optimal SCBS selection from
inactive SCBSs and an initialization of wake-up mechanism are required. Since a
macrocell BS (MCBS) has no instantaneous channel information of inactive SCBSs, an

optimal SCBS selection can be quite challenging, and hence signaling network is more



complex in CUSA than that in conventional network architecture. This raises to do a
performance analysis of device-centric networks over cell-centric networks for 5G

capacity under constraints, e.g. optimal BS selection and signaling network design.

Overall, the research on ultra-densification is still in its early stage. Fundamental
studies such as network architecture, densification limit, efficient radio resources
utilization, and interference management need to be investigated for a successful 5G
network deployment [8]. Moreover, since most of the data traffic are generated in
indoor mainly in urban environments (where an existence of high rise multi-storage
buildings is a typical scenario) and the radio propagation in 3D scenario is far more
complex than that of the traditional 2D case, interference modeling, resource reuse and
allocation, and SC densification limit of such 3D buildings ask a crucial call for deep
investigations along with developing novel network design techniques for indoor SCs.
For CUSA architecture, some open research questions such as heterogeneous
deployment with dual connectivity, channel estimation, and management of
discontinuous transmission techniques also need to be answered before considering
CUSA architecture over the conventional network architecture [9]. Further, from
network architectural aspects, the C-/U-plane separation based dense HetNets are
considered promising solutions for a high capacity and an efficient network

management of dense HetNets and hence call for immediate research concerns.

1.3 Related works

A few studies have been done towards the direction of surveying enabling
technologies for 5G networks, such as [10-11]. However, most of the existing survey
articles consider mainly one of the three evolution directions with some additional
insights on the others. For example, [10] mainly addressed emerging technologies of
the RAN node and performance enabler with an additional insight on software-defined
network (SDN). Different from [10], [11] addressed a number of RAN nodes and
performance enablers, network virtualization along with additional insights on research
challenges regarding such issues as 5G measurement and testing and radio resource

management. Although the issues regarding 5G backhaul networks are significant to



enable emerging technologies of other evolutionary directions, these issues remain
mostly unaddressed in the existing literatures such as [10-11]. In addition, there is a
lack of an architectural evolution framework for 5G networks, which can capture most
of the dominant enabling technologies in a systematic approach. Hence, this call for an
extensive survey on enabling technologies of NGMN that can capture most of the
dominant technologies from a broad set of perspectives and allow developing a
systematic framework of the 5G network architectural evolution for achieving expected
capacity. For cell-centric networks, a number of existing literatures addressed such
issues as modeling interference, enforcing minimum distance, and reusing resources in
SCs in 3D in-building scenario for both orthogonal resource reuse and allocation
(ORRA) where resource blocks (RBs) are allocated orthogonally to all SCs within a
building, and non-ORRA (NORRA) where RBs can be reused more than once in SCs

in a building for a given constraint.

For ORRA, an effective solution for 3D in-building coverage is distributed
antennas systems (DAS) where antennas of a BS are distributed within a building.
Several works studied interference management and resource reuse aspects using DAS
in 3D in-building scenarios [12-15]. However, one of the major difficulties with DAS
is that each antenna covers typically a larger area than that by a FC, and hence resource
reuse and correspondingly overall throughput gain by DAS are lower than that achieved
by FC based HetNets [13]. A number of studies also addressed issues of interference
management and resource reuse in FCs under 3D in-building scenario. In [5], authors
investigated the impact of 3D FC deployments on cross-tier and co-tier interferences
using realistic building data and showed that interference effects of urban FCs under
3D are significantly higher than that when considering 2D scenario. Authors in [16]
proposed a graph based adaptive FC clustering scheme for inter-FC interference
coordination within the same building. Authors in [17] proposed a dynamic clustering
based cognitive sub-band allocation scheme to reduce inter-FC interference. FCLs are
formed using inter-FC interference graphs, and resources are reused in each disjoint
FCL within a building. In [18], authors proposed a semi-static resource allocation
scheme where the minimum number of subbands, one for each FC, is computed by
solving a node-coloring heuristic algorithm in a multi-floor building over iBuildNet, an

indoor network planning and optimization tool. In [19], authors proposed an adaptive
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soft frequency reuse scheme where groups of FCs are formed using received signal
strength indication from UEs, and different frequency reuse factors and transmission
powers are adjusted to mitigate interference. Authors in [20] exploited fractional
frequency reuse (FFR) to propose a cooperative transmission and a semi-static
interference mitigation scheme for in-building dense FCs. Most of these existing works
addressed FC clustering within the same building for resource reuse in FCLs rather than
over a large MC coverage. Though authors in [21] addressed FC clustering over a MC
coverage, the proposed approach is however limited to 2D scenario and amorphous
shape of FCLs. Further, though in reality indoor macro UEs (MUs) cannot get access
to CSG femtocell BSs (FCBSs) and interfere with FCBSs and femto UEs (FUs), the
existence of indoor MUs within buildings has been overlooked. Hence, no cross-tier
interference management mainly in the downlink (DL) between indoor MUs and FUs
and the UL between indoor MUs and CSG FCBSs has been addressed. Also,
implications on interference from neighboring buildings because of resource reuse has
not been emphasized which affects the maximum resource reuse factor per MC.
Besides, though in HetNets, FC clustering and resource reuse mostly for two-tier
networks in 3D in-building scenario and elCIC for interference management has been
studied separately in literature, a combined scheme that can benefit from both elCIC
techniques and multi-tier dense HetNets over a large MC coverage has not been
addressed yet.

For NORRA, the authors in [16] addressed the issue of interference
coordination in 3D in-building scenario for an unplanned deployment of FCs by
considering a system with a number of multi-floor buildings each installed densely with
FCs in the coverage of a MC. They proposed a graph based interference coordination
scheme, and showed that the intra-cell interference of FCs of the same building is the
dominant source of interference as compared to the cross-tier interference from MCs
and interference from FCs in its neighboring buildings. In [18], the authors proposed a
semi static resource allocation scheme based on FFR to avoid interference in 3D multi-
floor building using indoor networking and optimization tool, iBuildNet. FCs are
considered to locate at different places on different floors with each floor having the
same floor plan. They showed that users served by a FCBS on one floor are interfered

considerably by a FCBS located on an adjacent floor, and the signals from other floors
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make interference effect more complicated in 3D in-building scenario. Authors in [22]
proposed to use a BS location model with a minimum cell separation distance to ensure
a minimum distance between any two cells in each tier using the Matern hardcore
process such that no cell can lie within a predefined minimum distance from any other
cell. They investigated the randomness in placement of SCs in 2D network scenario,
derived an optimal (lower bound) minimum separation distance between BSs, analyzed
numerically the minimum separation distance response as a function of target user
density and data rate for different BS densities, and showed that cell coverage can be
improved by introducing a minimum separation distance between BSs per tier. Authors
in [23] proposed a repulsive cell activation strategy and derived an optimal minimum
separation distance between SCs in terms of user density and tier-wise data rate by
adopting modified Matern hardcore process to analyze the impact of minimum
separation distance on the coverage of SC networks by using a numerical search, which
is based on a simple bisection method. Like [22], the authors in [23] also considered
self-configuration of BS deployments such that no cell can lie within a minimum
separation distance between BSs and showed numerically that a larger target user
throughput necessitates a lower minimum separation distance for a given user density,
and so is required for a higher user density for a given target user throughput. All these
aforementioned works addressed to enforce a minimum distance based on interference
statistics around SCBSs, i.e. sensing the presence of neighboring SCBSs to avoid intra-
and inter-tier interferences by modeling BS locations as Poisson Point Processes.
Further, stochastic geometric approaches have been mainly applied so far in the existing
literatures under 2D BS location scenario with a simple homogenous Poisson point
process or Matern hardcore process. However, the study under 3D in-building scenario
of BS locations existing in practical indoor buildings is not obvious because of

complexity and intractability of stochastic analytical closed form expressions.

Further, a good number of existing literatures addressed the issue of CUSA
based device-centric networks as one of the major enablers to achieve high indoor
capacity. Authors in [7, 9, 24-25] proposed to split C-/U-plane by using different BSs
where C-plane is served by the macrocell base station (MCBS) operating typically at a

low microwave frequency, whereas U-plane is served by SCBSs, i.e. FCBSs. Each
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FCBS is enabled with a single transceiver operating at a high frequency, e.g. mmWave.

The authors also proposed a similar SCBS architecture in [4].

Further, the characteristics of traffic generated in the uplink and downlink
(UL/DL) and the control-plane and user-plane (C-/U-plane) are asymmetric. The
control-plane (C-plane) traffic is bursty and discontinuous, and typically more active
during establishing connections. However, the user-plane (U-plane) traffic is typically
continuous [26-27]. Furthermore, C-plane and UL traffic volumes are typically lower
than that of U-plane and DL respectively. In this regard, authors in [4] proposed to
operate C-plane traffic at low microwave frequency and U-plane traffic at high
mmWave frequency. Additionally, because of different transmit powers of SCs from a
macrocell (MC), decoupling of UL/DL is seen as one of the major changes in 5G to
address, e.g. transmit power disparities in UL/DL [28]. Hence, dual connectivity feature
of a user equipment (UE) to communicate with two nodes operating at different

frequencies was proposed in [29].

However, to the best of our knowledge, no research has yet addressed the
problem of interference modeling, resource reuse and allocation, and densification limit
of SCs, particularly in 3D in-building scenario, under both traditional cell-centric
networks and new split architectures in order to show their comparative performances
in terms of, e.g. achievable capacity, of 5G networks, which is proposed to address in
this dissertation. More specifically, the objectives mentioned in the next subsection are

proposed to carry out in this dissertation.

1.4 Objectives

In this dissertation, the following objectives are proposed to address:

e Carry out an extensive review on enabling technologies in different directions
from various perspectives for proposing a framework of the 5G network
architectural evolution for the network capacity to give an insight on how all

these directions will fit in together under different requirements and constraints,
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and what would be the possible best match of these directions in terms of

enabling technologies to meet the 5G network capacity demand.

For cell-centric networks,

e ORRA to SCs within a building: Propose a frequency reuse and scheduling
algorithm using an adaptive almost blank subframe (ABS) based elCIC
technique to reuse frequency resources in FCs deployed in 3D buildings in

dense urban environments of a multi-tier network.

e NORRA to SCs within a building for SC network densification limit: Develop
a tractable analytical model for interference characterization and minimum
distance enforcement to reuse resources in 3D in-building dense SC networks
for optimization constraints, namely interference, spectral efficiency, and link
capacity.

e Propose a novel clustering approach and a number of resource reuse strategies

for dense SC networks deployed in 3D in-building scenario.

For device-centric networks,

e Propose a novel multi-band enabled SC and UE architecture for the UL/DL and
the C-/U-plane splitting.
e Develop numerous SCBS architectures for performance comparison between

C-/U-plane coupled and split architectures.

e Propose a centralized 3D radio resource allocation and scheduling approach for

C-/U-plane split architecture.

1.5 Scopes and limitations

Highlighted briefly, the followings are considered as baseline in carrying out

dissertation research:
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System Model: A square-grid based FC coverage area where each FCL consists
of a number of 2D floors, and each floor consists of a number of square-grid
apartments with side length a are considered. Each apartment has one FCBS

with a coverage area of (axa) m2, which is placed in the center of the apartment,

and is assumed static. A fixed free space around its building of a FCL and some
free spaces between two neighboring FCLs are assumed. Typical values of a =
10 m and a free space of 10 m are assumed. However, in general, a and the value
of free space are random variables. A UE per FCBS is considered and placed at
the farthest radial distance from the FCBS. A single MC of a corner excited 3-
sectored MC site and a number of SCs, including outdoor PCs and indoor FCs
are considered. A certain percentage of MUs are distributed non-uniformly
within the number of FCLs greater than one. All indoor MUs are served by MC.
In addition, a certain percentage of outdoor MUs are offloaded to nearby PCs.

FCs are dropped as clustered and deployed only within 3D buildings.

Interference management technique: ABS based elCIC techniques are
considered to manage interference between MC-plus-PC tier and FC tier both
for NORRA and ORRA schemes. Irrespective of NORRA and ORRA schemes,
a basic feature of these schemes is that RBs are reused in FCs only during non-
ABSs.

Resource scheduling algorithm: Proportional fair scheduler rather than other
simple conventional schedulers such as Round Robin is considered to address
multi-user diversity gain from a random and uniform FU distribution, i.e. a
highly spread distance distribution between a FU and a serving FCBS (sFCBS),
such that the path loss varies significantly at FUs from one to another and non-
line-of-sight (non-LOS) components at frequencies below 3 GHz exist. Further,
proportional fair scheduler ensures an optimal trade-off between fairness in
resource allocation, specifically time and frequency among UEs, and
throughput per user performances in comparison with other conventional

schedulers.
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e Path loss model: Rather than choosing sophisticated but computationally
complex theoretical models such as ray tracing, simple empirical models
recommended for evaluation by the third generation partnership project (3GPP)
for modeling indoor FCs are considered. However, because FCs in all FCLs
experience the similar signal propagation characteristics, there would not be any
significant deviation in performance results from using empirical models that

do not necessarily guarantee the transportability between environments.

e Simulation parameters and assumptions: The default simulation parameters and
assumptions used for system level simulation are based on 3GPP
recommendations for system level performance evaluation and are listed in a
table which varies accordingly with any particular scenario of investigation.
Unless stated explicitly, the default value for any parameter and assumption is
considered to use from the mentioned table for any particular simulation

scenario.

e Validity of research results: The validity of any research result of this
dissertation is mainly based on convergence of MATLAB® simulator based

simulation results and formulated analytical results.

Finally, in Figure 1.2, the synopsis of the research is depicted in a diagram for
a quick visual understanding at one-spot. Each word of the dissertation title is defended
by explaining its inclusion reasonably sidewise in the diagram to underpin the novelty
of the considered research problems, scopes and contributions. Since the network
capacity varies with the degree of application of a particular enabling technology, such

a range of variation is shown arbitrarily by dotted lines in the diagram.

1.6 Outline and approach

The dissertation is documented chapter wise in the following order:
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Figure 1.2: One-spot view of the dissertation overall research problems, scopes, and
contributions with an integrated triangular enabler-cause-effect diagram.

e In Chapter 1, an introduction to the dissertation is given, including its
background, problem statement, related works, objectives, and scopes and
limitations.

e In Chapter 2, a review on trends of the existing as well as proposed
potential enabling technologies that are expected to shape 5G mobile networks
and relevant to the dissertation objectives is discussed, and a brief detail on
concepts, theories, techniques, and methods that are considered to use in this
research are incorporated in order to gain sufficient background information for
an easy of understanding and clarity.

e In Chapter 3, a frequency reuse and scheduling algorithm (FRSA) using an
adaptive ABS based elCIC technique that uses ORRA scheme is proposed to
reuse frequency resources in FCs deployed in 3D buildings in dense urban
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environments of a multi-tier network, including FCs and PCs within a MC
coverage. An adaptive optimal number of ABSs (OPNA) scheme for FRSA,
and its outperformance over a static OPNA scheme are shown. A schematic of
the scheduler implementation for FRSA is also developed.

In Chapter 4, a novel tractable analytical model for modeling interference in 3D
in-building scenario using Wyner model and deriving mathematical expressions
for a minimum distance between FCBSs deployed within a building under a
number of constraints is proposed. In addition, two strategies to reuse RBs in
co-channel FCBSs (cFCBSs) are proposed, and the capacity outperformance
with a RR strategy of NORRA over ORRA scheme is shown. With a rough
estimation under an example scenario of ultra-dense deployment of FCBSs, it
is shown that the prospective desired spectral efficiency of 5G networks can be

achieved with the proposed model.

In Chapter 5, a multi-band enabled FCBS and UE architecture is proposed for
splitting the UL/DL as well as the C-/U-plane for 5G mobile networks. For
multiple bands, co-channel microwave and different frequency 60 GHz
mmWave bands are considered. A number of disruptive architectural design
alternatives for 5G mobile networks are presented, including a complete UL/DL

splitting as well as a combined UL/DL and C-/U-plane splitting architectures.

In Chapter 6, numerous SCBS architectures based on the number of transceivers
and operating frequency bands existing in a SCBS for serving the C-/U-plane
traffic in indoor environments under both the C-/U-plane coupled as well as the
C-/U-plane split architectures are discussed and evaluated in terms of the C-/U-

plane traffic capacity.

In Chapter 7, a centralized allocation and scheduling strategy for 3D radio
resources, namely time, frequency, and power, for a C-/U-plane split
architecture by considering schedulers of all BSs located at a central station is
proposed. A fully blank subframe based elCIC to split completely the C-/U-
plane such that C-plane can be served only by the MCBS and U-plane by each

UE’s respective BS is considered.
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In Chapter 8, recommended further studies on the dissertation research are

highlighted in terms of concepts and preliminary results.

The dissertation is concluded in Chapter 9 by pointing out major research

approaches, observations, and findings.

In the followings, a number of approaches considered for preparing the

dissertation are listed out:

Use of information and non-disclosure issues: Information in this dissertation
in any forms, e.g. texts, figures, tables, and algorithms, can be found partially
or completely in the published as well as accepted journal and conference

articles and hence is used under strict-confidentiality requirement.

Chapter structuring: A generic structure for presenting information mainly in
Chapters 3, 4, and 5 is used consistently, including introduction, system model,
analytical model, proposed algorithm, simulation assumptions and parameters,
implementation, technical and business perspectives, conclusion, and finally a
list of references. Further, rather than numbering all equations, only which are
needed to refer in later parts of a chapter are mainly numbered. For numbering
sections, equations, figures, and tables, of any chapters the following format is
used: X dot Y, where X denotes a decimal number of any chapters, whereas Y
denotes a decimal number of any sections, equations, and so on as

aforementioned.

Use of appendices: A number of appendices are considered to cover required

information for completeness and clarity of any issues of chapters.

1.7 Summary

In this chapter, a general introduction of the dissertation is given. Relevant

backgrounds in section 1.1 on dense-HetNets, SCBSs, interference in HetNets and its

management techniques such as elCIC techniques, indoor signal propagation
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environments, 3D modeling of indoor propagation, noticeable characteristics of current
mobile networks, cell-centric control, advanced device-centric control, and the C-/U-
plane and the UL/DL split architectures are given. In section 1.2, a number of research
problems are discussed. Namely, how various proposed enabling technologies can be
applied, controlled, and managed to meet the required 5G network capacity as well as
what the 5G network architecture will eventually look like to achieve the target capacity
are discussed. Further, modeling co-channel interference and enforcing a minimum
distance between cFCs, i.e. limit of densification, for reusing resources in 3D in-
building scenario are mentioned. The necessity of developing a new architecture with
C-/U-plane decoupled is also highlighted. Furthermore, the importance of carrying out
performance analysis of device-centric networks over cell-centric networks for 5G
network capacity is indicated. As a promising solution for a high capacity network, the
C-/U-plane separation architecture based dense HetNets are also pointed out. In section
1.3, related studies to the research problems stated above in existing literature are
highlighted for both cell-centric and device-centric networks, and current research gaps
are identified. In section 1.4, the objectives of the dissertation are listed, followed by
mentioning its relevant scopes and limitations in section 1.5. The chapter ends with
giving a chapter wise outline of, and mentioning approaches for documenting, the

dissertation in section 1.6.



CHAPTER 2
LITERATURE REVIEW

In this chapter, relevant literature review for this dissertation on necessary
concepts and techniques are discussed. Initially, an analysis on the existing as well as
the prospective potential enabling technologies for 5G mobile networks is carried out
in order to develop a 5G network architectural evolution framework. We then provide
a brief discussion on the 3D in-building cellular mobile communications. Important
issues of SC deployments such as randomness and 3D in-building modeling practices
are highlighted. Further, radio resource allocation strategies and their role on HetNets
are discussed. Finally, the chapter ends with a brief discussion on cooperative
communication mechanisms for sharing information among BSs in order to improve
network capacity. On top of the review in this chapter, a number of relevant background
issues are also discussed in Appendix A.

2.1 Incentives and requirements of next generation mobile networks

Internet data traffic through mobile wireless access networks is expected to
grow faster than that through traditional fixed access networks [2]. The growth of data
usages will continue [30], and an incremental approach to serve user demands will not
be sufficient toward meeting mobile network demands by 2020 [31]. Internet protocol
(IP) data usage by wireless networks will increase from under 3 Exabyte in 2010 to
over 500 Exabyte by 2020 [31]. Internet of Things is expected to dominate over the
current practice of human-centric Internet in 5G networks [32]. Nonetheless, with
existing networks, it is not possible to address these aforementioned challenges. In this
context, 5G mobile network technologies are expected to be standardized around 2020.
To address 5G requirements and technologies, there has already been a great attention

in research communities. Though there is no exact specification on what 5G networks
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will encompass, based on what most people have agreed so far as compared to 4G

networks, 5G networks should attain the followings as given in Table 2.1 [31, 33-34].

Table 2.1: 5G mobile network requirements.

Attributes Values (compared to 4G networks)
System capacity 1000 times

Spectral efficiency 10 times

Energy efficiency 10 times

Longer battery life time 10 times

Reduced latency 5 times

Higher number of connecting devices  10-100 times
Reduction in energy per bit as well as 100 times

cost per bit

Mobility support up to 500 km/hr

2.2 5G network architectural evolution framework

In this thesis, a framework of the 5G network architectural evolution for the
network capacity is proposed in Figure 2.1 and is detailed in Figure 2.2. Though there
are a number of enabling technologies in each evolutionary direction, in order to meet
the capacity demand of 5G networks, we limit the scopes of discussion on the enabling
technologies as follows in this chapter. However, discussions on a number of enabling
technologies, e.g. mmWave, massive MIMO, and SDN, can be found in Appendix A.

e for RAN node and performance enabler, MC, PC, and FC based dense HetNets
and elCIC based interference management for resource reuse and allocation in
3D in-building scenario,

e for network control programming platform, logically distributed programmable

network platform, i.e. cell-centric and device-centric networks, and

e for backhaul network platform and synchronization, backhaul networks and

deployment scenarios and solutions.
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Figure 2.1: 5G network architectural evolution framework.
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Figure 2.2: Detailed 5G network architectural evolution framework.

2.3 Radio access network node and performance enabler

2.3.1 Radio access network node

The 5G RAN is expected to consist of densely deployed heterogeneous nodes,

particularly low power nodes. Network densification with SCs is considered as one of
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the prominent approaches to achieve the high capacity of 5G networks where SCs are
deployed in the coverage of a MC such that the distance dependent path loss between a
UE and a SCBS is reduced to improve the throughput per user. Various types of SCs
such as PC, FC, relay node, and remote radio head (RRH) have been standardized by
the 3GPP for 4G long term evolution-advanced (LTE-Advanced) systems with a future
deployment of device-to-device and machine type communications as parts of beyond
LTE-Advanced or 5G systems. Each of these SCs has a number of different
characteristics from others in terms of, e.g. transmission power and cell coverage area.
Hence, 5G network architectures depend largely on the type and the density of these
SCs. Basic features of MC and SCs such as PC, FC, and RRH are discussed as follows.

A MC is usually characterized by a high transmission power, a wide cell
coverage, a large number of concurrent user associations, and an open access for all
users. Antenna radiation patterns of MCBSs can be either omnidirectional or sectorized.
The number of antennas at a MCBS can be multiple, e.g., an evolved nodeB of LTE-
Advanced systems with the maximum number of eight antennas in the DL. These
evolved nodeBs are connected to each other via X2 backhauls to exchange signaling
information, e.g., common control signals using the C-plane and user data information

using the U-plane for cooperation.

A PC is a BS with a relatively lower transmission power than that of an evolved
nodeB, and correspondingly with a limited cell coverage. A PC usually serves a few
tens of users, and is deployed typically in hotspot areas such as shopping mall, bus
station. PCs are usually connected to an evolved nodeB with X2 backhauls. The major
purpose of deploying a PC is to improve local user throughputs within its periphery and
also places where an indoor coverage from a MCBS is poor. Like a MCBS, a picocell
BS (PCBS) is also deployed by an operator [1].

A FC is also a low power BS with a transmission power typically less than that
of aPC. It is also called as home evolved nodeB [35] in the 3GPP LTE-Advanced, and
usually covers a limited area less than that of a PC. Based on the access policy, FCs are
usually classified into three types, namely, an open access, a CSG, and a hybrid access
[36]. In an open access type, any user can get access to a FC; whereas in a CSG, only a
specific group of users are allowed to get an access; and in a hybrid access, a portion of

FC resources is restricted for a particular group of users, and the remaining can be
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accessed by any user. FCs are usually deployed in indoor coverage areas to improve
indoor user throughputs as well as in areas where the received signal strength from a
MCBS at a UE is very low or lower than the minimum requirement for establishing and
continuing a communication link. FCs use consumers’ broadband connections as

backhaul links such as digital subscriber line, copper cable, and optical fiber [1].

Similar to a MCBS, a RRH is a high transmission power BS which is usually
compact in size and low weight [1]. RRHs are connected to a MCBS via high speed
links such as optical fibers, and all control and baseband signal processing tasks are
performed for RRHs at MCBSs. The main purpose of RRHs is to distribute the cell
coverage by remote BSs such that constraints from site acquisitions [1] can be flexibly
tackled. This distributed form of antennas is called DAS which offers an improved link
quality, reliability, and coverage because of the more frequent presence of LOS links.

A comparative framework of these nodes is shown in Table 2.2 [1, 37].

2.3.2 Radio access network performance enabler
A. Network capacity

A high system capacity is the major requirement for the evolution of 5G
networks. With no specific direction on how the envisaged high capacity of 5G
networks can be achieved, we intend to exploit the Shannon’s capacity formula to point
out possible ways to enhance the system capacity of 5G networks. Assume that the link
capacity between a UE and a BS is the same as the received throughput at the UE. Using
Shannon’s capacity formula, the link capacity for a point-to-point communication
between a MCBS and a UE considering interference effects at the UE can be expressed

as

CIink = BIink Iogz(1+ Pue/(lue + nue)) (21)

where Py, lue, and nye are the received signal power, the interference power and the
additive white Gaussian noise power respectively at the receiver. Biink denotes the link
bandwidth.
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Dense Specifications attributes
HetNet Typical Cell RAN Deployment
nodes | transmission | coverage | backhaul Utilization | environment
power connection and planning
MC 46-49dBm Fewkms LOS Network Outdoors;
microwave, associations  planned
Optical for high
fiber mobility UE,
wide area
coverage
PC 23-30dBm Lessthan LOS Data traffic Indoors or
300 m microwave, offloading outdoors;
Optical from MCs, planned
fiber indoor and
outdoor
capacity
improvement
FC Lessthan 23  Lessthan Copper Indoor Indoors;
dBm 50 m cable, coverage unplanned
digital area
subscriber  capacity
line improvement
RRH/ 46 dBm [1] Few kms  Optical Cooperative  Indoors or
DAS fiber gain, handoff outdoors;
reduction planned

Assume that there are S links that can be provided with the system bandwidth

Bsys. For simplicity, assume that all UEs have the same link characteristics such that

values of Pye, lue, and nye are the same for all UEs. Hence, the system capacity is directly

proportional to the link capacity. Consider also that there are more than one antenna at

the BS and at the UE such that there exist My parallel spatial channels in a link, where

Muee = min {n;, nr} denotes the spatial multiplexing gain, and n¢ and n, denote

respectively the number of antennas at the BS and at the UE. Assume that SCs are

deployed in the coverage of a MC and are operated with the same system bandwidth,

i.e., Bsys, such that the bandwidth is reused Kye times to SCs. Hence using (2.1), the

system capacity of HetNets for a single MC overlaid by SCs can be given as

C,. =K, M,B

ue —sys

Iogz(1+ Pue/(lue + nue))

(2.2)
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Note that we implicitly consider that the received power is the same at a UE
irrespective of whether the UE is served by a MC or a SC for simplicity and consistency.
The assumption is reasonable enough in a sense that the higher transmission power of
a MCBS than a SCBS is compensated by good channel conditions between a UE and a
SCBS because of lower path loss, higher probability of LOS link, and less fading effect
in a SC than a MC. In addition, we assume that the Mye spatial channels have the same
capacity. By analyzing (2.2), possible ways to improve each element that eventually
contributes to an improvement of the overall system capacity Csys of 5G HetNets can

be pointed out and are mentioned in the followings:

e The denser a HetNet, the higher the interference effects through the term lge.

e By increasing the density of SCs per unit area, more frequency reuse (i.e., higher

Kue) can be performed.

e By implementing a massive number of antennas at a MCBS, a large spatial
multiplexing gain Mye can be achieved. This implementation of a large number
of antennas at a BS is called massive MIMO. In addition to massive MIMO,
other advanced technologies such as networked MIMO and DAS can also be
used.

e The more the system bandwidth, the higher the system capacity. Since most
frequencies below 3 GHz have almost been utilized, possible ways to increase
spectrum bandwidths are to aggregate spectrums from mmWave bands, ranging
from 3 to 300 GHz. From mmWave spectrum bands, several tens of GHz of
bandwidth would be made available for the capacity of 5G networks [3].

¢ An interference management technique, e.g. elCIC, can be applied to improve

signal power Pye and to mitigate interference power Iy at a UE.

In the following subsections, enabling technologies of 1, 2 and 5 are discussed.

B. Dense HetNets
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The densification of mobile networks evolves with time as the requirements
arise from multiple aspects, e.g. coverage and capacity. In the early stage, the
development of mobile networks was based mainly on cell coverage where a large area
incorporating both indoor and outdoor environments was considered to be covered by
a MC with a high transmit power which was sufficient enough because of mainly voice
based low traffic demand. However, with time as the number of mobile users got
increased, there was a necessity for a paradigm shift from the coverage limited to the
capacity limited network design to address the growing demand of capacity. A typical
practice used for years was by splitting a MC into smaller ones, also termed as
microcells, to cover mainly high traffic generation areas within a MC. Along with
traffic demand, locations of traffic generation were seen substantial, and the traffic

generated in indoor surpassed that of outdoor environments.

Now-a-day globally, data traffic demand exceeds voice traffic, and about 65%-
70% data traffic [38] generates within indoor environments. Because of a high external
wall penetration loss, serving such a huge amount of indoor traffic at a high capacity
with indoor BSs rather than outdoor ones becomes crucial. Because of a poor coverage
and a low signal transmission capacity within indoor environments by MCs along with
a high transmit power requirement of MCs necessitate a shift again in network
densification from outdoor to indoor environments where SCs are deployed within
indoor environments to cover a small area by each SC to serve indoor UEs at a close-

in distance.

Since the capacity demand of 5G networks, is projected to be 1000x that of 4G,
an extremely dense deployment of SCs is considered as the major enabler to achieve
the required capacity. Such an extremely dense deployment of SCs within indoor
environments may shift the existing outside-in approach to a new inside-out approach
of BS deployment so that indoor SCBSs can serve close-in low mobility outdoor UEs
in addition to indoor UEs, and outdoor MCBSs can serve outdoor high mobility UEs
[38]. With time, such shifting paradigms of network densification commensurate with
the degree of density of BSs per unit area to cope up with network performance
requirements. According to [8], the density of MCBSs in 3G is 4 to 5 BS/km?, microcell
BSs in 4G is 8 to 10 BS/km? to improve transmission rates in some parts, i.e. hotspots,
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within a MC area, and SCBSs in 5G is 40 to 50 BS/km? (expected) to ensure seamless

coverage (Figure 2.3).
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Figure 2.3: Network densification evolution: 1G to 5G (expected).

1. Driver, exploitation and benefits

Though there are mainly three ways the capacity of 5G can be achieved, because

the spectrum availability is already scarce, and the spectral efficiency of current

networks reaches almost Shannon’s limit of capacity, the only option left to improve

capacity is the densification of SCs as extremely as possible [38] within the coverage

of MCs. SCs take advantages of mainly two aspects, namely a short distance between

a SCBS and a UE to enhance signal quality (and hence throughput) and reuse of the

same frequency in SCs to improve spectral efficiency [39]. This implies that since a UE

throughput is directly proportional to the available transmission channel bandwidth, the
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overall SC network capacity improves linearly with the density of SCs. There are
various types of SCs that are existing in the current networks such as FCs, PCs, and
RRHs. PCs and RRHs are typically used for outdoor hotspot coverages whereas FCs
are mainly used for indoor coverages. SC network densification brings a number of
benefits, including (i) its allows an intense spatial reuse, (ii) it allocates larger share of
the available spectrum to UEs because of the less number of UE per SC, and (iii) it

reduces path loss by decreasing distance between a SCBS and a UE [40].

2. Types of HetNets

SCs can be deployed in two ways based on how spectrum resources are assigned
to them, namely single-band and multiband deployments. When both MCBS and SCBS
operate at the same frequency, i.e. co-channel, the resulting HetNet is termed as
underlay HetNet, whereas when they operate at an orthogonal or different frequencies
is termed as overlay HetNet. However, when both approaches of deployments is
employed to a HetNet, the resulting HetNet can be termed as mixed or hybrid HetNet.
Overlay HetNet outperforms underlay HetNet in terms of no cross-tier interference at
the cost of additional expensive spectrum use, whereas underlay HetNet outperforms
overlay HetNet in terms of high spectral efficiency by reusing spectrum resources in
SCs at the expense of increased cross-and co-tier interferences and backhaul overheads

for coordination among MCBSs and SCBSs for interference management.

3. Practical limitations and tradeoffs

A number of practical limitations that may affect network densification are
outdoor environment, site acquisition, site-to-site distance, physical antenna size for
outdoor environment, and external wall penetration loss, internal wall loss, and energy
efficient window for indoor environment. In addition, distance dependent path loss
exponents, different propagation models, and traffic models also affect network
densification [41]. Furthermore, the signal propagation between indoor and outdoor is

also affected by modern energy efficient construction materials. As reported in [42],
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the average outdoor-indoor penetration loss in modern buildings is about 19-23 dB,
whereas for older buildings, the range is about 6-9 dB. Therefore, there is an additional
13-14 dB average penetration loss from modern energy efficient building materials with
a peak loss can be as high as 35 dB.

Hence, the densification of SCs has to be properly done since there are a number
of tradeoffs from network performance point of view. The more the density of SCs, the
less the coverage per SC, that results in a decreased path loss between a SCBS and a
UE but an increased interference between UEs. Moreover, the reduced coverage of a
SC results in a strong presence of LOS components that degrades gain from multi-user
diversity because of near similar channel characteristics of UEs [40]. This implies that
there is a limit of densification beyond which the capacity may get saturated even with
an increase in SC densification which calls for a systematic view towards the tradeoffs
of network densification to define an appropriate density of SCs [40]. Note that
although the 2G and 3G mobile systems were noise-limited, and the 4G deployed with
multi-antenna technology is interference-limited, because of considering an extreme

dense deployment of SCs for 5G, the 5G mobile system will be density-limited [8].

4. Research on dense HetNets

There have already been tremendous considerations on network densification
towards 5G networks. A rich amount of researches have already addressed many issues
of dense HetNets such as a general overview on dense HetNets in [43], the role of SCs
in [44], performances of dense HetNets from various deployment perspectives in [38],
coordination of interference in dense HetNets in [45], cooperative distributed radio
resource management (RRM) in hyper-dense HetNets in [46], energy efficiency,
spectral efficiency, and quality-of-service tradeoffs in [47], coverage analysis of LTE
urban HetNets with dense FCs in [48], and a novel architecture using SCs to address
machine type communication traffic in [49].

C. Interference management in HetNets
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Interference is one of the major bottlenecks and is more severe in dense HetNets
than in traditional homogeneous networks. The major sources of interference in
HetNets are unplanned deployment, restricted FC access, transmission power
difference among nodes, and new techniques such as cell range expansion [1]. In co-
channel deployment of a FCBS, a MU close to the coverage of a CSG FCBS is
interfered highly by the CSG FCBS in its DL reception as shown in Figure 2.4(a) as the
MU is not allowed to get access to the FCBS. Similarly, a MU at far distance (e.g., near
cell-edges) from a MCBS transmits in the UL at a high power to compensate the path
loss, and hence originates cross-tier interferences by jamming UL transmissions from
FUs to a FCBS. Further, the unevenness in transmission powers of different nodes in
HetNets is another potential cause of interference. Since a UE usually gets connected
to a BS with the highest DL signal strength in its neighbor BSs, a UE prefers to get
connected with a MCBS because of its higher transmission power than that of a SCBS,
e.g., PCBS. This creates a phenomenon called imbalance in load distribution between
cells, and a MCBS s likely to get overloaded almost always even though there are
PCBSs around UEs at much shorter distances than those from the MCBS. Moreover,
UEs in the near coverage of a PCBS is interfered highly in the DL from the PCBS
(Figure 2.4(b)). If a UE near a PCBS is connected to the PCBS, this can help the UE
not to suffer from the DL interference since the UE is now communicating with the
PCBS and also offloading traffic from the MCBS.

Both offloading problems and the DL interferences for a MU can be addressed
by expanding the actual PC area by adding an offset to the reference signal received
power of a PCBS which is referred to as cell range expansion [50]. When a PCBS is
employed with cell range expansion, a UE receives a higher reference signal received
power from the PCBS, and hence more UEs are likely to get connected to the PCBS.
This results in more MUs to be offloaded to the PCBS from a MCBS and less DL
interferences at a MU. However, those pico UEs (PUs) which are within the expanded
cell area of a PCBS are likely to suffer from the DL interferences caused by a MCBS
as shown in Figure 2.4(c). This can be overcome by coordinating resource scheduling
decisions between a MCBS and a PCBS via backhaul links, e.g. by scheduling
orthogonal RBs by a MCBS to MUs near the victim PUs.
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Figure 2.4: Interference in HetNets.

Interferences in HetNets can better be managed by using FD, TD and power
control ICIC techniques which are aggregately called as elCIC [1]. In TD elCIC
techniques, a victim UE is scheduled in TD while interferences from other nodes are
reduced. The use of ABS is one way to address TD elCIC techniques where the victim
UE is scheduled during ABSs (Figure 2.5) [1]. As mentioned earlier, interferences from
a CSG FCBS s can be overcome by using ABS based elCIC. For example, if a MU is
near to the coverage of a CSG FCBS, ABSs can be applied at the FCBS such that the
MU will be scheduled only during ABSs. In an ABS, data and control signals are not
scheduled; however, only reference signals are scheduled (Figure 2.6). Another
approach to address TD elCIC is to apply shifting to the subframe boundary by a
number of orthogonal frequency division multiplexing symbols of one BS with respect
to the other such that control channels of both BSs do not overlap each other (Figure
2.7). However, control channels of the MU (near the FCBS) are still interfered by data

channels of FUs. To overcome this problem, one approach is to mute those overlapped
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orthogonal frequency division multiplexing symbols of the FCBS with the control
channels of the victim MU. The other approach is to configure subframes of the FCBS

as ABSs that overlap control channels of the MU.
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Figure 2.5: Transmit power versus subframe in ABS.
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Figure 2.6: ABS based TD elCIC between MCBS and FCBS.
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Figure 2.7: FCBS subframes are shifted by 3 symbol durations with respect to that of
MU.

In FD elCIC techniques [1], by orthogonal scheduling of control channels
between cells in a reduced bandwidth, interferences can be mitigated. Along with a
static orthogonalization, a dynamic FD orthogonalization can be performed by
detecting a victim UE. An interfered UE can be detected at a BS based on the UE
specific measurement reports. The victim UE’s BS then informs the interferer BS via
backhaul signaling. A victim UE can also be detected by an interferer BS and can
coordinate its scheduling decision with the victim UE’s BS [1]. In power control eICIC
techniques, different power control techniques can be applied to SCs [1]. However, a
reduction in transmission power at a FCBS will eventually reduce throughputs of its
FUs at the gain of reduced interference for MUs. Some trade-offs can be considered on
scenarios of interest such that an optimal power control at SCs can be adopted and may

contribute to an overall system capacity improvement.
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D. Inter-cell RRM for interference management

Using coordinated multi-point (CoMP), tight inter-cell RRM (IC-RRM) for
orthogonal resource assignment such that interference can be managed within limits
can be achieved. Two approaches [51] such as centralized and autonomous IC-RRMs
can be considered. In centralized IC-RRM, a group of RRHs are connected by high
speed backhaul links (e.g., optical fiber) to a centralized BS (also called evolved
nodeB). All the baseband signal processing is performed at the evolved nodeB. Radio
resources are scheduled at a single point, and scheduling decisions are coordinated
among all RRHs such that the interference is mitigated considerably by an orthogonal
assignment of resources. This centralized IC-RRM approach is beneficial to HetNets
where independent link connections between UL/DL to different nodes can be possible
because of the centralized processing at the evolved nodeB. For example, the UL can
be connected to a SC, e.g. PC, and the DL is connected to a RRH of the evolved nodeB
of a UE. Coordination with the PC can be performed via X2 backhaul with the evolved
nodeB. Hence, this in turn mitigates the interference at a UE along with providing

necessary UE throughputs in the UL/DL based on necessity.

In autonomous IC-RRM, evolved nodeBs are connected to each other via X2
interface, and relevant information for resource scheduling is exchanged between them
such that the interference at a UE, particularly a cell-edge user is minimized. This
approach is particularly important for a MU near the coverage of a CSG FCBS where
a MU receives weak MCBS signal and is interfered significantly in the DL from the
nearby CSG FCBS because of no access to that FCBS. The ICIC gain from this
approach employing X2 interface between evolved nodeB and FCBS has been reported

in the literature. Figure 2.8 shows an example network architecture for IC-RRM.

2.4 Network control programming platform

The programmable feature of network control is one of the most impactful

aspects toward the evolution of 5G networks. The traditional way of
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Figure 2.8: Network architecture for IC-RRM.

controlling wireless networks is based on programming networks in a distributed
manner where control plane is distributed network wide both logically and physically
in networking devices. Usually, wireless network control mechanisms are based on
either a local or a global network view. In a distributed programmable network,
typically a network control mechanism is based on a local network view. The local
network view is usually centered on a network entity such as a cell and a UE where the
former is termed as cell-centric, and the latter is termed as device-centric network
control. On the other hand, in a centralized programmable network, a network control
mechanism is usually based on a global network view where a centralized network
entity controls the whole network with global information of the network. This
centralized network entity is termed literally as controller which can be implemented
physically in a distributed manner where physical controllers exchange information to
one another, but logically they can act as a single control entity [52-53]. 5G networks

can be evolved in either a logically centralized or a logically distributed programmable
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control networks. Since the former is not the scope of this research, the later approach
is considered. Note that logically distributed programmable control networks can be of

cell-centric control or device-centric control as described below.

2.4.1 Cell-centric control networks

In traditional cell-centric architectures, a UE gets services from a network by
making a connection establishment both in the UL and in the DL that carry user data
traffic and control signals by using either a frequency division duplex or a time division
duplex technique. All BSs (typically MCBSs) have usually the same transmission
power for homogeneous networks. BSs are deployed and scaled on capacity demand,
following a cell planning strategy, e.g., frequency resource reuse factor. A network is
controlled in a distributed manner where each BS takes responsibilities of all UEs under
its coverage and hands off to an adjacent BS with the assistance of a mobility
management entity (MME). Functionalities of all layers (i.e., layer 1, layer 2 and layer
3) are performed at a MCBS. All UEs within MCBS coverage are under the sole control
of BS. C-/U-plane functionalities of a UE are performed locally at a MCBS. A UE is
controlled by the network employing both C-plane and U-plane connectivity which are
governed by the same entity. For example, when a UE initiates a service request to a
MCBS, from the network and cell selection procedures to an end of a service session,
all control signaling and user data transferred between the MCBS and the UE over the
whole session are governed by the same MCBS as long as the UE does not reselect or
hand-off to a different MCBS. After successfully handing off, only a new MCBS
governs the UE, and all functionalities regarding control and data planes are transferred
to the new MCBS from the old MCBS. In short, a UE cannot be served for C-plane and
U-plane functionalities by different BSs at a time. To boost capacity of homogeneous
networks, SCs can be deployed in the coverage of a MC such that the same carrier can
be reused in the SC tier.

2.4.2 Device-centric control networks
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In device-centric control network architecture, a device should be able to
communicate with a network through multiple nodes by exchanging multiple flows in
a HetNet [3]. Hence, a set of nodes provide connectivity to a device, and functions of
these nodes should be contextualized to a specific device during a session. To introduce
a device specific architecture to 5G networks, many changes on existing cell-centric
networks need to be addressed, e.g., decoupling C-plane and U-plane, serving UL/DL
by separate nodes, decoupling baseband processing unit from processing hardware unit
of a node, and beamforming with a high antenna directivity at mmWave spectrums. A
model of device-centric network architecture for 5G networks is shown in Figure 2.9
[3]. Because 5G networks will encompass heterogeneous nodes, many of which will
likely be unplanned by the network provider, flexible and reliable accesses of these
nodes to the network will become crucial issues. Decoupling features have been
proposed to address these issues. In the following, a number of proposed decoupling

features are discussed briefly, and further detail on them can be found in Appendix A.

A. Decoupling C-plane and U-plane

In distributed HetNets, SCs can be deployed with a separation of C-plane and
U-plane. In this configuration, U-plane of a UE is served by SCs, whereas C-plane is
served by a MC. A SC simply provides U-plane traffic, and the MC provides C-plane
traffic to a UE. SCs are not configured with cell-specific signals, e.g., synchronization
signals, and all radio resource control (RRC) connection procedures are provided by
the MC. Hence, these SCs are also termed as Phantom Cells [4]. SCs can be assigned
with a high frequency band such as mmWave. However, to provide the mobility
requirement, the MC is assigned with an existing microwave cellular spectrum. This
can help address a high capacity need for 5G networks by SCs, and at the same time,
reduce the number of hand-offs because of large coverage area by the MC. There are
two scenarios for realization of C-plane and U-plane splitting, namely, SCs with
baseband processing located at a MCBS and SCs with independent baseband
processing. In scenario 1, all baseband processing of SCs and a MC are performed at
the MCBS. SCs simply carry U-plane traffic to a UE. Though physically separated, the

MCBS and a SCBS are logically seen as a single entity. Because of common U-plane
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processing of all SCs, there is a limitation to the maximum number of SCs that can be
deployed in a MC coverage. This scenario can be applied to the 3GPP LTE carrier
aggregation deployments [54].

In scenario 2, each SC has its independent baseband processing system, and
hence a SC appears as a separate entity from the MC. This configuration of C-plane
and U-plane overcomes the limitation of scenario 1 because of a local baseband
processing at a SC itself and helps scale network capacity. Based on scenario 2, a new
RAN architecture that employs C-/U-plane separation has been proposed in [4] as
shown in Figure 2.9(a). C-plane of a SC is managed by a MCBS, and U-plane is served
by the SC itself that requires a new data path (S1-U) as a backhaul to connect to the
core network. The MCBS is connected to the SC via a new interface X3. The MC first
sends an RRC message to a UE to measure channel conditions between the UE and the
SC for the connection establishment. After measuring channels, the UE then reports
channel conditions to the MC. The MC then asks the SC via backhaul links for its
preparation to serve the UE. Once the SC confirms with a positive response for its
preparation to the MC, the MC then initiates to the UE an RRC connection set-up
request from the SC to the UE. The UE then requests for a connection to the SC using
the random access (RA) procedure with preamble. The SC then responds to the UE’s
RA request, and the UE then sends the RRC connection set-up (between the SC and the
UE) confirmation message to the MC. User data are now sent directly via S1-U

interface from the core network to the SC, and the SC then sends user data to the UE.

B. Decoupling downlink and uplink

In the DL of HetNets, different BSs have different transmission powers with a
difference of more than 20 dB between a MCBS and a FCBS, and hence their coverages
vary accordingly. However, in the UL, transmission powers from UEs are almost the
same. In the DL, the maximum signal-to-interference-plus-noise ratio (SINR) region
follows the transmission power of each BS, i.e., a MCBS with the largest, and a FCBS
with the smallest. However, this is not the case in the UL where the maximum SINR

region of a MCBS suffers the most, and the maximum SINR region of a FCBS can
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surpass the coverage of a MCBS [55]. This is because UEs are comparatively much
closer to a SCBS than a MCBS. Hence, a UE may have a good coverage for the UL
from one BS and from another BS for DL. Further, when UEs are served by different
BSs for the UL transmissions, they may cause interferences to one another if UEs are
assigned the same resources in the UL. Hence, classical interference models
considering symmetry in the UL/DL are not directly applicable for HetNets. So, the
UL/DL should be considered as separate networks along with new interference models
for HetNets with asymmetry in transmission power and irregularity in deployment.

Figure 2.9(b) shows an example scenario of this type of network architectures.

C. Decoupling baseband processing unit and node

In this decoupling approach [56], by introducing virtualization concepts on BSs,
baseband signal processing hardware unit, i.e. baseband unit, is decoupled from its
node, i.e., BS [3], and all baseband units are aggregated centrally into a virtual BS pool.
Centralized baseband unit, cooperative radio with distributed antenna based RRHs and
real-time cloud radio access network (C-RAN) can address requirements of 5G
networks. With a centralized baseband unit, a reduction in site costs and with RRHSs, an
increase in spectrum efficiency can be achieved. Further, with real-time cloud
infrastructure and BS virtualization, dynamics in resource allocation, a reduction in
power consumption, and an increase in infrastructure utilization can be achieved. C-
RAN is an alternative approach to current networks and is targeting to the most typical
HetNets scenario [56]. Based on a layer-wise (both control and data planes) functional
splitting between a baseband unit and RRHSs, full centralization and partial
centralization of C-RAN can be realized. In full centralization of C-RAN, baseband
(i.e., layer 1), layer 2 and layer 3 are incorporated in a baseband unit. However, in
partial virtualization of C-RAN, layer 1 functionalities are left with RRHSs. In either
case, a C-RAN consists of three main components [56], namely, a baseband unit which
is incorporated with a high-performance programmable processor and a real-time
virtualization technology, distributed RRHs which are integrated with antennas, and
high speed low latency optical fibers that connect all RRHSs to the baseband unit. Figure
2.9(c) shows example C-RAN architecture [56].
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Figure 2.9: A device-centric network architectural model for 5G networks.

2.5 Backhaul networks

2.5.1 Deployment scenarios and solutions

5G networks will be denser than current HetNets in LTE-Advanced systems. In
such a complex HetNet, a tight integration and a high level of cooperation between cells
are crucial to address several significant and unavoidable issues such as interference
management and load balancing. Backhaul networks will play a significant role on
connecting BSs in a dense HetNet and providing a channel to communicate and to
cooperate one BS to another. Backhaul networks take a considerable share of the total
cost of ownership of the network. Hence, backhaul solutions should be cost-effective,

easy to install, highly scalable and flexible, and not be a barrier to performances of
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HetNets [57]. However, reusing the same spectrum between spatially separated cells
puts much requirements on delay, delay variation, and synchronization, particularly
between a MC and a SC.

There are a number of backhaul solutions such as microwave links using above
20 GHz frequency bands [58], microwave links using sub-6 GHz frequency bands,
point-to-point optical fiber, point-to-multipoint optical fiber, category 5/6 LAN, and
digital subscriber line. Backhaul solutions vary with requirements such as scalability,
cost-effectiveness, and quality of experience. Scalability of a network can be achieved
through a well-defined and carefully selected set of these backhaul technologies. By
considering a common approach for traffic management by using single-vendor
provided solutions, the total cost of ownership for the SC layer can be made one-half
from, e.g., reduced infrastructures by the proper coordination [59] to address the cost
issue. If a backhaul solution needs to address quality of experience, one way to do so is
to ensure a proper coordination between radio nodes and layers which require a high
performance end-to-end backhaul solution such as optical fiber or LOS microwave link,
particularly for links from MCs whenever possible. If a fixed backhaul solution is not
available, wireless links can be used as a default choice, and NLOS can also be

considered for a greater degree of freedom.

For outdoor deployments, wireless and optical fiber backhauls are good choices
and for indoor deployments, reuse of existing copper and optical fiber can be
considered. Practical deployment scenarios, e.g., on city street, there are mainly two
deployment scenarios, namely, an indoor environment (e.g., indoor hotspot) and an
outdoor environment (e.g., bus stop). For an indoor hotspot, usually a PC is deployed,
and can be connected to a MC over an existing digital subscriber line backhaul.
However, based on capacity demands and environment profiles, optical fiber or LOS
microwave can be considered. For almost all other indoor SCs, almost any backhaul
can be used. For an in-building scenario, telephony cable and copper category 5/6 cable
are seem to be the most used backhauls. For an outdoor microcell, it should be
connected to the MC viaa LOS or a high performing NLOS backhaul. Figure 2.10 [57]
shows the capacity and delay characteristics of various backhaul transmission

technologies.
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Figure 2.10: Capacity and delay characteristics of various backhaul transmission
technologies.

2.5.2 Backhaul solutions for 5G networks

The backhaul solutions for SCs in Dense HetNets can be implemented either
centralized or distributed manner as given in [60] for 5G networks. In a centralized
backhaul solution, SCs are deployed in the coverage of a MC and are connected to the
MC via mmWave wireless links. Each SC transmits data to the MC and the MC acts as
the anchor or the central point for aggregating all data from SCs. The MC is connected
to the core network via fiber to the cell backhaul as shown in Figure 2.11 (top).
However, in distributed backhaul solution, a group of SCs form a cluster or a
cooperating set, and one of the SCs act as an anchor that collects all the data from other
SCs within the cluster. The anchor SC is connected to the core network via fiber to the
cell backhaul (Figure 2.11 (bottom)) [60].

In 5G networks, the mmWave spectrum is considered as one of the major
enabling technologies for high capacity. The low latency and high capacity fiber
backhaul is expected to be complemented with NLOS microwave links and LOS

mmWave wireless links with a peak capacity of about 10-25 Gbps [61]. According to
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Figure 2.11: Backhaul solution scenarios: centralized (top) and distributed (bottom).

[61], the 60GHz band (between 57 GHz and 66 GHz) and E band (71-76 GHz and 81-
86 GHz) are well suited for mmWave wireless because of large BW availability in these
bands, e.g. 9 GHz and 10 GHz respectively, license free or light-licensed, and almost
worldwide availability. For short links, 60 GHz band can be a good choice as compared
to E band because of free of license fee to make the network more cost-effective. This
high capacity mmWave wireless backhaul provides operators with an alternative
solution to the traditional backhauling, by using multi-hop short distant links with each
hop of 100-200 meters. With multi-hop mmWave wireless links, high capacity
backhaul of up to 1 km can be viable [62].

2.6 Synchronization in HetNets

Synchronization in HetNets is very important because of an unplanned

deployment of SCs. Time synchronizations mainly affect the cooperation mechanism
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between cells for the coordinated transmissions among multiple BSs as well as for the
alignment of these signals at a receiver. In addition, handovers between cells are time
sensitive, and an accuracy of 1.5 micro seconds for time synchronization is required in
atime division based LTE system [46]. There are mainly three links that may be utilized
for time synchronization, namely, backbone, satellite, and cellular links [46]. Since SCs
are typically connected to the core network via IP links, time synchronization could be
possible to achieve by using IEEE 1588 protocol, i.e. precision time protocol, which
employs time-stamped packets between a server and its clients. However, in the context
of SCs, precision time protocol may face a lot of difficulties in terms of synchronization
error and new investments from deploying precision time protocol enabled routers

throughout the paths between clients and a server.

The use of satellite source such as global positioning system can provide a
highly accurate time information over satellite links in both frequency and time. The
global positioning system is commonly equipped with time division duplex based MCs.
However, it requires a good global positioning system-enabled receiver. Since SCs such
as FCs are expected to be deployed mainly to cover indoor environments, a satellite
signal strength is not good enough in an indoor coverage with a resultant long time to
synchronize or possibly no synchronization at all. The use of cellular networks for time
synchronization can be performed by network listening to the synchronization signals
from neighboring cells, which are possibly synchronized already, to perform timing

adjustments.

Network listening synchronization for SCs is specified in the 3GPP [46]. SCs
can listen to the primary synchronization signal or the secondary synchronization signal
or the common reference signal from neighboring BSs to perform time synchronization.
This approach is cost-effective since it does not impose any extra infrastructure
requirement. However, if the link between a MC and a SC does not exist, then network
listening cannot be done. In this case, SC networks can perform time synchronization
in a distributive manner. Every SC at each iteration detects the synchronization signal
and sets a new time based on its own time and the time from its neighboring SCs.

Eventually, within a short time, all SCs converge to the same time value.
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2.7 In-building cellular mobile communications

2.7.1 Signal propagations in in-building scenario

Propagation in indoor environments is a complex phenomenon and is difficult
to model all the aspects such as reflection, diffraction, scattering, and building layout
and construction effects that govern the propagation. Though in principle, both indoor
and conventional mobile channels show similar basic features such as multipath
dispersion from reflection and scattering phenomenon and can be described with the
same mathematical model, however they do differ in a number of major aspects as given
in Table 2.3 [63]. With a conventional mobile channel means a mobile channel
observed when a BS antenna is elevated by, e.g. a tower or placed on a roof-top of a

building, and a mobile antenna is at a low level.

Table 2.3: Indoor versus conventional outdoor cellular mobile propagation.

Aspect

Mobile channel

Conventional mobile channel ‘ Indoor mobile channel

Time and space

Stationary in time (due to
mainly the signal dispersion
caused by large fixed objects
such as buildings in
comparison to the motion of
people and vehicles) and non-
stationary in space

Non-stationary both in
time- (due to the
motion of people and
equipment around a
mobile antenna) and-
space

Path loss and
variation in mean
signal level

Lower as compared to the
indoor channel

Applicability of

Well established

Not universally

negative-exponent accepted

distance-dependent

path loss model

Doppler shift High because of high velocity ~ Negligible
of mobile users

Transmit power High Low
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2.7.2 Indoor propagation mechanisms

According to [64], there are three categories of most dominant propagation

paths of signal through floors in buildings, which are as follows:

e Category 1. Transmission paths through floors that may include multiple
reflections between walls before or after going through the floors, which are

significant when the transmitter and receiver are far from the windows.

e Category 2: Paths that include multiple diffraction at the window frames and
involve successive diffractions at frames or edges of windows at different floors
of the buildings and also subsequent scattering events, which carry significant
power along diffracted paths when the transmitter and receiver are close to the

windows.

e Category 3: Paths that involve reflections from scatters outside the building
back into the measurement site which is mainly due to reflections from nearby
buildings and is strong enough in dense urban environments, where nearby
buildings are expected to be in close proximity and can potentially reflect strong

signals back onto lower floors of the building under consideration [65].

As reported in [65], as more floors are penetrated, category 3 are considered to
become more pronounced because of external paths that contribute more toward the
received power as compared to the signal penetrated through floors (i.e., direct
component) within the building caused because of a reduction in signal strength from
penetrating through floors and an increase in strength of reflected signals. With an
increase in the number of penetrated floors, the proportion of power arriving via
external reflection paths increases significantly up to 93.2% after two floor separations.
With both simulations and measurements, reflections from nearby buildings have been
shown to increase the received signal by over 10 dB [65]. Hence, when reusing the
same frequency within a building, reflections can cause to increase the co-channel
interference. Since the reflected signals are external to the building and hence largely
free space, the magnitude of reflected signals on lower floors remain the same. The
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strength of the reflected signal is dependent on the distance to the nearby structure, and
the majority of the reflected power arrives on single-bounce paths, with double-bounce
reflections delivering at most 7.7% of the total power [65]. Further discussion on other
aspects such as attenuation caused by multi-floors and floor materials, indoor
propagation modeling, and types of buildings and their impact on signal propagation

can be found in Appendix A.

2.8 Issues of small cell deployments

Density of BS and transmit power per tier play a significant role on the capacity
and coverage of mobile networks. BS consumes about 60% of the total energy of
cellular networks [23]. MCBSs are designed mainly for a large coverage rather than
providing a high data rate. Because of an enormous increase in high data rate services
mainly in indoor environments, a large portion of data traffic is expected to be offloaded
to low power SC networks. Employing such HetNets in recent standards has been
considered as a primary element [23]. A number of major issues related to the

deployment of SCs are pointed out in the followings.

2.8.1 Randomness

SCs specifically FCs are mainly expected to be deployed by the customers in an
ad-hoc manner and hence randomness in FC deployment is considered to be taken into
account while designing SC networks [22]. If SCs are deployed as an overlaid non-
cooperative network, a significant level of cross-tier interference between macro-tier
and SC-tier causes to happen which results in limiting the coverage and capacity of the
SC network. Cross-tier interference depends on factors such as BS density, transmit
powers [22]. As mentioned in [22], it is infeasible to determine how dense and strong
BSs are randomly located and currently activated, and is emphasized that densely
located SCBSs are to be able to sense their neighbors and be self-configured and
optimized to render the cross-tier interference. However, the implementation of the

features of self-configuration and optimization in SCs results in additional complexities
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and associated costs. Hence, relative BS densities per tier and the number of active BSs
per tier in a HetNet is considered to be a primary design concern of SC networks [22].
Authors in [66] proposed a coverage coordination scheme for SC networks where each
SC performs self-configuration and self-optimization of pilot transmit power aligned

with the interference experienced at a SC.

2.8.2 Randomness modeling practice

For Intra-tier, the randomness of BS placements is frequently modelled as
Poisson point process [67-69]. In Poisson Point Process, the average number of BSs per
unit area, i.e. BS density, is probabilistically determined, and the aggregate interference
experienced at a randomly selected UE is considered to be statistically identical. Several
existing works have applied Poisson point process based randomness modeling.
Authors in [70] developed a tractable framework of single-tier network by modeling
BS distribution as Poisson point process and showed that BS density does not have any
impact on SINR statistics, which means that the coverage probability is independent of
the BS density. This is because of the fact that the excessive interference from the
denser BS deployment is compensated owing to attaching a UE to a closer BS and
ensure better connectivity network wide. In addition, the authors in [71] showed that
adding more tiers, e.g. randomly adding different SCs have no impact on coverage
probability since a UE gets attached to the best BS in the best tier. The major advantage
of Poisson point process based randomness of SC modeling is analytical tractability
such that closed form solution can be obtained with reasonable simplicity in
assumptions. However, in complex scenarios, e.g. 3D network scenario, more realistic

use cases are difficult to capture, and hence, no existing literature has been found.

Since the inter-tier interference varies with the BS density and the transmit
power per tier, the coverage of each tier also varies accordingly. A number of existing
works have addressed an optimal BS density issue. Authors in [72-73] showed an
optimal relative BS density per tier to maximize transmission capacity under closed
access of FCs for a two-tier HetNet. The BS distribution is modelled as Poisson point

process in 2D HetNet scenario. Whereas, authors in [74-76] investigated under open
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access FCs to optimize relative BS densities by controlling a fraction of open access
FCs considering the BS distribution modelled as Poisson point process in 2D HetNet
scenario. In [77], authors showed that the optimization of joint and dis-joint sub channel
allocation depends on the relative BS densities and transmit powers.

2.8.3 Minimum separation distance between small cells

Authors in [22] proposed to use a BS location model with a minimum cell
separation distance to ensure a minimum distance between any two cells in each tier
using the Matern hardcore process such that no cells can lie within a predefined
minimum distance from any other cell. Each BS simply checks whether or not if there
has already been any activated cell with the predefined distance to determine an
effective BS density. Larger the minimum distance, lesser the probability that a BS to
be activated because of probabilistically presence of more neighboring BSs with the
circle with radius equals to the minimum distance. Minimum separation distance was
used to show that load balance per cell depends on relative BS densities and transmit
powers. Minimum separation distance helps to adjust the number of BSs to be activated
to reduce the area power consumption and to balance the load over cells effectively
with changing user density [23] and can be implemented in a distributive manner by
adopting self-organizing network (SON) [22]. Note that Matern hardcore process can
be approximated as Poisson point process by introducing an exclusion region around
each BS [22].

Authors in [23] proposed a strategy to find a minimum separation distance
between SCs and derived an optimal minimum separation distance between SCs by
adopting modified Matern hardcore process to analyze the effect of separation distance
on the coverage of SC networks. Like [22], the authors in [23] also considered self-
configuration of BS deployments. In addition, the authors showed numerically that a
larger target user throughput necessitates a lower minimum separation distance (for a
given user density), and so is required for a higher user density (for a given target user

throughput). When the minimum separation distance approaches to zero, it requires
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more SCs to deploy in order to support more users and achieve the required target user

throughput.

All these aforementioned works addressed enforcing a minimum distance based
on the interference statistics around SCBSs, i.e. by sensing the presence of neighboring
SCBSs to avoid intra-and inter-tier interferences by modeling BS locations as Poisson
Point Processes. However, a minimum distance can also be enforced by proper
allocation of resources to SCBSs such that the interference is independent of the effect
of randomness of BS locations. It means that, no matter how randomly BSs are
distributed, as long as interference level at a UE is limited, there is no need to take into
account of BS location. Hence, rather than enforcing a minimum distance which is the
function of random BS distribution deployed by customers, a mechanism that can
address interference issues to ensure an optimal distance between SCs would be more
impactful because of controlling SCs from the network side and independent of BS

randomness in distribution.

Further, stochastic geometric approaches are mainly applied so far in the
existing literature for 2D BS location scenario with more simplistic homogenous
Poisson point process or Matern hardcore process, whereas the study of 3D scenario
existing in practical indoor buildings is not obvious because of complexity and
intractability of analytical expressions. This necessitates a more realistic yet simple
enough model to analyze such a 3D interference modeling and to enforce a minimum
distance. Furthermore, modeling SCs using a random distribution of SCBSs is not a
universal necessity. This is because of the fact that FCs are available in three modes,
e.g. closed access, open access, and hybrid access of the first two. Since typically, open
access FCs as well as most hybrid access FCs are deployed by the operators to provide
high data rate coverage in indoor environment, regular grid based model such as square-
grid based model can be applied for modeling. Hence, operators can use such simple
square-grid based model for enforcing minimum distance between SCs and reusing
resources in SCs to improve spectral efficiency as much as possible. Further, since
employing stochastic geometric approach in 3D in-building scenario is typically
complex and analytically intractable, CSG FCs can be also be modelled using square-
grid based model considering that the average interference statistics over a cluster of

FCs remain typically the same. This issue is addressed in Chapter 4.
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2.8.4 3D versus 2D modeling and impacts on FC interference

Authors in [5] investigated the impact of three-dimensionality of FC
deployments on cross-and co-tier interferences using realistic building data and showed
that interference effects of urban FC deployments under 3D scenario is significantly
higher than that when considering 2D case, and heterogeneity in building heights plays
an important role on the aggregate interference effect in FC networks. Typically, the
interference in HetNets has been studied considerably under 2D scenario, flat, and
homogeneous networks structure for deployment heights [5]. Though 2D modeling is
simple, it is not accurate enough since it cannot account the complex combination of
deployments and propagation effects in realistic 3D buildings. This is raised by a

number of facts as follows [5]:

e FCs in upper floors are more susceptible to interference from neighboring BSs
when operating under the same frequency than those in lower floors, e.g. ground
floor, due to the presence of low loss because of presence of more LOS
components in a larger area than those FCs operating in lower floors. Hence,
channel conditions are different in lower floors (e.g., ground floor) from that in
upper floors. This implies that the height of a building has an important effect

on overall interference in FC networks.

e The interference signal is the most from the nearest adjacent building, which
degrades with an inclusion of additional adjacent buildings (with almost very

low after the fourth adjacent building).

e An increase in the number of interferers and modification of interference

pattern.

Hence, the authors in [5] proposed to consider modeling HetNets under 3D

scenario to introduce more accurate interference effects than that in 2D scenario.
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2.8.5 3D small cell networks modeling

Modeling of interference in FCs installed densely in 3D scenario is an important
area of research to analyze interference, capacity, and coverage effects in indoor
environments. Since in urban areas, most indoor environments are modeled as 3D
building where a dense deployment of FCs in 3D buildings will be an obvious scenario
in order to address high data rate demand of 5G networks, a number of existing works
have already addressed this issue of modeling SC networks in such 3D scenarios, e.g.
office buildings and residential areas. For example, the authors in [16] addressed the
issue of interference coordination in 3D building scenario for an unplanned deployment
of FCs by considering a system with multi-floor buildings having FCs installed densely
in them within the coverage of MCs. They proposed a graph based interference
coordination scheme consisting of three phases, namely FC interference graph
establishment, FC clustering, and frequency resource allocation. The authors showed
numerically that the intra-cell interference of FCs of the same building is the dominant
source of interference as compared to the cross-tier interference from the MC as well
as interferences from FCs of other surrounding buildings because of the presence of
high external wall penetration loss of a building. FCs are clustered based on
measurement reports from their associated UES, and an interference graph is then
formed depending on whether or not an interference between FCBSs exist. Each cluster
is assigned with orthogonal frequency resources to avoid co-channel interference. With
simulation results, the authors showed that their proposed interference coordination
scheme performed better than other conventional schemes such as universal frequency
reuse scheme where each FC is assigned with the whole system BW and frequency

hopping scheme where each FC can choose ¥ of the total sub channels.

2.8.6 Self-configuration and self-optimization of FCBSs

With self-configuration mechanism, a FC initiates its’ transmit power by
sensing the interference from the neighboring FCs to ensure a constant coverage, and

with self-optimization mechanism, a FC continually adjust its’ transmit power using
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transmit power control (based on surrounding radio environments) so that the coverage
of FC does not make an interference with other outdoor cell such as MC. A FCBS first
measure the average received pilot power (over multiple frame in time) from the
neighboring FCBSs and MCBSs and configures its pilot power identical on average to
that of neighboring FCBSs and MCBSs at an initial cell radius. Self-configuration
provides only the initial coverage and is refined over time using self-optimized power
control mechanism. The time average received power measured by UEs associated to a
FCBS is feedback periodically to the FC BS. The FCBS also evaluates the received
interference-plus-noise power and the pilot power of it is then updated based on whether
or not the difference between the feedback power by UEs and the measured

interference-plus-noise power is greater than the predefined threshold or not [66].

2.9 Resource allocation in HetNets

Dynamic resource allocation or packet scheduling is one of the most important
functionalities of RRM. Almost all other functionalities are affected with the
performance of packet scheduling. Packet scheduling allocates or de-allocates
resources, including buffer and processing resources and RBs to both the C-/U-plane
packets. Selection of radio bearers onto which packets are to be scheduled, management
of necessary resources such as power, frequency, time, and space, consideration of
quality-of-service associate with each radio bearer, channel state information (CSI) for
UEs, buffer status, interference situation, and so on along with restriction or preference
on a portion of RBs due to interference coordination are all parts of responsibilities of

dynamic resource allocation or packet scheduling [54].

Packet scheduling policy can be developed based on a number of performance
metrics, e.g. maximum SINR, maximum fairness, or a trade-off of these two, and the
schedulers based on these metrics are respectively called as max-min, Round Robin and
Proportional Fair. In LTE, max-min schedules a UE with the highest SINR at a RB in
any transmission time interval (TTI), and hence it provides the best average throughput
performance but at the least the fairness. This is because UEs with good channel

conditions are always scheduled, and those with poor channel conditions such as the
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cell-edge UEs are scheduled very less and sometimes never at all. Round Robin
schedules UEs with an equal turn in a given period of time with an equal amount of
RBs for each UE, and hence it provides the best fairness but usually at the worst average
throughput performances since it does not consider a UE channel condition into
account. Proportional Fair provides a good tradeoff between these two schedulers by
considering all UEs’ past average throughput into account such that a UE who has been
scheduled very frequently in the past will be given less preference to scheduling even
though its channel condition is far better than the other peer UEs. Proportional fair
scheduler is usually preferable to other two schedulers because of its optimal average
throughput and fairness performances. However, its algorithm development more is
complex than that of max-min and Round Robin schedulers. There are many existing
literatures that examine the performance of these schedulers in HetNets from various
perspectives in order to improve performance metrics such as throughput, fairness, and

other quality-of-service metrics.

The role of packet scheduling in HetNets is very significant. Packet scheduler
is located at the MCBS. In HetNets, SCs such as FCs, PCs, and relay stations are all
connected to the MCBS. The packet scheduler at MCBS takes the decision of which
UE in what time at which RB (or a group of RBs) at what transmit power at which
antenna port in which cell is to be scheduled based on several parameters such as CSI,
precoding metric, mobility, quality-of-service requirement, UE location, UE serving
cell, cell load, cell cooperation, interference mechanism, and so on. There is no
specification from standardization bodies for packet scheduling principle and operation
requirements, and network operators usually define packet scheduling strategy based

on their respective network capacity, user demands and operators’ goals.

2.10 Cooperative communications

In dense HetNets, an effective approach to address interferences from one cell
to another is to ensure a very tight coordination among cells such that the same

frequency can be reused among SCs with an appropriate cooperation. The use of
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cooperative principles will play a significant role on the 5G network capacity

achievement.

Cooperation can be defined as a process of working together [78]. In cellular
wireless networking aspects, a number of BSs and UEs cooperate to address common
network goals such as channel diversification, resource allocation, interference
mitigation, and so on. The perspectives of cooperation are broad, and in this work, we
particularly emphasize those perspectives that are highly relevant on current mobile
networks, specifically the 3GPP LTE with a projection toward future 5G networks. The
concept of cooperative communications was addressed first in [79], where the author
proposed a three-terminal relay channel with a derivation of upper and lower limits of
capacity. Later, the authors in [80] investigated the capacity of a cooperative relay
channel and set a theoretical basis for the research on cooperative communications.
Currently, in LTE release 10 (LTE-Advanced), cooperative communications has been
standardized as one of the advanced technologies to address many crucial issues such
as interference, capacity, diversity, cell-edge user throughput by including relay
stations and CoMP communications. Relay stations are used to allow communication
to a destination node by relaying signals from the network and vice versa. In CoMP, a
group of network nodes (also termed a cooperating set) coordinate among each other,

and this type of cooperation is termed as node cooperative systems.

Relay stations use three possible cooperative protocols, namely, amplify-and-
forward, decode-and-forward, and compress-and-forward. If a backhaul link is poor,
amplify-and-forward and compress-and-forward protocols are favorable. However, for
a good relay backhaul link, decode-and-forward is more advantageous [81]. Since
relays are deployed in the coverage of a MC, relay cooperative schemes are also called
intra-cell CoMP where relay stations and a MCBS cooperate. Cooperation in node
cooperative systems can be held by either joint processing or coordinating strategies
among nodes in a cooperating set. In joint processing, data among all cooperating nodes
are first exchanged via backhaul links, and transmissions and receptions of data take
place jointly from all nodes at a time to improve mainly user throughputs. All
cooperating nodes are connected to each other via high speed backhaul links, and are
forming a DAS which can easily take advantage of spatial diversity, resulting in an

improved overall network capacity. In the coordinated node cooperation, all
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cooperating nodes in a set coordinate strategies, e.g., resource allocation, beamforming
pattern via backhaul links to reduce interferences from adjacent nodes. Control

information such as CSlI is shared for coordination among all cooperating nodes.

The joint processing is further categorized into two, namely, joint transmission
and dynamic point selection. Irrespective of CoMP scheme, control signals, e.g.
physical downlink control channel (PDCCH), are only transmitted from the serving
cell, i.e. the cell where the current physical location of a UE exists. In joint transmission,
all points or partly in a cooperating set are associated with a UE specific demodulation
reference signal (US-RS) and transmit user data simultaneously to a UE coherently or
non-coherently in a time-frequency resource to improve received signal qualities and
data throughputs of the UE. However, in dynamic point selection (muting), user data
are transmitted from only one point of a cooperating set, while all other points are muted
even though the user data is available at all points. Transmitting or muting a point may
change simultaneously from one subframe to another following a specific scheduling

strategy such as the minimum path loss between a point and a UE [51].

In coordinated scheduling/coordinated beamforming, user data are available
only in the serving point; however scheduling or beamforming decisions are taken after
coordinating with all other nodes in a cooperating set. With a combination of joint
processing and coordinated scheduling/coordinated beamforming that results in a
hybrid scheme, a few points can involve in joint transmission simultaneously, while
other points can cooperate for coordinated scheduling/coordinated beamforming in a
time-frequency resource. All these schemes are shown in Figure 2.12. CoMP
communications have been considered for LTE Release 11 [82], and a number of
scenarios of CoMP communications are considered for both the UL/DL in
homogeneous networks as well as HetNets [83].
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Figure 2.12: CoMP schemes in HetNets.

2.11 Summary

In this chapter, relevant reviews on necessary concepts, theories, techniques,
and methods for the dissertation research are discussed. In sections 2.1 through 2.6, a
brief review on 5G mobile networks is given, and a 5G network architectural evolution
framework, consisting of three evolutionary directions, is developed. Though there are
a number of enabling technologies in each evolutionary direction, the review is limited
to those enabling technologies that mainly concern with meeting capacity demand of
5G networks, specifically MC, PC and, FC based dense HetNets and elCIC based
interference management for resource reuse and allocation in 3D in-building scenario
for RAN node and performance enabler, cell-centric and device-centric networks for
network control programming platform, and deployment scenarios and solutions of
backhaul networks and synchronization of HetNets for backhaul network platform and
synchronization. However in Appendix A, additional enabling techniques along these
directions are given. In section 2.7, a brief discussion on 3D in-building cellular mobile

communications, including indoor signal propagations and mechanisms, is given.
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Section 2.8 highlights a number of issues of SC deployments such as randomness and
its modeling practice, minimum separation distance between SCs, 3D versus 2D
modeling and impacts on FC interference, and 3D SC networks modeling. In section
2.9, radio resource allocation and its role on HetNets are discussed. Finally in section

2.10, cooperative communication mechanisms are discussed.



CHAPTER 3
RADIO RESOURCE REUSE TECHNIQUE FOR
3D IN-BUILDING DENSE SMALL CELL

In this chapter, a frequency reuse and scheduling algorithm (FRSA) using an
adaptive ABS based elCIC technique to reuse frequency resources in FCs is proposed.
FCs are deployed in 3D multi-floor buildings in dense urban environments of a multi-
tier network, including FCs and PCs in a MC coverage. By exploiting the high external
wall penetration loss and in-between distance of neighboring buildings, all FCs in a
building are considered as a FCL. The impact of varying the number of ABSs on the
throughput performance of FRSA is analyzed, and an OPNA for FRSA is derived. An
adaptive OPNA scheme for FRSA is developed, and its outperformance over a static

OPNA scheme is shown.

3.1 Introduction

Increase in capacity with an expensive and limited bandwidth is one of the major
concerns of existing cellular mobile networks in order to address a continual increase
in the number of mobile users and the demand for a high per user data rate. This results
in initiating investigations on next generation mobile networks, i.e. 5G mobile
networks, the capacity of which will most likely be driven by three major aspects,
namely, network densification, spectrum extension, and spectral efficiency technique
[4]. Based on recent researches, network densification is found to be the major driver
[84] where SCs such as FCs are deployed in the large coverage of a MC. Because of
smaller coverage and hence less transmission power than a MC, such type of networks
are termed as HetNets. Since the capacity increases with the SC density, providing that
the interference is within a limited range, it is desirable to deploy SCs as densely as

possible that results in an extension of the so-called HetNets to dense HetNets. Dense
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HetNets take advantages of a short distance between a SCBS and a UE and reusing MC
spectrum in SCs by managing interference between cells using techniques, e.g. elCIC
defined in 3GPP release 10 [1]. In indoor cFC deployment, clustering FCs and reusing
resources with a proper interference management are the major challenges in urban

environments that raise a number of issues discussed in the followings.

Firstly, FC clustering which is an effective technique to improve network
capacity by disjointing a set of FCBSs over the whole or a part (e.g., a multi-floor
building) of a MC coverage into a number of subsets or groups. A group of such FCBSs
is called a FCL. Existing FC clustering approaches over a MC coverage are associated

with a number of pitfalls, mainly as follows:

e The maximum resource reuse factor for FCLs per MC is difficult to define as
the size of a FCL and the maximum amount of resources allocated in it are

interdependent because of co-channel interference from neighboring FCLs [21].

e Since in practice indoor FCBSs are typically deployed by users and random in
placement, prior knowledge of the number of FCLs in a MC coverage [21] is

not immediate.

e An extreme level of network densification cannot be exploited fully since
decreasing the size of one FCL necessitates increasing the distances from its

neighboring FCLs to keep the co-tier interference limited.

e There is an additional computational complexity from estimating the number of
FCLs per MC due to different size of FCLs [21].

Secondly, typical interference management and frequency reuse analysis in 2D
scenario for regular HetNets where the density of serving SCs is less than that of served
UESs [84] is not practical enough particularly in urban environments where the existence
of a vast number of multi-storage buildings is obvious. Though 2D modeling for FCs
is simple but not accurate enough since it cannot account complex combinations of
deployment and propagation effects that exist in physical buildings [5]. The major
issues that need to be considered when reusing resources in FCs in a structured 3D

multi-floor building environment as compared to that in a 2D environment are as
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follows. With 2D modeling of SCs, it is not possible to capture these issues that exist

in physical 3D multi-floor buildings.

e The external wall penetration loss of any buildings

e The distance between neighboring buildings and co-channel interference effect

from SCs of neighboring buildings
e The inter-floor and inter-wall penetration losses

e The complex signal propagation from effects such as diffraction alongside a

building and reflection within a building

Thirdly, interference management using elCIC particularly in dense HetNets
under 3D in-building scenario is not obvious. Hence, the proposed solutions in literature
for regular HetNets in the 2D scenario [85-87] cannot be applied directly to the 3D in-
building dense HetNets. Consequently, how to cluster FCs, manage interference using
well established techniques such as elCIC, and reuse resources in FCs deployed in
dense multi-floor buildings deployed in a large MC coverage in urban environments

still remain open issues.

An effective solution for 3D in-building coverage is DAS where antennas of a
BS are distributed within a building. Several works studied interference management
and resource reuse aspects using DAS in 3D in-building scenarios [12-15]. However,
one of the major difficulties with DAS is that each antenna covers typically a larger
area than that by a FC, and hence resource reuse and correspondingly overall
throughput gain by DAS are lower than that achieved by FC based HetNets [13]. A
number of studies also addressed issues of interference management and resource reuse
in FCs under 3D in-building scenario. In [5], authors investigated the impact of 3D FC
deployments on cross-tier and co-tier interferences using realistic building data and
showed that interference effects of urban FCs under 3D are significantly higher than
that when considering 2D scenario. Authors in [16] proposed a graph based adaptive
FC clustering scheme for inter-FC interference coordination within the same building.
Also, authors in [17] proposed a dynamic clustering based cognitive sub-band

allocation scheme to reduce inter-FC interference. FCLs are formed using inter-FC
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interference graphs, and resources are reused in each disjoint FCL within a building. In
[18], authors proposed a semi-static resource allocation scheme where the minimum
number of subbands, one for each FC, is computed by solving a node-coloring heuristic
algorithm in a multi-floor building over iBuildNet, an indoor network planning and
optimization tool. In [19], authors proposed an adaptive soft frequency reuse scheme
where groups of FCs are formed using the received signal strength indication from UEs,
and different frequency reuse factors and transmission powers are adjusted to mitigate
mutual interference. Authors in [20] exploited FFR using iBuildNet to propose a
cooperative transmission and a semi-static interference mitigation scheme for in-

building dense FCs.

Most of these existing works addressed FC clustering within the same building
for reusing resources in FCLs rather than over a large MC coverage. Authors in [21]
addressed FC clustering over a MC coverage, however the proposed approach is limited
to 2D scenario. Though in reality, indoor MUs cannot get access to CSG FCBSs and
interfere with FCBSs and FUs, the existence of indoor MUs within buildings has been
overlooked. Hence, no cross-tier interference managements, mainly in the DL between
indoor MUs and FUs and in the UL between indoor MUs and CSG FCBSs, have been
addressed. Also, implications on interference from neighboring buildings because of
reusing resources have not been emphasized which affect the maximum resource reuse

factor per MC coverage.

Furthermore in practice, it is obvious to deploy PCs for hotspot coverages to
offload outdoor MUs along with indoor FCs, investigations with a system considering
both types of SCs have been mostly overlooked. A scheduling algorithm that can
account of data rate demand of a system having multiple SC user categories, e.g. PC
offloaded MUs and FUs, has not been reported either. Note also that, in HetNets FC
clustering and reusing resources in 3D in-building scenario (mostly for two-tier
networks) and elCIC for interference management have been studied separately in
literature, and to the best of our knowledge, a combined scheme that can benefit from
both elCIC techniques and multi-tier dense HetNets over a large MC coverage has not

been addressed yet. We address these aforementioned issues of HetNets in this chapter.

To reuse resources in a structured 3D multi-floor building environment, as

mentioned earlier we exploit issues 1 and 2, i.e. the external wall penetration loss of
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any buildings and the distance between neighboring buildings, to show that the co-tier
co-channel interference effect from SCs of neighboring buildings is negligible, and
hence we propose a FC clustering approach by considering all FCs per building as a
FCL. Issues 3 and 4 are addressed using TD and FD elCIC techniques by an orthogonal
allocation of RBs, in the whole system bandwidth of the MC, to all SCs located within
a building based on their channel conditions. We then propose a FRSA for an arbitrary
value of ABS in a multi-tier network consisting both in-building FCs and outdoor PCs
in the coverage of an urban MC. The FRSA is developed in two schemes, namely
common resource pool and allocation (CRPA) and orthogonal resource pool and
allocation (ORPA) where one differs from another in the way different MUs are
prioritized during ABSs. Since indoor MUs within FCLs typically get less RB resources
scheduled than other MUs irrespective of the number of ABSs, we propose a model for
estimating an OPNA and derive an OPNA per FC cluster basis under two schemes,
namely adaptive and non-adaptive OPNAs, in order to vary dynamically the number of
ABSs imposed on FCs per building based on the presence of indoor MUs within the
building to avoid cross-tier interference between indoor MUs and FCs. An optimization
algorithm for OPNA schemes is developed, and its implementation aspects are
discussed. We also develop a schematic of the scheduler implementation for FRSA and
discuss the capacity outperformance of FRSA over a number of existing works. Further,
a number of technical and business perspectives of the proposed FRSA are discussed.
The proposed FC clustering and FRSA, using elCIC through modeling an OPNA per

cluster basis, benefit from the following features:

e AFCL is formed by considering all FCs deployed in a building, and hence there

is no computational complexity from estimating cluster size.

e The system model considers a more realistic multi-tier system with different
types of SCs than a typical two-tier system.
¢ Interference effects from indoor MUs within buildings on CSG FCBSs and FUs

are addressed.

e Because of an orthogonal frequency allocation to FCs per FCL, complex intra-

cell interference in a FCL is avoided.
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e The proposed FRSA is independent of the co-tier co-channel interference from

neighboring FCLs, and hence a FCL size is independent from others.

e Because of its semi-centralized feature, the FRSA takes advantages of both the
centralization feature through updating OPNAs per ABS pattern period to
address network delays between the MCBS and FCLs, and the decentralization
feature through updating frequency allocation per TTI to address fast fading
effect on channels between FUs and FCBSs.

The chapter is organized as follows. The system model is presented in section
3.2 in terms of system architecture, FC clustering, interference management, problem
formulation, and proposed FRSA. In section 3.3, we discuss OPNA for elCIC
techniques in terms of proposing a model for an OPNA estimation and deriving an
OPNA under two schemes, namely adaptive and non-adaptive schemes. We develop an
optimization algorithm for both schemes and discuss its implementation aspects. In
section 3.4, the simulation model is presented in terms of simulation parameters,
assumptions and performance analysis for a number of simulation scenarios. We also
report the outperformance of the adaptive OPNA scheme as compared to the non-
adaptive one. In section 3.5, a number of scheduler implementation perspectives of
FRSA are described, and a performance comparison of FRSA with a number of existing
works are carried out. In section 3.6, we discuss a number of technical and business

perspectives of FRSA, and summarize the chapter in section 3.7.

3.2 System model

3.2.1 System architecture, interference management and FC clustering

A. System architecture

We consider a square-grid based FC coverage area where each FCL consists of
a number of 2D floors, and each floor consists of a number of square-grid apartments
with side length a as shown in Figure 3.1(a). Each apartment has one FCBS with a
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coverage area of (axa) m?, which is placed in the center of the apartment and assumed
static. A fixed free space around its building of a FCL and some free space between
two neighboring FCLs are assumed. In general, a and the value of free space are random
variables. A UE per FCBS is considered and placed at the farthest radial distance from
the FCBS. The system architecture is illustrated in Figures 3.1(b) and 3.1(c). We

consider a single MC of a corner excited 3-sectored MC site and a number of SCs,
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Figure 3.1: (a) Proposed 2D floor architecture of a FCL; system architecture: (b)
dense deployment of SCs (c) links of SCBSs to UEs and MCBS, links of MCBS to
MUSs, and other used spaces in a MC.

including outdoor PCs and indoor FCs. A certain percentage of MUs are assumed
within all FCLs. All indoor MUs are served by the MC. In addition, a certain percentage

of outdoor MUs are offloaded to nearby PCs. FCs are dropped as clustered as shown in
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Figure 3.1(a). In Figure 3.1(c), an apartment with yellow color represents that a FCBS

is deployed in it, and the one with ash color represents an absence of a FCBS in it.

B. Interference management and FC clustering

In the system architecture shown in Figure 3.1 for the DL, when all BSs operate
at the same frequency in any TTIs, the co-channel interferences that any offloaded MUs
can experience are from the neighboring FCBSs and PCBSs as well as the MCBS. Any
outdoor MUs can experience co-channel interference from the neighboring FCBSs and
PCBSs. However, indoor MUs can experience co-channel interference from the
neighboring FCBSs and PCBSs. Any FUs can experience co-channel interference from
other FCBSs of the same building, FCBSs of the neighboring buildings, and the
neighboring PCBSs. To form clusters of FCs deployed in a 3D building, both inter-
cluster level and intra-cluster level interference effects need to be managed. In general,
there are in total eleven sources of co-channel interference as shown in circles in Figure
3.2 that can be generated, of which four of them are experienced by FUs, two are by
offloaded MUs, three are by outdoor MUs, and the remaining two of them are
experienced by indoor MUs, when all types of BS operate at the same RB i in the same
TTI tas given below. Note that implicitly, the co-channel interference from any serving
BSs (any BSs to which any UEs is attached to for being served by the network) to any
serving UEs has not been considered since typically a scheduler does not schedule the
same RB i under the coverage of any BSs to multiple UEs in any TTIs t unless any

special mechanisms is considered.

From the MCBS to a FU for the UE in any FCLs, 177"¢

From a FCBS to a FU for the BS and UE located in different FCLs, 177

From a FCBS to a FU for the BS and UE located in the same FCL, | FYsF¢

L A

From a PCBS to a FU for the UE located in any FCLs, 1777

t,i

From a PCBS to a MU for the UE located in MC, | 2"%*¢
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Figure 3.2: Sources of co-channel interference for the system shown in Figure 3.1(b)

when all BSs operate at the same RB 1 in the same TTI t. A number in circle
represents the corresponding source of interference.

From a FCBS to a MU for the UE located in MC, 1 2°F¢

From a FCBS to a MU for the UE located in a PC, 17"V

From the MCBS to a MU for the UE located in a PC, 1 7"*M°

From a PCBS to a MU for the UE located in different PC, 1°/M"¢

From a FCBS to a MU for the BS and UE located in the same FCL, 1;%"V"

From a PCBS to a MU for the UE located in any FCLs, 1%V

Hence with no interference management, when all BSs of multiple tiers operate

at the same RB i in the same TTI t, an aggregate link level interference experienced by

any UEs, of a total of four UE categories denoted as & , such that ¢ = {1, 2, ..., g“max}

where £, =4, can be expressed as follows:
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For a FU, Ifiu — ItFiUMC + ItFiUsFC + ItFiUdFC + ItFiUPC — |tUi01
For an outdoor MU, IV = [2MVFC 4 | 2MUPC = e

For an offloaded MU, 1MV — | ofMUMC | ofMUPC | ofMUFC _ | UC
For an indoor MU, R R R ek

Hence, the link level aggregate interference at RB i in TTI t, I,; can be expressed as

follows:
It,i =1yc (IIL,JiC{) |5iC§ (3.1)
where UC = { Itufl, |tU'iC;mx } 1(-) defines that 1(-) =1if 1 % exists in the set UC

for any ¢, otherwise 1(-) = 0. The interference sources 2, 3, and 9 occur at the co-tier

level, whereas others occur at the cross-tier level. In the following, we first analyze the

co-channel interference effect from sources 1 and 2.

Proposition 3.1: The co-tier co-channel interference from a neighboring FCL (Figure
3.3) and the cross-tier co-channel interference from the MCBS at a FU located in any

FCLs are negligible.

Proof 3.1: We assume that all FCBSs in all FCLs have the same transmission power.
For simplicity, we assume that all channels experience the same fading effect such that
the fading effect of the serving link cancels out that of the interfering link when their
signal power difference at a FU is considered. Hence, no fading effects are considered
in the following analysis. Further, since we use the 3GPP recommended simplified path
loss model for indoor FCs and consider mostly Radio Access Networks - Group 4
assumptions (Table B.5 and Table B.7 in Appendix B), the small-scale fading effect
modeling is not a necessity in general, and is not needed for simplistic interference

scenarios and modeling [88].
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Following [37], the path loss for a signal from a co-channel interfering FCBS

of a neighboring FCL on a serving FU of the serving FCL is given by
PLS™ =PL, , +PL

int

+L

out tow

=[127+30log,,(R,,, /1000)] +[15.3+37.6log,, R, ]+ 2L, (3.2)
where PL,, =127+30log,,(R,,,/1000) [37] is the path loss for an interfering signal for

an indoor distanceR, ,;PL,, =15.3+37.6l0og,, R, [37] is the path loss for an

ind ?

outdoor distance R, >20m between two neighboring FCLs (see Figure 3.3);

L. =2L,, is the total external wall penetration loss for an interfering signal; and L,

tow

is an external wall penetration loss.

For a serving FU at a distance R=R , from a sSFCBS, the path loss is given by

ref
[37]
PLEC =127+ 30l0g,(R,, /1000) (3.3)

ser

Since signals from the sFCBS and interfering FCBS travel approximately the same

distance in their respective indoor coverage to reach a serving FU, assumingR,; =R,

ref —
the difference in path losses experienced by the serving and interfering signals is given
by

PLECES = PLICE _PLES® = [15.3+37.6l0g,, R, |+ 2L,

int ser

For L,, =20dB[37] andR,,, =20m, PL;* =104.21dB, i.e. the interfering signal

strength is 104.21 dB less than that of the desired signal. Hence, the co-tier co-channel

0—10.421

interfering signal is 1 times the desired signal and is negligible compared to the

desired signal at FU.
Following the same procedure, the cross-tier co-channel interference power (in

dBm) from the MCBS at a FU in any FCLs can be expressed as

MCBS __ MCBS MCBS
Pint - R - I:)Lint

= 46-(15.3+37.6log,, R¥™ + L, )
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Figure 3.3: Signal propagation between FCs of two neighboring FCLSs.

=30.7-37.6l0g,, RY** —L (3.4)

out ow

RMCBS  js  the distance between the MCBS and a FU.

out

where

PLi® =15.3+37.610g,, Ri ™ + L, is the path loss for an interfering signal from

int

the MCBS, and P"°®® =46 dBm [37] is the transmission power of the MCBS.

If a serving FU is at a distance R =R, from a SFCBS with a transmission power of 20

ref

dBm, the desired signal power at the serving FU is given by

PFees — _(107+30l0g,,(R

ser

/1000)) (3.5)

ref

In the worst case scenario, i.e. R=R_ =5J/2m and R/ =85m (where 75 m

out
is the minimum separation distance between a MCBS and a SC, and 10 m is the free

space around the building for a FCL [37]), and for L, = 20dB, the difference in power

of received signals at the serving FU is given by P, =P¥® —PL®® =-19.36 dBm =

int ser

0.0115=107 i.e. the interfering signal strength is 100 times less than that of the desired

signal, and can be considered negligible as compared to the desired signal.

As the distance of a FCL from the MCBS increases, the cross-tier co-channel
interference power from the MCBS at a FU decreases and approaches to zero at the MC
boundary. Hence, we can safely assume that the co-tier co-channel interference effect
from any neighboring FCLs and the cross-tier co-channel interference effect from the
MCBS at a FU in any FCLs are negligible even when we reuse the same frequency in
each neighboring FCL. [
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In a similar manner, following the Proof 3.1 of Proposition 3.1, because of high
external wall penetration loss and low SCBS transmit power, it can be shown that the
cross-tier interference effects that exist between any other categories of indoor UEs and
outdoor SCBSs and vice versa, i.e. the co-channel interference effect from sources 4,
6, and 7, are negligible. We address co-channel interferences from sources 3, 5, 8, 9,
10, and 11 through managing these co-channel interferences by avoiding the allocation
of resources to UEs both in frequency and time simultaneously. More specifically,
interferences from sources 3, 5, 8, 9, and 11 are managed by employing FD elCIC,
whereas sources 10 and 11 (for ORPA scheme described below) by employing TD
elCIC. All indoor MUs, offloaded MUs, and outdoor MUs in the MC coverage are
allocated to RBs orthogonally. The system bandwidth of the MCBS is reused in each
FCL, and RB allocations to all FUs in a FCL is considered orthogonal. If a MU is within
a building, i.e. FCL, the TD ABS based elCIC is applied to FCs of that FCL to avoid

co-channel interference between indoor MUs and FUs. Figures 3.4(a) and 3.4(b) show

. All outdoor MUs, offloaded MUs and FUs in a
_ Time _ FCLs except any‘indoor MUSs can be scheduled
& J < RB
(5]
=}
5
(L
! >
All categories of MUs except any FUs - TTI
in any FCLs can be scheduled
(@
) All outdoor MUs, offloaded MUs and FUs in a
Time | FCLs except any ‘indoor MUs can be scheduled
> J «<RB
c
(5]
>
o
o
L
. Sard
Only indoor MUs - TTI
can be scheduled : B Almost blank subframe
(b)

Figure 3.4: ABS based TD elCIC (a) CRPA, (b) ORPA.

respectively the application of ABS in CRPA and OPRA schemes. In ORPA, ABSs are

kept reserved for scheduling only indoor MUs in FCLs. However in CRPA, all outdoor
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MUs are allowed to transmit data during ABSs. In both CRPA and ORPA, FUs are
scheduled only during non-ABSs.

Remark 3.1: The existence of a MU whether or not within any buildings can be
determined by measuring the DL path loss of the MU at the MCBS, which is typically
used for mobility management. This is because of the fact that once a MU enters a
building, there is a sudden rise in path loss of the MU or equivalently a sudden fall in
received signal strength at the MU within a short distance because of experiencing an
additional external wall penetration loss of the building, typically about 20 dB. When a
MU is found within a building, the MU is scheduled only during ABSs irrespective of
whether or not the MU is within the coverage of any FCBSs in the building. This is
because the proposed CRPA and ORPA are developed based on the existence of any
MUs within any buildings, not within the coverage of any FCBSs in any buildings.
Hence, whether or not an indoor MU is within or out of coverage of any FCBSs in any
buildings does not have any effects on the proposed interference management schemes,
CRPA and ORPA.

Therefore, using the Proof 3.1 of Proposition 3.1 and aforementioned
interference management approach for the considered system architecture in Figure 3.1,
all possible sources of interference both inter-cluster and intra-cluster levels are shown
either negligible or managed, and hence we propose to consider all FCs within a multi-
floor building as shown in Figure 3.1(c) as a cluster of FCs to reuse resources in them
using elCIC techniques. Hence, the number of clusters of FCs is equal to the number

of buildings in the coverage of the MC.

Remark 3.2: The proposed FC clustering approach is mainly based on the fact that it
can take advantages of the high external wall penetration loss of 3D multi-floor
buildings and the free space distance between adjacent buildings to address co-channel
interferences from the MCBS and FCBSs of adjacent buildings, and hence it is not
transportable to model 2D planar deployment of FCBSs. Further, the proposed FC
clustering approach can address the 3D signal propagation issues in multi-floor

buildings such as penetration losses from any floors and internal walls within any
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floors, diffraction effect alongside a building, and reflection effect within a building by
considering an orthogonal allocation of RBs to FCBSs using FD elCIC technique. In
general, it may however not be the case when considering a non-orthogonal RB
resource allocation to FCBSs within a 3D multi-floor building and may necessitate
special attention, which is beyond the scope of this chapter and is addressed in the
following chapter. Nevertheless, our aim in this chapter is to propose a simple yet
reasonable approach using elCIC techniques for clustering FCs, which are deployed
indoor within only 3D multi-floor buildings in a MC coverage so that additional
computational complexities from the typical FC clustering approaches proposed in

existing literature such as [21] can be avoided.

3.2.2 Problem formulation
A. Multi-tier network model

Denote Pwm, Pp, and Pr as the transmission powers of a MC, a PC, and a FC
respectively. Consider that there are M RBs in system bandwidth Bsys, and N MUs in
the system. Let Sp denote the number of PCs in the MC coverage. Consider that the

number of offloaded MUs is uniformly distributed in the interval [1, Uor.]. Let U}

denote the number of MUs offloaded by a PC Sg such thatvqu e[o, Us ] where

P, max

U7 =N":Ug, = Z:;ug <N*}. If all PCs have an equal number of offloaded MUs

Up, i.e. VqU 7 =Uthen the total number of offloaded MUs, UorL = SpxUp. However,
in general, U is a random variable which varies from one PC to another, and the

realization of U7 for a PC is mutually independent from the others. If z,, denotes the
ratio of the number of indoor MUs, then the total number of indoor MUs is
U =ty X N, outdoor MUs is Umo = N-UorL-Uwmi, and MUs served by the MC is Um
= Umo+Um.

Let Nwm denote the set of indices of all MUs such that Nm = {1, 2, 3, ..., N}.
Denote Nmo, Np, and N respectively the set of indices of all outdoor MUs, offloaded
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MUs, and indoor MUs. Note that Nw is partitioned randomly into three disjoint subsets
Nwmo, Np, and Nwmi. Let FcL = {1, 2, 3, ..., L} denote the set of FCLs, L denote the
maximum number of FCLs in a MC coverage, and Se denote the number of active FCs
in each FCL. Assuming that Sr is the same for all FCLs, the total number of active FCs
in the system is Srs = LxSg. Consider that the numbers of FUs in FCLs are independent
and uniformly distributed in the interval [1, Ug]. In general, Ur is a random variable
which varies from one FCL to another, and the realization of Ur for a FCL is mutually

independent from the others where a realization is defined as a simulation run time.

Let U denote the number of FUs served by a FC S¢ in a FCL such that

qug“e[o, Uy ] where Uy, . =N":U_. =>" Uy <N*}. If all FCs have an equal

F,max
number of FUs U, i.e. YwU/ =U ., then the total number of FUs in any FCLs, Ur =
SkxUrc. However, in general, U is a random variable which varies from one FCBS
to another, and the realization of U{ for a FCBS is mutually independent from the

others. If each FC in a FCL serves one UE, i.e.U. =1, the total number of FUs in a

FCL is Ur = Sr, and in the system is Urs = Lx Ur. Let Nr denote the set of all FU
indices ina FCL such that Nk = {1, 2, 3, ..., Ur}.

The realization of MUs served by the MC and PCs are not mutually independent
since MUs served by PCs are MUs offloaded from the MCBS, and the schedulers have
a complete knowledge when a MU is offloaded. However, an offloaded MU to any PCs
is equally likely in a realization. FCLs and PCs are located randomly and uniformly in

the MC area. The indoor MUs are distributed randomly and non-uniformly within FCLs

such that >~ uy, =U,, where {Uy,,UZ, ..., Uy }denotes the set of numbers of

indoor MUs in FcL. All outdoor MUs, offloaded MUs, and FUs are distributed
randomly and uniformly within their respective BSs’ coverage area. Let T denote
simulation run time with the maximum time of Q (in time step each lasting 1 ms) such
that T = {1, 2, 3, ..., Q}. Let Tass denote the number of ABSs in every ABS pattern
period of Tapp subframes, such that Tass & T and Tags = {t: t = V.Tapp+na; v =10, 1,

2,...,Q/Tapp; Nna=1, ..., Tags} Where Tags = 1, 2, ..., Tapp corresponds to ABS patterns
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@ = 1Tapp, 2/Tapp, ..., Tarp/Taprp respectively. Let t,5 and t, .5 denote respectively

an ABS and a non-ABS such that t,zs € Tags and t,,,_ags € T\Tass.

B. Estimation of system capacity

Let d,,, ,dpc,and d.., denote respectively the distances of any MU, PC, and
FCL from the MCBS, and d_. denote the distance between a FCBS and a FU. The

distances of all UEs of each category in a realization are generated following the
respective distribution functions as mentioned earlier. The path loss is calculated using
path loss formulas given in Table B.5 in Appendix B). Consider a FCL in which M RBs
are reused. Since during an ABS, no FC can transmit data signal, following (C.5) in

Appendix C, the aggregate capacity of all FCLs for an arbitrary ABS pattern ¢, can be

expressed as

OFc ch Z z To o Gu(pt,i)
t=1 =1l |:
Q M
- Sﬁz z o |< tl)
F t=1 i=1
S
s, (3.6)
Q M
where K = Z Z Gt,i<pt,i)1 and o ; (ptyi)denotes the throughput response of all

t=1 i=1
FUs in te T\Tags over M RBs.

Assume that all link characteristics between FUs and FCBSs in any FCLs are

the same such that for a given @, K which is the slope of (3.6) is a constant, and the
steepness of K varies only with @, i.e. a higher value of ¢ results in a smaller variation

in capacity. Also the capacity of FCLs increases linearly with Srs.

Remark 3.3: Since the same RB resources are reused in FCs of each FCL orthogonally,

an RB in any FCLs is reused only once. This implies that the aggregate throughput per
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FCL varies linearly with the number of reused RBs. Since the same number of RBs is
reused in each FCL in any non-ABSs, the aggregate throughput supported by all FCLs
varies also linearly with the FCL density, i.e. Srs.

Assuming the same channel characteristic of all links between FUs and FCBSs
in all FCLs, (3.6) can be rewritten as

)k

GFc(ch): K’ (1_(/’ S
F

— K!(l_TABSj % (3,7)
F

Q M
where K'=K/(1-¢) = z Z Oy, (pt,i )

t=1 i=1
Equation (3.7) implies that the capacity o (pFC) varies linearly with ¢ and

follows the response of a straight line equation that passes through the origin which
steepness is mainly defined by the ABS pattern. Further, the capacity increases linearly
with an increase in the number of FCLs, whereas decreases with an increase in the
number of ABSs. However, the throughput per FU in a FCL decreases with an increase

inthe FCL size, i.e. |SF|. Hence for a given ABS pattern, higher density of FCLs results

in more achievable capacity per MC coverage.

The total system capacity over the whole system bandwidth for Q TTIs can be
expressed as the sum throughput of all UEs as follows

U(p)= i iat,i(pt,i) (3.8)

t=1 i=1
where for CRPA, o and p are responses of all MUs in te Tags as well as outdoor
MUs, offloaded MUs, and all FUs in te T\Tags, whereas for ORPA, o and p are

responses of only indoor MUs in te Tass and outdoor MUs, offloaded MUs, and all
FUs inte T\Tags.

C. Utilization factor of reusable resources
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The TD elCIC avoids interference at the cost of reusable resources since during
an ABS, no FC can transmit because of reusing the same system bandwidth of MC in

each FCL. The percentage wastage of reusable time resources T, over an ABS pattern
period T for L FCLs (i.e., resource reuse factor) can be expressed as

%T, =¢Lx100 (3.9)
Similarly, the percentage reusable time resource utilization factor over T for the
resource reuse factor L can be expressed as follows

% U; =(1-¢)Lx100 (3.10)

As an example, for @=0.25 and L=10, the corresponding

% U; =(1-0.25)x100=75. Hence, the utilization of reusable resources is affected

by the ABS pattern and resource reuse factor.

Remark 3.4: From (3.10), it can be found that with a decrease in ¢, there is a

corresponding increase in U, , and so is the overall system capacity. However, this
causes the throughput of indoor MUs to decrease accordingly. So, there should be a

trade-off between the values of U; and the overall throughput of indoor MUs.

D. Proportional fair scheduling

The proportional fair scheduling algorithm is described in Appendix C.

3.2.3 Proposed frequency reuse and scheduling algorithm

The proposed FRSA for an arbitrary number of ABSs is given in Algorithm 3.1.
The algorithm works as follows. Given N, Sp, Up, and 44, as inputs, N is first disjointed

into three groups to estimate Uort, Umi, and Umo randomly. Following the co-channel



Algorithm 3.1: Frequency reuse and scheduling algorithm.

01: Inputs:
(i) Set: Bsys, Pm, Pp, PF, 4y, Sp, Sk, N, Up, UF, M, Q, L, 0, t, B,G,, G, , L.
(ii) Initialize: te{Tass, T\Taes} = {1, ..., Q}{Uyy . Ugy .- Uy J,
Vt,i: {Pt’i, N, NFt’i}, Nm, Nmo, Np, Nmi, Ne, di¢, ,dpc s
dyy  Oree <=0, o/ <0,V € {CRPA, ORPA}
(ii1) Select: UorL, Umi, Umo
(iv) Estimate: vt,i: {PL,,, LS,,,SS,,. s, o (011) }
02:fort=1t0Q

03: | if t=t,g

04: if V= CRPA

05: ‘ N=U,c+Uuy +Ug

06: elseif V= ORPA

07: | N:=U,,

08: end if

09: U, =0;Ug =N

10: | elseif t=t,, ags

11: Uy =0;N=U,c+Uq ;U =LxU ;U =N+U
12: | endif

13:| fori=1toM

14: Estimate throughput of scheduled MU Vt,i,X o, , (0., ,)

15: Update throughput of MUs WN 6% « o, (p,,, )+ o<

16: | end for

17:| forl=1toL

18: fori=1toM

19: Estimate throughput of scheduled FU Vt,1i,X,1 O-t,i,x,l(pt,i,x,l)

20: Update throughput of FCLs VU, ofst < 0y, 4, (pt’iyxy, )+ o
21: end for

22: | end for

23:| Update system level throughput VU, 615 . < G + Gee

24: end for
25: Estimate system level throughput (Mbps) 20 . = (o-hBS ><180><103)/1O6

etnet
26: Outputs: o2%3

hetnet
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interference avoidance scheme, UorL, Uwmi, and Uwmo are then scheduled by the FD
proportional fair scheduler for MUs, and a FD proportional fair scheduler for each FCL
to schedule FUs of the respective FCL in both CRPA and ORPA schemes. The same
process repeats for all M RBs in each TTI and continues for all TTls of the simulation
run time. The aggregate throughput is then estimated and summed over all RBs for all
TTIs for MUs as well as FUs of all FCLs over all reused M RBs for all non-ABSs. The
overall system level throughputs for CRPA and ORPA schemes are then estimated by
adding the aggregate throughput of MUs of the respective scheme to the aggregate
throughput of all FUs in all FCLs. The shadow fading and small-scale fading of all UEs
are estimated and updated in each TTI per realization for disjoint scheduler
implementation of FRSA, which we will discuss in detail in a later section. We do not
show explicitly the calculation of SINR and throughput in the algorithm, instead which

we have explained in the problem formulation.

3.3 OPNA estimation model, scheme, algorithm and implementation

We consider the aggregate throughputs of all outdoor MUs and indoor MUs to
propose a model for estimating an OPNA of TD elCIC technique which necessitates
first to proof the following proposition.

Proposition 3.2: The aggregate throughput response of each category of MUs, i.e.
outdoor MUs, offloaded MUs, and indoor MUs, is a linear function of Tags and can be

modeled as a straight-line equation when operating under ORPA scheme.

Proof 3.2: Let oy (0r, ), Tt (Por ), and oy (0, ) denote respectively the
throughput responses of all FUs, outdoor MUs, and offloaded MUs in te T\Tags, and
o (P ) denote the throughput of all indoor MUs in t € Tags. For the ORPA scheme

and any arbitrary values of ¢, following (3.6), we can express the followings
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GOF(poF):(l_(p)i iatl( tl) (3.11)

Q M
Oom (poM):(l_go)Z ZGtI( tl) (3.12)
Q M
le ¢Z Zatl(ptl) (313)

such that using (3.7) and (3.8), the following holds

O_(p) OFru (pFU )+ oM (poM )+ OoF (poF )+ Oim (le ) (3.14)

Equations (3.11)-(3.13) imply that the aggregate throughput of each UE

category is a linear function of @, i.e. Tass. Hence, their responses can be modeled as

straight-line equations. This proof can also be found justified with the simulation results

in the following sections. [

3.3.1 Proposed model for an OPNA estimation

Leto,, (Tass ) and o, (T, ) denote respectively the aggregate throughput
responses of all indoor MUs and outdoor MUs as functions of Tags. From (3.12) and
(3.13), when ¢ =0 (i.e., the minimum value), the value of o, (T, ) is the minimum

(i.e., zero), whereas the value of o, (T,s ) is the maximum. However, these values are
flipped, when @ =1 (i.e., the maximum value). Hence, o, (T,s) and o, (T,es) can
be modeled mathematically as follows
o (Tags )= =M, Tags +C™ (3.15)
Ot (Tags )= My T s (3.16)

where m_ and m; are the slopes of the respective equations, and C;"* is the maximum
aggregate throughput of outdoor MUs at Tags = 0.

In Figure 3.5, the aggregate throughput responses of all outdoor MUs and indoor
MUs of the proposed model under the ORPA scheme given by (3.15)-(3.16) are

illustrated for estimating an OPNA. Since offloaded MUs experience relatively a higher
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throughput than other categories of MUs, we consider to find out a value of T g5 Such

that the aggregate throughputs of all outdoor MUs and indoor MUs are equal or at least
close to the point of equality to allow experiencing a uniform throughput by both

categories of MUs and a seamless transition of a MU between indoor and outdoor

environments. Since an increase in T 54 results in an increase in aggregate throughputs

A

U(TABS)

-

A

2

FeaS|bIevaIue ./(5-\\&P Cmax
/ )
Ca @x - OM( ss)
.mi Mor=--<. |1 Tass|
0 1 2 3 4 5 6 7 8 Tass
These  TABs.ine Objective function decreases

Figure 3.5: Aggregate throughput responses of all indoor MUs and outdoor MUs for
ORPA scheme.

of indoor MUs and a decrease in aggregate throughputs of outdoor MUs, these

throughput responses must intersect at a certain point. The value of T,z at which they
intersect is the value of an OPNA (T .. ) which can be any positive real numbers on
T Ags axis such that 0 <T,;, <8. However, in practice T, is strictly a positive
integer such thatT,,  eZ":0<Z"<8. Hence, T,z is rounded to the nearest

maximum integer value of T, to give a favor to indoor MUs so that T s = [ Tass |-

3.3.2 OPNA schemes

We estimate an OPNA in two schemes, namely non-adaptive and adaptive

OPNAs, and describe in the following. For both schemes, we consider an aggregate
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throughput of all indoor MUs to give a favor to FUs to increase the overall system level
throughput because of poorer channel conditions of indoor MUs than FUs. Further, it
reduces computational complexity of the OPNA optimizer since the optimizer needs
only to compute an aggregate throughput. However, this does not affect the
performance of indoor MUs since the number of indoor MUs per FCL is typically far
less than that of FUs.

A. Non-adaptive OPNA

In this scheme, we assume that there exists at least one indoor MU per FCL such
that the condition &, (T s )> O strictly holds, and an OPNA is the same for all FCLs

in every ABS pattern period. Since minimizing the aggregate throughput of outdoor
MUs and maximizing the aggregate throughput of indoor MUs should result in the same
solution of an OPNA for an equal aggregate throughput of both indoor MUs and
outdoor MUs (Figure 3.5), the optimization problem can be expressed in terms of

outdoor MUs for objective function as follows

minimize o, (TABS)
SUbjGCt to o (TABS )_ Oom (TABS ) =0

The above optimization problem can be solved as

i (Taes )~ o (Thas ) =0

MT pes — (— M. T gs + c;“aX): 0

Trss =Cr™ /(m, +m,) (3.17)
Butm, =C™ /Tand m; =C™ /T where C"denotes the maximum aggregate
throughput of indoor MUs at Tags = 8. Hence, an OPNA can be deduced as

Tssine = Tass = CI™ /(7% /T +C™T)

—(cr=/(cm™ +Ccm™))T (3.18)

The major advantage of this scheme is its simplicity in update mechanism for
an OPNA per FCL since the same OPNA is applied to all FCLs. Moreover, the
information about the OPNA for all FCLs can be sent by a broadcast signal by the
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MCBS in every ABS pattern period rather than sending per FCL basis to reduce control

signaling overheads. Furthermore, it guarantees a minimal throughput of indoor MUs

because of &, (Taes )>0.

Remark 3.5: The non-adaptive OPNA scheme does not guarantee the maximization of
overall system level throughput because of applying the same OPNA to all FCLs

irrespective of the presence of an indoor MU in each FCL.

B. Adaptive OPNA

The assumption of at least one indoor MU per FCL in non-adaptive OPNA
scheme may not be always the case in reality for a non-homogeneous distribution of
indoor MUs in FCLs since there is a high possibility that no indoor MUs may present
within some FCLs for a number of ABS pattern periods. This bottleneck can be resolved
by adapting the application of OPNAs to FCLs such that an OPNA for the next ABS
pattern period for a FCL is applied by estimating the exact throughput of indoor MUs
in the current ABS pattern period, which could be either zero in the absence of any
indoor MUs or the obtained throughput of indoor MUs in a FCL. Hence, a FCL should
be considered to be applied with an OPNA for the next ABS pattern period only if at
least one indoor MU is present in it during the current ABS pattern period such that the
optimization problem can be formulated as follows

minimize o, (T )
subjectto oy, (TABS)Z 0

For o, (T,s ) >0, the solution of this optimization problem is the same as in non-
homogeneous scheme, and hence

Tss e = (C™ /(CT™ +-C™ )T (3.19)
For oy, (TABS ) =0, there is no indoor MU in a FCL such that

Trese = (CM™/(CI™ +C™ )T =0 (3.20)
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3.3.3 OPNA optimization algorithm and implementation

The optimization algorithm for both adaptive and non-adaptive OPNA schemes
is described in Algorithm 3.2. The algorithm can be implemented by two offline FD
proportional fair schedulers of which one is responsible for all indoor MUs and the

other is for all outdoor MUs to schedule indoor MUs and outdoor MUs for estimating

C™ and C."™ respectively. The operating principle of these schedulers is similar

Algorithm 3.2: OPNA optimization algorithm.
01: Inputs:

(i) Initialize: L,C"™ ,C™™, Tage » Upy Uy » Upos T <8
(ii) Compute: VU, CJ™ ,VU,, C™

02:if vIU!, >0

03: | VI Tass =| Tiosine |

04: elseif VIU,, >0

05: forl=1toL

06: ifu, >0

07: Tags, = ’—TKBs,ine—|

08: elseif U, =0

09: TABS,I . TABS,e <0
10: end if

11: end for

12: end if

13: Outputs: T,gs, Tags.

to that of online FD proportional fair schedulers for MUs at the MCBS except that their
scheduling decisions are not used for the real-time data transmission per TTI. Rather,
their functions are to estimate throughputs of all indoor MUs and outdoor MUs
separately in each TTI based on the CSI reported by the online FD scheduler and sum
these throughputs to the throughputs estimated in the previous TTIs over an ABS

pattern period.
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These aggregate throughputs of indoor MUs and outdoor MUs over an ABS
pattern period are inputs to an OPNA optimizer to execute optimization Algorithm 3.2.

The throughputs of indoor MUs and outdoor MUs are compared until the condition

Oim (TABS)Z O (TABS) is satisfied. After rounding, i.e. |_TABS-|, the value of TTI at

which the condition satisfies is the value of an OPNA, i.e. T, , which is supplied to the

TD scheduler at the MCBS in order to apply to FCLs over the next ABS pattern period.
Both offline schedulers then reset their respective aggregate throughputs over the
current ABS pattern period to zero. The same process repeats in every ABS pattern
period. The OPNA optimization algorithm as well as the adaptive scheme can be
implemented alongside the TD scheduler at the MCBS, and the duration of ABS pattern
period can be chosen depending on the delay characteristic of X2 backhauls between
the MCBS and FCLs.

Remark 3.6: The value of an OPNA irrespective of the types of scheme is estimated

based on the condition oy, (TABS ) > Oy (TABS ) However, an OPNA scheme whether or

not adaptive is defined by how the estimated value of an OPNA, i.e. T ... , over an ABS

pattern period is applied to FCLs.

3.4 Simulation parameters, assumptions and results

3.4.1 Simulation parameters and assumptions

The default simulation parameters used for the system level simulation are listed
in Table B.5 and Table B.7 in Appendix B. Unless stated explicitly, the default value
for any parameters is used from Table B.5 and Table B.7 in Appendix B. The typical
FC models used for evaluating the performance of FCs are dual-stripe model with
multiple floors and 5x5 grid-based model with single floor [88] recommended by the
3GPP. Each of these models assumes a number of square apartments on a floor and is
actually the variation of the proposed square-grid based system model in Figure 3.1 for
FC clustering. Hence, we use the simplified path loss model and assume the similar
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mechanisms recommended for the dual-stripe model in the proposed FC clustering

model.

We consider proportional fair schedulers rather than simple Round Robin
schedulers to address multi-user diversity gain from a random and uniform FU
distribution, i.e., a highly spread distance distribution between a FU and a SFCBS, such
that the path loss varies significantly at FUs from one to another and non-LOS
components exist at frequencies below 3 GHz. Also, elCIC is considered to address
mainly the cross-tier interferences between indoor MUs and femto-tier. Further, rather
than choosing sophisticated but computationally complex theoretical models such as
ray tracing, we consider simple empirical models recommended for evaluation by the
3GPP for modeling indoor FCs. Because we consider FCs in all FCLs to experience the
similar signal propagation characteristics, there would not be any significant deviation
in the performance results from using empirical models that do not necessarily

guarantee the transportability between environments.

3.4.2 Performance results

Figure 3.6 shows that the system capacity increases with the FCL density
regardless of the ABS pattern. The impact is also the same for an increase or a decrease
in the system bandwidth on the overall system capacity since the same frequency
resources is reused in each FCL. However, as the number of ABSs increases, the system
capacity decreases correspondingly with the highest value achieved for the ABS pattern
of 1/8 and the lowest for 8/8 (Figure 3.7).

From Figure 3.8, it can be found that indoor MUs under the CRPA scheme get
almost always deprived of scheduling RB resources irrespective of the number of ABSs
in comparison with offloaded MUs because of better channel conditions provided by
PCs. This is because of why the ORPA is proposed as a special case of CRPA where
indoor MUs are given with the sole priority for scheduling RB resources during ABSs
such that the capacity of indoor MUs can be improved with an increase in the number
of ABSs as shown in Figure 3.9. This does not however impact considerably on the

overall capacity performance from employing ORPA in comparison with CRPA as
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Figure 3.6: System capacity versus FCL density for ORPA HetNets.
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Figure 3.7: System capacity versus the number of ABSs (L =10).

shown in Figures 3.8 and 3.9. Though PCs are deployed mainly for providing with a
high UE throughput in hotspots, in ORPA scheme, offloaded MUs and FUs cannot get
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Figure 3.9: Capacity performance of different MUs with the number of ABSs for
ORPA HetNets.

access to any resources during ABSs, and hence their capacity degrades considerably
with an increase in the number of ABSs. Hence, there has to be a trade-off among these

multiple goals such that all UEs are properly served system wide, which we have
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already addressed by deriving an OPNA and the impact of which is shown in the

following with the non-adaptive and adaptive OPNA schemes.

Remark 3.7: In ABS based TD elCIC, the system capacity performance gain from the
co-channel FCLs is not straightforward and is a function of multiple factors, namely

the ABS pattern, system bandwidth, and FCL density as given by (3.7).

Remark 3.8: The throughput response of each MU category shows near linear straight-
line response which justifies our proposed model to derive an OPNA in section 3. Note
that a slight variation in response for outdoor MUs as compared to the proposed model,
given by (3.15) and (3.16), is caused because of the random channel characteristic of
each outdoor MU link with the MCBS. However, the average trend in response over an
ABS pattern period matches with the proposed model.

We compare the performance of the adaptive OPNA scheme with the non-
adaptive, i.e. static, scheme as shown in Figure 3.10. The adaptive scheme is evaluated
under two cases - one with 4 FCLs and the other with 8 FCLs (out of 10 FCLs) without
the presence of any indoor MUs in them such that an OPNA is not applied to these
FCLs. However in non-adaptive scheme, the same OPNA is applied and updated for all
FCLs per ABS pattern period. It can be found that the adaptive OPNA scheme
outperforms the non-adaptive scheme and approaches to the maximum throughput
when no indoor MU is present in all 10 FCLs. Note that the adaptive OPNA scheme

ensures a number of practical cases as follows:

e An OPNA is computed based on the con-current network statistics, e.g. CSI of
indoor MUs and outdoor MUs in every TTI.

e It is highly adaptive with the user statistics, e.g. a FCL is refrained from
applying with an OPNA in the next ABS pattern period if there is no indoor MU

present in it over the current ABS pattern period.
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e The maximal reuse of time resources in FCs can be performed, e.g. all
subframes can be allocated to FCs of a FCL over the next ABS pattern period if
no indoor MU is present in it over the current ABS pattern period.

e |t can be implemented with a simple binary logic circuit since an OPNA has

only two states 0 and T .5 .
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Figure 3.10: Capacity performances of adaptive and non-adaptive OPNA schemes.

Though the complexity of OPNA update mechanism per FCL basis in the
adaptive OPNA scheme is higher than that in the non-adaptive OPNA scheme, we aim
to reuse resources as much as possible, and hence we propose to employ the adaptive
OPNA scheme.

3.5 FRSA scheduler implementation, operation and performance

comparison

3.5.1 FRSA scheduler implementation and operation
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The scheduler for FRSA can be implemented either jointly or dis-jointly
depending on whether the FD schedulers for all FCLs are implemented jointly or dis-
jointly with the TD scheduler, which is implemented at the MCBS. A FD scheduler for
each FCL can be dedicated to schedule RB resources of the system bandwidth to its
FCs, and hence in total, (L+1) schedulers are needed for the system - one for all MUs
and L for all FCLs. A TD scheduler is needed to allocate subframes to all UEs in the
system. In dis-joint implementation, to communicate with the MCBS, one cluster head
per FCL that can be any FCBSs in a FCL is considered, and the FD scheduler of a FCL
can be implemented at its cluster head. However, the FD scheduler for all MUs is
implemented at the MCBS. All FUs in a FCL can directly report their channel
conditions and traffic demands to their cluster heads, and the TD scheduler updates
each cluster head about an OPNA per ABS pattern period. To adapt OPNAs per FCL
basis, the existence of an indoor MU within a FCL during an ABS pattern period is
informed by the indoor MU itself in the UL to the TD scheduler which in turn informs
the corresponding cluster head of an OPNA over the X2 backhauls so that RBs should
be scheduled by the cluster head to its FCs only during non-ABSs. Whereas for no
presence of any indoor MUs over an ABS pattern period in a FCL, the TD scheduler
informs the cluster head of that FCL to allocate RBs to its FCs in all TTIs over the next

ABS pattern period.

In joint implementation, all FCBSs in a FCL inform the cluster head of their
traffic demands, which in turn communicates to the respective v scheduler at the
MCBS. The TD scheduler informs all the FD schedulers of OPNAs for all FCLs.
Information regarding the allocation of RB resources from a FD scheduler of a FCL are
then sent over the X2 backhauls to the respective cluster head to relay to FCs of that
FCL. Since both schedulers are located at the MCBS, there is no need to exchange
information over X2 backhauls for updating OPNAs. Nevertheless, numerous
advantages of the dis-joint scheduler implementation over the joint one are that the
small-scale fading effect per TTI level can be addressed easily and control overheads
as well as network delays over X2 backhauls can be reduced significantly since the
allocation of RB resources is performed locally at each FCL. However, for the joint
implementation, small-scale fading effect per TTI level may not be possible to address

because of the network delays over X2 backhauls from sending control overheads to
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each cluster head. Hence, channel modeling for FCs may rely on accounting only the
large-scale fading effect. Since we consider small-scale fading effect for all FCLs, the
proposed algorithm can better be addressed with the dis-joint scheduler
implementation. Figure 3.11 shows a schematic of the dis-joint FD scheduler
implementation. The joint scheduler can be implemented straight-forward by moving
all the FD schedulers from all FCLs to the MCBS.

— Feedback from indoor MUs in each FCL |

Aggregate gateway X2 backhaul for exchanging information about
I I OPNAs between FCLs and MCBS
FC gateway FC gateway . s . FC gateway

for FCL 01 for FCL 02 for FCL L MC coverage
g 1 I I @
D  [Cluster FCLOL| | clusterFCL 02 Cluster FCL L o
> heatﬂ [I head| s = a |head =
o (ol 02[|7---[| L[I--{IdeflndoorMU B
5 — —F 58
@ [ Bandwidthf| [ Bandwidthf Bandwidth f £ @
o § for FCL 01 for FCL 02 for FCL L B S 8
e "“ff:::*: ....... L S s
Frequency- Frequency- Frequency- 5 H
domain domain domain = = 3
scheduler scheduler "1 scheduler 35 25
for FCL 01 for FCL 02 for FCLL [~ 2% <5
22 S e
A A A < © ER=
Time synchronizatipn between time-domain and 5 & o2
= X £

frequency-dorpain schedulers for FUs

Frequency-domain
scheduler for MC

A

MCBS

Time-domain scheduler

vy

Bandwidth for MC f

Outdoor MUs

|

} Feedback from outdoor MUs

Figure 3.11: Dis-joint FD scheduler implementation for FRSA.

Remark 3.9: In Figure 3.11, only the online FD schedulers are shown, and two offline
FD schedulers for the adaptive OPNA scheme are not shown explicitly to avoid
ambiguity. However, as mentioned earlier, these offline FD schedulers can be
implemented alongside the TD scheduler at the MCBS.

3.5.2 FRSA performance comparison
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We evaluate the performance of the proposed FRSA against the generic FFR
techniques [94], the FC clustering and frequency reuse scheme in [21], and the existing

results in [6, 94] in the following.

A. Generic FFR techniques [94]

The FFR technique is an efficient approach for reusing resources and
interference management in HetNets scenario. A good explanation of a number of FFR
schemes such as strict FFR, soft FFR, and FFR-3 have been presented in [94] to
compare the performance of the authors’ proposed optimal static fractional frequency
reuse (OSFFR) scheme for interference management and resource reuse in MC and FC
based HetNets. In FFR, the resource reuse is considered by partitioning the coverage of
a MC mainly into two, namely MC-center and MC-edge, each of which is then
partitioned further into a number of sectors for schemes such as FFR-3. In contrast to
our proposed schemes ORPA and CRPA where a FC in any FCLs can be allocated to
any RBs of the system bandwidth, only a fraction of the total system bandwidth is
allowed to assign to a FC in FFR schemes [94]. A detail discussion on these schemes
can be found in [94].

We consider comparing our proposed resource reuse schemes with the FFR
schemes in [94]. For brevity, instead of reproducing the same results, we use the
performance results in [94] directly for FFR schemes to compare with our schemes. As
shown in [94], the average network sum rate with OSFFR outperforms other FFR
schemes, which can achieve the maximum 70 kbps (approximately) for 40 FCs per MC.
Note that the average network sum rate is expressed as [94]

i i r . o
. meeNM ZieMRB Fxm,mm O N ZfeNFS foeuﬂ, ZieMRB xp, B f

= 3.21
avg N UFS ( )

where N is the total number of MUs, and U . is the total number of FUs in the system.

m, denotes a MCBS, X, denotes a MU, i denotes a subchannel or RB, x; denotes a

FU, f denotes a FCBS, and o' denotes the capacity of a UE on subchannel i. Further,
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Nm={1,2,3,..,N} Nrs={1,2,3,...,Ses}, Uru ={1, 2, 3, ..., Urs}, and Mgre = {1,
2,3, ...,M}. T" =1 when a subchannel i is allocated to a UE, otherwise it is set to 0.

Figure 3.12 shows the outperformance of our proposed ORPA scheme for o7

avg
as compared to all the FFR schemes in [94] by manifold. Because of reusing the same
system bandwidth of 1 MHz in each of the 8 FCLs, each with 5 FCs, such that a large

amount of spectrum can be allocated to each FU, ¢ for 1/8 ABS pattern is much

avg

higher than any FFR schemes [94]. Apparently, O'QVSgr is not affected by the total number

of FUs per MC but per FCL such that the total system bandwidth can be distributed
among only FUs per FCL, instead of per MC as is the case of FFR schemes [94]. This

is because of why there is a gradual drop in ngs; as the number of FCBSs increases per

MC for FFR schemes [94]. Further, since the whole system bandwidth is reused in each

FCL, o should vary with the number of FCLs in which a given set of FCs per MC

avg

are deployed. o™ is maximum of 5x10°kbps for 40 FCLs (for 1 FC per FCL) such

avg

that the whole system bandwidth can be allocated to a single FU, and minimum of

1.25x10°kbps for a single FCL (for 40 FCs per FCL) such that the same system
bandwidth is allocated among all 40 FCs as in the case of FFR schemes [94], assuming

that all FCs in all FCLs have the same channel conditions. This implies that the
minimum value of 0, = 1.25x10°kbps that can be achieved by the proposed ORPA

scheme still exceeds substantially that of any FFR schemes as shown in Figure 3.12.
Hence, in our proposed FCL model, because of reusing the whole system bandwidth
and an orthogonal allocation of its RBs to all FCs per FCL, more users can be served
which is not obvious for any FFR schemes in 2D scenario in [94] because of increased
co-channel interference from neighboring FCs with an increase in the number of FCs

per MC. Hence, our proposed ORPA scheme is not only outperforming the generic FFR
techniques in terms of 0,y but also allowing scalability with an increase in SC density

per MC.



96

B. FC clustering and frequency reuse scheme [21]

We carry out a quantitative performance comparison of the proposed FRSA
with the FC clustering and frequency reuse scheme in [21] for the average data rate per
FU per FCL with the same setup of simulation parameters and assumptions as in Table

I in [21]. The FC clustering in [21] has been proposed by disjointing a set of FCs
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Figure 3.12: Average network sum rate of FFR schemes [94] and the proposed ORPA
scheme of FRSA (for m =5, L=8, U_=5, @ ={1/8, 2/8}, T=8TTIs).

deployed within an indoor environment. Each disjoint set of FCs is called a FC cluster
where clusters are formed by the FC gateway. All subbands of the system bandwidth
are available to both MUs and FUs, and the entire system bandwidth is allocated
orthogonally to FCs in each cluster. The simulation results of our proposed FRSA with
an adaptive OPNA shows that the average data rate per FU varies from 4.3 Mbps (for
ABS = 1) to 4.9 Mbps (for ABS = 0), which is within and even exceeding the best
performance result of slightly less than 4.5 Mbps for 5 FCBSs in [21] obtained for semi-
definite program. Further, for the smallest cluster size of 1 FCBS, the average data rate
per FU varies from 21.5 Mbps (for ABS = 1) to 24.5 Mbps (for ABS = 0) in our
proposed FRSA. As the number of FUs per FCL increases, there is a corresponding
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decrease in the average data rate per FU which is also the case in [21]. As long as the
number of subchannels is equal to or greater than the number of FCBSs per FCL, which
is considered as the maximum cluster size in [21], our proposed FRSA performs better
than the FC clustering and frequency reuse scheme in [21].

C. Consistency evaluation

In our proposed FRSA, to avoid co-channel interference using elCIC
techniques, the average spectral efficiency varies linearly with the FC density as shown

in Figure 3.13. The similar trend has been noted in [94]. This implies that the
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Figure 3.13: Average spectral efficiency of the proposed ORPA scheme of FRSA (for
M =5 L=80, Sc=5, @=1/8, T=8TTIs).

performance results of the proposed FRSA are consistent with the existing literature.
Note that with the presence of interference, the capacity varies linearly with FCs up to
a certain number as shown in [6] and is beyond the scope of this chapter since we
consider the interference avoidance technique, elCIC, both at the co-tier and cross-tier

levels.



98

3.6 FRSA technical and business perspectives and way forward

A number of business values from network operators’ viewpoint to implement

FRSA are pointed out as follows:

One of the important issues of FC networks is randomness and plug-and-play
feature of FC deployment within a building mainly by end users, and network
operators do not typically have prior knowledge on it. Hence, the SON
technique is typically considered in FCs to address interference because of
random placement of FCs. However, by employing FRSA, SON enablement
feature of FCs can be avoided since both time and frequency resources are
allocated to all FCBSs orthogonally using elCIC irrespective of their
placements. Hence, randomness of FCs can be easily catered, and an additional

cost from SON feature of FCs can be avoided.

The LTE-Advanced network has been deployed and evolved toward reaching a
high capacity of NGMN. Because of high scalability from scheduler
implementations with density of SCs over a large MC coverage, a gradual
migration from regular HetNets of the existing LTE-Advanced network to ultra-
dense HetNets of NGMN can be easily performed by FRSA. Hence, except
upgradation of FRSA with a growing traffic demand, no cost from buying a new

product for switching to NGMN is needed.

FRSA addresses the problem of dense HetNets in a realistic in-building urban
scenario rather than any hypothetical FCL shape, size and density. Hence, it can
be applied without any prior modification to adapt with any real urban
environment. Any urban map with specific details of buildings in terms of, e.g.
density and height, along with statistics of FCBSs is sufficient to operate FRSA
and hence can reduce efforts from FC networks planning in urban environments

and save the associated costs.

Since elCIC techniques have been in operation in existing networks, no
additional implementation complexity from eICIC will raise. Only

implementation of schedulers and necessary backhauls are to be needed in
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place. Hence, operators can easily implement FRSA using existing techniques

without a significant investment on current networks.

A noticeable characteristic of FRSA is that with an increase in FCs in a FCL,
average data rate per FU of that FCL should be decreased because of reusing the same
and fixed system bandwidth. This however does not affect overall system level capacity
over MC coverage since proportional fair schedulers mainly check channel conditions
of FUs in a FCL irrespective of their number and allocates RBs to them accordingly.
Also effect of this issue can be minimized either by increasing system bandwidth or by
considering reuse of system bandwidth more than once in a FCL. Because NGMN is
expected to have more system bandwidth using, e.g. industrial, scientific and medical
bands below 6 GHz than current networks, the first option can be easily addressed.
Since in this chapter, our focus is to avoid computational complexity from FC
clustering, we will explore the second option in our future work to make this effect
minimal by adapting dynamically resource reuse factor per FCL basis with statistics of
FCs per FCL.

3.7 Summary

In this chapter, we propose a FRSA for FCs deployed in dense multi-floor
buildings in a multi-tier HetNet in a large urban MC coverage by employing ABS based
elCIC techniques. The cross-tier interference between the FC-tier and MC-plus-PC-tier
is managed by ABS based TD eICIC, and the co-tier interference of UEs in any tiers is
managed by allocating RB resources orthogonally using FD elCIC. To reuse frequency
in FCs in dense urban buildings using ABS based elCIC techniques, two major
challenges, namely FC clustering and modeling an OPNA is addressed. An approach
for FC clustering is proposed by considering all FCs per 3D multi-floor building as a
cluster of FCs through exploiting the high external wall penetration loss and in-between
distance of neighboring buildings. We propose a model for estimating an OPNA and
derive an OPNA per cluster basis under two schemes, namely adaptive OPNA and non-

adaptive OPNA, to avoid cross-tier interference between FUs and indoor MUs within
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buildings. We develop an optimization algorithm for both OPNA schemes and discuss

its implementation aspects.

The performance of FRSA is analyzed under two schemes, namely CRPA and
ORPA where one differs from the other in the way MUs is prioritized during ABSs.
The impact of varying the number of ABSs as well as FCs per 3D multi-floor building
on the throughput performance of FRSA is analyzed through an extensive system level
simulation. The overall system capacity for different ABS patterns is found to improve
linearly with the FCL density, and the capacity outperformance of the adaptive OPNA
scheme over the non-adaptive OPNA scheme is shown. Finally, the scheduler operation
and implementation for FRSA is discussed, and the capacity outperformance of FRSA
over a number of existing techniques in literature such as FFR techniques is shown.
Unlike existing works, major distinctive features of the proposed FRSA are as follows:

e |t does not need any computational efforts for estimating an appropriate FCL

size.

e It considers the interference effect on CSG FCBSs and FUs because of the

presence of indoor MUs within 3D multi-floor buildings.

e |t studies a powerful elCIC techniques in a dense multi-tier HetNets with
various types of SCs which adaptively updates an OPNA per FCL basis based

on its actual traffic and user statistics per ABS pattern period.

e |t is not susceptible to the complex intra-cell interference within a cluster of
FCs.

e It acquires a semi-centralized feature to take advantages of both the
centralization feature through updating OPNAs per ABS pattern period to
reduce control overheads and address network delays between the MCBS and
any FCLs, and the decentralization feature through updating the RB allocation
per TTI basis to address small-scale fading between any sFCBSs and FUs.



CHAPTER 4
INTERFERENCE MODELING AND MINIMUM
DISTANCE ENFORCEMENT TO REUSE RESOURCE IN
3D IN-BUILDING SMALL CELL

In this chapter, an analytical model using planar-Wyner model for intra-floor
and linear-Wyner model for inter-floor interferences modeling in a 3D multi-floor
building in order to derive a minimum distance between FCBSs for optimization
constraints, namely link level interference, spectral efficiency, and capacity is
proposed. Two strategies for reusing resources more than once within the building are
proposed. An algorithm of the proposed model is developed by including its application
to an ultra-dense deployment of buildings over a MC coverage. With an extensive
numerical analysis and system level simulation, the capacity outperformance of
NORRA over ORRA schemes by manifold is demonstrated. Further, it is shown that
the expected spectral efficiency of 5G networks can be achieved by applying the

proposed model to an ultra-dense deployment of FCBSs.

4.1 Introduction

Network densification is one of the key enablers to achieve an expected capacity
and spectral efficiency of 5G mobile networks [4] through reusing resources in SCs,
such as FCs. Reuse of resources in FCs relies on the inter-FC distance, which is a
function of co-channel interference generated from neighboring FCs. In urban
environments, where an existence of thousands of 3D multi-floor buildings is an
obvious scenario, modeling co-channel interference and a minimum distance between
FCs in 3D multi-floor scenario, e.g. office buildings and residential areas, to address a

high data rate demand of 5G networks has become one of the major growing concerns.
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Typically, interference in HetNets has been studied considerably in 2D scenario
[5]. Modeling 2D interference is simple but not accurate enough for multi-floor
buildings since it cannot capture complex combinations of deployment and propagation
effect existing in realistic 3D multi-floor buildings. Authors in [5], investigated the
impact of three-dimensionality of FC deployments on cross-and co-tier interferences
using realistic building data, showed that the interference effect of FCs in urban 3D
scenario is significantly higher than that when considering 2D case, and proposed to
model HetNets in 3D scenario rather than 2D. Note that with 2D scenario, we infer that
SCs, i.e. FCs, are located within either closed indoor coverages, e.g. a single floored
building, a single floor of a multi-floor building, or open outdoor coverages, e.g. a MC
area. Whereas, with 3D scenario, we infer that FCs are located within multi-floor
buildings, and hence hereafter, we use 3D in-building to refer inside multi-floor
buildings.

Theoretically, the maximum capacity of a SC can be achieved when it is
allocated with the whole system bandwidth. However, in practice, it is difficult to
achieve, and only a fraction of the system bandwidth is allocated to a SC to overcome
co-channel interference. Since a SC, particularly FC, typically has a limited coverage,
we can take this as an advantage through reusing as much system bandwidth as possible
simultaneously in more than one FC within a FCL to boost the network capacity using
a limited system bandwidth. However, reusing frequency resources in FCs
simultaneously results in a significant amount of co-channel interference if a minimum
distance between cFCs is not enforced. A denser FC network causes a higher co-
channel interference effect at a UE. Hence, how to model co-channel interference and
enforce a minimum distance between cFCs [6] for reusing resources in FCs, particularly

in 3D in-building scenario, has been active research area.

Existing literatures addressed discreetly a number of such issues as modeling
interference, enforcing a minimum distance, placing BS optimally, and reusing and
allocating resources in SC networks in both 2D and 3D scenarios. In 3D in-building
scenario, along with other approaches, several works considered resource allocation as
an important technique to deal with indoor FC interference issues. For example, in [18],
authors proposed a semi static resource allocation scheme based on FFR to avoid

interference in 3D multi-floor buildings using indoor networking and optimization tool,
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iBuildNet. Authors in [19] proposed a soft frequency reuse scheme for interference
management in dense FC networks deployed in a multi-floor office building, based on
the serving user’s received signal strength indication, to classify all interfering FCs into
several groups and select adaptively the soft FFR and transmit power for each group.
In [96], a distributed power resource self-optimization scheme for the DL operation of
dense and self-organized FC network, deployed in a 3D six-floor building overlaid by
the existing MC in an urban environment, to address inter-FC interference was
proposed.

Furthermore, a number of existing works addressed the issue of indoor FCBS
placement. Authors in [97] developed a linear programming problem model for an
optimal placement of FCBSs inside an enterprise multi-floor building. The problem of
jointly optimizing FCBS placement and power control in commercial multi-floor
building environments was addressed by authors in [98] to enhance the battery life for
mobile handsets by proposing a mathematical model. However, none of these
aforementioned works addressed the problem of enforcing a minimum distance

between FCBSs in 3D in-building scenario.

Like 3D, several works addressed a number of issues of FCBS in 2D scenario,
e.g. [99-101] for an optimal placement of FCBSs, [94, 102-105] for the interference
management and resource reuse and allocation in FC networks, and [22-23] for
enforcing a minimum distance between FCBSs, as follows. In [99], a FCBS placement
scheme was proposed by authors based on forming as well as updating subregions of
the total area of interest such that BSs in subregions, one for each subregion, could
satisfy the coverage requirement of all UEs within the total area. Authors in [100],
investigated an optimal placement of a FC by considering a single rectangular room
without internal walls, and proposed a simulation and theoretical optimization
framework to find an optimal placement within the room. In [101], authors also
investigated an optimal placement of a FC within a room, and derived a closed form
FC placement expression to improve throughput by considering a single FCBS in a
single-floored building.

In [102], to mitigate interference of FC networks in residential or enterprise
environments, a game-theoretic approach was presented by authors in cooperative FC

orthogonal frequency division multiple access networks. Whereas, authors in [94]
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evaluated three state-of-the-art FFR deployment schemes, namely strict FFR, soft FFR,
and FFR-3 schemes in addition to their proposed optimal static FFR scheme for
orthogonal frequency division multiple access-based two-tier HetNets comprised of
MCs overlaid with FCs. Further, in [103], a dynamic frequency resource management
was proposed by using a graph coloring approach to mitigate the DL interference of
indoor FCs and increase frequency channel utilization under co-channel deployment in
a two-tier MC and FC network. Additionally, authors in [104] proposed a mechanism
to determine allocation of resources among subscribed and non-subscribed users
through hybrid access FCs by coordinating their transmission powers to get rid of
additional interference experienced by FCs. Nevertheless, in [105], authors proposed a
price-based UL interference management scheme under co-channel deployment for
dense FC systems where the MCBS was considered to control the received interference
through pricing the interference from FUs subject to a maximum tolerable interference

power constraint.

In [22], with a minimum cell separation distance, authors proposed to use a BS
location model to ensure a minimum distance between any two cells in each tier using
the Matern hardcore process such that no cells could lie within a predefined minimum
distance from any other cells. They investigated the randomness in placement of SCs,
derived an optimal (lower bound) minimum separation distance between BSs, and
showed that the cell coverage could be improved by introducing a minimum separation
distance between BSs per tier. Authors in [23], proposed a repulsive cell activation
strategy, and derived an optimal minimum separation distance between SCs by
adopting modified Matern hardcore process to analyze the impact of a minimum
separation distance on the coverage of SC networks using a numerical search. Both [22]
and [23] addressed to enforce a minimum distance based on the interference statistics

around SCBSs by modeling BS locations as Poisson point processes in 2D scenario.

However, addressing all these aforementioned indoor SC issues, particularly
interference modeling, enforcing a minimum distance, and reusing and allocating
resources in SCs, under 2D scenario is not practical mostly in urban environments
because of an existence of dense 3D multi-floor buildings. In urban environments, SCs
are expected to deploy densely per floor level in each building to address high indoor

data rate and spectral efficiency for future mobile networks which demands these SC



105

network issues to explore by considering the third dimension, i.e. the height of
buildings, to capture 3D effects on indoor signal propagations, e.g. floor attenuation
loss, diffraction effects through edges of any buildings, and neighboring buildings’
signal propagation effects, through developing a closed form analytical model.

Stochastic geometric approaches have been mainly applied so far in the existing
literatures under 2D random BS location scenario with a simple homogenous Poisson
point process or Matern hardcore process. However, because of complexity and
intractability of stochastic analytical closed form expressions, the study under 3D in-
building scenario of BS locations is not obvious. An effective way to develop a closed
form yet simple enough analytical model, which can capture most of these 3D effects,
for characterizing interference between FCs located on different floors in a multi-floor
building is to consider a regular pattern of FCBS locations both intra-and inter-floor
levels. A minimum distance between FCBSs can then be enforced such that certain
constraints are satisfied. A proper reuse and allocation of resources in FCBSs within a
building can be performed based on an estimated minimum distance between FCBSs.
To our best knowledge, a study of this kind is not obvious in the existing literatures
which we aim to address in this chapter by proposing a novel and tractable analytical
model for characterizing co-channel interference and enforcing a minimum distance
between FCBSs deployed densely within a 3D multi-floor building to reuse resources
in FCBSs with the purpose of achieving prospective high capacity and spectral

efficiency demands of 5G networks as our contribution.

In addressing the contribution, we consider a multi-tier network comprising a
MC, a number of PCs and a set of FCs located within a 3D multi-storage building. The
building consists of a number of floors, and each floor is modelled as square-grid based
apartments, each with a FCBS located in it. We consider to reuse RBs in FCBSs more
than once following the estimated minimum distance. Because RBs are reused more
than once, they remain no longer orthogonal, and hence the term NORRA. However,
in ORRA scheme, the whole system bandwidth is reused orthogonally once in FCBSs
within the building in every TTI. The ABS based elCIC techniques are considered to
manage interference between MC-plus-PC tier and FC tier both for NORRA and ORRA

schemes.
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We divide the whole contribution into numerous subsequent issues and solve

consecutively in a number of phases as listed below:

e Phase 1: We first propose and develop an analytical model for intra-floor
interference using planar-Wyner model and inter-floor interference using linear-

Wyner model of FCBSs deployed within a 3D multi-floor building.

e Phase 2: We then derive mathematical expressions for a minimum distance to
enforce between FCBSs both intra-and inter-floor levels for a number of
optimization constraints such as link level interference power, spectral

efficiency, and capacity.

e Phase 3: By enforcing the derived minimum distances (in phase 2) to FCBSs
for any constraints, we propose two resource reuse strategies for reusing
frequency resources in those FCBSs which are apart from one another by at
least the required minimum distance, and show the capacity outperformance of
NORRA scheme over ORRA by employing one of the resource reuse strategies

for the link capacity constraint.

e Phase 4: We develop an algorithm of the proposed model (in phases 1 and 2)
for both single and multiple buildings scenarios using the considered resource
reuse strategy for the capacity analysis in phase 3.

e Phase 5: The application of the proposed model from a single to multiple
buildings deployed within the coverage of a MC to address an ultra-dense
deployment of FCBSs for 5G networks is then discussed. With a rough
estimation under an example scenario of an ultra-dense deployment of FCBSs,
by employing the proposed model, we show that the prospective spectral
efficiency of 5G networks can be achieved.

e Phase 6: Finally, we discuss several technical and business perspectives of the

proposed model for a number of key aspects.

We organize the chapter as follows. In section 4.2, FC interference modeling
both intra-and inter-floor levels is discussed. We show derivations of a minimum

distance between cFCBSs for a number of approaches based namely on link level
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interference power, spectral efficiency, and capacity constraints both intra-and inter-
floor levels in section 4.3. The numerical results of a minimum distance derived under
each approach in section 4.3 are shown and analyzed in section 4.4. We propose two
strategies for reusing resources in FCBSs, discuss system models, compare the
performances of ORRA and NORRA schemes with a resource reuse strategy, and detail
an algorithm for developing the proposed model under a multi-tier network for both
cases of single and multiple number of 3D multi-floor buildings over a MC coverage
in section 4.5. In section 4.6, several technical and business perspectives of the

proposed model are discussed. Finally, we summarize the chapter in section 4.7.

4.2 Interference modeling of femtocell networks in 3D in-building scenario

4.2.1 Interference modeling architecture

A. Intra-floor interference modeling architecture

We consider a 3D multi-floor building that consists of a number of 2D floors,
and each floor consists of a number of square-grid apartments with each side length a
as shown in Figure 4.1. A cluster of FCBSs is deployed in apartments of the building
such that each apartment has one FCBS. We define nominal cell coverage of each FCBS

as the coverage equivalent to the area of an apartment (a x @) m2. Each FCBS is placed

in the center of ceiling of apartment and assumed static. A fixed amount of free space
around the building is considered. We consider typical values of a = 10 m and free
space of 10 m [88, 106]. However, in general, a and the amount of free space are
random variables. A FU per FCBS is considered and placed at the farthest radial
distance from its SFCBS if resources are reused in it, i.e. cFCBS. However, for non-

cFCBSs, a FU is distributed randomly and uniformly in its FCBSs’ nominal coverage.
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Figure 4.1: 2D intra-floor architecture.

Figure 4.2 shows the proposed intra-floor co-channel interference modeling
where a link between a cFCBS and serving FU (sFU) is termed as co-channel
interference link, and the one between sFU and its SFCBS is termed as desired link. We
consider planar-Wyner model [107] for modeling 2D intra-floor interference among
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Figure 4.2: Intra-floor co-channel interference and RoE modeling.
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FCBSs located on any floors. An illustration of an example aggregate interference
effect of all cFCBSs at sFU of a SFCBS is shown in Figure 4.2. The region up to which
the aggregate interference is significant enough so that it exceeds a maximum allowable
aggregate interference at sFU is termed as the region of exclusion (RoE) for reusing the
same resources of SFCBS in any FCBSs within RoE. Hence, RoE in Figure 4.2 is up to
tier-2 and is shown in yellow color. Irrespective of tier indices, the maximum number
of cFCBSs for any sFCBSs is 8. Though the distances of all cFCBSs in any tiers from
a SFCBS and its associated sFU are not the same, for mathematical simplicity, we
assume that co-channel interference effect at SFU of each cFCBS of the same tier is the
same. Note that we use the subscript tra to mean intra-floor level and ter to mean inter-

floor level in the following.

B. Inter-floor interference modeling architecture

We assume that all FCBSs are located on the ceilings and centers of all
apartments. Recall that a sFU is located at the farthest radial distance d;, from its
SFCBS if sSFCBS is a cFCBS and for simplicity, at the same height as that of its SFCBS.

Note that the location of sFU vertically at distance d_. does not affect considerably

min
the overall inter-floor interference power received at sFU. This is because of the fact
that moving a sFU towards the ceiling of apartment of sSFCBS causes co-channel
interference power at sFU from a cFCBS located on a floor up from that of SFCBS to
increase and from the one located down on a floor from that of SFCBS to decrease such
that the overall co-channel interference power effect does not vary considerably. The
reverse phenomenon is happened when moving a sFU towards the floor of apartment

of sFCBS.

Since intra-floor interference modeling addresses co-channel interference effect
within a floor, and there exists an additional high floor attenuation loss between sFU
and a cFCBS, it is not necessary to take into account of co-channel interference effect
from all cFCBSs on co-channel interferer floors except those two cFCBSs located on
either a vertically straight up or down floors from the serving floor of SFCBS. We define

a serving floor as the one where sFCBS is located, and an interferer floor as the one
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where any cFCBSs of sFCBS is located. With this concern, inter-floor interference

modeling can be performed by using linear-Wyner model [107] such that each of the

two cFCBSs is at distance d..

ter

away from sFCBS as shown in Figure 4.3.

Interference links

Interferer
FCBS

Om

er
Floor 5
12m
Interferer
FCBS ,Q)
Floor 4
Desired link ,** 9m
dmin =5m
dver= 3m

Floor 2 Orer

Figure 4.3: Inter-floor interference modeling and architecture.

C. 3D in-building interference modeling architecture

Figure 4.4 shows a detail diagram of 3D in-building FC interference modeling

combining the effects of intra-floor and inter-floor co-channel interference. If the reuse

of resources is performed on an intermediate floor, two cFCBSs need to be considered

of which one is located on a bottom floor, and the other is on an up floor from the

serving floor so long as both cFCBSs exist on both sides of the serving floor. However,

if the serving floor is either the top or bottom most of all floors, the number of cFCBSs

is only one since there is at most one cFCBS located respectively on either a bottom or

an up floor from the serving floor.
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Figure 4.4: A detail 3D in-building intra-and inter-floor interferences model and
architecture for reusing resources in FCBSs.

4.2.2 Interference modeling consideration and assumption
A. Indoor propagation

There are mainly two approaches that can be considered for modeling signal
propagation in-building scenario: (i) one approach is to consider nearby buildings’
reflection effects, particularly in urban environments where buildings are very close in
distance to one another; (ii) the other approach is not to consider nearby buildings’

reflection effects such that an isolated building is concerned, and only in-building
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propagation of signals through floors, reflected signals from walls, ceilings, and floors,
and diffracted signals from the edges of building through windows are to be considered.
This is, to a great extent, a valid assumption when both the transmitter and receiver are
located inside a building such that there is sufficient building attenuation to make the
effect of surroundings insignificant [108]. Certainly, considering the second approach
will make the modeling simpler but less accurate particularly for dense urban
environments. However, simplification of indoor propagation modeling is worthy
enough since we aim to address the issue of enforcing a minimum distance for reusing
resources within a building where both the transmitter and receiver are located in close
proximity. Though we consider approach 2, we also show the applicability of proposed
model for an ultra-dense deployment of FCBSs’ buildings, given that the co-channel
interference effect from neighboring buildings is insignificant, and in either case, the

validity of the proposed resource reuse strategies within a building will not be affected.

B. Path loss

We consider using the empirical model recommended by 3GPP for indoor FC
path loss for LTE-Advanced system evaluation methodology that avoids modeling any
internal walls explicitly [88, 106] to model indoor signal propagation and interference
effects because of simplicity of empirical models. Note that considering either
empirical or theoretical model will not affect the validity of the proposed resource reuse
strategies since resource reuse pattern varies with the propagation model, i.e. a
minimum distance between cFCBSs, within a building and hence will not have any
effects on the generalization and originality of the proposed resource reuse strategies.
In order to avoid modeling internal walls, the simplified 3GPP indoor path loss model
for FCs takes into account more of shadowing effect, e.g. standard deviation of 10 dB
for a link between a UE and its SFCBS and 8 dB between a UE and all other interferer
links, than any other models which consider an explicit modeling of internal wall
penetration losses and a shadowing standard deviation of 4 dB. This simplified 3GPP
indoor path loss model for FCs has been applied considerably in the existing literature,
e.g. [90, 109-112].



113

C. Fading effect

We do not consider any fading effect components in modeling interferences
which is reasoned in the following. In indoor environments, there is a high possibility
of the existence of LOS components between a UE and a BS. The indoor channel within
the same local area is grossly similar as the channel’s structure does not change
considerably over short distances [63]. Since we consider similar structure for all
apartments within a multi-floor building, all indoor channels can be assumed to
experience the similar shadowing effect. Further, the small-scale channel fading occurs
due to Doppler spread and delay spread effects on the channel. However, due to
relatively low mobility of UEs and objects between a UE and BS, an indoor channel
between a UE and BS experiences a less Doppler spread as compared to an outdoor
channel which results in a large channel coherence time. Further, an indoor channel
observes a less delay spread, mostly less than 100 ns, [63, 113] which results in a large
channel coherence bandwidth. Since the bandwidth of most indoor devices is relatively
small, indoor channels can be assumed to experience frequency flat fading [114].
Because of less delay and Doppler spreads of indoor channels, indoor channel
characteristics are less susceptible to small-scale fading effects and do not change
significantly within the same location area. Hence, expectantly indoor channels
between FUs and cFCBSs within a building can be considered to experience

approximately the same overall large-and small-scale fading effects.

By considering normalized interference power of any cFCBSs at any distances
from sFU with respect to the nearest cFCBS at the minimum distance from sFU as the
reference maximum interference power, the common fading effect components, i.e.
small-and large-scale fading, of the links exist between sFU and a cFCBS and between
sFU and the reference cFCBS cancels one another such that there is no fading
component present in the normalized interference power expression of a cFCBS.
Hence, considering fading effect components in the proposed model is not a necessity
so that simplified expressions in the proposed model for both intra-and inter-floor

interferences and a minimum distance between cFCBSs under a set of constraints can
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be derived. A proof (Proof 4.3) for justification of this statement is given in Proposition
4.3.

D. Grid-based non-random placement of FCBSs

We model both intra-floor and inter-floor interferences by considering non-
random placement of FCBSs at the center of square-grid based apartments. This
however does not necessarily infer that the proposed model is susceptible to the random

placement of FCBSs. The reason is underpinned in the followings:

1. RoE modeling

The RoE is modelled not by considering a minimum distance to enforce based
on the actual physical location of cFCBSs, but by considering a minimum distance
between the position of a sFU and the cell-edge boundaries (facing towards the
direction of sFU) of all ¢cFCBSs’ nominal coverages of any tiers. In intra-floor
modeling, these cell-edge boundaries of all cFCBSs of tier-s, where s is any arbitrary
number, are the external walls with the smallest distances from sFU that separate the
apartment of any cFCBSs of tier-s from that of its neighboring cFCBSs of tier-(s-1), for
any optimization constraints to satisfy. The RoE is then defined by all cFCBSs of the
tier-s such that no matter wherever any cFCBSs within its apartment is located, all
cFCBSs of tier-s cannot be considered for reusing resources. Hence, under any
optimization constraints, if the required minimum distance to enforce is found to fall
within the separation distance between the external walls (i.e., walls that separate any
cFCBSs of tier-s from that of tier-(s-1) and tier-(s+1)) of any cFCBSs’ apartment, e.g.
0 m and 10 m for tier-1 cFCBSs and 10 m and 20 m for tier-2 cFCBSs (see Figure 4.2),
no resource can be considered to reuse in cFCBSs of that tier, i.e. tier-1 and tier-2
respectively for the above example. This implies that irrespective of the placement of
any cFCBSs within its apartment, the proposed model is not affected because of
defining ROE based on a span of distance of 10 m width rather than a single point of

any cFCBS’s locations.
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This explanation is equally applicable for inter-floor modeling where external
walls by floors and tiers by floor heights, e.g. 0 m to 3 m for tier-1, 3 m to 6 m for tier-
2, and tier width of 3 m are considered. Hence, the randomness in placement of FCBSs
has apparently no effects on modeling a minimum distance to enforce between cFCBSs
and defining the corresponding RoE. In addition, the resource reuse strategies take into
account of the RoE of FCBSs as input to reuse resources in cFCBSs. Hence, the
resource reuse strategies are not the function of and have nothing directly to concern
with the randomness in physical placement of FCBSs. In particular, the resource
scheduler schedules resources for reusing in cFCBSs only by knowing the RoE of
cFCBSs. Since defining RoE is independent of the physical locations of cFCBSs, so

are the resource reuse strategies.

Note that the center of an apartment is considered as the default location for a
FCBS for modeling purposes, particularly to take advantages from the normalized
interference expressions so that by avoiding fading effect components, simple closed
form expressions for interferences can be derived. In addition, with this consideration,
both the dominant cFCBSs, i.e. cFCBSs in tier-1, and the SFCBS are located at the same
distance from the worst location of sFU such that the weakest desired signal and the
strongest interference signal powers received at SFU can be considered to carry out the
worst case scenario modeling and analysis for interferences, minimum distance
enforcements, and resource reuse strategies. Certainly, the default location of any
FCBSs can be considered at any other locations within an apartment than the center
one. However, this will cause interference expressions to be complex because of
appearing more variables in the expressions, e.g. the distance between the sFCBS and

sFU and the distances between each cFCBS and sFU of any tiers.

2. Average interference statistics

Considering that the average interference statistics over all FCBSs in the
building remain the same, random placements of CSG FCBSs can also be analyzed
using the proposed model. The reason can be underpinned by the fact that given a total

number of FCBSs per building, moving a FCBS towards neighboring FCBSs cause an
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increase in interference between them, however that also results in a corresponding
decrease in interference between the FCBS and other FCBSs located opposite to the
direction of movement such that the aggregate interference from all neighboring FCBSs
do not change considerably. Since in the proposed model, a minimum distance is
enforced based on an optimization constraint, setting an appropriate constraint value
and making it adaptive over time based on interference statistics, the proposed model

can easily address any variations in interference statistics.

3. FC access modes and deployment strategies of operators

FCs are available in three modes, namely CSG, open access mode, and hybrid
mode of the first two. Typically, CSG FCBSs are deployed randomly by end users,
whereas open access FCs are deployed following a regular pattern by network
operators. Usually, network operators do open access FCs a favor to provide access to
as many users as possible, whereas end users do CSG FCs a favor to restrict access to
a set of subscribed users. However, as mentioned in [115], in addition to residential
environments, open access FCs can be deployed in public places such as markets,
hotspots, and stations to replace PCs because of low cost and ease of implementation
of FCBSs. Operators such as SoftBank Mobile [115] decided to use open access FCs to
serve indoor users. Further in developing countries, users may not be willing to deploy
FCs on their own expenses, and network operators are expected to deploy open access
FCs in indoor environments to provide high indoor data rate. Additionally, in urban
environments, to reduce gap in quality-of-service between cell-edge cellular users and
FC users at the cell edge boundary of a large cell and provide a high capacity uniformly
network wide, network operators can deploy open access FCs within buildings. Hence,
network operators can use our proposed model to improve network spectral efficiency

and capacity as much as possible.

4. Guidelines by operators
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Given a set of guidelines by operators, including location and transmit power of
a FCBS within an apartment, CSG FCBSs can also be deployed by end users following
the square-grid pattern.

5. Compliance with assumptions and existing works

We assume that all FCBSs have the same transmit power with an
omnidirectional radiation pattern which is compliant with the physical placement of all
FCBSs at the center of their apartments in the proposed square-grid model. Further, a
number of existing works such as [99], [116] also considered grid based modeling of
BSs where BSs are considered to place at the center of its coverage. All receivers are
partitioned in inner receiver grids into a number of disjoint cells as evenly as possible

such that each cell approximates the coverage area served by its BS.

4.2.3 Interference modeling

We consider normalization of the interference power for modeling both intra-
floor and inter-floor interferences to simplify interference power expressions for
deriving their closed form solutions and easy of analyses such that in line with [117-
118], the normalized interference power is defined as the ratio of the interference power

received from any cFCBSs of any tiers at sSFU to the interference power received from

a CFCBS closest to the sFU, i.e. at the minimum distance, d;, =5m for intra-floor and
at the minimum vertical distance d, =3m for inter-floor interferences as shown in

Figures 4.2 and 4.3 respectively. The interference power from each cFCBS is

normalized such that Vy a, €[0,1]: 4y =, =, ..., =, =a, for intra-floor and

- “tra

Vya,el0le=a,=...,=a, =a, for inter-floor interference power

m  ter
received from any cFCBSs y of any tiers, where y/ denotes the maximum number of

cFCBSs per tier.
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A. Intra-floor interference modeling

Based on the above explanation for the normalized interference power, the

normalized aggregate intra-floor interference power at sFU can be expressed as
Aaggtra = erw (av,) a, (4.2

wherer, e{e,, &, 4, .. a, |, and 1(-) defines that 1(-) =1 if e, exists in the set

Ym

r,, forany ¥ , otherwise 1(-)=0.

Proposition 4.1: Using the 3GPP indoor path loss model of FCBSs [88, 106] and
considering the interference effect of first-tier cFCBSs and a maximum transmit power
of 20 dBm of any FCBSs, the normalized value of intra-floor interference power at an
arbitrary distance dira from a cFCBS at sFU is given by

Clra (dtra) = (dmin/dtra)3 (42)

Proof 4.1: We consider to model co-channel interference power of a cFCBS at an
arbitrary distance d,,as the power received by sFU using the 3GPP indoor path loss
model of FCBSs for LTE-Advanced system evaluation methodology that avoids
modeling any internal walls explicitly [88, 106]. For a transmit power P, of a FCBS in
dBm and path loss PL(dtra) in dB at distance d,,, in m, co-channel interference power
from a cFCBS at sFU is given by (dBm)

&, ya(dya) = P —PL(d,,) = 20— (127 +30log,,(d,,/1000))

ac,tra(dtra) = _(107"‘ 30log;, (d /1000))

tra

e tra (dtra) — 10 (207+3010g;(dyra/2000)/10)

ac,tra (dtra ) = 107(10‘%“3 109y 0(dira/1000))

We consider only the first tier of cFCBSs with respect to a sFCBS. The

maximum value of co-channel interference amax‘tra(dtra) from a cFCBS attains when
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=d_. such that

tra min

the distance between sFU and a CcFCBS d

oy ) = 107007 +31000(dmn 1000) \yhere d s the distance between sFCBS and sFU,

max,tra

which is also the minimum (reference) distance of any cFCBSs and sFU. Hence, the
normalized value of intra-floor interference from a cFCBS at sFU atra(dtra) can be

expressed as

atra(dtra) = ac,tra(dtra)/amax,tra(dtra)

a (d ): 10(710.773Iogm(d"a/1000)+10.7+3Iogm(dmin /1000))
tra tra

a,, (d,,) =10%0(dm /4))

Qira (d ) = 10'0910(dmin /dya)?

tra

atra (dtra) = (dmin/dtra)3

atra,dB (dtra) = 3loglo(dmin/dtra) n

Figure 4.5 shows atra(dtra) as a function of d,,. Let P, _=1denote the

rtra

normalized desired received signal power atasFU and n, [0, 1] denote normalized

noise power. The signal-to-interference-plus-noise-ratio at SFU can be expressed as

Vm
ptra = Pr,tra/(zlrv, (al// )al// + nPJ
y=l

In the worst case, y, =8 such that

8
Pra = Pr,tra/(zay/ + an = Pr,tra/(satra + np)
w=1

Hence, spectral efficiency at sFU can be expressed as
Otra = |ng(1+ ptra) (4.3)

For a bandwidth=%,,,, a link capacity at sFU is given by

Otra = Etra Iogz (1+ ptra) (4.4)
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B. Inter-floor interference modeling

Modeling in-building signal propagation characteristics between floors is
difficult [119]. According to [119], based on measurements, floor attenuation is not a
linear function (in dB) of the number of floors separating a BS from a UE. This can be
caused due to diffraction of signal energy along sides of the building itself and scattered
energy from neighboring buildings received at different floors of the building [120].
The greatest attenuation occurs when a BS and a UE are at a single floor apart. The
overall attenuation with an increase in the number of floors increases at a smaller rate.
Hence, we capture this variation of signal attenuation with distance d,,, from one floor
to another (i.e., inter-floor) by an additional adjustable attenuation factor (in dB)

a,(d, ) to the intra-floor interference model. d, of a cFCBS from sFU can be

expressed as d,, =+/d_. ?+d,.° where d is the vertical distance between SFCBS

ter min ver ver
and any cFCBSs on a floor other than that of SFCBS. To be consistent with the intra-
floor interference modeling, we consider all other parameters the same as in the case of

intra-floor modeling, however with an addition of «,(d, ) such that inter-floor

interference power is given by

O ter (dter) = _(107'1' Ioglo(dt%(w}j Ta (d‘er ) (4'5)

Since we consider an isolated building, «,(d,,) is modeled following the second

approach of indoor propagation modeling as mentioned earlier, i.e. without considering
effects of nearby buildings. In [120], authors also did not consider effects of nearby
buildings except signals through-floor and diffraction for a building. Measurements
were made for up to 11 floors separating the transmitter and the receiver. As reported
in [120], the measured signal decreases by about 12 dB per floor for the first 6 floors,
i.e. n, =1to 6, of separation and an average of 1.35 dB per floor for n,, =71to 12. The
effect of diffracted signal components was found insignificant as compared to the
component through floors, which was also reported by [65]. Since the overall response
of these component signals is not linear with the number of floors, the variation in

o (dter) is modeled by using the measured penetration losses as reported by [120] for
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up to the number of floors n, = 12 in this chapter and is given in Table 4.1 where for
n, =13 and beyond, a random value [0, 1] in dB is considered. The model is consistent

with the measurement or empirical models in [121] where the average floor attenuation
factor was reported as non-linear function of the number of floors between the

transmitter and receiver.

Table 4.1: Adjustable attenuation factor for inter-floor penetration loss.

Number of floors (n,) | 1-6 | 6-12 | 13- beyond
a,(d,, ) (dB/floor) 12 1.35 [0, 1]

Proposition 4.2: Using the same conditions as in Proposition 4.1 and a floor
attenuation factor «,(d,, ), the normalized value of inter-floor interference power for
an arbitrary distance d,, from a cFCBS located on a floor other than that of SFCBS

at sFU is given by
ater (dter ) = 10_(0'1af (dter )) (dmin/dter )3 (46)

Proof 4.2: From (4.5), a_ (d,, ) in absolute value can be expressed as

. (d )_10(10.7+3|oglo(dte%oo)+“f(dm’%j
cter \Mter / T

The normalized received power at SFU can be expressed as

P (A, =d,)=10 2l iow)

Hence, the normalized co-channel interference power «,, (dter) from any cFCBSs on

any floors other than the floor of sFU can be expressed as

Cier (dter ) = & ter (dter )/ Pr,ter (dter )

. (~10.7-31091 (dier /1000)— & (der )/10+10.7+3109 16 (dmin /1000))
ater (dter ) =10

(0, ) =10 100l /0e) a1 010

ter
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ater (d ) — 10('0910(dmin/dter ))3 % 10—(af (dter )/10)

ter

ater (dter ) = 10_(0.10” (dter )) (dmin /dter )3

ater,dB (dter) = _0'1af (dter ) + 3 IOglO (dmin/dter ) u

(0-10‘f (dter ))

In (4.6), an additional factor 10 appears in comparison with (4.2). The

inter-floor interference power given by (4.6) indB «,, (d,., ) is evaluated numerically
in comparison with the intra-floor interference power given by (4.2) in dB «,, 4 (d,.)

and is shown in Figure 4.5. From Figure 4.5, it can be found that the normalized
interference powers of intra-floor as well as inter-floor (with no floor attenuation effect)
vary linearly with distance. The inter-floor interference power decays considerably
faster with distance as compared to the intra-floor interference power because of an
additional floor attenuation effect. Note that the characteristic responses of the
normalized interference powers in absolute values show an exponential decay with

distance, which is obvious from either (4.2) for «,,(d,,) or (4.6) for «,,(d,, ). Further,

ter
for inter-floor interference modeling, the distance on x axis in Figure 4.5 represents

d,. . However, the response of inter-floor interference is shown for the corresponding

value of d,, =+/d,,>+d,,’ to each value of d, . Hence, for low values of d,, in

ter

comparison withd . =5, d,, is dominated byd_. . However, as the value of d,,

ter min *

increases substantially, d,,, is mainly dominated by d,,, . This can be found in Figure

ter

4.5 where for low values of d ., , the inter-floor interference power response (without

ver 1
floor attenuation effect) shows slightly sloppy, and becomes almost straight line for
high values of d,,, .

Since the minimum distance between a sFU and a cFCBS in intra-floor level is
d...=5m and in inter-floor level is d, =3m, and the maximum values of both

interference powers occur at these minimum distances as shown in Figure 4.5. Note

also that the floor attenuation loss e, (d,, ) for a received signal is not fixed and is non-

uniform which varies based on the number of floors between a transmitter and a
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receiver. «,(d, ) has typically a burst effect on the propagating signals while

penetrating through any floors and is absent between any two consecutive floors. This
can be observed in Figure 4.5 where between any two consecutive floors, the floor
attenuation effect remains fixed, and the distance dependent path loss exists. However,
the floor attenuation effect is substantial across each floor width, particularly for the

first 6 floors of separation between a transmitter and a receiver (Table 4.1).

Normalized Interference Power (dB)

—&— Intra-floor interference t Pt

_11 || @ Inter-floor interference without floor attenuation effect M

~ %'~ Floor attenuation effect
-12 | | | | |

-10
=+ — Inter-floor interference with floor attenuation effect

3 13 23 33 43 49
Distance (m)

Figure 4.5: Normalized intra-floor and inter-floor interference powers (in dB) with
distance for a single cFCBS at a sFU.

Proposition 4.3: Considering fading effect components in the proposed model is not a
necessity so that simplified expressions in the proposed model for both intra-and inter-
floor interferences and a minimum distance between cFCBSs under a set of constraints

can be derived.

Proof 4.3: To justify this concern, we study the Proposition 4.1 by considering the

small-scale fading py,; and large-scale shadowing effect ,; per co-channel

interference link. Using the 3GPP indoor path loss model of FCBSs for LTE-Advanced
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system evaluation methodology that avoids modeling any internal wall explicitly [88,
106], and following the same conditions as in Proof 4.1, the co-channel interference

power from a cFCBS at sFU is given by (dBm)

ac,tra(dtra)z Pt - PL(dtra)+7s,i +7/I,i
=20-(127+301l0g,,(d,./1000))+ 7, + 7,

Following Proof 4.1, the above expression can be written as

ac,tra (dtra) — 1 0_ (10'7+3IOQIO(dtra/looo)_o-l(ys,i +i ))

Considering that indoor channels between sFU and any cFCBSs experience
approximately the same fading effects, the maximum value of co-channel interference

Cmraldya) from a cFCBS attains when the distance between sFU and a cFCBS

d,, =d,;, such that

tra —

X o tra (d - ) — 10*(10-7+3|0910(dmin /1000)-0.1(y5 ; +71 ;)

where d,,;, is the distance between a sSFCBS and its sFU, which is also the minimum

(reference) distance of any cFCBSs and sFU. Hence, the normalized value of intra-floor

interference from a cFCBS at sFU «,,,(d,,, ) can be expressed as

atra (dtra ) = ac,tra (dtra )/ amax,tra (d min )

o (d ) — 10(_10'7_3IOQIO(dtra/1000)+0~1(7s,i+7I,i )+10.7+3100;0 (A in /1000)—(7s,i+7| i )

tra
Uira (dtra) = 10(3|091°(dmin /dira))
, (dt ) = 10I0910(dmin/dtra)3

atra (dtra) = (dmin/dtra)3

which is the same as in Proof 4.1. Hence, the model is independent of the small-scale

and large-scale fading effects. [

4.3 Approaches for enforcing a minimum distance
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In a 3D multi-floor building, since cFCBSs are present in both intra-floor and

inter-floor levels as shown in Figure 4.4, the total aggregate interference power at sFU

is given by
aagg,tot = aagg,ter + aagg,tra (47)
_(a (dter) 10) 3 3
aagg,tOt :10 f / ymax,ter (dmin/dter) + ymax,tra (dmin/dtra)
where a,, . and ., ., denote respectively an aggregate interference power of intra-

floor and inter-floor cFCBSs received at sFU.

Proposition 4.4: Let o, ya) Xrer » ANy, o Tespectively denote intra-floor

interference, inter-floor interference, and total interference power constraints at sFU.

+o <c, +

then (24 agg,tra — ““thr,ter thr,tra *

If agg,ter

agg,ter = athr,ter and aagg,tra = athr,tra !

Proof 4.4: Consider that o Is constrained such that at sFU &y, oy < @y 0 » aN

agg,tot

hence «

agg,ter +t

agg,tra < athr,tot ,

Smce athr,ter + athr,tra = athr,tot

+

«, agg,tra =

+

agg,ter athr,ter hr,tra
Hence, for o, 1o < Qpyrter AN Aygg 1ra < Ay i » the aboOVe condition must satisfy.  m

To find a minimum value of d,_ and d,,, we separate the problem into two

tra ter ?

sub-problems where sub-problem 1 is for finding a solution of d., _ intra-floor level and

tra

sub-problem 2 is for finding a solution of d,_ inter-floor level.

ter

Sub-problem 1: Sub-problem 2:
minimize  dy, minimize  dy,
subjectt0  aggira < Athr tra subject to  raggter < Athriter

P < Pmax R < Pimax
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To ensure that solutions from sub-problems 1 and 2 will be satisfied by the total

interference requirement that must not exceed a tolerable value o, ,, We set

athr,ter + athr,tra < athr,tot '

Since spectral efficiency and link capacity are also functions of interference,
sub-problems 1 and 2 for these constraints can also be formed following the above-
mentioned approach. Hence, we propose three approaches to find a minimum distance
between cFCBSs for both intra-floor and inter-floor interference scenarios based on
how constraint sets are developed, namely interference, spectral efficiency, and link
capacity constraints. The first two approaches are generic and independent of the
number of reused RBs in a cFCBS, whereas the third approach considers the impact of
varying the number of reused RBs in a cFCBS which we show in the following.

“ and d.

tra ter

Derivations of optimal minimum distances d respectively for intra-floor

and inter-floor levels under each approach are performed in the following. For each
approach, we assume that all FCBSs operate at the same maximum transmit power

R =P

t,max *

4.3.1 Approach 1: interference constraint

A. Intra-floor level

*

tra

In this approach, an optimal solution for a minimum distance d,,, to reuse

resources in cFCBSs intra-floor level is derived by constraining sub-problem 1 with an

aggregate interference power constraint e, .. An increase in a, ,, results in the

more reuse of the same set of RBs =, of system bandwidth and vice versa. Although

more reuse of resources causes overall capacity to increase proportionally, an increase

in a, . Causes at the same time to decrease overall capacity logarithmically as given
by Shannon’s capacity formula. Hence, a trade-off between = and a, . is to be

considered such that «, ., can provide an optimal maximum capacity at a minimal
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*

separation distance d,._ which can be found by solving the following optimization

tra

problem.

minimize d,,
subject to Qaggtra < Wiprara
P <P

t,max

*

tra

The solution of the above optimization problem d. _ is given by

dt*ra 2 dmin (ymax,tra/athr,tra )1/3 (48)

Proof 4.5: Since we are interested in the worst case scenario, we consider the maximum

number of intra-floor cFCBSs, i.€. ¥, = Ymara = 8. Hence using (4.2), the maximum

aggregate interference power at SFU can be expressed as

amax,tra = ymax,tra (dmin/dtra)3

3
However’ amax,tra S athr,tra SUCh that amax,tra = ymax,tra (dmin/dtra) < athr,tra

d . such that

tra— Y tra

The above condition is satisfied when d

ymax,tra/athr,tra = (dt’:a/dmin)3

*

SOIVing for dt’:a yields’ dtra = dmin (ymax,tra/Clthr,tra)l/3 u

From (4.8), it can be found that d_._ is independent of =,__, and so is aggregate

tra tra?

interference at sFU (see (4.2)). Any numbers of RB can be reused in cFCBSs which are

= d._from one another.

tra tra

located at distances at least d

B. Inter-floor level

Following the same procedure as that applied for intra-floor level, a minimum

distance d.

ter

is derived for an inter-floor interference power constraint a,, ., at sFU.

Hence, applying the inter-floor interference modeling, a minimum distance between
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cFCBSs d,,, for reusing resources in cFCBSs inter-floor level can be found by solving

the following optimization problem.

minimize  d,

SUbjeCt to aagg,ter S athl’,ter
P<P

t,max

The solution for d., of the above optimization problem is given by

d;r >d (]_o(af(dfer)lo) (ymaxyter/%nIer ))1/3 4.9)

where y, .- =1 for single-sided cFCBSs, and Y., .. =2 for double-sided cFCBSs.

Proof 4.6: With double-sided cFCBSs, sFU experiences co-channel interference from
cFCBSs on its both sides, one on top and the other on bottom floors from the serving
floor such that for a given interference constraint, each cFCBS contributes

Y Y e er =1/ 2 0f the total interference constraint. The inter-floor interference power
from a cFCBS can be given by

124 :107(0”(dter)/lo)(dmin/dter )3

agg,ter

<a such that

agg,ter — ““thr ter

According to the constraint, «

aagg,ter = 10_(af (e )/10) (dmin/dter )3 S athr,ter/ymax,ter

=d. such that

ter ter

The above condition is satisfied when d

:I.Oi(af (d;r)m)(ymax,ter /Olthr,ter)S (dtter /dmi")3

. o (a2 1/3
SOIVing ford,, dter 2 dmin (10 ( f(dter) 10) (yma\x,ter/ozmnIer )) u

ter !

Hence, RB resources can be reused in a cFCBS for both single-and double-sided

cFCBSs located at distance d.. >d° from the location of sFU. Since interference

ter — “ter

*

power constraint per cFCBS is decreased for double-sided cFCBSs, d.. requirement is

ter

increased accordingly as can be found from (4.9).
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4.3.2 Approach 02: spectral efficiency constraint
A. Intra-floor level

Rather than solving an indirect optimization problem by considering an
interference constraint as in approach 1, in this approach, a link level spectral efficiency
constraint is considered. This is because of the fact that a link capacity is directly
proportional to its link spectral efficiency, which is a logarithmic function of the
aggregate interference that the link experiences. Hence, a direct optimization problem
for a minimum distance can be solved by a spectral efficiency constraint such that the

optimization problem can be expressed as

minimize d

tra

SUbjeCt tO Utra,se 2 O-thr,se
P<P

t,max

where o, ., denotes spectral efficiency constraint which is upper limited by 4.4 bps/Hz
for a link signal-to-interference-plus-noise-ratio p,,>22dB. The value of
e = 010 4.4 bps/Hz depends on network performance requirements. The solution

of the above problem for an interference limited scenario, i.e. a4, >> N, is given by

di = doin (Vmacera (27 =) (4.10)

Proof 4.7: Intra-floor link capacity o,, can be expressed as
Gtra = E"tra IOgZ (l+]/(aagg,tra + np » bps
Gtra,se = O-tra/Etra = IOgZ (1+]/(aagg,tra + np)) bpS/HZ

3
where Aaggtra = Xmaxtra = ymax,tra (dmin/dtra) .

>0 which is satisfied whend, . >d”

ra,se — ~thr,se tra = “tra*

However, o,

Hence, log, (1+ Y (Olagg,na +n, ))Z Oitr,se
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Iogz(:I'+]7/(ymax,tra(dmin/d;a)3 + np))2 Oithr,se

:I'+:I7/(ymax,tra(dmin/dt*ra)3 +n, )Z 27

ymax,tra(dmin/dt*;a)3 < }(Zo_lhr,se _1)_ np
Al S

a2 A Yo @7 1)/ 1, 27 1)

For « >>n,, the above expression can be rewritten as

agg,tra

Al = do (Yiaea 27 1)) .

B. Inter-floor level

Similar to intra-floor level, the optimization problem for inter-floor interference

can be expressed as follows

minimize d

ter

SUbjeCt tO Gter,se = Gthr,se
P<P

t,max

The solution of the problem for «,, ., >>n, is given by

47, = dy o0 EDy (e ) (4.11)

wherey, ... =1 forsingle-sided cFCBSs, and vy, .., =2 for double-sided cFCBSs.

Proof 4.8: Inter-floor link capacity o, can be expressed as
O-ter = E:ter |092(1+]/(aagg,ter + np» bpS
O-ter,se = O-ter /Eter = Iogz (1+]/(aagg,ter + np» bpS/HZ

_ _ 10011 (@) 3
where aagg,ter = A axcter =10 [ ymax,ter (dmin/dter)
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The condition &, ., > oy, . IS Satisfied whend,,, > d,, .Hence,

ter — “ter

Ing (1+j/(aagg,ter + np))2 o_thr,se

log, 1+1/80 =6y (d o /de ) 0, )= o

:|_0_(0'1&f (dm )) ymax,ter (dmin/d;r)s < }(Zamr'se _1)_ np

Solving ford, , d, >d,,, 80 )y (e _g)/un (oo 1)

* —(0.10¢ (dye o 3
For aagg,ter >>N dter 2 dminél‘O (Oll f(dter)) ymax,ter (2 e _1)) u

p H
4.3.3 Approach 03: link capacity constraint
A. Intra-floor level

Approaches 1 and 2 use link quality in terms of link signal-to-interference-plus-
noise-ratio and link spectral efficiency and are independent of reused RBs in cFCBSs.
However, capacity is a product of two terms, bandwidth and link quality and is varied
linearly with the former and logarithmically with the later. Hence, we can exploit the
effect of reused RBs to find a minimum distance. The main feature of this approach is
that a minimum distance and hence the number of times of reusing resources for a set
of cFCBSs can be made adaptive by varying the number of reused RBs in each cFCBS
on top of varying either signal-to-interference-plus-noise-ratio or link spectral
efficiency. We use Shannon’s capacity formula directly to address a direct optimization
problem to be solved such that bandwidth resources in terms of RBs can be considered
to reuse in each cFCBS so long as the product of the link quality and the number of
reused RBs at least equals to a predefined link capacity constraint. Note that the effect
of reusing an RB in a cFCBS causes to create the maximum of 8 co-channel interferers
per tier.

We consider only the effect of tier-1 co-channel interference since the
interference effects from tier-2 and above are negligible because of considerably a long

enough distance of any cFCBSs of those tiers from sFU. Let =" denote the number of

—tra
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RBs to be reused in a cFCBS. Since there are at most y, .. ... CFCBSs in any tiers with

respect to SFCBS, any reuses of =" causes an additional aggregate interference power

h‘tra

from y ... CFCBSs. Note that a SFCBS is also a cFCBS when a minimum

maxtra
distance between cFCBSs is enforced. Hence, a minimum distance between cFCBSs is

and an

max,tra

to be derived such that a decrease in capacity of a cFCBS because of «
increase in capacity because of reusing =" number of RBs in it satisfy the link capacity
constraint denoted by o, . . A minimum distance can be obtained by solving the
following optimization problem

minimize d

tra

subjectto o, = Oy ira
R <P ma
By solving the above optimization problem for &, .., >>n,, an optimal solution for
d,., is given by
* o, /':W" 1/3
A 2 Ay (Vs 2775 1) (4.12)

Proof 4.9: The capacity from reusing =" RBs in a cFCBS is given by

En’; |Og 2 (1+ (]/(aagg,tra +n, )))

Ora = Er:; |ng(1+ (]/(ymax,tra(dmin/dtl'a)s + np)))

According to the constraint, which satisfies when d, , >d,,

O-tra

such that

tra’

Otra = tra |ng(1 (:I/(ymax,tra(dmin/dt:a)g + np)))2 Othr tra
Iogzﬁ+(1/(ymm( win/Gia)’ 410 ))) 2 Opera/ Era
Y el 5,)" 1, )2 2005

Yol ) € Hois )

Ulhrlra/“tra _
(d;a/dmin) 2 lymaxtra ){ O_thr,(ra/Eggg _1)]



133

* Zwr —wr 1/3
dtra 2 d min [ymax’tra (Zathr‘tra/—'tra _ l)/@_ n ) (Zo_thr.lra/‘—tra _1))]

* o /-;-wr 1/3
>> np ! d = dmin(yme\x,tra(2 el T _1)) u

tra —

For

agg.tra

In the above equation, the minimum distance considers both the effects of co-

channel interference in terms of y__ .. and resource reuse in terms of the number of

RBs =. The main advantage of this approach is that resource reuse does not depend

=)
—tra

much on co-channel interference statistics, rather on the availability of = . Even with

—tra
a significant presence of the aggregate co-channel interference, by considering more

RBs =, to reuse, we can boost the overall FC network capacity which in not obvious

from approaches 1 and 2, e.g. what should be an appropriate value of =" for a given

“tra
interference or spectral efficiency constraint. However with approach 3, a minimum

distance can be easily found for a given value of =" . Note that the number of reused

“tra

RBs must be able to achieve a given capacity constraint where 1 RB is equal to 180

kHz for LTE-Advanced systems. For example, for a capacity constraint o, ., =5x4.4

bps, we need at least 5 RBs to be reused since the link quality is limited by 4.4 bps/Hz.

So, the value of =" must be chosen according to the value of capacity constraint.

—tra

B. Inter-floor level

Similar to intra-floor level for link capacity constraint, we use Shannon’s

capacity formula and consider the effect of tier-1 cFCBSs’ from sFU. Let =}’ denote
the number of RBs to be reused in an inter-floor cFCBS. d_., can be obtained by solving
the following optimization problem such that the link capacity o, at sFU satisfies a

link capacity constraint o, .

minimize  d,,

subjectto o

ter —

P<P

t,max

2 O-thr,ter
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*

Solving the above problem, an optimal solution d,, inter-floor level for «,,, ,, >>n,

yields

1/3

d:;r Z d min (10(0'1‘1f (dt*er )) ymax,ter (Zo_lhr,ler/Egl[ _1)) (4 13)

where Y, ... =1for single-sided cFCBSs, and y, . .. =2 for double-sided cFCBSs.

Proof 4.10: Following the similar procedure as that in intra-floor level such that the

capacity from reusing =" RBs in a cFCBS inter-floor level is given by

O =20 log, 1+ /L0 )y (dnn/de S +1, )

Hence, following the constraint such that it satisfies when d, >d,, and similar steps as

in intra-floor level yields

O =B 100, (;4' (]/‘éloi(ovm' i) Y max ter (d min/d;r )3 +Np )))2 Othrter

(o012, (a3, S /5l _
(d:;r /dmin)s > bO 0.1c¢ (d Y max ter (2 % np(ZU‘""‘”/Eg _1)]

* —0.1¢ (dge Ie ohil o = 1/3
dter 2 dmin ho (0.1 f(dter )) ymax’ter (2 thr,ter/ ter _1)/(1_ np(2 lhr,ler/ ter _1))]

* —\0.1la ¥ o ey 1/3
For o« >>N dter = dmin@‘0 (0-1 f(dm )) ymax,ter (2 Ihr,ler/ “ _1)) .

agg,ter p?

4.4 Numerical result and analysis for minimum distance enforcement

4.4.1 Interference constraint

Since Y..... IS @ scalar quantity, the responses of normalized intra-floor

interference power with distance given by (4.2) and (4.8) are similar as shown in Figure

4.5 for intra-floor scenario. Using (4.8), for an interference constraint «,, ,, =0.11 and

*

tra?

=8, the minimum distance d,, > 21 m is required. In order to enforce d

ymax, tra tra —

up to

tier-2 from sFCBS is to be considered as RoE such that no resource can be reused in

any FCBSs located up to tier-2 around sFCBS (see Figure 4.2). A key observation from
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(4.8) is that the aggregate interference at sFU is inversely related to d, such that by

tra

allowing an increase in interference constraint, the minimum distance between cFCBSs

can be reduced, and hence more reuse of the same resources can be achieved.

In inter-floor level, since the value of ¢, (d*r) is not known in prior to computing

tel

* *

d._, we consider to use the constraint « directly to find the value of d

ter agg,ter < athr,ter

ter

and henced;, as shown in Figure 4.6. In practice, any values of «,(d;, ) can be known
in prior from the number of floors between sFU and cFCBSs such that d,,, requirement
can be found from the derived expressions directly. Figure 4.6 shows d_,, versus
Oy o TOI a set of ranges of «, ., = 0.001 to 0.01, 0.01 to 0.1, and 0.1 to 1.0. From
the figure, it can be found that d_, requirement decreases with an increase in the value

Of athr,ter '

=@ = Single-sided cFCBSs (interference constraint: 0.001 - 0.01 with step size = 0.001)
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Figure 4.6: d, versus «,, ., inter-floor level.
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Further, d requirement for single-sided cFCBSs is less than or at least equal to that
for double-sided cFCBSs because of the fact that o, ., requirement per cFCBS

becomes half for double-sided cFCBSs as compared to that of single-sided cFCBSs.

The deviation in d,, requirement between single-sided cFCBSs and double-sided
cFCBSs is relatively high with a decrease in «, ., . For double-sided cFCBSs, d,,

requirement is the most of 9 m, i.e. 3 floors apart from the serving floor, for

a, .. =0.001 and the least of 3 m, i.e. 1 floor apart from the serving floor for

thr ter

a =1.0; whereas these values are respectively 7 m (i.e., 3 floors apart) and 1 m

thr ter
(i.e., no floors apart) for single-sided cFCBSs. Overall, a minimum separation distance
between cFCBSs, is the maximum for cFCBSs located about the mid-floor of the
building, decreases gradually as moving toward extreme floors for cFCBSs located on
an intermediate floor between the mid and any extreme floors such that there exists
double-sided cBCBSs, and the minimum for cFCBSs located at the extreme floors, i.e.

ground and top most floors, such that there exists only single-sided cBCBSs.

Remark 4.1: The aggregate intra-floor interference at sFU is inversely related to the
distance between a cFCBS and sFU, and hence reuse of resources intra-floor level can
be increased by increasing intra-floor interference constraint. Further, for a multi-floor
building, reuse of resources is the least for floors about the mid-floor of the building
and increases to its maximum value for floors about the extreme floors. Hence, in
comparison with intra-floor interference, floor penetration losses play a significant role

on inter-floor interference effect at SFU to constrain the reuse of resources in cFCBSs.

4.4.2 Spectral efficiency constraint

*

Figure 4.7 shows the requirement of d

tra

with the variation of o, ... From the

figure, it can be found that d, increases almost linearly with an increase in oy, ,, from

*

0.5 to 4.5 bps/Hz. For example, d. of more than 27 m is required for a typical

tra
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maximum value of o, ., = 4.4 bps/Hz for the serving link, and hence resources can be

reused in FCBSs located in tiers at least 3 tiers away from that of SFCBS.

Figure 4.8 shows inter-floor minimum distance requirement with inter-floor

spectral efficiency constraint. The same procedure as in the case of interference
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Figure 4.7: d, versus oy, , intra-floor level.
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in order to find the value of d~

ter !

constraint is used, i.e. o, ., > and hence d,, .

O-thr,s;e !

In contrast to inter-floor interference constraint, d’, requirement decreases with a
decrease in the value of «, ., . However, similar to interference constraint, d,,

requirement for the single-sided cFCBSs is at least equal or less than that for double-

sided cFCBSs. The deviation in d, requirement between single-sided cFCBSs and

double-sided cFCBSs is not significant enough as in the case of interference constraint
since spectral efficiency requirement varies logarithmically with distance. The

maximum deviation in d,, requirement occurs when o, . requirement reaches the

typical maximum link quality of 4.4 bps/Hz. As shown in Figure 4.8, resources can be
reused in every alternate floor for single-sided cFCBSs to achieve the maximum link
quality, whereas for double-sided cFCBSs, resources can be reused in floors apart from

each other by at least 2 intermediate floors.

*

Remark 4.2: With spectral efficiency constraint, d. . requirement in intra-floor level

tra

increases linearly with the constraint. Further, estimating d_, based on o allows

thr,se
more reuse of resources because of logarithmic variation with distance than considering
interference constraint which varies exponentially (see Figure 4.5). Since link quality
is the prime concern for a given bandwidth to improve link capacity, it is preferable to

consider spectral efficiency constraint because of allowing an estimation of d_, by

employing capacity formula directly.

4.4.3 Link capacity constraint

*

Figure 4.9 shows d,, with capacity constraint o, ., for varying the number of

tra hr tra

reused RBs = and link spectral efficiency o for reusing resources in cFCBSs
tra,se

—tra

intra-floor level. From the figure, it can be found that both =" and ¢, have

“tra tra,se

*

significant impact on d,,, when optimization problem is constrained by o, ... More

tra

*

specifically, the requirement of d., increases with an increase in oy, .., irrespective of

tra
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Figure 4.9: d;, versusoy, ., for variable =, and o, intra-floor level.

the values of 2" and o

—tra tra,se *

Irrespective of the number of reused RBs, the requirement

of d’

tra

increases with the better channel quality requirement of the serving link. Further,

irrespective of the link quality, an increase in =" results in a decrease in the value of

—tra

* *

d,,. Hence, a minimum value of d,, can be achieved for a maximum value of =} and

tra * tra

a minimum value of &

tra,se

for a given oy, , . Note that the values of o, ,, on Xx-axis

in Figure 4.9 are to be multiplied by the respective spectral efficiency values, i.e. 0.1
bps/Hz, 2.2 bps/Hz, and 4.4 bps/Hz.

*

Figure 4.10 shows d,, with capacity constraint o, ., for the variation of =}/

ter —ter

*

and &, increases with an increase

ter,se

inter-floor level. In general, the requirement of d

ter

iNoy., . » and decreases with an increase in = for a givenoy, , . The requirement of

—ter

d,. does not change significantly with a change in the value of =" as was the case in

ter —ter
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intra-floor scenario, perhaps because of high floor penetration losses. As mentioned

earlier, the value of =" should be carefully chosen particularly when a high link quality

is expected as can be found from Figure 4.11 where it is shown that for =" less than

—ter

the value of required RBs of 10 to achieve &, .., With an increase in link quality
requirement, the requirement ford_ also increases significantly as compared to

responses when ="' is at least equal to 10. Also, like intra-floor scenario, a minimum

—ter

value of d, can be achieved for a maximum value of =y for a given capacity

—ter

constraint.

Remark 4.3: With capacity constraint, densification of FCBSs can be increased by

keeping the value of o, as least as possible and increasing the value of =" in

ra,se

cFCBSs irrespective of the value of oy, ., intra-floor level, whereas by increasing

value of 2 in cFCBSs irrespective of the values of &

ter thr ter

ando,, ,, inter-floor level.
Further, as a design consideration, it is recommended that =" should be chosen at

—ter

least equal to the required RBs to achieve o, ., With a high link quality.
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4.5 Resource reuse architecture, strategy and gain in multi-tier networks

4.5.1 System architecture and interference management of multi-tier networks

System architecture of a multi-tier network is illustrated in Figure 4.12. We
consider a single MC of a corner excited 3-sectored MC site and a number of SCs of
various categories, including outdoor PCs and indoor FCs in an urban environment. All
FCs are deployed in a 3D multi-floor building, i.e. L = 1, where L denotes the number
of 3D buildings in a MC coverage. A certain percentage of MUs are considered within
the building. All indoor MUs are served by the MC. In addition, a certain percentage of
outdoor MUs are offloaded to nearby PCBSs.

We consider interference management for co-channel deployed FCBSs by
avoiding allocation of the same radio resources mainly time and frequency to UEs such

that co-channel interference can be avoided as shown in Figure 4.13. All indoor MUs
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Figure 4.12: System architecture of a multi-tier network for L = 1.

Time _
I I 1
5 RB
s [T I TTTTT M ITTTT T MTITTT]
D - v
T TTI
das | a a
Il ~Bs || Non-ABS
All MUs and no FUs can be scheduled Only outdoor and offloaded MUs, no indoor
MUs, and all FUs in a building can be scheduled

Figure 4.13: ABS based elCIC for interference management.

and outdoor MUs are allocated orthogonally to RBs. The same system bandwidth is
reused in only FCBSs. If an indoor MU is within the building, TD ABS based elCIC is
applied to avoid co-channel interference between the indoor MU and any FUs. All
indoor MUs can transmit only during ABSs while all FCBSs mute transmission of

control and data information except synchronization and broadcast channels. However,
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indoor MUs are not served during non-ABSs by MCBS to avoid co-channel
interference with FUs since FCBSs can transmit only during non-ABSs. All offloaded

MUs and outdoor MUSs can transmit in all TTlIs.

4.5.2 Problem formulation

A. Multi-tier network model

Denote Pwm, Pp, and Pr as the transmit powers of a MC, a PC, and a FC
respectively. Consider that there are M RBs in system bandwidth and N MUs in the
system. Let Sp denote the number of PCs in the MC coverage. If Up denotes the number
of MUs offloaded by a PC, the total number of offloaded MUs is UorL = SpxUp. If 1,
denotes the ratio of the number of indoor MUs, then the total number of indoor MUs is
Uy =t x N, outdoor MUs is Uwo = N-UorL-Uwmi, and MUs served by MCBS is Uwm
= Umo+Uwmi.

Let Nwm denote the set of indices of all MUs such that Nm = {1, 2, 3, ..., N}.
Denote Nmo, Np, and N respectively the set of indices of all outdoor MUs, offloaded
MUs, and indoor MUs. Note that Nw is partitioned randomly into three disjoint subsets
Nwmo, Np, and Nwmi. Let Sk denote the number of active FCBSs in the building. If each
FC serves one FU, the total number of FUs is Ur = Sr. Let N denote the set of all FU
indices such that Ne = {1, 2, 3, ..., Ur}. Consider that the number of FUs is uniformly
distributed in the interval [1, Ug] where Ur = 250 in our simulation set up. The
realization of MUs served by MCBS and PCBSs are not mutually independent since
MUs served by PCBSs are MUs offloaded from MCBS, and the schedulers have a
complete knowledge when a MU is offloaded. However, an offloaded MU to any PCBS
is equally likely in a realization. Note that a realization is defined as a simulation run
time.

The FC building and PCs are located randomly and uniformly within MC’s area.
All outdoor MUs, offloaded MUs, and FUs served by non-cFCBSs are distributed
randomly and uniformly within their respective BSs’ coverage areas. However, FUs

served by cFCBSs are considered to locate at the farthest radial distances from their
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respective cFCBSs. Let T denote simulation run time with the maximum time of Q (in
time step each lasting 1 ms) such that T = {1, 2, 3, ..., Q}. Let Tags denote the number
of ABSs in every ABS pattern period (APP) of 8 subframes for our simulation set up,
such that TagsC T and Tags={t: t=8v+z;v=0,1,2,...,Q/8;z=1, ..., Tass} where
Tass =1, 2, ..., 8 corresponds to ABS patterns @ = 1/8, 2/8, ..., 8/8 respectively. Let

Lagsand t . g5 denote respectively an ABS and a non-ABS such that t,; € Tass and

tnon—ABS € T\TABS'

B. System capacity

Let d,,,,dpc,and dy_denote respectively the distances of any MUs, PCs, and
FC buildings from the MCBS, and d . denote the distance between a FCBS and a FU.
The distances of all UEs of each category in a realization are generated following the
respective distribution functions as mentioned earlier. The path loss is calculated using
path loss formulas given in Table B.5 in Appendix B.

Let U and U, .. denote respectively the number of cFCBSs and non-cFCBSs

such that U, =U .. +U, .. Let M .and M. denote respectively the number of

reused RBs per cFCBS and the number of RBs for all non-cFCBSs such that

M =M, +M, . Letoy, . denote the required link spectral efficiency between sFU

and sFCBS both intra-and inter-floor levels such that the required capacity constraint

for each cFCBS can be given by o, ., = M x oy, o - HENCE, the aggregate capacity

from reusing M .. RBs per cFCBS in the building can be given by
O-CFC = UcFC x O-thr,ca = UcFC x (M cFC x O-thr,se) (414)

Since during an ABS, no FCBSs can transmit data signal, and the whole system
bandwidth is reused in FCBSs of the building during non-ABSs, following (C.5) in

Appendix C, the aggregate capacity of all FUs for any ¢ can be expressed as

Q M ncFC

OFc :Z Z(l_¢) Gt,i(pt,i)+(1_¢)XGcFC (4.15)

t=1 =l
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Similarly, the aggregate capacity of all MUs over M RBs for Q TTIs can be expressed
as the sum throughput of all MUs as

Q M

Onme = Z Zo-t,i(pt,i) (416)

t=1 i=1
where o and , are responses over M RBs of only indoor MUs in te Tass and all
outdoor MUs and offloaded MUs inteT.

Hence, the total capacity of the multi-tier network over M RBs for Q TTIs can

be expressed as the sum throughput of all UEs in the network as

Osys =Opmc T O0kc (4.17)

C. Proportional fair scheduling

The proportional fair scheduling algorithm is described in Appendix C.

D. Jain’s fairness index

Jain’s fairness index is used to evaluate fairness performance of users served by
all non-cFCBSs with a change in reused RBs per cFCBS and can be expressed as
follows [92, 122]

UncFC 2 Uncpc
FJ :(zxxj /{UncFC Z szj (418)
x=1 x=1

where X, represents the total number of RBs allocated to user x over the simulation

runtime.

4.5.3 Simulation parameters and assumptions

The default simulation parameters and assumptions used for system level
simulation are listed in Table B.5 and Table B.6 in Appendix B. Hence, unless stated
otherwise, the default value for any parameters is used from Table B.5 and Table B.6

in Appendix B. Further, elCIC is considered to address mainly the cross-tier
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interference between indoor MUs and femto-tier that has been yet mostly overlooked

in literature.

4.5.4 Resource reuse architecture modeling

We consider using graph coloring problem [123] to estimate the number of
orthogonal set of sub-bands for reusing resources in cFCBSs for the given intra-and
inter-floor constraints. In intra-floor level, the number of FCBSs in RoE of a cFCBS

including the cFCBS is the chromatic number y,,, , i.e. the minimum number of colors

or orthogonal set of RBs scheduled by the scheduler. Note that the set of RBs allocated
to any non-cFCBSs in any TTIs is decided by the scheduler based on certain metrics,
e.g. performance metric in Proportional Fair scheduler. However for cFCBS, the
resource allocation depends on the resource reuse strategy that we discuss in the
following subsection. Each edge can be associated with any constraints, e.g.
interference, spectral efficiency, or capacity constraints, to find a minimum distance
between FCBSs. An edge between two FCBSs exists when a minimum distance for the
corresponding constraint is satisfied. Note that any two FCBSs become cFCBSs only
when a given constraint is satisfied so that a minimum distance, i.e. an edge, between

them exists both intra-and inter-floor levels.

Similarly, in inter-floor level, each edge represents a minimum distance

corresponds to an inter-floor constraint between floors holding cFCBSs. The chromatic

number for inter-floor level y,., is the number of floors in RoE including the floor of

cFCBS itself. Hence, the chromatic number (i.e., the total number of orthogonal bands)

for both intra-and inter-floor levels (i.e., the building) is given by

Zbuil = Zter X Ztra (419)

Hence, we can now model the resource reuse graph for minimum distances and
hence chromatic numbers both intra-and inter-floor levels. Figure 4.14 shows an
example minimum distance constraint based resource reuse graph with respect to floor
n+1 where each node represents a cFCBS, and each edge represents the constraint that
is to be satisfied to reuse resources in cFCBSs. Note that RoEs for both intra-and inter-

floor levels are shown with red color lines; edges in blue color represent that the
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constraint is satisfied for a minimum distance; and green color circles represent
cFCBSs, and ash color circles represent non-cFCBSs. Hence, resources can be reused

in every 3 FCBSs intra-floor level and every alternate floors inter-floor level.

The conventional FFR strategies are primarily developed for homogeneous
mobile networks and later on extended to HetNets to improve capacity of 4G mobile
networks. The FFR strategies exploit outdoor MC coverage by partitioning and then
reusing frequency in those partitions to improve capacity and spectral efficiency
performances. Mainly outdoor MC based, FFR strategies cannot be transported to
indoor 3D in-building SC networks where both horizontal and vertical placements of
FCBS need to exploit. Hence, novel frequency reuse strategies need to develop by
taking into account of indoor 3D in-building propagation characteristics such as short
distance co-channel interference effect, floor effect, external wall effect, and 3D
structural geometrical effect. Hence, unlike conventional FFR strategies, we propose
two strategies to reuse RB resources in cFCBSs in this chapter, particularly for 3D in-

building FC networks, for an aggressive reuse of the whole system bandwidth in FCBSs
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Figure 4.14: A minimum distance constraint based intra-and inter-floor resource reuse
graph for 3D in-building scenario.
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to address high capacity and spectral efficiency demands of the next generation mobile

networks, i.e. 5G mobile networks.

4.5.5 Resource reuse strategies and gain

A. Resource reuse strategies

In strategy 1, FCBSs’ clusters are formed based on RoE in both intra-and inter-
floor levels, and the whole system bandwidth is reused in each cluster following a static
frequency allocation scheme to avoid co-channel interference, e.g. each FCBS is
allocated to the same amount of frequency, such that all FCBSs in RoE are cFCBSs
with respect to neighboring clusters. In strategy 2, a fraction of system bandwidth is
kept reserved for reusing RBs in each cFCBS such that a RoE is formed with respect to
each cFCBS, and the remaining RBs of system bandwidth are allocated to all intra-floor
level non-cFCBSs of the building dynamically, based on their channel characteristics
in each TTI orthogonally following FD elCIC for co-channel interference avoidance
between non-cFCBSs, as shown in Figure 4.15. Since a fixed portion of system
bandwidth is reused to only the cFCBS of any RoEs, a FD scheduler is sufficient to
schedule all FCBSs within the building. However, in strategy 1, scheduler can be

Region of  Reuse of the same system

exclusion,  bandwidth in different cFCBSs Non-cFCBSs
A cFCBS with i.e.acluster clusters with the resource with reused Region of  with no reused
frequency Ifl of FCBSs  reuse factor of 9 frequency frcps exclusion _;requency fron—ceces

(@)
O
O
O
O
Resource reuse strategy 1 Resource reuse strategy 2
Total system bandwidth Total system bandwidth

(@ (b)

Figure 4.15: Proposed resource reuse strategies: (a) resource reuse strategy 1 and (b)
resource reuse strategy 2.
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implemented either jointly where all FCBSs in the building can be scheduled by a single
scheduler or disjointly where FCBSs in each RoE are scheduled by a separate FD

scheduler.

In strategy 1, since all FCBSs in all RoEs gain advantage from the link capacity
constraint enforced by an optimizer, the overall capacity gain from resource reuse
strategy 1 is expected to be higher than that of resource reuse strategy 2. However,
complexities in computation for implementation of strategy 1 are higher than that of
strategy 2 because of computing the cluster size, i.e. RoE, number of clusters, and RB
allocation planning for FCBSs cluster wide. Further, because of a static RB allocation,
reuse of RBs becomes dependent on the deployment of FCBSs within any RoEs since
reused RBs may be wasted because of an absence of any FCBSs within a RoE, which
is a realistic scenario in which certain RBs have already been defined and cannot be
reallocated to other FCBSs because of causing co-channel interference with FCBSs of
neighboring RoEs. Furthermore, dynamic allocation of RBs based on the activation of
a FCBS cannot also be exploited in strategy 1. However, in strategy 2, a scheduler
simply looks at the requests of active FCBSs in any TTIs and allocates them
dynamically. Further, reuse of RBs in cFCBSs is also flexible since the amount of
reused RBs can be varied dynamically based on network requirements, e.g. for less
cFCBSs being active, more RBs can be allocated to non-cFCBSs in a RoE. In addition,
the pattern of cFCBSs can be easily changed by changing cFCBSs’ indices and the
value of optimization constraint. Furthermore, network operators can also provide
selective quality-of-service, e.g. a high data rate user can be served by a cFCBS, and a
low data rate user by a non-cFCBS by flexibly changing the amount of RBs to be reused
in cFCBSs. Hence, we consider strategy 2 to carry out performance comparison
between ORRA and NORRA schemes.

In Algorithm 4.1 for an arbitrary value of L, all the steps from intra-and inter-
floor interference characterization, through a minimum distance enforcement to finally
proposing resource reuse strategy 2 to develop the proposed model for 3D in-building
scenario are captured. 20% and 40% of system bandwidth are considered to reuse in
each cFCBS and kept reserved. The remaining RBs of system bandwidth are allocated
to all non-cFCBSs within the building following elCIC techniques. Hence, for 5 MHz,
i.e. 25 RBs, 5 and 10 RBs are reused in each cFCBS, and 20 and 15 RBs are allocated
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to non-cFCBSs respectively. Approach 3 with two capacity constraints, one for 5 RBs
and the other for 10 RBs, with a link spectral efficiency of 3.4594 bps/Hz are used to
estimate a minimum distance between cFCBSs both intra-and inter-floor levels and
hence the number of cFCBSs in the building. Since our goal is to show the performance
of NORRA over ORRA scheme, for simplicity of inter-floor minimum distance
estimation, we consider the worst case scenario such that only double-sided cFCBSs
exist in the building. However in practical scenario, both single-sided and double-sided
cFCBSs exist, and hence the capacity performance should be improved because of the
presence of single-sided cFCBSs that allow overall more reuse of resources in cFCBSs
on floors about the extreme floors. For TD elCIC, ABS = 1 is considered. For a given
link spectral efficiency and the number of reused RBs per cFCBS, we can estimate the
capacity of all cFCBSs. Hence, the overall capacity under NORRA scheme for all
FCBSs within the building can be found by summing the capacities of all non-cFCBSs
and all cFCBSs.

B. Resource reuse gain for L =1

Recall that with ORRA scheme the whole system bandwidth is reused only once
in all FCBSs within the building using FD eICIC technique. For the system level
simulation parameters and assumptions as given in Table B.5 and Table B.6 in
Appendix B, the capacity performances with ORRA scheme can be found by setting

the number of reused RBs per cFCBS to zero and using (4.15)-(4.17), which are o =
4.348 Mbps for the FC network and o, = 9.716 Mbps for the multi-tier network.

However, for NORRA scheme, an increase in the number of reused RBs per cFCBS
causes the capacity of cFCBSs and hence the FC network to increase proportionately
by manifold as compared to ORRA scheme. Meanwhile, the capacity of non-FCBSs
decreases because of less RBs available for allocation to them. On an average, with the

resource reuse strategy 2 under the same scenario as that of ORRA, the system capacity
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Algorithm 4.1: Interferences characterization, minimum distance enforcement, and
resource reuse strategy for 3D in-building FC Networks.
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(continued)
20: Outputs:
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Ogs Of 135 Mbps and 257.13 Mbps can be achieved for the number of reused RBs
M. Oof 5 and 10 respectively using (4.14)-(4.17). Hence, the reuse of an RB per

cFCBS can improve the system capacity by more than 2.6 (e.g.,
257.133/(9.716x10)= 2.64for the number of reused RBs = 10) times. Note that an

increase in the number of RBs allocated to non-FCBSs results also in an improved
aggregate capacity of all non-cFCBSs. However, the overall FC network capacity
performance degrades significantly because of scheduling RBs only once in non-

cFCBSs as opposed to reusing them in all cFCBSs in a building.

Remark 4.4: Irrespective of the number of reused RBs per cFCBS, NORRA
outperforms ORRA scheme by manifold. The outperformance factor depends on the
type and value of constraint and the number of reused RBs allocated per cFCBS, which
directly affect a minimum distance to enforce between cFCBSs and hence the number
of cFCBSs.

Though an increase in the number of reused RBs per cFCBS causes to increase
the overall FC network capacity significantly, it degrades the fairness performance of
non-cFCBSs accordingly since non-cFCBSs then need to compete relatively more with
a reduced number of RBs allocated for them. Hence, there should be a trade-off in RB
allocation between the overall fairness of non-cFCBSs and capacity gain from reusing
RBs in cFCBSs. Since a link capacity requirement varies with time and the number of
FCBSs per building, the number of reused RBs can be made adaptive with the number
of non-cFCBSs, e.g. the more the number of non-cFCBSs in a building, the less the
number of reused RBs per cFCBS would be considered such that reasonable overall FC
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network capacity and fairness of non-cFCBSs in RB allocation can be achieved. Since
we consider the maximum number of RBs that can be allocated to FCBSs is 25 which
is much less than the maximum number of FCBSs in the building, i.e. 250, and allow
the system to run for one APP to show the capacity and fairness performances, the value
of fairness factor using (4.18) is relatively low, e.g. 0.103, 0.087, and 0.062 respectively
for the number of reused RBs equals to 0, 5, and 10. With an increase in system
bandwidth, e.g. 20 MHz or 100 RBs, and running the system for a long enough time,
the value of fairness factor can be improved, however the capacity and fairness

performances’ trend would not be affected with such changes.

Remark 4.5: Reusing the whole system bandwidth in each cFCBS is not practically
feasible since a cFCBS is always located within its RoE such that any RBs allocated to
a non-cFCBS within the RoE of a cFCBS causes to create co-channel interference with
that cFCBS.

C. Resource reuse gain for L >1

The proposed model for a single 3D multi-floor building deployed in the
coverage of a MC in Figure 4.12 can be applied to cover an extended multi-tier network
consisting a large number of multi-floor buildings, i.e. L > 1, deployed ultra-densely
over a MC coverage in urban environments. By knowing any urban profile and ensuring
that co-channel interference from neighboring buildings is insignificant, the proposed
model can be applied in each building by adapting the type and value of constraint and
the number of reused RBs per cFCBS to reuse resources in an ultra-dense FC network
in order to achieve high capacity and spectral efficiency requirements of 5G networks.
A rough estimation with an example scenario, to find an upper bound on the number of
buildings, i.e. the value of L, that can be deployed to reuse the same system bandwidth
over a large MC coverage, and hence to estimate the capacity and spectral efficiency of

the extended multi-tier network, is given in the following.
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The multi-tier network in Figure 4.12 for a single building is extended in Figure
4.16 for an ultra-dense deployment of FCBSs and reusing resources in them by

employing the proposed model. Since the whole system bandwidth is reused in each
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Figure 4.16: Extended multi-tier network architecture for an ultra-dense deployment
of FCBSs over a large MC coverage for L > 1.

building, the upper bound of the number of buildings L in which the same system

bandwidth can be reused over the MC coverage can be found roughly for a given ¢ as

follows.
Ay =SpepAy tLELA, +EA
Ay =Spep Ay +Lec Ay + (65 +60+5)Ay

1=S,ep + L& +65 +&5 + 6
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L=1/e: (1-Spep — &5 — 0 — &) (4.20)

wherese = Ac /Ay 6o = Ao/ Ay e = Ao Ay 6 = A Ay 166 = A [ Ay 4 =Es + 60+ 5.

A, = (3/3/2)R?is the area of a regular hexagonal MC, and R is the radius of the MC.
Ac =1 -w_ is the area of a building. |. and w_ are respectively the length and width of
abuilding. A, =TIR,? is the area, and Rp is the radius of a circular PC. A, is the area in
a MC which is considered to be used for other purposes such as roads, parks, and
playgrounds. A, is the area of a MC which is considered to be left as free space between
the external boundaries of two adjacent buildings. A, =TIR,*/6 is the minimum

separation area from the MCBS for no existence of any SCs. Hence, (4.15) for the total

capacity of FC networks over a MC coverage for any ¢ is modified as follows
Q Mpere
Opc = Lx (Z Z((l_ ¢)X Ot (pt,i ))"' ((1_ (p)x Ocrc )J (4.21)
t=1 =1

The total capacity of the multi-tier network over M RBs for Q TTIs over a MC
coverage can be found by (4.17). Following [124], the average spectral efficiency over

the whole system bandwidth for Q numbers of TTIs can be expressed as

O =05s/M.Q (4.22)

In (4.22), the values of M and Q are in hertz and TTI respectively since oy IS

estimated per TTI basis. To clarify the applicability of the proposed model through
(4.20)-(4.22) for an ultra-dense HetNet, we consider the 3GPP case 3 as an example
scenario, for which the inter-site distance = 1732 m [37, 88]. Note that a regular

hexagon has the same length of its each side, which is equal to its radius such that

ISD =R+R+R=3R, and R=1732/3=577.3m. S0, A, =(3v/3/2)R?
=2.6x(577.3) =8665157 m?. Assume that the radius of a circular PC is 40 m such that
the area of a PC, A, =TI(40)° =5024m?. However, the area of a 50x 50 m? square-
grid based building, A. =70x70=4900 m*(see Figure 4.1). For a minimum
separation of 75 m from MCBS, the area of this space, A, =I1(75)’/6 =29448m*.

Assume that 2 PCs are deployed within the coverage of MC, and L buildings are
deployed contiguously with A =0.05A,,. Assume thatA, =0.1A,,. Then
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&r =0.005654, ¢, =0.00579, £, = 0.1, ¢ =0.05, and &; =0.00339. Hence, roughly

the maximum number of 3D buildings that can be deployed with no overlapping with
other objects and SCs within the MC coverage can be found by (4.20)

L =(1/0.005654)x (1—0.01158-0.00339—0.1-0.05) =147

For simplicity, considering the similar propagation characteristics and FCBS
locations in all L buildings, the total capacity that can be achieved for 5 and 10 reused
RBs per cFCBS per  building wusing (4.17) are  respectively
Ogs =147x135Mbps =19845 Mbps  and o, =147x 250 Mbps =36750 Mbps .

The average system level spectral efficiency using (4.22) are

19845 Mbps /(8 TTI x5MHz)=496.12 bps/Hz and
36750 Mbps /(8'I'I'I x5MHz)=918.75bps/Hz respectively, which are 496.12/30=16.5

and 918.75/30=30.6 times respectively that of 4G LTE-Advanced systems, i.e. 30

bps/Hz, [125] and greater than the expected spectral efficiency, i.e. 10 times that of 4G
networks [34, 95], to be achieved for 5G networks.

Remark 4.6: Although we consider performing a rough estimation under a simplistic
scenario, it gives us an understanding that the expected spectral efficiency requirement
of 5G networks can be achieved by employing the proposed model to an ultra-dense
deployment of FCBSs in 3D multi-floor buildings.

4.6 Technical and business perspectives

A number of technical and business values from network operators’ viewpoint

to implement the proposed model are pointed out in the following.

e Viability: Typical interference avoidance and resource reuse analysis per FC
basis, and FC clustering with an amorphous and a variable size of 2D FC
clusters are not practical enough, particularly in urban environments, where the

existence of a vast number of multi-floor buildings is an obvious scenario.
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Hence, performance evaluations with a realistic indoor scenario, e.g. dense and
clustered FC deployment within a 3D structure are required so that a FU of
FCBS, e.g. cFCBS, can be scheduled with a large bandwidth for data
transmission to boost the network capacity significantly.

Complexity: Based on a minimum distance and hence location of cFCBSs within
a building, clustering of FCBSs can be performed without any further
computational effort. Moreover, in strategy 2, there is no need for FC clustering
to allocate RBs orthogonally to non-cFCBSs which further reduces

computational complexity.

Scalability: The LTE-Advanced network has been deployed and evolved toward
reaching a high capacity of 5G networks. Because of independence of the
density of FCBSs in a building, the proposed model is highly scalable. Hence,
a gradual migration from regular HetNets of the existing 4G LTE-Advanced

network to an ultra-dense 5G HetNets can be easily performed.

Flexibility: The proposed model addresses the problem of dense HetNets in a
realistic in-building urban scenario, and hence can be applied without any prior
modifications on it to adapt with any real urban environments. Any urban maps
with specific detail of buildings in terms of, e.g. density and height, along with
statistics of FCBSs in each building is sufficient for implementation of the
proposed model that results in reducing efforts from planning FC networks in

urban environments and saving associated costs.

Accessibility: By employing the proposed model, SON enablement feature of
FCBSs can be avoided since both time and frequency resources are allocated to
all non-FCBSs orthogonally using elCIC within a cluster in resource reuse
strategy 1 and the whole building itself in strategy 2. Hence, an additional cost
from SON feature to avoid co-channel interference among FCBSs can be
avoided.

Readiness: Since elCIC techniques have been in operation in existing networks,
no additional implementation complexity from elCIC will raise. Only
implementation of schedulers for a large coverage and necessary backhauls are
to be needed in place. Hence, operators can easily implement the proposed
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model using existing techniques without any significant investments on current

networks.

4.7 Summary

In this chapter, we propose a tractable analytical model for characterizing co-
channel interference and enforcing a minimum distance between FCs to reuse resources
in FCBSs deployed in a 3D multi-floor building. A multi-tier network comprising a
MC, a number of PCs, and a 3D building which consists of a number of floors where
each floor is modelled as a group of square-grid based apartments, and each apartment
is installed with a FCBS is considered. Intra-floor interference using planar-Wyner
model and inter-floor interference using linear-Wyner model [107] are modelled for
modeling interference and enforcing a minimum distance between FCBSs in a 3D
building for a number of optimization constraints, namely interference, spectral
efficiency, and link capacity both intra-and inter-floor levels. Note that each of these
constraints is a function of one another. Hence, performance results using one approach
are still valid for another constraint. However, analysis using each constraint
individually gives us a direct insight on the effect of a constraint on any performance

measures.

Using the proposed model, resources are reused to certain FCBSs such that
resource allocations remain no longer orthogonal, which we term it as NORRA scheme.
However, in ORRA scheme, the whole system bandwidth of the MC is reused once
among all the FCBSs in the building. The ABS based elCIC techniques are considered
to avoid co-channel interference between MC-plus-PC tier and FC tier and schedule
resources orthogonally. We develop two strategies to reuse RBs in cFCBSs, where in
strategy 1, clusters of FCBSs are formed based on the RoEs of cFCBSs for reusing the
whole system bandwidth in each cluster. In strategy 2, a fraction of RBs of system
bandwidth kept reserved for reusing in each cFCBS, and the remaining RBs of system
bandwidth are allocated to all non-cFCBSs of the building using FD elCIC technique.
An algorithm for the proposed model including resource reuse strategy 2 is developed

for both single and multiple 3D multi-floor building scenarios.
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A comprehensive numerical analysis is carried out on enforcing a minimum
distance between cFCBSs, and the capacity outperformance of NORRA scheme over
ORRA in FC network by employing strategy 2 for capacity constraint is shown. The
numerical analysis for enforcing a minimum distance reveals that, for a multi-floor
building, the reuse of resources is not uniform which is the least for floors about the
mid-floor of the building and increases to its maximum value for floors about the
extreme floors, i.e. the ground or the top most floor. This can be reasoned by the fact
that about the extreme floors, single-sided cFCBSs are more likely to be present than
double-sided cFCBSs, which allow more reuse of resources in cFCBSs on floors about
the extreme floors. Hence, floor penetration losses play a significant role on inter-floor
interference effect at SFU to constrain the reuse of resources in cFCBSs. Further,

resource reuse depends on the cFCBSs’ floor location within a building.

The application of the proposed model from a single to multiple number of 3D
multi-floor buildings deployed over a large MC coverage to address an ultra-dense
deployment of FCBSs for 5G networks is discussed. With a rough estimation under an
example scenario, it is shown that the prospective desired spectral efficiency of 5G
networks can achieved with the proposed model. Finally, several technical and business
perspectives of the proposed model, including viability, complexity, scalability,
flexibility, accessibility, and readiness are pointed out. In addition to CSG FCBSs
which are typically deployed by end users, operators can be benefitted the most by
applying the proposed model to open or hybrid access FCBSs in order to enhance

indoor user capacity.



CHAPTER 5
MULTI-BAND ENABLED SMALL CELL AND UE
ARCHITECTURE FOR SPLITTING UP-/DOWN-LINK
AND CONTROL-/USER-PLANE

In this chapter, a multi-band enabled FCBS and UE architecture is proposed in
a multi-tier network for splitting the UL/DL as well as the C-/U-plane for 5G mobile
networks. For multiple bands, co-channel microwave and different frequency 60 GHz
mmWave bands for FCBSs with respect to the microwave band used by their over-laid
MCBS are considered. The co-existence of co-channel microwave and different
frequency mmWave bands on the same FCBS and UE is first studied to show their
performance disparities in terms of system capacity and spectral efficiency in order to
provide incentives for employing multiple bands at the same FCBS and UE and identify
a suitable band for routing decoupled UL/DL or C-/U-plane traffic. A number of
disruptive architectural design alternatives for 5G mobile networks, including a
complete UL/DL splitting as well as a combined UL/DL and C-/U-plane splitting
architectures are presented. The outperformances of the proposed architecture as

compared to existing split architectures are shown.

5.1 Introduction

Rethinking traditional networking approaches whether or not to be applied for
future mobile networks, i.e. 5G mobile networks, is caused by a number of facts,
including (i) a high end-user data rate demand for a continual growing number of
mobile users; (ii) asymmetric traffic volume in the UL/DL such that the traffic ratio of
the UL to the DL vary considerably because of diversity in application usage by users,
e.g. from 1:3to 1:9 [126], an average of 1:6 [127], and globally 1:3.29 [128]. According
to [129], the ratio of the UL to the DL traffic was around 1:6 in 2010, and was predicted
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to rise up to 1:10 over the next five years as video traffic grows; (iii) different traffic
characteristics of the C-/U-plane such that the backhaul traffic consists of a number of
traffic, most of which are user generated data traffic in addition to C-plane overhead
backhaul traffic from S1 signaling (14%), handover traffic (4%) on X2 backhaul
between cells, and other management and synchronization traffic from wireless traffic
[60]; (iv) diversity in transmit power of dense heterogeneous BSs; and (v) high traffic
differentiation with certain flows being provided with dedicated resources for ensuring
quality-of-service. Conventional mobile network standards require the UL/DL
associated with the same BS. However, such an approach raises a number of issues,
including (i) a huge gap in transmit power between UE and BS, (ii) diverse channel
responses of the DL and the UL, (iii) different BSs for the strongest signals in the
UL/DL for a UE, and (iv) near-and-far distance effect causing a UE’s transmit power
to be distance dependent [130]. Hence, a splitting of the UL/DL has been proposed in
the literature [130] such that different BSs can serve the UL/DL separately.

Splitting of the UL/DL can benefit from a number of issues such as (i) splitting
can allow new device-centric network design for 5G [3]; (ii) the UL/DL transmit
powers’ disparity can be made scalable with SCBS density; (iii) association of the
UL/DL can be made based on different parameters, e.g. received power for the DL and
path loss for the UL [131]; and (iv) an optimal UL/DL association can be performed.
Further, C-plane traffic is bursty and discontinuous and typically more active during
establishing connections. However, U-plane traffic is typically continuous [26-27]. To
address these issues, authors in [4] proposed splitting of the C-/U-plane such that C-
plane is to operate on low microwave and U-plane on high mmWave frequencies. Since
splitting of the UL/DL is seen as one of the major changes in 5G [28], dual connectivity
feature of a UE to communicate with two nodes operating at different frequencies has
been proposed in [29]. Hence, an additional spectrum is expected to lead the co-
existence of frequencies with diverse propagation characteristics within the same
system to address the demand for high data rate services [3]. So far, existing literatures
addressed splitting of the UL/DL or the C-/U-plane using two separate BSs operating

at different frequencies.

However, rather than considering separate BSs operating at different bands for
splitting the UL/DL or the C-/U-plane, also termed as different BSs based split
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architecture (DBSA), splitting via the same BS, e.g. FCBS, enabled with multi-band,
also termed as single BS based split architecture (SBSA), benefits from a number of

such issues as follows:

e By decoupling the UL/DL or the C-/U-plane with a single FCBS on different
frequency bands, there is no need for exchanging coordination control signaling

[131] between BSs as opposed to the case when splitting via different BSs.

e Since C-plane signaling is performed at the same FCBS, there is no need for an
additional X3 interface between any FCBSs and the MCBS as proposed in [4].

e By serving the C-/U-plane completely by different transceivers at the same
FCBS, flexibility in switching power of U-plane transceiver between on and off
states can be obtained because of no C-plane signaling for coordination between
the MCBS and FCBSs is needed for initiating such activities as U-plane cell
discovery, wake up, and sleep mode mechanisms as in the case of DBSA [7].
Since C-plane and U-plane transceivers are co-located at the same FCBS, based
on a UE connection request in the UL, the C-plane transceiver can promptly
inform the U-plane transceiver to change states from power off to power on,
which greatly simplifies network management, reduces network wide response

delay and overhead, and improves network wide energy efficiency.

e A UE association to any U-plane FCBSs can be performed in a simple way by
the UE itself following the conventional cell association procedure, which is
based on the reference signal received power strength, without taking any
assistance from the MCBS. This can help avoid complex cell discovery
mechanism for selection of an optimal U-plane cell for the UE as in the case of
DBSA since the MCBS does not have any prior knowledge of sleeping U-plane
BSs around the UE as in the case of serving the C-/U-plane via different BSs
[71

e Since both U-plane and C-plane are co-located at the same FCBS, prospective
C-RAN feature can be adopted easily into multi-band enabled FCBS in SBSA
because of no coordination is needed between the MCBS and the centralized

baseband processing unit pools, which are connected to each other via common
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public radio interface. The MCBS manages mobility and assists UEs for cell

discovery via baseband processing unit pools [132].

Further, as in the case of splitting via different BSs in DBSA, the UL/DL can
be scheduled at the same FCBS on different radio access technologies such as 3G
wideband code division multiple access and LTE where one radio access technology,
e.g. wideband code division multiple access, may operate on co-channel microwave
band, and LTE may operate on mmWave band [131]. Furthermore, decentralized C-
plane processing can release MCBS to process an enormous C-plane signaling overhead
as proposed in [4] from an ultra-dense SC and improve scalability such that more
FCBSs with traffic demand can be easily added. Though the co-existence of co-channel
microwave and different frequency mmWave bands at the same FCBS has manifold
benefits as aforementioned, in our best knowledge, no existing literature has addressed
the issue of the UL/DL splitting and/or the C-/U-plane splitting with multi-band
deployed at the same FCBS in SBSA for routing such decoupled traffic for 5G

networks.

In this chapter, we address this issue by proposing a multi-band, i.e. co-channel
microwave and different frequency mmWave bands, enabled FCBS and UE
architecture for the UL/DL and the C-/U-plane splitting for 5G networks. A group of
FCBSs, also termed as FC cluster, are deployed in a 3D multi-storage building. Each
FCBS is deployed with two transceivers operating at these bands having a diverse
propagation characteristic. The FD scheduler for allocating RBs of both bands is
implemented at a cluster head, which can be any FCBS within the building. All FCBSs
within the building communicate with CH via X2 interfaces. We first show the
performances of microwave and mmWave bands enabled FCBSs under the same
scenario to provide incentives on co-existing multiple bands at the same FCBS and UE
and understand how and underpin why the decoupled UL/DL and the C-/U-plane traffic
is to be routed on which of these two bands. Based on system level performances of
both bands, we then propose a generic multi-band enabled FCBS and UE architecture
for SBSA and develop a number of disruptive SBSA architectural design alternatives,
including a complete UL/DL and C-/U-plane splitting as well as a combined UL/DL

and C-/U-plane splitting for 5G networks. Performance evaluations of SBSA are carried
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out, and the outperformances of a number of proposed SBSAs in comparison with
DBSA in terms of system level capacity, average spectral efficiency, energy efficiency,
and C-plane overhead backhaul traffic capacity are shown. Finally, we point out a
number of business and technical perspectives and key research issues of SBSA to

underpin its implementation.

The chapter is organized as follows. The system model of a multi-tier network
is described in section 5.2 where we present system architecture, co-channel
interference management, and multi-band resource scheduling algorithm for SBSA. In
section 5.3, simulation scenarios, parameters, and results on performances of
microwave and mmWave bands are described to give incentives for employing SBSA.
A multi-band enabled FCBS and UE architecture for SBSA is proposed, and its
connection establishment procedure, scheduler implementation, and traffic transport
mechanism are discussed in section 5.4. In section 5.5, a number of SBSAs for the C-
/U-plane and the UL/DL splitting are presented. Performance evaluations of SBSA are
carried out in comparison with DBSA in section 5.6 in terms of system level capacity,
average spectral efficiency, energy efficiency, and C-plane overhead backhaul traffic
capacity. The business and technical perspectives of SBSA are discussed in section 5.7,
and a number of open research issues regarding SBSA are pointed out in section 5.8.

Finally, we summarize the chapter in section 5.9.

5.2 System model

5.2.1 System architecture and interference management

System architecture of a multi-tier network is illustrated in Figure 5.1. We
consider a single MC of a corner excited 3-sectored MC site and a number of SCs of
various categories, including outdoor PCs and indoor FCs in an urban environment. All
FCsare deployed in a 3D multi-storage building modelled as 3GPP dual strip FC model.
A certain percentage of the total MUs are considered inside the building. All indoor
MUs are served by the MC. In addition, a certain percentage of outdoor MUs are

offloaded to nearby PCBSs. An apartment in the building with yellow color represents
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that a FCBS is deployed in it, and the one with ash color represents the absence of a
FCBS in it. The architecture is used for both co-channel microwave and different

frequency mmWave deployed FCBSs.

MCBS coverage
Offloaded

Indoor

PCBS coverage A 3D building

|
\
&8

Backhaul| FCBS
Gateway

A dual strip floor
A strip —N >

AFCBSis_ | | ]
deployed | No FCBS s
FCBS coverage —— deployed

Figure 5.1: System architecture of a multi-tier network.

We consider interference management for co-channel deployed FCBSs by
avoiding allocation of the same radio resources mainly time and frequency to UEs such
that co-channel interference can be avoided. All indoor MUs and outdoor MUs are
allocated orthogonally to RBs. The same system bandwidth is reused to all active FCs,
and RB distribution among all indoor MUs is considered orthogonal. If a MU is within
the building, TD ABS based elCIC is applied to avoid co-channel interference between
indoor MUs and FUs as shown in Figure 5.2. ABSs are reserved for all MUs during
which all FCBSs mute transmission of control and data information except
synchronization and broadcast channels. However, indoor MUs are not served during
non-ABSs by MCBS to avoid co-channel interference with FUs. For different
frequency deployed FCBSs, we consider 60-GHz mmWave LOS band for all FCBSs
and 2-GHz microwave band for MCBS and all PCBSs. MmWave RBs are also
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allocated to FUs orthogonally both in TD and FD so that no co-tier interference
management for FCBSs is needed. Since FCBSs are deployed at a different frequency
from that of MCBS and PCBSs, there is no need for cross-tier interference management
between MC-plus-PC tier and FC tier.

Time Only outdoor and offloaded MUs and all FUs can be scheduled
\
>
2Nl EEEEEEE EEE/EEE EEEEE
% -
QET e
S AN HEEEEEE EEEEEEE EEEEE
| . =
All MUs can be scheduled . TTI
7 || Almost blank subframe

Figure 5.2: ABS based TD elCIC for co-channel interference avoidance in microwave
band.

5.2.2 Problem formulation
A. Network model

Denote Pwm, Pp, and Pr as the transmit powers of a MC, a PC, and a FC

respectively. Consider that there are M RBs in microwave bandwidth B,and m RBs in

mmWave bandwidth B, such thatB e{B,,B,}, and N MUs in the system. Let Sp
denote the number of PCs in the MC coverage. Consider that the number of offloaded

MUs is uniformly distributed in the interval [1, Uor.]. Let U2 denote the number of

MUs offloaded by the PC Sg such thathuge[O, U;g ] where

P,max

o max = N":Ug = zz;ug < N*}. Ifall PCs have an equal number of offloaded MUs

P,max
Up, i.e. YqUg =U, then the total number of offloaded MUs, UorL = SpxUp. However,
in general, U] is a random variable which varies from one PC to another, and the
realization of U} for a PC is mutually independent from the others. We consider UorL

=4 in our simulation set up. If 1, denotes the ratio of the number of indoor MUs, then
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the total number of indoor MUs isU,,, = x4, x N , outdoor MUs is Umo = N-UorL-Uwmi,
and MUs served by the MC is Uy = Umo+Uwmi.

Let Nm denote the set of indices of all MUs such that Nm = {1, 2, 3, ..., N}.
Denote Nwmo, Np, and N respectively the set of indices of all outdoor MUs, offloaded
MUs, and indoor MUs. Note that Nwm is partitioned randomly into three disjoint subsets
Nwmo, Np, and Nwmi. Let Sk denote the number of active FCs in the building. Consider
that the number of FUs is uniformly distributed in the interval [1, U] where Ur =10 in

our simulation set up. Also let U/ denote the number of FUs served by the FC S

such that vwuU ¢ e[O, U ] where {U*  =N":U, =>"" U¥ <N'}. If all FCs have an

F.max
equal number of FUs, U, i.e. vwU} =U . then the total number of FUs in the building,
Ur = SkxUrc. However, in general, UZ is a random variable which varies from one
FCBS to another, and the realization of U/ for a FCBS is mutually independent from
the others. Let Nr denote the set of all FU indices such that Ng = {1, 2, 3, ..., Ur}. The
realization of MUs served by MC and PCs are not mutually independent since MUs
served by PCs are MUs offloaded from MC, and the schedulers have a complete
knowledge when a MU is offloaded. However, an offloaded MU to any PC is equally
likely in a realization. Note that a realization is defined as a simulation run time.

The FC building and PCs are located randomly and uniformly within MC’s area.
All outdoor MUs, offloaded MUs, and FUs are distributed randomly and uniformly
within their respective BSs’ coverage areas. Let T denote simulation run time with the
maximum time of Q (in time step each lasting 1 ms) such that T ={1, 2, 3, ..., Q}. Let
Tass denote the number of ABSs in every ABS pattern period of 8 subframes for our
simulation set up, such that Tagsc T and Tass = {t: t =8v+na; v=0,1, 2, ..., Q/8; na

=1, ..., Tags} Where Tags =1, 2, ..., 8 corresponds to ABS patterns ¢ = 1/8, 2/8, ...,
8/8 respectively. Let t,55and t, g5 denote respectively an ABS and a non-ABS such

that t,gs €Tassand t,,,_ags € T\Tass.

B. System capacity and spectral efficiency
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Letd,,,,dpc, and d, denote respectively the distances of any MU, PC, and

FC building from the MCBS, and d . denotes the distance between a FCBS and a FU.

The distances of all UEs of each category in a realization are generated following the
respective distribution functions as mentioned earlier. The path loss is calculated using
the path loss formulas given in Table B.1 in Appendix B. For co-channel microwave
enabled only FCBSs, since the whole system bandwidth is reused in FCBSs, and during
an ABS, no FCBS can transmit data signal, the aggregate capacity of all FCBSs for any
@ (following (C.5) in Appendix C) can be expressed as
Q M

O (chcC): ; izl:(l_¢’) O't,i(Pt,i) (5.1)
Hence, the total system capacity over M RBs for Q TTIs can be expressed as the sum
throughput of all UEs as follows

Q M

chcys(/o)=; ;O-t,i(pt,i) (5.2)
where o and p are responses over M RBs of only indoor MUs in te Tags, all FUs in
te T\Tags, and all outdoor MUs and offloaded MUs in teT.

For different frequency mmWave enabled only FCBSs, since FCBSs operate at
a different frequency from that of MCBS, ¢ = 0 such that the aggregate capacity of all

FCBSs is given by
Q m
O-(;:fc (p;fc)zz Z Gt,i(pt,i) (5.3)

Hence, the total system capacity for Q TTIs can be expressed similarly as the sum

throughput of all UEs as follows
SR FC FC
ost(p)= Z Zat,i(pt,i )+O-df (pdf ) (5.4)
t=1 i=1
where o and o are responses of all MUs over microwave spectrum of M RBs and all
FUs over mmWave spectrum of m RBs for all TTIs.

Following [93, 124], the average spectral efficiency over the whole system
bandwidth for Q numbers of TTIs of co-channel microwave and different frequency

mmWave enabled FCBSs can be expressed respectively as follows
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o2 (p)=0cL(p)/MQ (5.5)
o3’ (p)= o3 (p)/mQ (5.6)

Using average throughput and by inverse mapping, the system level effective
signal-to-interference-plus-noise ratio p°" (dB) per RB per TTI of co-channel

microwave only or different frequency mmWave only enabled FCBSs can be obtained.
The inverse mapping function is represented by

peff zlologlo(zﬁavg(/’)/ﬂ _1)’ for_lo dB < pEﬁ <22 dB (57)

where & (p) denotes respective average spectral efficiency of co-channel microwave

only and different frequency mmWave only enabled FCBSs. The system level average

spectral efficiency (bps/Hz) per RB per TTI of any scenario can be expressed as

o™ (o™ )= Blog,1+10”" 1), for—10dB < p*' <22dB (5.8)

C. Proportional fair scheduling

The proportional fair scheduling algorithm is described in Appendix C.

5.2.3 Multi-band resource scheduling algorithm

We develop a multi-band resource scheduling algorithm for SBSA as shown in
Algorithm 5.1 where proportional fair scheduler is employed for scheduling radio
resources to all UEs. Default simulation input and variable definitions are given in
Table B.1 and Table B.2 in Appendix B. The algorithm works as follows. N is first
disjointed into three groups to estimate UorL, Umi, and Umo randomly. For co-channel
microwave enabled FCBSs, co-channel interference avoidance scheme, Uort, Umi, and
Uwmo are then scheduled by separate FD proportional fair schedulers, one for all MUs
and the other for all FUs. The same process repeats for all M RBs in each TTI and
continues for all TTls of the simulation run time. The aggregate throughput is then

estimated and summed over all RBs and all TTlIs of respective categories of MUs as
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Algorithm 5.1: Multi-band resource scheduling algorithm for SBSA.

01: Inputs: (i) Set: Pwm, Pp, Pr, 24y, , Sp, SF, N, Up, UF, M, m, Q, o, t, B, G,,G,, L ;
(ii) Initialize: te {Tass, T\Tags} = {1,...,Q},Be{(B,,B,}, Nm, Nmo, Np,
Nwmi, Nr, dg doe, Ay s Wi {R,, NG NF L oM 0,6, 0,

o« 0, o

(ii1) Select: UorL, Umi, Uwmo;
(iv) Estimate: wt,i: {PL,,, LS,,,SS.., 2;» o (00 |3
02:fort=1t0Q
03: | if B=B,
04: | | if t=t,q N:=U,o+U, +Ug s U =0; Ug=N;
05:| |elseif t=t,, pgs Uw =0;N=U,c+Uq; Us=N+U,;
06: | | end if
07:| | fori=1toM Estimate throughput of the scheduled MU: Vv1t,i, x thiyx(pmvx)

FBS
mmw

0,050,060 «0;

08: Estimate throughput of the scheduled FU: Vvt,i, x O-t,i,x(pt,i,x)
09: Update throughput of MUs: VN 6« o, (o1, )+ oM,
10 Update throughput of FCs: VU, o5 « o, (p,,, )+ o7
11:| | end for

12: Update aggregate throughput: YU, 2% «— oM + 585 4 55

13: Estimate system level throughput (Mbps): &2 = (025 ><180><103)/106
14: Estimate spectral efficiency (bps/Hz): o—jcys(pgf) using (5.5) and (5.7)-(5.8)

15: | elseif B=B, N:=U,,+U, +Ug i Us =N +U_;
16:| | fori=1to M Estimate throughput of the scheduled MU: vt,i, x O-t,i,x(pt,i,x)

17: Update throughput of MUs: WN &%, « o, (o, )+ o™,
18:| | end for

19:] (fori=1tom Estimate throughput of the scheduled FU: Vvt,i, x Ut,i,x(Pt,i,x)
20: Update throughput of FCs: VU, oF2 « o, (., )+ orE
21:| | end for

22:| | Update aggregate throughput: VU, 62 « o5 + 585 4 55

23: | | Estimate system level throughput (Mbps): o = (o2 x180x10° )/10°
24: Estimate spectral efficiency (bps/Hz): o-jfys(pgf) using (5.6)-(5.8)

25:| | outputs:o o3, o o), o3 (o)
26: | end if
27: end for




171

well as all FUs over all reused M RBs for all non-ABSs.

For different frequency mmWave enabled FCBSs, both FD schedulers for MUs
and FUs can schedule over all RBs of their respective system bandwidths for all TTIs.
The overall system level throughput and spectral efficiency are then estimated by
adding the aggregate throughput of all MUs to the aggregate throughput of all FUs.
Note that for co-channel microwave, the same ABS pattern for all UEs is repeated in
every ABS pattern period T. The shadow fading and small scale fading effects of all
UEs are estimated and updated in each TTI per realization. We do not show explicitly
calculations of signal-to-interference-plus-noise ratio and throughput in the algorithm,

instead which we have explained in the mathematical model.

5.3 Simulation scenarios, parameters, assumptions and results

We consider two simulation scenarios, including FCBSs operating at co-
channel microwave band and different frequency mmWave band. In the former case,
all FCBSs operate at the same frequency as that of MCBS and PCBSs, and ABS based
elCIC is used for co-channel operation of FCBSs. In the latter case, all FCBSs operate
at mmWave band. Resources are allocated orthogonally both in time and frequency
among all MUs on microwave band and all FUs on mmWave band. Default simulation
parameters and assumptions used for system level simulation are listed in Table B.1
and Table B.2 in Appendix B. Note that though the typical maximum system
bandwidths available in microwave and 60 GHz mmWave bands are respectively 100
MHz (for LTE-Advanced systems) and nearly 9 GHz starting at 57.24 GHz and ending
at 65.88 GHz [135], we consider for performance evaluation only a fraction and an
equal amount of 5 MHz as system bandwidth from both bands. However, since the
capacity and spectral efficiency are directly proportional to the system bandwidth, the
fundamental trends of performance metrics such as capacity and spectral efficiency
with the change of an allocated system bandwidth will not be affected.

Figure 5.3 shows the effect of the number of ABSs on achievable capacity from
FC networks when FCBSs are operated on co-channel microwave band. It can be found

that FC networks’ capacity decreases with an increase in the number of ABSs. This is
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Figure 5.3: Effect of variation in the number of ABSs of TD elCIC on capacity of FC
networks when all FCBSs operating on co-channel microwave band with FC density.

because of the fact that FC networks’ capacity is inversely related to the number of
ABSs as given by (5.1). Further, the capacity increases slightly with an increase in FC
density irrespective of the number of ABSs due to multi-user diversity gain, i.e. the
probability of better channel conditions for a given system bandwidth, particularly in
microwave bands with non-LOS signal components, increases with an increase in the
number of FUs and hence FCs. Since the best capacity performance of FC networks is
achieved for ABS = 1 when all FCBSs operate on CC microwave band, we consider
ABS =1 as the default case for comparing the performances of co-channel microwave

band with that of different frequency mmWave band in what follows.

As shown in Figure 5.4 and Figure 5.5, with mmWave deployed FCBSs,
capacity and spectral efficiency performances improve by manifold as compared to the
performances achieved by co-channel microwave deployed FCBSs. This is because, in
co-channel microwave deployed FCBSs, channels between FCBSs and FUs suffer from
non-LOS components originated by, e.g. reflection and scattering effects of

intermediate objects and walls. In addition, FCBSs are not allowed to transmit during



173

ABSs for co-channel interference avoidance because of reusing the same microwave
frequency in FCBSs. However, when operating on mmWave band, because of the
presence of LOS components, channel conditions between FCBSs and FUs are far
better than that when operating on co-channel microwave band, which in turn improves
capacity performance. Further, from Figure 5.4, overall system capacity is mostly
contributed by FUs as compared to other MUs. By operating both bands
simultaneously, capacity performance can be improved further. Note that the number
of RBs of system bandwidth is fixed and is allocated to FCBSs by proportional fair
scheduler, which simply takes into account of channel conditions for the given past RB

allocation statistics of each FCBS at any RB inany TTI.
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Figure 5.4: Capacity responses of different frequency mmWave and co-channel
microwave enabled FCBSs with FC density.

The system level spectral efficiency response (Figure 5.5) follows the same as
system capacity. With mmWave, system level spectral efficiency per FCBS - FU link
can be improved by manifolds, e.g. about 3 times (Figure 5.5) as compared to what can
be achieved by co-channel microwave. Since the channel conditions of FCBSs in indoor
environments do not vary considerably, irrespective of the number of FCBSs, overall

capacity and spectral efficiency for a given system bandwidth remains almost the same
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(Figure 5.4 and Figure 5.5). However from Figure 5.6, it can be found that as system
bandwidth increases, capacity of FC networks and the system as a whole also improve,
which is an obvious case since an achievable capacity is directly proportional to the
available system bandwidth. A noticeable difference in responses of different frequency
mmWave and co-channel microwave is that an increase in system bandwidth by the
same amount of respective band, mmWave improves capacity by almost four times as
that of co-channel microwave due to its better channel conditions, i.e. signal-to-
interference-plus-noise ratio responses as shown in Figure 5.4 such that more bits can

be transmitted or received per hertz (Hz) on the mmWave band than that on the
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Figure 5.5: Spectral efficiency responses of different frequency mmWave and co-
channel microwave enabled FCBSs with FC density.

microwave band. Overall, the frequency band on which FCBSs operate has a significant
impact on overall system level capacity and spectral efficiency performances. This
frequency band dependency of FCBSs can be explored such that depending on traffic
demand and characteristic on the UL/DL and the C-/U-plane, an appropriate band either
microwave, mmWave or both of multi-band enabled FCBSs can be operated adaptively

to serve the generated traffic.



175

800 T T
«@ - Different frequency mmWave (only femtocells) a’$
700 -| =& =Different frequency mmWave (overall) B e R
=49 *Co-channel microwave for ABS = 1 (overall) _,.a-"" N
600 - ST 4
o
2 "d \\\\\\\\
500 @ e _
g a”" “““““““ -
& 400 I -
'g pp‘"l “““““““““““
% 00| "‘d’ IIII,.nIn‘ -
s f“‘ .n"'III
" |"'IlIl =
2003‘:.-"""' -|-I—|-«-‘-""—'-I &
& --1—'-""(-'
.-l-l—l-'-l-
100+ g L & _
x-r-""'-l_
0T 1 |
5 10 15 20
System Bandwidth (MHz)

Figure 5.6: Capacity responses of different frequency mmWave and co-channel
microwave enabled FCBSs with system bandwidth.

5.4 Multi-band enabled FCBS and UE architecture for SBSA

5.4.1 FCBS and UE architecture and connection establishment

The proposed multi-band enabled FCBS architecture for SBSA is shown in
Figure 5.7(a) where a FU is communicating with its associated CSG FCBS on co-
channel microwave for the UL and/or C-plane information and on different frequency
mmWave for the DL and/or U-plane information by making dual connectivity with the
same FCBS. Note that the architecture for cluster head is the same as in Figure 5.7(a)
except that it additionally possesses medium access control layer scheduling
functionalities for its own FUs as well as all FUs within the building. Based on traffic
demand and characteristic served by a FCBS, FD scheduler at cluster head decides
whether or not the traffic is to be served by either different frequency mmWave, co-
channel microwave or both bands taking into account of FCBS’s idle mode mechanism
and notifies the corresponding FCBS by control signaling via X2 backhaul using its
physical cell identity. The idle mode capability of a FCBS can help mute transmission

on either one or both bands depending on traffic availability, characteristic, and
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demand. Further, a FCBS can inform its served FU to mute its corresponding
transceiver, which we discuss in the following. Hence, both system level energy
efficiency and active-mode time of UE’s battery can be increased. The architecture in
Figure 5.7(a) is generic, and a number of variations of it can be obtained depending on
how the UL/DL and the C-/U-plane traffic are configured for routing through mmWave

and microwave bands, which we discuss with examples in section 5.5.

For UE architecture, since the propagation characteristic on mmWave bands
differs considerably from microwave bands, we propose to use a separate transceiver
with a separate baseband unit for each band of multi-band enabled UE architecture as
shown in Figure 5.7(b). Modes operated on the microwave band, e.g. 3G and 4G, can
use the microwave transceiver, whereas modes operated on the mmWave band, e.g.
60GHz, can use the mmWave transceiver [136]. An application processor can co-
operate with baseband unit of each band. Considering separate transceivers for
mmWave and microwave bands necessitates more space and associated cost for a UE
design. However, since propagation characteristics on these bands are diverse, and
majority of the current 4G smartphones particularly in the united states of America are
dual stand-by design based (i.e., operating two modes on two transceivers
simultaneously) [136], multiple transceivers for coexistence of microwave and
mmWave bands at a UE are expected to be promising to address expected requirements
of 5G mobile networks.

It is to be noted that since a FU has to be able to operate on both bands when it
is within the coverage and only microwave band when out of coverage of its associated
CSG FCBS, this will result in additional complexities and associated costs in UE
hardware design. Further, if FCBSs are operated on licensed mmWave bands, an
additional cost from licensing mmWave bands is needed. However, because of scarcity
of available spectrums in microwave bands and a growing demand of high data rate
applications leave least options but operating on high frequency mmWave bands.
Further, a significant improvement in system capacity and spectral efficiency can be
achieved as shown in Figure 5.4 and Figure 5.5 which will compensate these excess

costs and complexities.
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Figure 5.7: Proposed generic multi-band multi-transceiver enabled (a) FCBS and (b)

UE architectures for the UL/DL splitting and the C-/U-plane splitting with dual

connectivity at the same FCBS in SBSA.

An example connection establishment procedure of multi-band enabled FCBSs

for LTE-Advanced systems is shown in Figure 5.8 which works as follows. A FU sends
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Figure 5.8: An illustration of connection establishment of multi-band enabled FCBS
for LTE-Advanced systems.

a request for contention based random access procedure to obtain physical resources
for the UL transmission, timing advancement, and cell radio network temporary
identifier. The cluster head then replies with a positive response, and following so, FU
initiates a radio resource control radio resource control request. The cluster head
informs the associated SFCBS of the FU for its preparation. Once acknowledged by the
FCBS, the cluster head sends FU a radio resource control connection setup request to
set up connection with the FCBS. After configuring protocols as informed by the cluster
head, FU then sends a radio resource control connection complete message to the

cluster head, and data transfer then can take place between FCBS and FU.

5.4.2 Scheduler implementation and traffic transport mechanism
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To schedule radio resources of multiple bands, we propose a disjoint FD
scheduler implementation for multi-band FCBSs described as follows. A FD scheduler
is implemented at the cluster head for all FUs dis-jointly with the TD scheduler located
at MCBS. TD scheduler allocates subframes to all UEs in the system. However, a
separate FD scheduler for all MUs is implemented at MCBS. When operating on co-
channel microwave band, FUs can directly report their channel status and traffic
demand through their CSG FCBSs to the cluster head, and TD scheduler updates the
cluster head about ABS pattern per ABS pattern period. To adapt ABS patterns, an
indoor MU in the building during an ABS pattern period informs its existence within
the building in the UL to TD scheduler. TD scheduler in turn informs the cluster head
of ABS patterns to be applied for the next ABS pattern period via X2 backhauls to
schedule RBs to FCBSs only during non-ABSs of the ABS pattern, which is sent during
the current ABS pattern period. Whereas in case of no presence of an indoor MU over
a current ABS pattern period, TD scheduler informs the cluster head to allocate RBs to
FCBSs for all TTls in the next ABS pattern period (Figure 5.9). For different frequency
mmWave band, since MCBS and PCBSs operate on a different frequency from FCBSs,
there is no need for coordination between MC-plus-PC tier and FC tier. The FD
scheduler at the cluster head can directly allocate mmWave RBs to FCBSs without
taking any concern of the FD scheduler at MCBS irrespective of the presence of any
indoor MUs within the building.

In general, for transporting traffic between a UE and an external packet data
network, classifiers or filters, located at both PGW and UE, first classify traffic based
on certain traffic criterion (e.g., data rate and delay). The classified traffic is then sent
to FD scheduler at the cluster head to schedule them to either mmWave or microwave
bands to send or receive traffic to/from FUs. For example in LTE-Advanced systems,
classifiers may operate based on quality-of-service class identifier values such that
guaranteed bit rate traffic class, e.g. conversational and non-conversational videos, real
time gaming, can be allowed to serve by mmWave and non-guaranteed bit rate traffic
class, e.g. transmission control protocol based world wide web and electronic-mail, by
microwave as default bands. Further, delay in-tolerant traffic, e.g. IP multimedia

subsystem signaling and a high maximum bit rate non-guaranteed bit rate traffic, e.g.
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live video streaming, can be served by mmWave if allocation and retention priority can

be satisfied.

MCBS
Feedback K[ — — — H
TD scheduler for all UES  k—— ¢0m indoor |
T 7 MUs § I
]
RB allocation | | FD §| ﬁgs anda:fS;';dti n e |
decisions | | scheduler for MUs | | [Mme synchronizatio 2
- — — — D &, control signaling for £
X2 % Microwave ‘El co-channel Q l
interface ! bands | microwave spectrum tr\n’ I
RB X | operation A |
1 i
t o |
| |
AVa
UE FCBS L CH PGW Packet
c
SFH Data
> . S = / Network
= =10 I € 2
-% 1.1.0 T |l FD o[ : ,,,,,, % IE 1.0y
2 o 3 scheduler _é,% 8 ze \ 2
s|g g g for FUs RB c g =
il by 3 * 28 pu
o o 8 22 - 2
= ° g s |lz» El
2N |8 c £ A IER: B
B @ (]
e llc | = > 2 oo |23 2
-% o (=l > 2 23 1 e
3 E 23 %
Radio access network Operator’s core | External
x network network
—_——_——_——— — —_—_—— e e ————— — — ee ______
Uu interface X2 interface S1, S5/S8 interfaces
* Serving Gateway is not shown explicitly

Figure 5.9: UL/DL traffic transport mechanism of LTE-Advanced systems using
multi-band enabled single FCBS.

The UL/DL traffic transport mechanism of multi-band enabled FCBSs for LTE-
Advanced systems is shown in Figure 5.9. In the DL, after filtering IP traffic, packet
filters at PGWs create respective dedicated bearers from PGWs through SGWs, located
between the cluster head and PGW and not shown explicitly in Figure 5.9, to FD
scheduler at the cluster head. The FD scheduler can then schedule RBs of respective
bands to classified traffic and informs via X2 backhauls to all FCBSs in the building to
transmit traffic to their associated FUs by creating radio bearers. In the UL, filtering of
generated IP traffic is performed at FUs, as opposed to PGW in the DL, and sent by
creating radio bearers to respective FCBSs. All FCBSs then send the UL traffic via X2
backhauls to the cluster head, which then sends these traffic by creating necessary

dedicated bearers based on traffic criterion via S1 interface through SGW to PGW. At



181

PGWs, a reverse operation to what was performed at FUs is executed to send the UL

traffic to respective packet data networks through their access point networks.

5.5 UL/DL and C-/U-plane splitting architectures with multi-band
enabled FCBS and UE

Since there is no specific standard for 5G networks, and the fundamental
decision for 5G considers heavily on how to combine and leverage investments on
existing 4G LTE networks with capabilities provided by 5G [137] along with a
continual effort on LTE evolution through a number of releases by 3GPP beyond
release 10 towards 5G, we consider to demonstrate all the proposed splitting
architectures in this section using LTE-Advanced systems as default scenario.
However, the idea and implementation will not be affected with such consideration.

5.5.1 Complete UL/DL splitting architecture

A complete splitting of the UL/DL at the cluster head using multiple bands in
SBSA for 5G mobile networks is shown in Figure 5.10. A similar architecture was
proposed by [138] where the MCBS was considered as the anchor point at which the
UL/DL flow splitting and reassembling take place. In contrast to that, we consider
splitting and reassembling to be performed at a SCBS, i.e. the cluster head of a FC
cluster, where multiple bands, i.e. microwave and mmWave bands, are dedicated
completely for the UL/DL traffic as default scenario, and all FCBS traffic in FC cluster
is routed directly to the core network. Since FCBSs are in a FC cluster within a building
and very close in distance from the cluster head, the minimal delay requirement
between the cluster head and FCBSs for sending access stratum for layer 1 (L1), layer
2 and radio resource control signaling and non-access stratum for mobility and session

management over X2 interface can be easily addressed.
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Figure 5.10: A complete UL/DL splitting architecture with multi-band enabled FCBS
and UE in SBSA.

L1 functionality can be processed either at a FCBS or the cluster head depending
on limitations of backhaul between the cluster head and a FCBS. If non-ideal backhauls
such as digital subscriber line, copper cable are used, L1 functionally may be shifted to
FCBSs to compensate delay. However, if ideal backhauls such as optical fiber are used,
then L1 functionality can be processed at the cluster head for all FCBSs within a FC
cluster. Further, since medium access control layer functionalities are considered to be
performed by the cluster head only, this type of scheduling is termed as centralized
scheduling mechanism where all FCBSs act as a simple transceiver except the cluster
head with or without L1 functionality depending on backhaul characteristics between
the cluster head and FCBSs.

With a complete separation of the UL/DL using different bands, a number of
benefits can be achieved as follows:

e The capacity of the UL is independent of that of DL.

e Because of operating at different bands, there is no interference between the
UL/DL signals.

e The UL or the DL transceiver can be switched on or off based on availability of

traffic on either link such that network wide energy efficiency improves.
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e High spectral utilization can be achieved since typically more traffic in the DL
is served by mmWave band than that in the UL, which is served by microwave
band.

e The cluster head can directly communicate to the core network without taking
much concern of MCBS except for ABS pattern updates for co-channel

microwave band.

e Since certain applications require guaranteed bit rate and are provided by
establishing dedicated bearers, the establishment of dedicated bearers can be
easily addressed by operating the UL/DL on different bands.

e Predicted excessive asymmetric traffic consumption in 5G networks requires
link specific resources such that high data rate traffic can be easily served by

mmWave band, regardless of the availability of the UL microwave resources.

5.5.2 Complete C-/U-plane splitting architecture

Another variation of a complete splitting mechanism in SBSA is to consider a

complete C-/U-plane separation at the cluster head as shown in Figure 5.11. Since most
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Figure 5.11: A complete C-/U-plane splitting architecture with multi-band enabled
FCBS and UE in SBSA.
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of the traffic is generated from the U-plane, the mmWave spectrum is solely dedicated
to serve U-plane data traffic of both the UL and the DL, whereas the co-channel
microwave band is dedicated solely for the low rate C-plane traffic of both the UL and
the DL. The cluster head acts as the anchor point to split the C-plane and the U-plane
traffic in both the UL and the DL. The L1 and the medium access control layer
functionalities can be performed similarly as described in the case of a complete UL/DL

splitting architecture shown in Figure 5.10.

5.5.3 Combined UL/DL and C-/U-plane splitting architecture

Because of considerably greater amount of traffic generated in the DL than the
UL as well as in the U-plane than the C-plane, we propose a combined UL/DL and C-
/U-plane splitting architecture in SBSA for 5G networks as shown in Figure 5.12 where
the mmWave band is dedicated solely for the DL U-plane data traffic to achieve a high
throughput per FU, and microwave band is dedicated for all control signaling traffic
(i.e., the UL/DL and C-plane) and the UL U-plane data traffic. In addition, any low rate
data traffic on C-plane for both the DL and the UL is considered to be served by the

microwave band.
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Figure 5.12: A combined UL/DL and C-/U-plane splitting architecture with multi-
band enabled FCBS and UE in SBSA.
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5.6 Performance evaluation

We consider both qualitative and quantitative performance evaluations of a

number of proposed architectures in section 5.5 as follows.

5.6.1 Qualitative performance analysis

The major drawback of conventional C-/U-plane coupled mobile networks is
that all BSs need to be always powered on irrespective of any UE’s operating modes,
i.e. idle or active mode, and data traffic demands in order to ensure a ubiquitous
coverage because of the coupled C-/U-plane. This results in an under-utilization of
radio resources mainly for U-plane traffic and a low network energy efficiency [7],
which can be overcome by splitting the C-/U-plane traffic of UEs. The splitting of the
C-/U-plane can be performed by employing either a single band transceiver or dual
transceivers operating at different frequency bands at each SCBS as shown in Figure
5.13.

In a single band enabled SCBS, the C-/U-plane can be decoupled by operating
a SCBS either at the same co-channel spectrum as that of the MCBS as shown in Figure
5.13(c) or at a different spectrum from that of the MCBS as shown in Figure 5.13(a).
In this architecture, the C-plane is served by the MCBS, and the U-plane is served by
SCBSs [7, 9, 24-25]. As mentioned earlier, since the splitting of a UE traffic is done by
two different BSs, this split architecture is termed as DBSA. If SCBSs are operating at
the co-channel spectrum as that of the MCBS, a proper cooperative interference
management between the macro-tier and the SC-tier is needed to avoid co-channel
cross-and co-tier interferences. However, if SCBSs are operation at a different spectrum
from that of the MCBS, there is no need for the cross-tier interference management.
The major drawback of DBSA is that the C-plane signaling network is very complex
and challenging to design [7]. The complexity comes from the fact that the MCBS, i.e.
the C-plane BS, does not have any prior information of instantaneous channel

conditions between the in-active U-plane SCBSs and any UEs. Hence, selecting an
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optimal U-plane SCBS and performing an initiation of wake up mechanism for an in-
active SCBS are difficult [7].

C-/U-plane or UL/DL
decoupling ‘

(a) single band different
frequency deployed SCBS

(b) Dual-band deployed
SCBS and UE

(c) Single band co-channel
deployed SCBS

Figure 5.13: Different approaches to decoupling the C-plane and the U-plane traffic of
a UE.

The other way to address the C-/U-plane splitting is to employ dual-band for
dual transceivers in each SCBS, such that a SCBS operates at both the co-channel
microwave band as that of the MCBS and different frequency mmWave band from that
of the MCBS as shown in Figure 5.13(b). Since the splitting of a UE’s traffic is done
by the same SCBS, we refer this split architecture to SBSA. In SBSA, the C-/U-plane
are decoupled by allowing a UE’s C-plane traffic served by a transceiver operating at
the co-channel microwave spectrum and U-plane traffic served by another transceiver
operating at the mmWave spectrum at any SCBSs. The C-plane transceiver needs to be
always on in order to ensure a ubiquitous coverage and the handover mechanism.
However, the U-plane transceiver needs to be active only when there is an active data
service request from any UEs and can be switched off if there is no data service request.
This on-demand switching on and off the U-plane transceiver can result in a huge
saving of SCBS power and improve the overall network energy efficiency. Further,
since both the C-plane and the U-plane are served by the same SCBS, switching power
on and off the U-plane transceiver depending on a UE’s U-plane service request can be
performed easily because of being the C-plane transceiver always in powered on mode
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at the same FCBS. Hence, no coordination signaling is required between the C-plane
and the U-plane BSs which overcomes the drawback of DBSA. Furthermore, because
of serving both the C-plane and the U-plane by the same SCBS, the synchronization of
both the U-plane and the C-plane handovers can be easily performed. Note that in
SBSA, the single band operation for dual transceivers is not applicable since technically
it does not make any sense. Table 5.1 shows a comparative performance evaluation of
DBSA and SBSA.

5.6.2 Quantitative performance analysis

The control signaling overhead affects mainly two major performance metrics,
namely capacity and energy efficiency [139]. This is because of the fact that an increase
in control signaling overhead results in a corresponding decrease in radio resources
available for user data transmission and additional energy consumption from
transmitting these signaling traffic. Hence, we consider evaluating the performance of
the proposed SBSA for these two metrics in comparison with the DBSA. In addition,
we also evaluate the system level capacity and average spectral efficiency performances
of SBSA in comparison with the DBSA. The proposed system model in section 5.2 is
used for system level capacity, average spectral efficiency, and energy efficiency
performances, while the model in [60, 140-142] is adopted to evaluate the backhaul

control overhead traffic capacity performance in both SBSA and DBSA.

A. Backhaul control overhead traffic capacity

There are two backhaul interfaces in LTE systems, including S1 and X2. S1
conveys user data from the aggregate gateway, which is the entrance to the evolved
packet core networks [141] to each BS, and X2 is responsible for exchanging mutual
information between cells. Moreover, as the data demand increases, the demand for
control signaling on S1 backhaul interface increases consequently. The backhaul traffic
consists of a number of traffic, mostly the user generated U-plane traffic in addition to
the overhead traffic from S1 signaling, handover between cells, and other management
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Table 5.1: A comparative performance evaluation of DBSA and SBSA.

Aspect

DBSA

SBSA

Control signaling
network

Complex

Simple

SCBS power on and off

C-plane BS always on, U-
plane BS switches on based
on data traffic request

C-plane transceiver
always on, U-plane
transceiver switches on
based on data traffic
request

MCBS and SCBS
cooperation is needed

Yes

No

Multi-band enabled UE
energy consumption for
the C-plane in the UL
traffic

Moderate (high transmit
power of the transceiver for
the C-plane in the UL
because of a long distance
between a UE and the
MCBS)

Low (low transmit
power of the transceiver
for the C-plane in the
UL because of a short
distance between a UE
and the SCBYS)

Feedback delay

High (because of an
additional latency during
an idle to an active mode
transition of a SCBS)

Less (because both the
C-plane and the U-plane
reside at the same
SCBS)

U-plane cell discovery
mechanism is needed

Yes (the MCBS performs
the U-plane SCBS
discovery mechanism for a
UE)

No (UE driven based on
reference signal received
power strength)

Synchronization
accuracy level needed
for the U-plane and the
C-plane traffic between
the MCBS and any
SCBSs

Very high (since the C-
plane and the U-plane are
served by different BSs)

Moderate (applicable
only if the UE
association to any U-
plane SCBSs is
performed via the
MCBS)

Overall U-plane traffic
capacity for a given
bandwidth over a
certain duration of time

Moderate (because of
allocating additional
resources for the C-plane
signaling between the C-
plane BS and the U-plane
BS for cooperation)

High (because of no
cooperation between the
C-plane BS and the U-
plane BS is needed and
reusing the same
microwave spectrum in
SCBSs)

Complexity to introduce
C-RAN

High (because of
cooperation for the C-plane
signaling between the
MCBS and the baseband
processing unit pools of the
U-plane SCBSs)

Less (because of no
cooperation for the C-
plane signaling between
the MCBS and the
baseband processing unit
pools of the U-plane
SCBSs is needed)
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and synchronization related activities. The overhead traffic is expressed as a proportion
of the U-plane traffic which varies typically with the type of traffic (e.g., a large number
of low data rate connections have more overhead signaling traffic than its counterpart,

a small number of high data rate ones) [142].

The S1 signaling is related to the user data traffic. Since both the MCBS and
FCBSs serve their own UEs’ U-plane traffic in SBSA, which is routed directly to the
core network separately by the respective BS category, the C-plane overhead from S1
signaling is the same in both DBSA and SBSA. Further in SBSA, a UE whenever is out
of coverage of any FCBSs, it must be handed over either to any nearest FCBSs (if
available) or the MCBS for both the U-plane and C-plane traffic. Since in DBSA, U-
plane is typically served by small coverage of FCBSs, and the MCBS can serve some
low data rate U-plane traffic, we assume that the handover signaling traffic in DBSA is
the same as in SBSA. Note that, typically handover signaling overhead is very small as
compared to the overall U-plane data traffic and is smaller than that of S1 signaling as
well. Hence, in both DBSA and SBSA, the C-plane overhead from S1 signaling and

handover mechanisms on the backhaul is present and is considered the same.

1. DBSA and SBSA

In typical DBSA, SCBSs are connected to a host MCBS. The C-plane low data
rate traffic is served by a large coverage based MCBS to provide seamless and always-
on connectivity, and U-plane high data rate traffic is served by the small coverage based
SCBSs to provide high data rate services [7, 9, 24-25]. In line with [60], considering
ideal backhaul links between the MCBS and SCBSs or between the SCBSs themselves
and ignoring overhead from synchronization and management for wireless traffic, the
U-plane data traffic is assumed to be related only with the bandwidth and average
spectral efficiency in each BS. Assume that all SCBSs have the same bandwidth and
average spectral efficiency such that the backhaul throughput can be expressed as the

product of the bandwidth and average spectral efficiency in a SCBS [60, 142].
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Assuming 10% overhead from S1 signaling and 4% overhead from handover traffic

[60, 141], we can find the total throughput requirement.
Let y,. and y,. denote the average spectral efficiency of a SCBS and a MCBS
respectively, and B,, and B, denote the bandwidth of a SCBS and a MCBS

respectively. Let X_ be the amount in percentage, expressed in proportion of U-plane

traffic [142], for control signaling traffic over backhauls for cooperation between all
FCBSs and the MCBS. Each FCBS is controlled directly by the MCBS individually.
We assume that the UL control signaling traffic for any FCBSs at the MCBS is

negligible in comparison with the DL control signaling traffic such that X, is
considered only in the DL of the MCBS. We describe in detail the modeling of X, ina

later section. Hence, the UL/DL throughputs of the MCBS can be expressed as [60,
140-142] follows:

0.04.B, - Vmc.d = Ome_uL.d for UL £ g
"4 (@4+0.1+0.04+ X.). B - Yoo = Omoora  TOrDL (5.9)
Similarly, the UL/DL throughputs of a FCBS can be expressed as follows:
0.04.B... =0, for UL
o _ sC j/sc,d sc-UL,d (510)
(1+0.1+0.04).By. . 7. g = O L g for DL

Since there are Sr FCBSs in the coverage of the MCBS, the total UL/DL throughputs

of the backhaul can be expressed as follows:

SO uid T OmeuLd = SoruLd for UL

(5.11)
St Os bLd T OmepLd = OorpLd for DL

5tot—UP/DL,d = {

Hence, the total backhaul throughput for DBSA can be expressed as follows [60]:
Orotpadd = Oor-uLd T OorpLd (5.12)
Conversely, in SBSA, since both U-plane and C-plane are served by the same

FCBS without taking any assistance from the MCBS except for ABS pattern period

updates, there is no need for any additional C-plane control signaling overhead to be

exchanged for cooperation between the MCBS and any FCBSs because of splitting the
C-/U-plane. Hence, the value of X, can be considered zero for SBSA such that (5.9) can

be modified as follows:
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i {0.04. Brc - Vineis = Oro_uie for UL (5.13)

(1+0.1+0.04).B S for DL

mc '7mc,s = Ome-DL,s

Following (5.10)-(5.11), the UL/DL throughputs of any FCBSs and the total UL/DL

throughput of the backhaul can be expressed as follows:

0'04'Bsc'7scs =5sc—ULs fOf UL
se.s = : ' (5.14)
(1+0.1+0.04).B,, .7 s =6y s  forDL
S. .o +0, =0, for UL
5t0t,UP/DL'S — {S F Ssc—UL,s N 5mc—UL,s ~ é‘tot—UL,s for DL (515)
F *“sc-DL,s mc-DL,s — “'tot-DL,s

Hence, the total backhaul throughput of the proposed SBSA for the UL/DL splitting

(Figure 5.10) can be found as follows:

1)

tot—back,s

= 5tot—UL,s + é‘tot—DL,s (5.16)
Note that though the (5.10)-(5.12) and (5.14)-(5.16) look similar in expressions
except the subscripts, the values of ., and y, . differ based on the type of frequency

band used for serving the UL/DL of DBSA and SBSA as given in Table 5.2. The
subscripts d in (5.9)-(5.12) and s in (5.13)-(5.16) denote respectively the perspectives
of DBSA and SBSA.

Table 5.2: Frequency bands for serving the UL/DL of DBSA and SBSA.

DBSA SBSA
UL/DL MCBS \ FCBS MCBS FCBS
UL microwave mmWave microwave microwave
DL microwave mmWave microwave mmWave

2. Modeling X, of DBSA

In DBSA, a tight coordination of the C-/U-plane traffic to serve a UE
simultaneously by the MCBS and FCBSs is needed to perform such activities as
synchronization of U-plane traffic served by FCBSs and C-plane traffic served by the
MCBS, idle and active mode switching of FCBSs, and cell discovery mechanism for
an optimum FCBS selection by the MCBS. The arrivals of C-plane signaling traffic

per FCBS because of this coordination of the C-/U-plane traffic can be modeled as
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random and independent events. Let A, ..., A;_denote respectively the mean number

of arrivals of C-plane signaling traffic for FCBSs 1, ..., S; during a certain period of
time T, such that the mean total number of arrivals A in time duration T, for S.

FCBSs can be expressed as follows:
A=A+ .+ A, (5.17)
For simplicity, we assume that {ViA eN:A>0,fori=1..,S.}, and each

arrival for C-plane signaling contains an equal amount of traffic c irrespective of the

number of arrivals per FCBS in T, and the value of S_. Hence inT, , the total C-plane
signaling traffic X, exchanged over the backhaul for the C-/U-plane coordination of
S¢ FCBSs can be expressed as follows:

X, =Cx A (5.18)

To simplify further, assume that each FCBS has the same number of arrivals for
coordination in T,such that {viA = A}, then (5.17)-(5.18) can be rewritten as

follows:

A=A+ .+ A, =S xA

X, = Cx(SF xA)

x, =S x(cxA)

X, =S, xC, (5.19)
where C, is the total amount of C-plane signaling traffic per FCBS in T .

Equation (5.19) reveals that for a givenc, the additional C-plane signaling
traffic X is directly proportional to the number of FCBSs S_ and grows linearly with

S; . For numerical analysis, the default values are given in Table 5.3. Figure 5.14 shows
the total backhaul capacity requirement for both DBSA and SBSA with the variation of
the number of FCBSs S¢ from 1 to 10 for ¢, = 2%, 5%, and 10% of the U-plane data

traffic per FCBS and is consistent with the results shown in [60, 141]. Note that
typically the traffic demand in FCBSs varies significantly as compared to the MCBS
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because of more context specific service demand and traffic usage pattern over time.
From Figure 5.14, it can be found that there is an additional C-plane signaling traffic

requirement for coordination between all FCBSs and the MCBS for DBSA as compared

to the proposed SBSA. For instance, for c,= 10%, there is an additional C-plane

signaling traffic of 10 Mbps for 10 FCBSs (Figure 5.9), which is equivalent to
approximately 4.76% (10Mbps/210Mbps) of the total backhaul U-plane data traffic of
210 Mbps (not shown explicitly in Figure 5.14), required for DBSA as compared to
SBSA under the same scenario. Hence, the proposed SBSA outperforms the DBSA,
which has been extensively considered for the 5G mobile network architecture in terms
of the reduction in C-plane signaling overhead because of no coordination signaling
required between FCBSs and the MCBS for serving the C-/U-plane traffic. This allows
the allocation of more resources to U-plane data traffic transmission with SBSA than
that with DBSA, which results in increasing the network capacity.

Table 5.3: Default parameters for backhaul traffic estimation.

Parameter Value
Average spectral efficiency of the MCBS for microwave band 2
in DBSA (7 mc.d ) in bps/Hz
Average spectral efficiency of a FCBS for mmWave band in 4
DBSA (Vscq) in bps/Hz
Average spectral efficiency of the MCBS for microwave band in 2

SBSA (7mcs) In bps/Hz

Average spectral efficiency of a FCBS for co-channel microwave band in 2
SBSA (7scs) in bps/Hz

Average spectral efficiency of a FCBS for mmWave band in 4
in SBSA (7scs) in bps/Hz

Bandwidth for the MCBS in both DBSA and SBSA (B,,.) in MHz

Bandwidth for a FCBS for mmWave band in both DBSA and SBSA
(B, ) in MHz

Bandwidth for a FCBS for co-channel microwave band 5
in SBSA (B,,) in MHz
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Figure 5.14: Total backhaul capacity requirement in DBSA and SBSA.

B. Energy efficiency performance

We use the models given in in Table B.1 and Table B.2 in Appendix B for
evaluating the energy consumption of the proposed model for the C-/U-plane splitting
architecture (Figure 5.11) in SBSA and DBSA. Since in the DL a UE under the
coverage of a FCBS receives U-plane data traffic from the FCBS, and in the UL it
transmits U-plane data traffic using the mmWave transceiver in both SBSA and DBSA,
we consider evaluating the energy consumption of the C-plane in the UL in both SBSA
and DBSA.

For the worst case scenario of the proposed system architecture, we consider a
FU is located at the edge of the nominal coverage of a CSG FCBS within the building.
In the proposed architecture, the C-plane traffic transmission in the DL and the UL of
a FU is served by the co-channel microwave transceiver of the FCBS. However, in
DBSA, the C-plane traffic transmission in the DL and the UL of a FU is served by the
MCBS at co-channel microwave frequency. Figure 5.15 shows the C-/U-plane splitting
under SBSA and DBSA for the energy consumption performance evaluation.

For simplicity we do not consider any fading effects for both indoor and outdoor
cases so that the transmit power requirement can be solely expressed by the path loss.

Note that each of the FCBSs shown in Figure 5.15 is located within a building. Hence,
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Figure 5.15: C-/U-plane splitting under SBSA and DBSA for the energy consumption
performance evaluation: (a) SBSA and (b) DBSA.

for the above scenario in Figure 5.15 and the proposed C-/U-plane splitting architecture,
using Table B.1 and Table B.2 in Appendix B, the path loss for C-plane traffic
transmission between a FCBS and a FU in SBSA is given by

PL (dB)=127+30log,,(d,/1000) (5.20)

where dz is in m for 2 GHz.
Similarly, the path loss for C-plane traffic transmission between a MCBS and a FU in
DBSA is given by

PL(dB)=15.3+37.6log,,d, +L,, (5.21)

where di is in m, and Low = 20 dB.

Consider the worst case scenario such that the building is located at the MC
edge boundary. Under this condition, we can find the maximum path loss that a link
between the MCBS and a FU can experience. For an inter-site distance of 1732 m, the
radius of a MC is di1 = 1732/3=577 m. Then, path loss at this radial distance can be
found using (5.21) as follows:

PL (dB)=15.3+37.6l0og,,(577)+20=139.12dB (maximum)
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Since the minimum seperation distance between a MCBS and any SCBSs is 75 m, the
minimum path loss can be calculated for di = 75 m, which is 105.80 dB (minimum).
Assume that the nominal coverage of a FCBS, d>=5 m for a 10x10 m? apartment, using
(5.20), the path loss for the proposed C-/U-plane splitting architecture can be found as

follows:

PL (dB)=127+30log ,(5/1000)=57.96 dB

From the above calculation, it can be found that the maximum and minimum
path losses in DBSA incurs approximately 81.16 dB and 47.94 dB more path losses for
the C-plane traffic in the DL and the UL respectively between a MCBS and a FU as
compared to the proposed C-/U-plane splitting architecture in SBSA between a FCBS
and a FU. Hence, to overcome such a huge deviation in path losses in DBSA and SBSA,
both the MCBS in the DL and a UE in the UL in DBSA need to transmit C-plane traffic
at a high power to achieve the receivers’ sensitivity levels at both the MCBS and a UE.
The C-plane signaling is considerable with respect to the U-plane traffic, e.g. 10% S1
signaling, 4% handover signaling, and other synchronization and UE specific traffic
signaling overhead [60, 141] which in total constitutes a great portion of the total traffic
carried by the network. Hence, in DBSA, the C-plane traffic transmission at high power
results in a considerable amount of additional energy consumption in comparison with
the SBSA. Further, since a UE’s transmit power is much lower than that of a MCBS,
this will affect greatly UE’s battery operating time. Furthermore, the above result also
implies the fact that the C-/U-plane splitting using different BSs are not able to address
the transmit power disparity in the UL and the DL particularly for C-plane traffic, which
is a very crucial need to improve UE’s battery operating time and reduce interference
effects. Hence, the proposed SBSA consumes less energy, i.e. more energy efficient,

than the DBSA proposed in the literature for 5G networks.

C. System level capacity and spectral efficiency performances

We evaluate the relative system level capacity and spectral efficiency
performances of SBSA and DBSA by employing them into the proposed system model

in section 5.2. In SBSA, each FCBS is enabled with both the co-channel microwave



197

and different frequency mmWave bands. The total system capacity for Q TTIs for the
multi-band enabled FCBS in SBSA can be expressed by the sum throughput of (5.2)-
(5.3) as follows:

o (p) = o(p)+otc (o) (5.22)
From Figure 5.4 and using (5.4) and (5.22), it can be found that the overall

system level capacity in DBSA for different frequency mmWave, o5*(p) = 188 Mbps

, whereas the overall system level capacity in SBSA, o2 (p)=oc2*(p)+0c5(p)

= (53+160) Mbps = 213Mbps such that (p)> o3 (p). Hence, the system level
capacity in SBSA is higher than that in DBSA.

Following [93, 124], the average spectral efficiency over the whole system

bandwidth for Q numbers of TTIs in SBSA and DBSA can be expressed respectively

as follows:
o (0)= 0o (p)/(M +m)Q (5.23)
o3’ (p)=0oi (p)/M +m)Q (5.24)

avg avg

Since o (p)> o3 (p), then c¢(p)> 3 for the same values of M, m, and Q in both

DBSA and SBSA. Hence, the average spectral efficiency in SBSA is also higher than
that in DBSA.

5.7 Technical and business perspectives

A number of technical and business values from network operators’ viewpoint

to implement multi-band enabled FCBSs and UEs in SBSA are pointed out as follows:

5.7.1 Technical perspectives

e Since mmWave deployed FCBSs can achieve more capacity than that of
microwave deployed ones because of various favorable features of mmWave

bands, e.g. LOS propagation and full radio resource availability for FCBSs, it
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is desirable to enable FCBSs with multiple bands in locations where the traffic
fluctuation is very high such that based on traffic characteristics, a FCBS can
switch to an mmWave band during a high traffic demand and to a microwave
band during a low traffic demand. Whenever necessary, both bands can operate
concurrently to increase the data rate further. With such an adaptive scheme for
spectrum availability in FCBSs, network operators can provide on-demand data
rate services, optimize location specific resource allocation, and maximize
profit margin.

e The C-plane signaling overhead from the coordination between C-plane BSs
and U-plane BSs for such mechanisms as cell discovery for selection of an
optimal U-plane cell, initiation of wake up and sleeping modes for U-plane BSs,
and synchronization of U-plane and C-plane traffic can be avoided because of

co-location of the C-plane and the U-plane transceivers at the same FCBS.

e Due to a low transmit power and an omnidirectional antenna radiation pattern,
a UE can transmit the UL traffic at low transmit power to a FCBS on the co-
channel microwave spectrum because of shorter distance between a UE and a
FCBS in SBSA than that between a UE and a MCBS in DBSA, which can help
increase the UE’s battery operating time. In addition, because of a relatively
lower path loss, transmitting a C-plane traffic to a UE by the FCBS in the DL
consumes less power in SBSA than transmitting by the MCBS in DBSA, which

results in improving the network energy efficiency.

e Introducing C-RAN capability into the SBSA is less complex than that into the
DBSA owing to no need for coordination over common public radio interface

between the baseband processing unit pools and the MCBS.

e Transmit power disparity in the UL/DL in the DBSA can be overcome by
allowing a UE to communicate for both the UL and the DL only via a FCBS
such that more UL data rate can be achieved using SBSA at the same transmit
power than that using DBSA.

5.7.2 Business perspectives
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e In SBSA, since one of the transceivers is operating at the co-channel microwave
frequency of the MCBS, there is no need for an additional investment on

licensing any new spectrums for multiple bands at the same FCBS.

e Unlike DBSA, there is no need for an additional X3 interface for the
coordination between the MCBS and FCBSs in SBSA which helps save the cost
from implementing necessary backhauls for the X3 interface.

e To introduce C-RAN feature in SBSA, no fronthaul for the coordination over
common public radio interface is needed between the MCBS and the baseband
processing unit pools as compared to DBSA, and hence the cost from necessary

fronthaul implementation can be avoided.

e Because of overcoming the additional C-plane signaling overhead for the
coordination between the MCBS and FCBSs in SBSA, the cost of transmission
in terms of b/s/Hz/J is less in SBSA than that when using DBSA.

5.8 Open research issues in SBSA

In the following a number of generic research issues under both device level

and network level for multi-band enabled FCBSs in SBSA are discussed.

5.8.1 Multi-band device level

A. Integration of multiple bands

Though the concept of multi-band co-existence at the UE is straightforward,
however their integration is not obvious since the exact answer to where this integration
should take place in the protocol stack, i.e. at the radio frequency front end, baseband,
medium access control or above medium access control layers, has not been well
evaluated [143]. This is partly because of the fact that below 3 GHz microwave and 60
GHz mmWave bands have different propagation characteristics, e.g. the radiation

pattern of the former is typically omnidirectional whereas the latter is highly directional.
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Hence, an in-depth understanding on the multi-band integration in a device is a crucial

need.

B. Concurrent operation of multiple bands

Though the simultaneous operation of both microwave and mmWave bands can
contribute to improving the system capacity, it may have the negative impact on the
power consumption. A UE may or may not be able to operate concurrently in different
bands depending on the degree of tightness in their integration, which calls for
researches on how and when to switch from one band to another [143], and how the
split mechanisms for both the UL/DL and the C-/U-plane during switching either of the

two bands off could be served.

C. Self-interference

With an increase in the number of simultaneously operating bands in a UE, the
mixture of these different frequencies increases exponentially [144]. This effect is
termed as self-interference which can be minimized by coordinating at a higher layer.
However, it comes at the cost of affecting network performance metrics, e.g. throughput
and maximum data rate, because of switching any bands off for a certain period of time
[144]. Though in the proposed architecture, we consider the minimum value of two for
a multi-band architecture, finding an optimal number of bands in a multi-band
architecture are an important area of research for a balance trade-off between the

reduction in self-interference and network performance.

D. Multi-band transceiver design

A multi-band transceiver consists of a number of parallel transceivers, one for
each spectrum band, which meet at a common point of digital signal processing
equipment. Each branch for a transceiver consists of a radio frequency bandpass filter

for the corresponding spectrum band, a radio frequency frontend, and an analog-to-
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digital converter. Overall, the closer this union point of these transceivers to the
antenna, the less the number of required elements that causes a decline in the size and
the cost of the device [145]. Hence, a comprehensive research on the development of
such kind of multi-band transceiver with the point of their union as close as possible to

the antenna is a crucial need.

E. System bandwidth of multiple bands

The sampling rate, which varies directly with the system bandwidth, of the
microwave band is much less than that of the 60 GHz mmWave band. The size of the
fast Fourier transform increases with an increase in the system bandwidth, and hence
the size of fast Fourier transform for mmWave signal processing is also significantly
greater than that for microwave signal processing. Since the size of fast Fourier
transform affects directly the memory size and baseband processing power requirement,
an optimal value of the system bandwidth for the microwave as well as the mmWave

bands by taking into account of other network performance metrics is necessary [145].

5.8.2 Multi-band network level

A. FCBS cell discovery, UE association and handover mechanisms

One of the major distinctive features of SBSA over DBSA is that splitting of
the UL/DL and the C-plane/U-plane are performed at the same FCBS to avoid
coordination between the MCBS and FCBSs. This feature raises then how a number of
mechanisms, particularly cell discovery, UE association, and handover, can be
performed in SBSA. Because of serving both the C-/U-plane traffic of UEs in the
UL/DL by the same FCBS, unlike DBSA, cell discovery needs to be performed by the
UE itself like conventional mobile networks for all modes of FCBSs. Since a UE within
the coverage of the MCBS is by default served only by the MCBS, and the transceiver
for C-plane signaling of a FCBS is always active regardless of its U-plane states

(because of power on and off mechanism for U-plane traffic), a UE can discover the
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best FCBS based on the measurement of the strength of reference signal received
powers of its neighbor FCBSs. The UE association and handover mechanisms of a UE
can be performed either by the MCBS or a FCBS based on whether or not the UE has
an access to the FCBS. For a non CSG (i.e., open or hybrid access mode) UE, since a
UE is not enlisted to the CSG FCBS, it cannot place a request to the FCBS in the UL
because of no access to that FCBS. However, a non CSG UE can proceed with a request
in the UL to the MCBS with the physical cell identity of its discovered FCBS. The
MCBS over the X2 backhaul then informs the corresponding FCBS and hands over
both U-plane and C-plane bearers of the UE to the FCBS to set up connections for
communication between the FCBS and the UE. However, for a CSG UE, since the UE
is enlisted to the FCBS, the UE can proceed with a request in the UL to either the FCBS
or the MCBS. If the UE proceeds with a request in the UL to the FCBS, the FCBS over
the X2 backhaul then informs with its physical cell identity to the MCBS to hand over
both U-plane and C-plane bearers of the UE to it. The procedure for placing request to
the MCBS is the same as for a non CSG UE. Hence, development of techniques to
perform effectively these mechanisms for CSG, open, and hybrid access FCBSs under
a number scenarios as aforementioned are needed to be investigated carefully for SBSA

and remain an open research issue.

B. Co-channel interference management in SBSA

If one of the transceiver is operated at the same frequency as that of the MCBS,
which we propose in this chapter to improve spectral efficiency and to reduce additional
spectrum licensing cost, co-channel interference must occur if a proper interference
management is not performed. The ABS based elCIC is an effective solution to
overcome this co-channel interference. However, as can be seen from Figure 5.3, with
an increase in the number of ABSs, there is a corresponding decrease in overall
throughput since the same number of ABSs is allocated to MUs with worse channel
conditions than that of the FUs. Since the presence of indoor MUs within a building is
varied over time, an adaptive interference management with the statistics of indoor
MUs in a building rather than the static allocation can help improve radio resource

utilization and overall system level capacity. Such adaptive radio resource allocation
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can also be exploited in other radio resource domains such as frequency along with time
so that even more granular level of resource allocation per RB basis rather than per
ABS basis can performed to improve the radio resource utilization further. Further,
rather than the static transmit power per FCBS, a dynamic allocation of transmit power
can also be exploited to get partial benefit from using the same RB by both the MCBS
and FCBSs simultaneously, however at a reduced FCBS transmit power to keep the
interference level within a predefined threshold. Since the C-plane traffic do not
typically need high data rate demand, adaptive FCBS transmit power control can be
exploited if the C-plane of FUs is served by the co-channel microwave. Hence, an
adaptive interference management by exploiting 3D radio resources, i.e. time,
frequency and transmit power, for the co-channel microwave operated MUs and FUs is
indeed an important area of research for SBSA.

C. U-plane transceiver power on and off mechanism

The U-plane receiver is powered on as long as any active U-plane data session
exists, otherwise it is powered off. Whereas, the C-plane served transceiver, i.e. the co-
channel microwave, is always powered on to ensure a ubiquitous connectivity and cell
discovery. An effective discontinuous transceiver operation mechanism to switch the
U-plane transceiver’s power on and off is necessary to reduce power consumption.
Since both the C-plane and the U-plane are co-located at a FCBS, and there is almost
no delay in informing the U-plane transceiver by the C-plane one, the timer default
value for waiting the next packet arrival can be reduced in SBSA as compared to DBSA
which needs additional external signaling for coordination from the MCBS to the
FCBS. Hence in DBSA, to reduce the C-plane signaling for switching power on and off
of the U-plane transceiver of a FCBS, the timer’s waiting period may need to set to be
long enough. The shorter duration of the inactivity timer causes to consume less power
and improve energy efficiency. Developing an effective U-plane transceiver power on
and off mechanism of a FCBS that can trade-off energy efficiency and buffer delay (and

hence memory size) for high data rate service is an important research aspect.
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D. Cloud radio access network for multi-band FCBS and UE

The C-RAN is a promising technique for centralized radio resource
management of split architectures for 5G networks. In C-RAN enabled DBSA, typically
the baseband processing of U-plane of all FCBSs within a MC coverage is done
centrally in the cloud whereas the C-plane is still served by the MCBS. Through the
coordination via X2 backhauls between the baseband processing unit pools of U-plane
of all FCBSs and the MCBS, a UE is under the coverage of a FCBS is served. In contrast
in SBSA, since both the C-plane and the U-plane of a UE are served by the same FCBS,
whether the baseband processing of the C-plane and the U-plane traffic is to be carried
out in the cloud centrally or separately, e.g. the C-plane is at the respective FCBS, and
the U-Plane is in the cloud, is not well understood. This is because of the fact that if the
C-plane of all FCBSs are moved on to the cloud, there is a need for the implementation
of an additional X2 backhaul between the baseband processing unit pools and the
MCBS as in the case of DBSA for mechanisms such as UE association and handover
between the MCBS and FCBSs. On the other hand, if the C-plane is located at the
respective FCBS, the capacity requirement of the fronthaul connecting the FCBSs and
the baseband processing unit pools needs to be increased because of frequent signaling
exchanged between the C-plane and the U-plane of an all FCBSs. This opens an
important research direction toward an in-depth investigation and a development of
strategies that can address the trade-off between the complexity and the cost from
implementing either the fronthaul or an additional X2 backhaul and the overall network

performance gain in each case.

5.9 Summary

In this chapter, a multi-band enabled FCBS and UE architecture is proposed for
splitting the UL/DL and the C-/U-plane traffic of any UEs within the coverage of any
FCBSs by the same BS (i.e., FCBS) based split architecture, i.e. SBSA, in contrast to
DBSA for a multi-tier 5G network. The multi-tier network includes FCs and PCs

deployed over a large MC coverage where all FCBSs are considered within a 3D multi-



205

storage building. In SBSA, for any multi-band enabled FCBSs, co-channel microwave
and different frequency mmWave bands are considered. Cross-tier co-channel
interference of FUs with MUs is considered to be avoided using ABS based elCIC
techniques when operating at the co-channel microwave band for each FCBS. The co-
existence of co-channel microwave and different frequency 60 GHz mmWave bands at
the same FCBS is studied for capacity and spectral efficiency performances to give
incentives for enabling FCBSs with multiple bands and identify a suitable band of them
on which to operate FCBSs for transporting decoupled UL/DL and C-and U-plane
traffic. Since the overall system level capacity and spectral efficiency performances
when operating at co-channel microwave band are found lower than that when
operating at mmWave band, we propose a FCBS and a UE to be enabled with both
types of these bands, i.e. co-channel microwave and different frequency mmWave
bands, to serve decoupled UL/DL and C-/U-plane of any UEs within the coverage of
any FCBSs based on the respective traffic demand and data rate. More specifically, we
consider the mmWave band to serve more and a high data demand traffic whereas the
co-channel microwave band to serve less and a low data rate demand traffic of any
FCBSs.

A number of SBSAs for the UL/DL and the C-/U-plane splitting, including a
disruptive and complete splitting of the UL/DL and the C-/U-plane as well as a
combined UL/DL and C-/U-plane splitting for 5G networks, by exploiting dual
connectivity on co-channel microwave and different frequency mmWave bands of both
a FCBS and a UE are presented. The outperformances of several proposed SBSAS in
comparison with DBSA for a number of such performance metrics as system level
capacity, average spectral efficiency, energy efficiency, and C-plane overhead traffic
capacity on the backhaul are shown. A number of technical and business perspectives
and key research issues of SBSA are pointed out. Since respective transceivers of SBSA
operated on different bands for the UL/DL or the C-/U-plane can be switched on and
off depending on traffic availability, the proposed multi-band enabled SBSA
architecture will allow network operators to gain more degrees of freedom for effective
resource utilization and higher energy efficiency which will result in a lower associated

cost and greater profit margin.



CHAPTER 6
SMALL CELL BASE STATION ARCHITECTURE FOR
CONTROL-/USER-PLANE COUPLED AND SPLIT
NETWORK

In this chapter, numerous SCBS architectures based on the number of
transceivers and operating frequency bands existing in a SCBS for serving the C-/U-
plane traffic in indoor environments under both traditional C-/U-plane coupled
architecture as well as prospective C-/U-plane split architecture are presented. With a
system level simulation of a multi-tier network, the performances of these FCBS
architectures in terms of C-plane, U-plane, and an aggregate C-/U-plane traffic
capacities for both C-/U-plane coupled and split architectures are evaluated.

6.1 Introduction

The architecture of SCBSs, i.e. FCBSs, for serving the C-/U-plane data traffic
is one of the major concerns to address the growing and high data rate mobile traffic
demand in indoor environments for next generation, i.e. 5G, mobile networks. As the
mobile data traffic demand increases, existing networks have been facing problems
from providing necessary capacity to transport this growing data traffic demand. To
address such high capacity requirement, SCs are deployed in the coverage of MCs.
However, tight coupling of the C-/U-plane in conventional networks, which can also
be termed as C-/U-plane coupled architecture (CUCA), restricts the flexibility in
network operation and performance management. Because of tight coupling of the C-
/U-plane, causes to keep the BSs always active to ensure ubiquitous coverage even
though there is no data traffic demand from UEs and results in a poor resource
utilization and unnecessary energy consumption [7]. These call for developing a new

architecture where the C-/U-plane are decoupled to provide high data rate, to switch the
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transmit power of an SCBS on or off based on data traffic demand, and to ensure an
always-on connectivity. Such network architecture is termed as CUSA [7, 9] and is

considered as one of the major changes in 5G.

In this chapter, we present numerous SCBS, i.e. FCBS, architectures based on
the number of transceivers (e.g., single or dual transceiver) and operating frequency
bands (e.g., microwave and mmWave bands) existing in a FCBS for serving the C-/U-
plane traffic in indoor environments under both traditional CUCA as well as
prospective CUSA. With a system level simulation of a multi-tier network, we evaluate
the performances of these FCBS architectures in terms of C-plane, U-plane, and an

aggregate C-/U-plane traffic capacities.

The chapter is organized as follows. In section 6.2, an overview of a number of
SCBS architectures is given. The performance evaluation of all SCBS architectures is
presented in section 6.3. In section 6.4, various features of SCBS architectures are

pointed out. Finally, we summarize the chapter in section 6.5.

6.2 Small cell base station architectures

In traditional mobile networks, because the C-/U-plane are coupled, their traffic
is served simultaneously over the same link between a BS and a UE. However, the C-
/U-plane traffic can also be served by decoupling (i.e., splitting) them over separate
links for the same UE, which has been proposed for 5G networks. The C-/U-plane
coupled networks are typically termed as cell centric networks whereas decoupled ones
as device centric networks [95]. In either case, a number of alternative FCBS
architectures can be developed based on the number of transceivers and their operating
frequencies considered in a FCBS to route the C-/U-plane traffic, explained in the

following.

6.2.1 C-/U-plane coupled architecture

In CUCA, MCBSs typically operate at a low microwave frequency. However,

FCBSs can be operated either at the same microwave frequency as that of MCBSs with
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a proper cross-tier co-channel interference management between the macro-tier and the
femto-tier (Figure 6.1(a)) or at a different frequency (e.g., mmWave) (Figure 6.1(b))
from that of MCBSs at the cost of licensing an additional frequency band. Both BSs
serve the C-/U-plane traffic to their respective UE.

C-/U-plane decoupling

(d) CUSA: Single band
different frequency
deployed FCBS

,p\’r)"‘e
v —

(e) CUSA: Multi- S
band deployed FCBS | MCBS S

Backhaul for co-channe
interference management

(c) CUSA: Single
(a) CUCA: Single band co-channel
band co-channel deployed FCBS
deployed FCBS
C-/U-plane coupling

(CUCA)

(b) CUCA: Single band
different frequency
deployed FCBS

Figure 6.1: FCBS architectures for indoor C-/U-plane traffic.

6.2.2 C-/U-plane split architecture

In CUSA, the C-/U-plane splitting can be done by implementing either single
or dual transceivers at a FCBS described as follows.

A. Single transceiver implemented FCBS

In a single transceiver implemented FCBS, the C-/U-plane can be decoupled by
operating the FCBS either at the co-channel frequency as (Figure 6.1(c)) or at different
frequency from that of its overlaid MCBS (Figure 6.1(d)). Unlike CUCA, C-plane of
all UEs is served by the MCBS, and U-plane of FUs is served by the FCBS. However,

like CUCA, in co-channel scenario, a proper interference management between the
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MC-tier and FC-tier is needed to avoid co-channel cross-tier interference. In contrast,
if a FCBS is operating at a different frequency, there is no need for cross-tier
interference management. This architecture has been proposed widely for 5G networks
[7,9].

B. Dual transceivers implemented FCBS

In dual transceivers implemented FCBS, a FCBS operates at dual frequencies,
e.g. co-channel microwave and mmWave frequencies (Figure 6.1(e)) where each
transceiver operates at a different frequency from one another, and decoupling of the
C-/U-plane is performed by routing each plane’s traffic at a separate frequency. Both
the C-/U-plane traffic of FUs are served by the FCBS itself. However, when a UE is
out of coverage of a FCBS, the C-/U-plane of the UE is served by the MCBS. Unlike
the single transceiver based FCBS architecture in Figure 6.1(d), in this architecture, no
coordination signaling is required between C-plane and U-plane BSs. However, it
comes at the cost of an additional transceiver at each FCBS as well as UE. Note that
single band option is not applicable for dual transceivers implemented FCBS because

of more than one transceiver.

6.3 System architecture and performance evaluation

We consider a multi-tier network as illustrated in Figure 6.2, including a single
MCBS of a corner excited 3-sectored MC site and a number of indoor FCBSs and
outdoor PCBSs within the MC coverage in an urban environment. Each FCBS is

deployed in a single room apartment of 10x10m?* to serve one FU in any TTIs. A

certain percentage of MUs are considered within apartments and offloaded to nearby
PCs. All MUs are served by the MCBS only. For a co-channel operated FCBS, all RBs
of system bandwidth is reused in each active FCBS. All categories of UE are allocated
orthogonally to RBs in any TTIs. If a MU exists within an apartment, TD ABS based

elCIC is applied to avoid co-channel cross-tier interference between the indoor MU
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Figure 6.2: System architecture of a multi-tier network.

and FU such that no indoor MUs but FUs can be served only during non-ABSs.
However, ABSs are reserved for all MUs. For a different frequency operated FCBS, we
consider 60 GHz mmWave band, and no cross-tier interference management between
indoor MUs and FUs.

Following the analytical model in section 5.2.2(A) in Chapter 5 and (C.5) in
Appendix C, the aggregate capacity of a FCBS operating at the co-channel microwave
for a single transceiver based FCBS in CUCA can be expressed as

Q
O :Z

t=1 i=

M

1 (1_ (0) Oy (pt,i )

Also for an mmWave based FCBS, ¢ = 0 such that the aggregate capacity is given by

m

Oy = i Z Oy (pt,i)

=1 i=l

—

Hence, in dual transceivers based FCBS, since both co-channel microwave and

mmWave bands exist, the aggregate capacity is given by
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Ogt = Occ T Oy (6.1)

Let X;, denote the percentage of C-plane traffic in CUCA. Table 6.1 shows the

C-/U-plane traffic served by all FCBS architectures (in Figure 6.1) for CUCA and
CUSA. According to [60], the total control overhead includes 10% for S1 signaling,

4% for handover, and a certain parentage for management signaling. Hence, we assume
X, = 0.25 as an example. Since Xg, simply scales the C-/U-plane traffic capacity,

considering a different value will not change capacity trends.

Table 6.1: C-plane and U-plane traffic served by a FCBS.

FCBS Frequency U-plane C-plane C-/U-plane
Architecture | MCBS : FCBS traffic traffic traffic
fcc . fcc (1_ ch ) ’ Gcc XCp ’ GCC O-cc
CUCA
fee  fus (1_ Xep )'O' df Xep " O O gt
fCC fCC O-CC B O-CC
CUSA foo o fur O g ) O g
fcc : fcc + fdf O-df Gcc Gccdf

Default simulation parameters and assumptions used for system level
simulation are followed from Table B.1 and Table B.4 in Appendix B. For performance
comparison of different FCBS architectures, we focus on only one FCBS since
considering many will not alter the evaluation. Figure 6.3 shows C-plane traffic and
U-plane traffic capacity of FCBS architectures shown in Figure 6.1. From Figure 6.3,
it can be found that CUSA outperforms CUCA for the single transceiver based FCBS
operating either at co-channel microwave or mmWave frequencies in terms of effective

(i.e., U-plane) user data transmission capacity. This is because of the fact that in CUCA,
a certain number of RBs defined by X;, needs to be allocated to serve C-plane traffic.

However, in CUSA, C-plane traffic is served by the MCBS so that all RBs of a FCBS
can be allocated to serve U-plane traffic, and hence more user data can be served in
CUSA than that in CUCA. Certainly in CUSA, the MCBS needs to allocate resources

to serve C-plane traffic of the FU, which results in decreasing MUs’ data capacity.
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However, since most data traffic originate in indoors, and FUs are in more close in-
distance from its sSFCBS than that of a MU from its serving MCBS, the overall network
capacity should increase because of less path loss that cause to improve the received
signal quality at the FU.

Further in CUSA, for dual transceivers based FCBS, though U-plane traffic
capacity is the same, the overall C-/U-plane traffic capacity is much higher than that of
a single transceiver based FCBS. Also, implementing a separate transceiver results in
freeing resources at the MCBS for serving C-plane traffic of the FU as in the case of a
single transceiver based FCBS such that more resources can be allocated to MUs to

increase their data rate and to carry more MU data traffic by the MCBS.

Il CUC A: single transceiver (co-channel microwave band)
I CUCA: single transceiver (mmWave band)

2001 | [ JCUSA: single transceiver (co-channel microwave band)y [ &
[ CUSA: single transceiver (mmWave band)

I CUSA: dual transceiver (co-channel microwave and mmWave bands)

1751

C-plane traffic U-plane traffic C-/U-plane traffic

Figure 6.3: C-/U-plane traffic capacity performances of FCBS architectures in Figure
6.1.

6.4 Features of FCBS architectures

The major strength of operating a FCBS in CUCA is reduced or no control
signaling overhead for the C-/U-plane cooperation, however it suffers from providing
a high data rate in indoor areas. Whereas in CUSA, a FCBS experiences opposite
features to that in CUCA, i.e. though a FCBS can address a high data rate in indoor

areas, it suffers from generating a huge C-/U-plane cooperation control signaling
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overhead, particularly for a single transceiver based FCBS. In Table 6.2, in addition to

the strength and weakness, we also discuss other features, e.g. viability challenge and

open research issue, of FCBS architectures shown in Figure 6.1.

Table 6.2: Features of various FCBS architectures.

Feature CUCA CUSA
Resource utilization is low Resource allocation is maximum
for dual transceiver based FCBS
Low U-plane data traffic High, since all resources can be
capacity allocated to serve U-plane traffic
Strength | No cooperation between Cooperation between MCBS and
and MCBS and FCBS is not needed FCBS are a must for C-plane
weakness | for C-plane traffic traffic to make aligned with U-
plane traffic
MCBS and FCBS transmit Transmit power of MCBS is
powers are always on for a always on, whereas transmit
single transceiver based FCBS  power of U-plane transceiver of a
FCBS is switched on based on FU
generated traffic request
Network operation and Signaling network is complicated
management is complex when different BSs are used for
Viability because of the coupled C-/U- splitting the C-/U-plane
challenge plane IR i i
SC densification is challenging  FC discovery and wake up
because of issues, e.g. complex mechanisms is complex for an
interference and mobility off-state of transmit power
managements
Scaling of SC densification Simple control signaling network,
Open with a growing traffic demand, FCBS discovery and wake up, UE
research | increasing per user data rate, association, and handover
issue and simplifying network mechanisms. For dual transceiver
operation and management based FCBS, integration and
simultaneous operation of dual
bands as well as dual band
transceiver design
6.5 Summary

In this chapter, we present various FCBS architectures depending on the number

of transceivers and their operating frequencies existing in a FCBS in order to serve the
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C-/U-plane indoor traffic in both CUCA and CUSA for 5G mobile networks. We carry
out an evaluation of capacity performances of a number of FCBS architectures for C-
plane, U-plane and an aggregate C-/U-plane traffic with an extensive system level
simulation of a multi-tier network, which consists of a MCBS and several outdoor
PCBSs and indoor FCBSs. We consider a single transceiver and dual transceivers based
FCBS architectures. A single transceiver based FCBS can operate either at the co-
channel microwave band or at an mmWave band. However, dual transceivers based
FCBS operates at both bands. The simulation results suggest that for a single transceiver
based FCBS, CUSA outperforms CUCA in terms of the effective user data transmission
capacity, and dual transceivers based FCBS can serve more aggregate C-/U-plane
traffic than a single transceiver based FCBS. Finally, we highlight several strengths and
weaknesses, challenges, and open research issues associated with CUCA and CUSA
for both single and dual transceivers based FCBSs. Because SCs are considered as the
major enabler of 5G, findings of this chapter can help network operators and vendors
provide insights to understand relative performance capability of various FCBS
architectures for serving the C-/U-plane traffic to address the high data rate demand in

indoor environments.



CHAPTER 7
CENTRALIZED 3D RADIO RESOURCE ALLOCATION
FOR CONTROL-/USER-PLANE SPLIT
ARCHITECTURE

In this chapter, we propose a centralized allocation and scheduling strategy for
3D radio resources (namely, time, frequency, and power) for a multi-tier C-/U-plane
split architecture by considering schedulers of all BSs located at a central station. We
consider a fully blank subframe (FBS) based elCIC to split completely the C-/U-plane
such that C-plane can be served only by the MCBS and U-plane by each UE’s
respective BS. The system bandwidth is reused in FCBSs, and frequency resources are
allocated orthogonally per tier basis. We propose a simple FCBS power control
mechanism by modeling a FCBS’s on-state and off-state power as on and off traffic
source model, and derive an optimal value of average activation factor (AAF) of any
FCBSs per FBS pattern period to trade-off its serving capacity and transmit power

saving.

7.1 Introduction

Radio resource allocation and scheduling plays a crucial role on achievable
capacity, spectral efficiency and energy efficiency of cellular networks. Providing a
high data rate service demand and network capacity, supporting a large traffic volume,
and achieving a high spectral and energy efficiencies of 5G cellular, necessitate the
development of an effective radio resource allocation and scheduling strategy for the
major 3D radio resources, namely time, frequency, and transmit power due to their
limited availability. Though most existing researches addressed either 1-dimensional or
2-dimensional radio resources of these three in decentralized network architectures, a

number of researches addressed 3D radio resource allocation and scheduling by now,
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e.g. [146] for wireless mesh networks, [147] for low-medium-altitude platforms based
WIMAX networks, and [148], for an orthogonal frequency-division multiple access
(OFDMA) FC and MC based network. However, decentralized architectures lead to
scaling SCBSs with the number of UEs and amount of traffic volume, which causes
such architectures to suffer from a number of pitfalls, e.g. increase in network
operational expense and severe inter-cell interference. Hence, the idea of centralized
cellular architecture has come into being [149]. Numerous proposals on centralized
wireless networks exist in literature, e.g. cloud radio access network architecture [56],
wireless network cloud [150], and LightRadio [151], which are based on decoupling
radio frequency and baseband processing tasks from physical nodes and shifting them
to a centralized location. Authors in [149] also proposed a super BS based centralized
architecture for 5G where the global centralized resource management center allocates
resources to virtual BSs. Recently, software defined networking has been considered as

an effective centralized resource management for 5G [152-153].

Besides, because of an expected ultra-densification of SCs in 5G, extensive
researches on SC energy efficiency have been ongoing, e.g. an energy efficient SC
activation mechanism to reduce network energy consumption in [154], a tradeoff
between energy consumption and throughput by considering SCBSs with several
power-saving modes in [155], and a study on SCBS on and off operation to enhance
energy efficiency in [156], have been addressed. In contrast to traditional CUCAs,
CUSAs, also termed as device centric networks [95], have been considered as a
potential solution for 5G, and an extensive researches is ongoing on CUSA [7, 9] either
by considering to route C-plane traffic of a SC with the SCBS itself or the MCBS [7,
9.

So far, we exploit frequency and time resource allocation and scheduling. Since
the transmit powers of SCBSs have a significant impact on the overall network
interference phenomenon and energy efficiency, we propose a centralized allocation
and scheduling strategy for 3D radio resources (namely, time, frequency, and power)
for a multi-tier C-/U-plane split architecture by considering schedulers of all BSs
located at a central station. We consider a multi-tier network comprises of a MCBS and
a number of outdoor PCBSs as well as indoor FCBSs deployed within a multi-storage

building.
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In contrast to the conventional ABS, we consider a FBS based elCIC to split
completely the C-/U-plane such that C-plane can be served only by the MCBS and U-
plane by each UE’s respective BS. The system bandwidth is reused in FCBSs, and
frequency resources are allocated orthogonally per tier basis. We propose a simple
FCBS power control mechanism by modeling a FCBS’s on-state and off-state power as
on and off traffic source model, and derive an optimal value of AAF of any FCBSs per
FBS pattern period to trade-off its serving capacity and transmit power saving. With a
system level simulation it is shown that the capacity of a FCBS increases whereas its
power saving decreases linearly with an increase in its AAF because of serving
increased traffic, and an optimal AAF of 0.5 for the capacity scaling factor « =1 and

greater than 0.5 for x <1is found.

The chapter is organized as follows. In section 7.2, the proposed centralized
radio resource allocation and scheduling is discussed. In section 7.3, the transmit power
management and modelling of FCBSs are given. Section 7.4 includes radio resource
allocation and scheduling and problem formation for evaluation. Simulation parameters
and assumptions are given, and performance evaluations are carried out in section 7.5.

We summarize the chapter in section 7.6.

7.2 System architecture and operation of centralized radio resource

allocation and scheduling

For centralized radio resource allocation and scheduling, the radio resource
allocation and scheduling of C-plane and U-plane traffic of all UEs is performed at a
central station (Figure 7.1). The central station can be located either at the MCBS or
within anywhere the MC coverage based on, e.g. the available backhaul capacity. U-
plane traffic of all UEs is served by the respective BS, i.e. outdoor and indoor MUs by
the MCBS, offloaded MUs by PCBSs, and FUs by FCBSs. However, C-plane traffic of
all UEs under its coverage is served only by the MCBS. For simplicity, we assume
separate ideal backhauls from the central station to any BSs. U-plane traffic of all UEs
are passed through the respective BS (i.e., FCBSs for FUs, the MCBS for both outdoor
and indoor MUs, and PCBSs for offloaded MUs), then central station, mobile core, and
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finally to external networks. However, C-plane traffic of all UEs are passed only

through the MCBS, then to central station, mobile core, and finally to external

networks.

A 3D building with
four floors

Indoor MU — | &

PCBS 1 PCBS 2
Apartment «q@ U-plane ¢
Outdoor g @ External
ﬁ P Offloaded networks

U-plane traffic
of offloaded

A dual NS
strip floor Mobile core
. C-plane traffic networks
A strip of all UEs
U-plane traffic (outdoor
and indoor MUs) C-/U-plane
traffic of all
UEs
@ Gateway  Central station
FCBS
() A

‘ FCBS coverage
A FCBS is deployed and
off-state transmit power

A FCBS is deployed and
on-state transmit power

@ Outdoor MU @

No FCBS is deployed

MC Coverage

Figure 7.1: System architecture for the proposed centralized radio resource allocation

and

scheduling.

To serve U-plane traffic, we consider one proportional fair scheduler for all

outdoor and indoor MUs, one for all offloaded MUs, and one for all FUs, and to serve

C-plane traffic, one proportional fair scheduler for all UEs is considered. Unlike
traditional decentralized CUSA [7, 9], the main advantage of centralized radio resource

allocation and scheduling is that there is no need for exchanging control signaling

between C-plane and U-plane BSs for synchronization, FCBSs’ power switching on

and off, and SC discovery and wake up, which result in reducing control signaling

overhead and increasing user data traffi

C capacity.
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7.3 FCBS power management and modeling

7.3.1 FCBS power management

We consider that FCBSs are not always active and switched on and off based
on data traffic requests as shown in Figure 7.2, which is modeled as the on and off
traffic source model. Switching on and off any FCBSs is governed by the respective
scheduler at the central station. In the absence of any FU’s data request, the scheduler
sends a power-off message to the corresponding FCBS to keep its power switched off
until any next requests. In switching any FCBSs to on-state, a FU first sends a random
access channel request to the MCBS in the UL. Assuming that a mechanism exists for
selecting an appropriate FCBS by the MCBS, the MCBS then informs the
corresponding FD scheduler, which schedules resources to the FCBS to which the FU
may get connected with. The scheduler then sends a power-on message to the
corresponding FCBS in the DL and creates necessary data bearers through that FCBS.
The scheduler also informs the FU via the MCBS to create relevant RRC connections
with the FCBS. After acknowledging the RRC connection complete message from the
FCBS, the FU starts communicating via the FCBS to mobile core and then to external

networks.
Delay from switching of FCBS Delay from processing a new UE traffic request and
from on-state to off-state switching of a FCBS from off-state to on-state
o Serving
) g .
o E UE traffic No UE traffic
Qg m
W) -
wE gl 8 16 24 32 —»TTI
o = | On-state | Off-state | onstate | Off-state | on-state
?EST! I |,
Il Maximum | | FBS [ 1 Zero

Figure 7.2: An illustration of power on and off scheme of a FCBS.

7.3.2 FCBS power modeling
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The 3GPP European Telecommunications Standards Institute traffic model for
non-real time Internet data has three layers, namely session, packet call, and packets
[157]. BSs need to be active at the upper most layers, i.e. session layer, while a UE is
communicating through them. According to [157], sessions or call arrivals can be
modeled as a Poisson process. For simplicity, we assume that a BS activity is directly
proportional to the cumulative traffic activity from its UEs. Hence, a U-plane BS (i.e.,
FCBS) power on-state and off-state can be modeled as exponentially distributed
continuous time Poisson process such that the amount of time any FCBSs spent on each
state is exponentially distributed. Since given the present state, the future state is
independent of the past state, any FCBSs transmit power on and off states can be

modeled as two state Markov chain as shown in Figure 7.3, where A, denotes the power

off-state to on-state transition rate, and 4/ denotes the power on-state to off-state

transition rate of any FCBSs.

Ap

7

Figure 7.3: Two-state on and off transmit power model for a FCBS.

The randomness in switching any FCBS’s transmit power to on and off states

can be modeled by the average duration of each state such that the average time at an

on-state is given by 1/, and at an off-state by 1/4, [158]. Hence the AAF, which is

defined as the probability that any FCBSs is at the on-state, is given by
a=Pr (on-state)= 1/ u)/ (L2, )+ W ) = 2, /4, + ) (7.1)

Hence, Pr (off - state)=1-a = u/(/ip + ,u) (7.2)

For a single FU per FCBS, because a FU also has two states (i.e., there is either
a traffic request or not at all), the FU state diagram is the same as its FCBS’s on and off
state diagram (Figure 7.3). Since we consider a single FU per FCBS, the average on
and off state probabilities of any FCBSs transmit power are given by (7.1) and (7.2).

Hence, for a particular duration of time Ts, the average on-state duration of any FCBSs
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isgivenby t ... =T, and off-state duration by t =(1-a)-T,. For evaluation,

off —state —
we consider an average value of probabilities given by (7.1) and (7.2) per FCBS per
FBS pattern period (FPP) so that an average value is estimated in ratio of the number
of TTIs per FPP per FCBS.

7.3.3 Effect of FBS, switching and processing delay

Let & denote an average aggregate delay per FPP T from switching on-

on—off

state to off-state of any FCBSs, whereas « denote delay from switching off-state

off »>on

to on-state, for traffic request processing of any FU, e.g. discovery of any FCBSs. Let

aq, denote percentage duration of any FBSs, and «gand o, denote percentage

average durations of any in-progress active and in-active FU traffic respectively per
FPP T. The average on and off state durations of any FCBSs can be given by

ty qoe =T =lat, + 0ty o )T (7.3)

on-—state
toff _state — (1_ a)T = (1_ (as o Hon_soff ))T (74)

Equivalently, t; .= (ans +a +afbs)-T

off —»on

Such that, T=t +t

— “on-state off —state

7.4 Proposed radio resource allocation and scheduling and problem

formation

7.4.1 Radio resource allocation and scheduling

We consider a FBS based elCIC to avoid transmitting any control signals, in
contrast to a traditional ABS, in order to switch off the transmit power of a FCBS
completely during an FBS. A static allocation of the number of FBSs per FPP,
comprising 8 TTIs, by a TD scheduler at the central station is considered. A simple on
and off transmit power management strategy is considered. The system bandwidth of
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the MCBS is reused in FCs within the building, and like all MUs, the RB allocation to
all FUs is also considered orthogonal. If a MU is within a building, the TD FBS based
elCIC is applied to FCs to avoid co-channel interference between indoor MUs and FUs.
All outdoor MUs are allowed to transmit data during FBSs as well as non-FBSs;
however FUs are scheduled only during non-FBSs. Figure 7.4 shows an illustration of
radio resource allocation and scheduling with respect to a FCBS. As can be seen, the
transmit power of a FCBS has only two states, either zero or maximum, based on the
FU traffic requests and other factors as shown in Figure 7.2.

FCBS Transmit power (U-plane) ———»
PCBS transmit power (U-plane) ——»
MCBS transmit power (U-plang)————»
€ MCBS transmit power (C-plane) —>
S
—
[
5
a A A
Ak U-plane traffic of offloaded MUs
AN
S\ |0
Q i
Ny 457 4 Frequency (MHz)
U-plane traffic of the FU
No U-plane traffic of the FU
j‘* U-plane traffic of outdoor and indoor MUs
C-plane traffic of all UEs
— 180 «—
RB kHz

Figure 7.4: An illustration of 3D radio resource allocation and scheduling concerning
a FCBS.

7.4.2 Problem formulation

A. Multi-tier network model
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Consider that there are M RBs in the system bandwidth. All MUs are partitioned

randomly into three disjoint subsets of outdoor MUs, indoor MUSs, and offloaded MUs.
Consider that all PCs have an equal number of offloaded MUs. Let 4, denote the ratio

of the number of indoor MUs. We consider a multi-storage building within which a
number of FCBSs are deployed, and each FCBS serves one UE at any time. All UEs
are distributed randomly and uniformly within their respective BS’s coverage in a

realization, defined as a simulation run time.

Let T denote simulation run time with the maximum time of Q (in time step
each lasting 1 ms) such that T = {1, 2, 3, ..., Q}. Let Tras denote a set of FBS indices
over all FPPs for Q TTIs, and Trep denote the number of subframes per FPP such that
Tees € Tand Tres = {t: t =V.Trpp+na; v=0,1, 2, ..., Q/Trep; Na=1, ..., Tras} where

Tres = 1, 2, ..., Trpp corresponds to FBS patterns a,,= 1/Trpp, 2/Trpp, ..., Trrp/Trrp
respectively. Let t-gg and t,,,_5s denote respectively an FBS and a non-FBS such
that tgs € Tresand t,,, g5 € T\TFas.

Let ton-state denote a set of subframes over all FPPs for T, and ton-state denote the
number of subframes per FPP such that ton-state < T. In general, ton-state IS an integer
random variable, which varies from one Trpp to another for Q TTIs and depends mainly
on in-progress active UE traffic requests and characteristics over any Trpp.

B. Capacity estimation

The received SINR fora UE at RB i in TTI t at power p can be expressed as
Prip = (Pt,i,p/(nt,i,p + It,i,p))' Ht,i,p (7.5)

where P

ip is the total

is the transmission power; n, . is the noise power; |

ti,p ti,p

interference signal power; and H,. _is the link loss for a link between a UE and a BS

ti,p

at RBiin TTI t at power p, which can be expressed in dB as

Hyi(0B)= (G +G,) —(Lg +PLy; ;) +(LS,; , +5S,; ) (7.6)
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where (G, +G,)and L are respectively the total antenna gain and connector loss, and

SS and PL

ti,p? ti,p? t,i, p

LS respectively denote shadowing effect, small-scale Rayleigh

fading or Rician fading, and distance dependent path loss between a BS and a UE at
RBiin TTI t at power p. Let B denote implementation loss factor. Using Shannon’s

capacity formula, a link throughput at RB i in TTI t at power p in bps per Hz is given
by [35, 89]

0, P, <—10dB
Gt,i,p(pt,i,p): ﬁ|092(1+10(pt'i‘p(dB)/w))' ~10dB<p,;,<22dB (7.7)
44, P, >22dB

Using (7.3), the aggregate average capacity of FCBSs is given by
Q M
LEDIPN:A 'Gt,i,p(Pt,i,p) (7.8)
t=1 i=1

where o, (pt,i,p) denotes the throughput response of all FUs in t € ton-stae OVer M RBs.

ti,p
The total system capacity is given by

Q M
05 = ;1 ;Jt,i,p(pt,i,p) (7.9)

where o and p are responses of all MUs in te Trss, outdoor and offloaded MUs in te

T\TFBS, and a” FUs in te ton-state.

C. Power saving and optimal value of AAF

Using (7.3) and (7.4), the power saving factor of any FCBSs can be given by

the average on-state and off-state durations as follows:

7=t st (st + ot st

n =(1-a)T)T=1-a (7.10)
Hence, percentage power saving, %7 = (1—a)x100 (7.11)

Since both the capacity and power saving factor of any FCBSs are proportional
to AAF, an optimal value of AAF (OAF) that can trade-off these demands can be
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defined as its corresponding value of a point where the capacity and power saving

responses are equal so that the optimization problem can be formulated as follows:

maximize a
subjectto 7 —(UFC/UFc,max)Z 0

where o ..., denotes the maximum capacity of FUs in te T over M RBs.

From (7.7), since o is a function of link quality irrespective of the value of
A, Orcma Can be defined and fixed in prior as a system parameter by setting the
value of the average link quality of FU o, based on, e.g. the operating band of FCBSs.
The solution of this problem for & = & and the capacity scaling factor =1 is given
by
& =1-(0vc /orc max)
=1/(1+x)
~1/2 ]

Proof 7.1: From (7.7),
Tremx =(Q-M)-, -0,
Applying the constraint, 7 = orc /T rc max
= a=1-(0rc /Trc max) (7.12)
From (7.3), a=a, +a,

n—off

Assuming o, >> «, such that o = «;

on—off

From (7.7), o can be expressed in terms of o . such that
Opc =& (K' O-FC,max)

where « is the capacity scaling factor, 0 < x <1. Further from (7.12),
a 51_((05* “K Ok max )/O-FC,max)

=a ;1—(/{-05*)
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=a =1(1+x)

Fork=1, a =1/2 (7.13) =

7.5 Performance evaluation

Table B.5 and Table B.9 in Appendix B show default simulation parameters and
assumptions used for performance evaluation. For simplicity in evaluation, because of
considering the average probability of each factor over an FPP, we consider one FCBS
for performance evaluation. However, this will not affect the performance trends as
indoor channels are less susceptible to Doppler Effect and delay spread because of less

movement of objects and small coverage of a FC. We define o ., as the average sum
throughputs of FUs in teT over M RBs per realization. Since we consider one
realization per FBS, x =1. From Figure 7.5, it can be found that the capacity of a FC
increases linearly with an increase in its AAF (a = ¢ ). The maximum capacity of FC

attains when it serves over all TTIs of FPP, which is possible only if there is no
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Figure 7.5: Capacity versus AAF.
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existence of MU within the building such that the FCBS can transmit in all TTls of a
FPP. As shown in Figure 7.5, the overall system capacity of all UEs is shown for FBS
= 1. This is because of the fact that, irrespective of the number of FBSs per FPP, the
aggregate capacity of all MUs does not change considerably as shown in Figure 7.6.
Hence, the system capacity shows also a linear response and increases with an increase
in AAF. Also, the number of FBSs per FPP has a negligible impact on the aggregate
capacity of all MUs (Figure 7.6), however has a significant impact on the capacity of
FCBS (Figure 7.5). Note that the switching delay from the FCBS’s power on and off
operation and the UE traffic request processing delay from exchanging control
signaling between the MCBS and the FCBS influence greatly the capacity of FCBS,
particularly in indoor regions where the movement of UEs is very frequent that causes
to originate a large number of UE traffic requests with the FCBS. All these effects are
captured in Figure 7.5 by varying the AAF from 0 (always off) to 1 (always on) over

an FPP to show how the FCBS capacity varies with a change in environments.
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Figure 7.6: Capacity of MUs versus FBS.

In Figure 7.7, the transmit power saving response of the FCBS is shown. As

expected, the transmit power saving decreases with an increase in AAF. This calls for
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a trade-off between the high capacity and the high power saving demands of a FCBS.
We address this issue by deriving an OAF in (7.13). As shown in Figure 7.7, the OAF
is about 0.5, which complies with the derived OAF in (7.13). Hence, an optimization
of the capacity and energy efficiency of FCBSs can be achieved when each FCBS has
on an average an equal or near equal on-state and off-state durations subject tox =1.
For = <1, the slope of FC capacity (Figure 7.7) decreases, which results in an obvious
increase in the value of OAF from 0.5 in order to compensate the FC capacity

corresponding to the amount of decrease of the slope from that of o ... -
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Figure 7.7: FC capacity and transmit power saving and OAF versus AAF.

7.6 Summary

In this chapter, we propose a centralized 3D radio resources, namely time,
frequency and power, allocation and scheduling strategy for a multi-tier CUSA.
Centralized scheduling is performed by considering schedulers of all BSs located at a
central station. The multi-tier network consists of a MCBS and a number outdoor
PCBSs and indoor FCBSs deployed in a multi-storage building. The system bandwidth
is reused in FCBSs. We propose a FBS based elCIC to split completely the C-/U-plane
and to avoid cross-tier interference. Co-tier interference is avoided by allocating



229

frequency resources orthogonally in each tier. The transmit power of any FCBSs is
controlled by proposing a simple power control mechanism, modeled its on-state and
off-state as conventional on and off traffic source model. We also derive an OAF over
a FPP to trade-off the FCBS capacity and power saving. With a system level simulation,
we show that both the capacity of a FCBS and overall system increase, whereas the
transmit power saving of the FCBS decreases linearly with an increase in AAF. Further,
an OAF of 0.5 for k =1, and greater than 0.5 for k¥ <1, is found. This contribution will
give operators insights on scheduling time, frequency, and power centrally in SCs to
address the demands of high indoor capacity and energy efficiency of 5G networks.



CHAPTER 8
RECOMMENDED FURTHER STUDY: CONCEPT AND
PRELIMINARY RESEARCH OUTCOME

In this chapter, future research directions of the dissertation mainly on the C-
/U-plane split architecture based device-centric network for 5G are discussed. A FC
clustering approach and static resource reuse and allocation in 3D multi-floor buildings
are proposed. The FC clustering approach follows the same as in resource reuse strategy
2 in Chapter 4. However, to reuse resources per cluster, we describe a number of static
resource allocation options and propose an algorithm that takes adjacent channel
interference into account when allocating resources in FCBSs within a cluster for the
resource reuse strategy 1. We evaluate the algorithm for a single floor of a multi-floor
building. A number of recommended studies in terms of concepts and preliminary
outcomes are discussed and projected approaches are mentioned. Finally, a C-RAN
enabled C-/U-plane split architecture based device-centric network for centralized
resource allocation in 3D in-building scenario to address the high capacity and spectral

efficiency requirements of 5G networks is proposed for further studies.

8.1 Recommended study 01: alternative SCBS architectures

8.1.1 Recommended research proposal

In Chapter 6, as preliminary study we present numerous SCBS architectures
based on the number of transceivers and operating frequency bands existing in a FCBS
for serving the C-/U-plane traffic in indoor environments under both CUCA and CUSA
and evaluate their performances for C-/U-plane traffic capacities. Since there are other
aspects than the number of transceivers and operating frequency bands, namely control

signaling network overhead for the C-/U-plane BSs, UE association procedure, and
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SCBS discovery, wake-up, and transmit power control mechanisms, that can be
explored for SCBS architectural alternatives, a deep understanding on these issues will
be an effective future research direction in order to address demands of 5G networks,

particularly for indoor environments.

8.2 Recommended study 02: FC clustering and static resource reuse and

allocation in 3D multi-floor buildings

8.2.1 Recommended research proposal

In Chapter 4, though we have proposed two resource reuse strategies for 3D
multi-floor buildings, only resource reuse strategy 2 have been evaluated. As part of

further studies, the resource reuse strategy 1 can be evaluated.

8.2.2 Preliminary research progress

As part of preliminary works, we address in the following the resource reuse
strategy 1 in detail. The FC clustering approach follows the same as in strategy 2 in
Chapter 4. However to reuse resources per cluster, we describe a number of static
resource allocation options and propose an algorithm that takes adjacent channel
interference into account when allocating RB resources in FCBSs within a cluster for
strategy 1. We evaluate the algorithm primarily for a single floor scenario and consider
carrying out an evaluation of it for the 3D building as part of further studies.

A. FC clustering approach for resource reuse strategy 1

Clusters of FCBSs are formed based on ROEs constrained by, e.g. link
interference, spectral efficiency, and capacity, in both intra-and inter-floor levels as
shown in Figure 8.1. Hence, with a change in the constraint type and value, the size of

a cluster varies. All clusters within a 3D multi-floor building have the same size, i.e.
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the number of FCBSs per cluster for a given constraint is the same. However, the size
of each cluster in different buildings may vary with different types and values of any
constraints. In CUCA, since the whole system bandwidth can be reused in FCBSs
within each cluster, the capacity and spectral efficiency increase with a decrease in
cluster size for a given system bandwidth. The RB resource allocation to each FCBS

within a RoE is static, i.e. resources allocated to FCBS r of cluster cl, S, ;, can only be

allocated to FCBS r of neighboring cluster (cl+nc), S wherenc=1, 2, 3... as shown

r.cl+n,

in Figure 8.1.
A cFCBS with ROE Reuse of the same system
frequencyf, : bandwidth in different clusters

Total system bandwidth

Figure 8.1: Resource reuse strategy 1 and formation of clusters of FCBS (intra-floor
level).

B. Resource reuse strategies

The whole system bandwidth is reused in each RoE as shown in Figure 8.1
following a static frequency allocation scheme to avoid co-channel interference, e.g.
each FCBS is allocated to the same amount of frequency, such that all FCBSs in any
clusters are cFCBSs with respect to neighboring clusters. Since each FCBS serves its
own FU, and all FCBSs within a cluster are allocated by an orthogonal frequency

allocation, this static resource allocation is analogous to coordinated scheduling CoMP.
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The resource schedulers for strategy 1 can be implemented either jointly where all
FCBSs in a building can be scheduled by a single FD scheduler or disjointly where
FCBSs within each RoE are scheduled by a separate FD scheduler.

Because of the static RB allocation, reuse of RBs becomes dependent on the
deployment of FCBSs within any RoEs. This is because reused RBs may be wasted
from an absence of any FCBSs within any RoEs such that a certain number of RBs may
have already been defined for the absent FCBS and not been possible to reallocate to
other FCBSs of neighboring RoEs because of causing co-channel interference.
However, since all FCBSs in all RoEs gain advantage from the link capacity constraint
enforced by an optimizer, the overall capacity gain from such static resource reuse
strategy is expected to be higher than that of the resource reuse strategy 2 proposed in
Chapter 4.

C. Static resource allocation

RB resources are allocated equally to each FCBS within a cluster, and the same
set of RBs is reused to each cluster. The set of RB indices allocated to any FCBSs is
fixed and does not change from one cluster to another. Hence, the same regular pattern

of RB indices is followed in allocating RBs to FCBSs in each cluster (Figure 8.1).

For co-channel deployment of the MCBS and FCBSs, in CUCA, a certain
percentage of, e.g. m; RBs, the total number of RBs is kept reserved for the C-plane of
all UEs, and the remaining (M-m;) RBs are allocated following the proposed ORPA or
CRPA interference mechanism to FUs per cluster. For CUSA, let Mc denote the number
of RBs for the C-plane traffic of all UEs, and Miwu denote the number of RBs for the
U-plane traffic of all indoor MUs. Then the number of RBs that can be reused in FCBSs
per cluster is Murc = M-(Mc+Mimu). Murc RBs are reused in each cluster within a
building. However, when both the MCBS and FCBSs operate at different frequencies,
the whole system bandwidth for FCBSs can be reused in each cluster under both CUCA
and CUSA such that Myrc = M.

For multiple band co-channel deployment of FCBSs, CUCA is not applicable

for this scenario. Let Mrchs and Mmcns denote respectively the high frequency band for
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FCBSs only and co-channel low frequency band for both MCBS and FCBSs. For
CUSA, Murc = Miebs for the U-plane traffic in all TTIs, and Murc = Mmebs for the C-

plane traffic of FCBSs in (1— ¢) TTls per ABS pattern period.

D. Proposed static RB allocation algorithm for resource reuse strategy 1

Since the minimum constraints must be satisfied in both intra-and inter-floor
level, the total system bandwidth must be divided first by the number of floors flspr
within the RoE for inter-floor level constraint. Each equal number of RBs M is then
allocated to FCBSs within any RoEs for intra-floor level constraint per RoE for inter-
floor level constraint. The proposed algorithm (Algorithm 8.1) is given in the following

and explained with an example (Example 8.1).

Example 8.1: Let Mt = 48 and flspr= 3, clintra =4, and flr = 15.

Step 1: M =48/3=16, i.e. each inter-floor level cluster has 16 FCBSs.
Step 2: Mg ={1,-~,16} and M/2 =8is an integer. Hence,
9=1{12,3,4,56,7,8}
j=1{9,10,11,12,1314,15,16 }

Step 3: for M =16, ny,, =4.
Step4: ny =4+2-> " (4—-y)=4+2-(3+2+1)=16=M

Step 5: Total number of orthogonal setsof RB m,,,, =2-4-1=7

Step 6: The sets{g } and{j} then include consecutive RB indices of the values:

9=1{1331}=8RBs
j={2,4,2}=8RBs

And RB indices as follows:

g=1{11},12.3.4},5.6,7}, 8}

j={{9,10},{11,12,1314}, {15,16}}
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Algorithm 8.1: Non-adjacent channel interference avoided static radio resource
allocation in FCLs in 3D multi-floor buildings.

Step 1: Divide the total number of RBs Mt in the system bandwidth into flspr sets of
consecutive RBs such that M =M. /fl, . number of consecutive RBs are allocated and

reused to each RoE (i.e., cluster) for any floors existing within the RoE defined by the
number of floors flapr for inter-floor interference modeling (Figure 8.2(a)).

Step 2: Now divide the total number of RBs M for any floors into two sets of
consecutive RBs denoted as {g | and{j} such that me ={{g},{j}} and |m.s|=M . Let

Meg = {1,-~, M } denote the set of RB indices such that (Figure 8.2(a)):
|g|=(|j|+l), if M/2 isanon-integer
9| =1il, if M/2 isan integer

And  g={L, (M/2)+x}; j={M/2)+1,(M/2)+2,- M}

where x, =1 for |g|>|j|,and x, =0 for |g|=|j|.

Step 3: Find the value of the number of FCBSs along the diagonal of RoE n,,, .
Step 4: Estimate the total number of FCBSs in a cluster, i.e. RoE, given by the following

1 1 1 . y=(Ngiag—1)
expression for intra-floor modeling: n, =ny,, +2-> "™ (Nt = )

Step 5: Estimate the total number of orthogonal set of RBs m.,, which can be found

by the following expression: m, =n,.. +(ndiag ~1)=2. Nyiag —1

Step 6: Form the orthogonal set of RBs m,,, such that {g} and{j} include consecutive
RB indices of the values as follows (Figure 8.2(b))

0=1135, ", Nyiag —1 Nijag =3/ Nizg =5, 5,3,1

121246, -, Mgy Niiag =2 Naiag =4+, 6,4,2 ]

where each value represents the number of consecutive RB indices.
Step 7: Now allocate consecutive subsets of RB indices to FCBSs alternatively starting
from the set {g} to {j} and then back to{g} to {j} and so on until the last subset of

either {g} or{j} reaches (Figure 8.2(c)). RB indices are allocated to FCBSs starting
from the lower triangle heading towards the diagonal and then to the upper triangle of
the square RoOE so that adjacent RB indices of the system bandwidth are not allocated
to contiguous FCBSs in order to avoid adjacent channel interference. All these steps
are explained with an example in the following for an easy of understanding the
algorithm. Note that all clusters in a multi-floor building are RB allocated to FCBSs
following the same and fixed pattern as explained above.

Step 8: Since the total number of RBs in the system bandwidth M~ is reused in all floors
per RoE (inter-floor level) with M RBs per floor, and each floor has the same number
of FCBSs, the number of times Mr is reused per 3D RoE can simply be found by the
number of RoEs per floor (intra-floor level) clintra. Hence, the total number of times Mt

(continued)

diag diag
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(continued)
is reused per building can be found by dividing the total number of floors in a building
flr by the number of floors per 3D RoE flspr. Note that with 3D RoE, we define the RoE
that satisfies both intra-floor and inter-floor interference constraints. So, the resource
reuse factor can be given by & = (fl, / fl,o; ) x cl,

intra *

Step 7: Allocate consecutive subsets of RB indices to FCBSs alternatively starting from

set {g} to {j} in order to avoid adjacent RB interference.

Note that in intra-floor level (Figure 8.2(c)), there is no contiguous RB indices
allocated to FCBSs next to one another except those FCBSs at the edge point along the
diagonal of each apartment. However, such effect is negligible as compared to the non-
adjacent RB allocations around each side of each square apartment.

giif—?‘lrogfivel) 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘ 8 ‘ 9 ‘10‘11‘12‘13‘14/‘/?‘5(?/1/%17‘ ‘32‘33‘
Erl?tigi‘ToE?ivel) L8 ‘ 17-32 ‘ 33-48

M for fl=1 M for fl=2 M for fl=3

My for all 3 floors

(a)

Diagoqal

‘1‘3“\5\ _1 Uppel’
o= {{1}, {2,3,4}, {5,6,7}, {8}} W triangle
Y 9 Q € Lower d ’3.\7\ N

. (2) (4) triangle | /] ‘M‘\@
j= {{9,10}, {11,12,13,14}, {15,16}} ©)
1)(2)(3

(b) (©)

Figure 8.2: Static RB resource allocation to FCBSs with adjacent channel interference
avoidance: (a) for M, = 48 inter-floor level, (b)-(c) for m = 16 for intra-floor level.

Step 8: Resource reuse factor &= (fl, / fl,pz)x cl,,. = (15/3) x 4 = 20. Hence,

intra

spectral efficiency can be improved by about 20 times.
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E. Performance evaluation

In the following, FC clustering, resource reuse and allocation for 2D intra-floor
scenario under CUCA are discussed and evaluated. As shown in Figure 8.1, following
a static RB allocation to avoid co-channel interference, the whole system bandwidth is
reused in each RoE for 2D intra-floor modeling such that all FCBSs in RoE are cFCBSs
with respect to neighboring clusters. We consider an interference constraint to define
the ROE. RBs are allocated equally to each FCBS within a cluster, and the same set of
RBs is reused to each cluster. The set of RB indices allocated to any FCBSs is fixed
and does not change from one cluster to another such that the same pattern of RB indices
is followed in assigning RBs per cluster (Figure 8.1). Because of considering any single
floors within the building, step 1 in 3D building scenario as described is not needed.

We consider the same multi-tier network as in Chapter 4 in section 4.5.1 and its
mathematical model in section 4.5.2(A) for evaluation. To define the RoE, a FU is
considered to locate at the farthest radial distance from its SFCBS for the worst-case
analysis, and all FCBSs of a single floor of the building are considered for performance

evaluation.

Let U, denote the number of FCBSs per cluster, and M. denote an equal
number of RBs per FCBS per cluster such that M =U ..-M .. Let o, corresponds to
a,, denote the required link spectral efficiency between sFU and sFCBS within a

cluster such that the required capacity constraint for each FCBS can be given by

Oy = M. x 0, . Hence, the aggregate capacity from reusing M RBs per cluster on a

thr,c

floor for Q TTIs can be given by
GFC,C| :UFC ><Gthr,c :UFC X(M FC ><(Tthr) (8-1)
For all clusters & on a floor

OFcan = GZX(U FC X(M Fc X Gthr)) (8.2)

Following (C.5) in Appendix C, the aggregate capacity of all MUs can be given by

Omc = Zilz:\ilat,i (pt,i) (8.3)
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where o and o are responses over M RBs of only indoor MUs in te Tags and all

outdoor and offloaded MUs inte T. Since during an ABS, no FCBSs can transmit data

signal, the aggregate capacity of FUs for & on a floor for any @ is given by

Orcfl = (1_(0)XO'Fc,an (8.4)

Hence, the overall system capacity of the multi-tier network over M RBs for Q TTIs

can be expressed as the sum throughput of all UEs as follows

O7r =0yc T O g (8.5)

The default simulation parameters and assumptions used for the system level

simulation are listed in Table B.5 and Table B.8 in Appendix B. From (4.8) in Chapter

4, it can be found that d”is independent of the number of reused RBs per FCBS, and
any number of RBs can be reused in FCBSs which are located at distances at least

d =d” from one another. A key observation from (4.8) in Chapter 4 is that the
aggregate interference at sFU is inversely related to d“such that by allowing an
increase in ¢, , d " between cFCBSs (Figure 8.3), and hence the RoE can be reduced

such that more reuse of resources can be obtained. Figures 8.4 and 8.5 show the
outperformance of the proposed FC clustering and frequency reuse in FCBSs of each

*

cluster on a floor with 25 FCBSs. Fore,,, =0.1, d,,, = 21.5443 m is needed. Hence,

tra

to enforced

wa s Up to tier-2 from any FCBSs is to be considered as RoE such that no
RBs can be reused in any FCBSs located up to tier-2 around any FCBSs (Figure 8.1).
Hence for a floor with 25 FCBSs, the maximum number of 4 clusters, of which one
consists of a complete set of 9 FCBSs while each of the remaining three consists of a
subset of FCBSs of the complete set, can be formed such that the system bandwidth can
be reused about 2.78 times in all 25 FCBSs on the floor. Since both the capacity and
spectral efficiency vary directly in proportion to the system bandwidth, the FC capacity
and spectral efficiency with the proposed technique can be improved by almost the
same factor of 2.78 as compared to the conventional ABS based eICIC as shown in
Figures 8.4 and 8.5. Also because of better channel conditions of FUs, most of the

capacity of the overall system is contributed by FUs.
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8.3 Recommended study 03: SCBS transmit power management for multi-

user case

8.3.1 Recommended research proposal

In Chapter 7, the modeling of transmit power of FCBSs considers one UE per
FCBS such that the explanation for modeling transmit power of FCBSs can be applied
directly to find the value of on-state and off-state duration of a FCBS using on and off
traffic source model. This is because of the fact that a UE has also two states, i.e. either
there is a UE traffic request or not to its associated FCBS. However, in case of multiple
users per FCBS, finding the value of on-state and off-state duration is not immediate
since there exists more than one UE, and the FCBS may have to be active with an

activity factor of 100% at the extreme case, which can be considered for further studies.

8.3.2 Preliminary research progress

In the following, as part of preliminary works toward this direction, a general
and simple way to derive on-state and off-state probabilities of a FCBS for multi-user
per FCBS scenario is given by estimating the probability of no in-progress UE traffic
request such that the probability of off-state can be given by

P (off -state)=1— p(0)
Similarly, the probability of on-state is given by
P(on-state)= p(1)+ p(2)+,--,+ p(N;)
where p(0), p(@), p(2),-~, p(N, ) represent the state probabilities fori=0, 1, 2, ..., Ns.

Ns is the number of users with in-progress traffic with a FCBS. The values of these

probabilities can be found using the Birth-Death process as follows.
Consider that there are Ms users per FCBS of which Ns users have in-progress

traffic with a FCBS at any time t. Let Ay_and £_denote the birth rate and death rate

respectively. Then, the followings hold.
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A, = (M{=N)A, 0<N <M,
01

otherwise
ty, =N -pt

The probabilities for any arbitrary Ns (Figure 8.6) can be given by

p(N, )= p(O) T A(M, ~i)/(i + D

i=0

p(N,)= p(0)-(1/ )" ('\h’:]

S

@ lo :: ﬂ*l :: 1’2 lMs—ll : :
M M2 H3
P0) p(1) p(2)

HM
P Ms1)
Figure 8.6: Occupancy state diagram of a FCBS.
MS
But Y p(N,)=1
N =0
Such that p(0)=1/(1+A/u)"
Hence, P(off -state)= p(0)=1/(1+ /)" (8.6)
P(on-state )=1— p(0)=1—1/(1+ A/ )™ (8.7)

Also, p(Ns)z('\’\/:j y (j{st/(ﬁist

The above model, as an extension to the single user case in Chapter 7, can be
evaluated for further studies.

8.4 Recommended study 04: CoMP enabled SCBS transmit power
modeling
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8.4.1 Recommended research proposal

When energy efficiency is concerned, FCBSs in a RoE (Chapter 6 for multi-
floor building) with no active traffic request can be muted for transmission by switching
the transmit power off. However, when spectral efficiency is concerned, to overcome
wastage of resources, we can consider cooperative or opportunistic resource allocation
such that neighboring FCBSs in a RoE with no active traffic request can form a CoMP
set to increase the signal strength of a neighboring FCBS with active traffic requests. A
FCBS (U-plane BS) can monitor in every certain amount of TTIs to detect if there is
any UE traffic request within its coverage. The UE can also be synchronized with the
on and off cycle of the FCBS such that it can measure the RSSIs of all U-plane FCBSs
around it and inform the scheduler about the inactive FCBSs to form a suitable
cooperating set of U-plane BSs for joint transmission CoMP. Hence, an algorithm to
tradeoff both spectral efficiency and energy efficiency can be developed. One way to
address this issue is to transmit data by neighboring FCBSs in a CoMP set at reduced

power. This trade-off can be explored as further studies.

Hence, based on whether or not joint transmission CoMP during transmit power
off mode is considered, two schemes can be proposed. In Chapter 6, the scheme without
exploiting joint transmission CoMP during power off mode has been discussed. In what
follows, we propose a scheme that exploit joint transmission CoMP during power off
mode, and can be evaluated as further studies. According to [158], for a traffic service,
there is some unused (off) time between their transmitted packets which may be used
for other services. We explore this study at the connection level, i.e. UE traffic request,
rather than packet level such that during off time, inactive FCBSs can serve other active
FCBSs using joint transmission CoMP as described in the following as part of

preliminary research progress.

8.4.2 Preliminary research progress

A. Statistical multiplexing/opportunistic scheduling
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As explained, we consider cooperative or opportunistic resource allocation such
that neighboring FCBSs in a RoE with no active traffic request can form a CoMP set.
All FCBSs in a CoMP set transmit the same data to a SFU which literally also termed
as joint transmission CoMP. In other words, we exploit networked or cooperative
MIMO to serve a FU by multiple FCBSs forming a cooperating set within a cluster.
The main essence behind adopting C-RAN is to gain from cooperating among a number
of BSs for sharing resources, which we exploit here instead by cooperating among a set
of FCBSs transmitting the same data to a FU at different frequency such that the signal
strength and hence the capacity improve from multi-point transmissions (i.e., diversity

gain or statistical multiplexing gain as shown in Figure 8.7) and is given by

o =B,(1+log, SINR, )+ B, (1+10g, SINR,, }+, -~, + B, {L+log,SINR, ) (8.9)

where B,,B,,-~, B, denote bandwidths (sets of RB allocated to FCBSs by a static

resource allocation strategy as explained before) of neighboring 1, 2, ..., nf FCBSS
respectively in the cooperating set. Hence, by combining CoMP features on top of FC
clustering based on RoE, an efficient resource usage can be achieved, which can be
considered for further studies.

Reuse of the same system
. bandwidth in different
A cFCBS with clusters with the resource
frequency .fl ROE  reuse fac}or of 9

M - [ [

Total system bandwidth

Joint transmission CoMP

Figure 8.7: Joint transmission CoMP within a cluster.
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B. Proposed algorithm for joint transmission CoMP

When an on-state FCBS does not have any data to serve to its own serving UE,
it switches from on-state to off-state to save power to improve energy efficiency
(Chapter 7). However, if the demand is to enhance spectral efficiency or user
throughput rather than energy efficiency, we propose an off-state FCBS to serve other
neighbor UEs to increase their throughputs as shown in Figure 8.8. An off-state FCBS
serves a UE of one of its nearest neighbor FCBSs. If there exist more than one UE,

since the scheduler has all UEs’ CSI and traffic data rate demand o, the off-state FCBS

is then informed by the scheduler to serve the UE with the maximum service data rate

demand o, . . However, if all neighbor UEs have the same service data rate demand,

the off-sate FCBS can serve any of the UEs by choosing randomly.

Delay for off-state FCBS
detection by the scheduler
and neighbor UE searching

Serving
UE traffic

Neighbor UE traffic (joint
transmission CoMP)

Delay for serving UE new
traffic request processing
and switching of FCBS
from off-state to on-state

traffic

Delay for any neighbor
UE 2 searching

UE1 UE 2

traffic

L
30

\
I
1 10
\ On-state \ Off-state | On-state

Off-state ‘ On-state ‘

Figure 8.8: Proposed SCBS transmit power on and off mechanism with joint
transmission CoMP.

Note that once any off-state FCBS is chosen to serve any neighbor UEs, it
continues to serve the same UE as long as either that UE’s transmission is finished or
until there is a new request from its own serving UE. Hence, if any other neighbor UEs’
either CSI or data rate demand is higher than that of the one which has already been
chosen by the off-state FCBS, it continues to serve the same UE in order to reduce
control signaling overhead. Note also that because of static allocation of frequency
resources per FCBS and regular square-grid pattern per cluster, the scheduler has the
knowledge of physical cell identity of each FCBS and its location within the cluster to
determine and inform any off-state FCBSs. The proposed algorithm for the joint

transmission CoMP is given in Algorithm 8.2.
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Algorithm 8.2: Joint transmission CoMP for off-state FCBSs.

Step 1: The scheduler in a cluster of FCBSs determines any off-state FCBS’ X,

physical cell identity in each TTI based on the CSI responses from all UEs served by
the FCBSs.

Step 2: Check the list of neighbor UEs and their service data rate demand o, at the
scheduler.
Step 3: Select the UE U, with the maximum service data rate demand o, to be

served by the off-state FCBS X .
Step 4: Inform and send the data of U,  to the off-state FCBS X, to transmit to

Step 5: Continue Step 1 through Step 4 until any new traffic request from the serving
UE of the off-state FCBS X, is made or the data transmission of the ongoing U, _ is

finished. In the former case, stop transmitting data to U, and start transmitting data

to the serving UE of the off-state FCBS itself. However, in the latter case, stop
transmitting data to U, and start searching other neighbor UEs to serve.

Step 6: Repeat step 1 through step 5 for all UEs per cluster and for all clusters per
building.

8.5 Recommended study 05: analysis of the coexistence of multiple bands

at SCBS for non-uniform and asymmetric traffic

8.5.1 Recommended research proposal

In order to address high data rate services by employing additional spectrums,
the co-existence of a number of frequency bands with diverse propagation
characteristics, e.g. microwave and mmWave, within the same system is expected in
5G networks [3]. Besides, traffic is generated non-uniformly network wide because of
several issues, including difference in loading of BSs with environment, non-uniform
user density, and disparity in high data rate traffic demand with time. Further, as
mentioned in Chapter 5, the characteristics of traffic generated in the UL/DL and the

C-/U-plane are asymmetric.
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These high data rate, non-uniform, and asymmetric traffic demand have a direct
impact on a BS capability and the choice of enabling technology resulting the
requirement of an adaptive BS which can be configured based on such aspects as area,
time, service data rate, the UL/DL and the C-/U-plane traffic volumes. One way to
address this adaptive feature of SCBSs is to deploy more than one transceivers
implemented with multi-band having diverse propagation characteristics such as
microwave and mmWave such that places where the traffic fluctuation is very high,
based on the traffic characteristics, each SCBS can switch to mmWave band during a
high traffic demand and to microwave band during a low traffic demand. Further,
because of shorter distance as compared to a MCBS between a UE and a SCBS and
relatively lower traffic of the UL and the C-plane, the UL and the C-plane traffic can
be served with a low UE transmit power at microwave frequency, whereas higher traffic
volume at a high data rate demand of the DL and U-plane can be served by mmWave

frequency.

Because the co-existence of multi-band at a SCBS has manifold benefits,
sufficient researches toward this direction is needed in order to adapt a SCBS with
traffic characteristic and demand for 5G networks. Though in Chapter 5, we address
this issue by proposing a multi-band enabled FCBS architecture where we consider co-
channel microwave and mmWave bands, other types of bands than these with more
than two bands per FCBS can be explored for further studies to analyze usefulness in
view of non-uniform traffic and asymmetric traffic from splitting the UL/DL and the
C-/U-plane to enable BS idle mode capability through dual connectivity in 5G

networks.

8.5.2 Preliminary research progress

In the following, we extend the proposed architecture in Chapter 5 for non-
uniform traffic as shown in Figure 8.9. Since the splitting of the C-/U-plane has been
discussed already in Chapter 5, in the following, we discuss only non-uniform traffic

and scheduler implementation as part of preliminary research outcomes toward in-depth
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further studies. To avoid ambiguity, we consider the same system model as discussed

in Chapter 5 for the following discussion.

MmWave antennas — - - -—-

Microwave antennas—-—- - Dual

transceivers

FCBS
coverage

Backhaul FCBS

Dual connectivity with different antennas operating
at different frequencies at the same BS

Figure 8.9: Multi-band enabled FCBS architecture.

A. Non-uniform traffic

Though the average traffic demand has been increased by manifold in the last

decade, traffic is not generated uniformly network wide because of issues as follows:

BSs located in urban areas serve more traffic than those in suburban or rural

areas.

In urban environments, all places are not populated uniformly, e.g. bus stations
and shopping malls are more likely to be populated than other places. BSs

located in these areas need to serve more traffic than others.

The demand for high data rate services is not uniform since traffic demand
largely depends on user profiles, and user characteristics. Hence, it is more
probable that a user of upper class residential zones can afford and hence
generate more high data rate services than others. Accordingly, more BSs

should be installed in such areas.
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e Traffic demand varies with time, e.g. most corporate traffic is generated during
8:00-18:00, whereas most residential traffic is generated during 17:00-23:00.

Since both spectrum band and bandwidth have direct impact on the capacity, a
FCBS can be implemented with dual spectrums such as microwave and mmWave to
address such non-uniformity in traffic demand as aforementioned. As shown in Chapter
5, since an mmWave band provides more capacity than that of a co-channel microwave
band, a multi-band enabled FCBS architecture can be operated at mmWave spectrum
during a high traffic demand and at co-channel microwave spectrum during a low traffic
demand in places where the traffic fluctuation is very high. In both cases, the other off-
service transceiver, i.e. co-channel microwave for a high traffic and mmWave for a low
traffic, can be switched off to save energy. If necessary, both spectrums can operate at
the same time to provide even higher data rate than that when operating at a single
spectrum. With such an adaptive scheme for spectrum availability in FCBSs, network
operators can provide on-demand data rate services, optimize location specific resource

allocation, and maximize profit margin.

B. Scheduler implementation for multi-band enabled FCBS architecture

The scheduler for co-channel microwave spectrum can be implemented either
jointly or dis-jointly based on whether the FD scheduler for FCs is implemented either
jointly or dis-jointly with the TD scheduler, implemented at MCBS. The TD scheduler
allocates subframes to UEs in the system. In dis-joint implementation, the cluster head
(as mentioned in Chapter 5) can communicate with MCBS, and the FD scheduler of
FUs is implemented at the cluster head (Figure 8.10). However, the FD scheduler for
all MUs is implemented at MCBS. FUs can directly report their channel status and
traffic demands to the cluster head, and the TD scheduler updates the cluster head about
ABS patterns per ABS pattern period. To adapt ABS patterns, an indoor MU in the
building during an ABS pattern period informs in the UL to the TD scheduler which in
turn informs the cluster head of ABS patterns via X2 backhauls to schedule RBs to FCs
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only during non-ABSs. Whereas for no presence of an indoor MU, it informs the cluster

head to allocate RBs to FCs in all TTIs over the next ABS pattern period.

i Feedbacks from indoor MUs
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Figure 8.10: Disjoint scheduler implementation for multi-band enabled FCBS
architecture.

In joint implementation, all FCBSs inform the cluster head of their traffic
demands, which in turn communicates to the FD scheduler for FUs at MCBS. The TD
scheduler informs the FD scheduler of ABS patterns for all FCs. Information regarding
the allocation of RB resources from the FD scheduler for FCs is then sent over X2
backhaul to the cluster head to relay to FCs of the building. For mmWave, the scheduler
implementation is rather straightforward since there is no need for coordination
between MC-plus-PC and FC tiers. A disjoint mmWave FD scheduler can be
implemented at the cluster head to avoid backhaul control overheads, and the FD

scheduler can directly allocate RBs to FCs without taking any concern of the FD
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scheduler at MCBS for MUs irrespective of the presence of indoor MUs within the

building.

8.6 Recommended study 06: C-RAN enabled CUSA based device-centric

networks

8.6.1 Recommended research proposal

The C-/U-plane separation and cloud computing technology based dense
HetNets are considered to be promising solutions to address important issues such as
centralized interference management and efficient resource utilization for high capacity
dense HetNets. In cloud-radio access network, because of centralized processing
feature, resource scheduling can be benefitted from centralized interference
management, and radio resources of different BSs can be shared with each other

whenever necessary.

The general architecture of C-RAN consists of three components, namely a pool
of baseband units with centralized processors, RRHs with antennas distributed network
wide, and a fronthaul connecting RRHs and centralized baseband units as shown in
Figure 8.11. Because of centralized feature, radio resources of different BSs can be
shared with each other whenever necessary. The fronthaul is the link connecting
baseband unit pool and RRHs that operate on protocols such as CPRI and OBSAI.
Fronthaul can be ideal and non-ideal based on its capacity. Non-ideal fronthauls such
as microwave or mmWave wireless links are bandwidth, time latency, and jitter
constrained. However, ideal fronthauls such as optical fiber is cost inefficient, and

hence non-ideal fronthauls are considered to be more viable implementation.
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Figure 8.11: C-RAN components and system architecture for single and multiband
heterogeneous cloud RAN [159, 161].

Because of high capacity fronthaul requirements, existing C-RANs suffer from
poor flexibility and scalability performances owing to unavailability and high cost of
optical fibers network wide. The constrain of C-RANs from the fronthaul can be
overcome by designing compression technique over the constrained fronthaul,
largescale pre-coding and de-coding with low overheads, and radio resource allocation
optimization taking the constrained fronthaul into account. In [159], to address the
capacity, time delay, and energy efficiency limitations of fronthaul in traditional C-
RAN (where the C-/U-plane are coupled), authors proposed decoupling of the C-/U-
plane such that all control signaling and system broadcasting data are delivered by high
power nodes, i.e. MCBSs, to UEs, and RRHSs can be switched on and off based on active
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data traffic requests. Like traditional C-RAN, all RRHs are connected to the centralized
baseband unit pool which is responsible for layer-1 baseband processing and all upper
layer functionalities, and RRHs are responsible for layer-1 radio frequency signal
processing. Unlike traditional C-RAN, MCBSs are interfaced with the baseband unit
pool to manage interference between MCBSs and RRHs using centralized cloud
computing cooperative processing techniques and to allow backward compatibility.
MCBSs mainly provide control signaling and seamless coverage network wide in
addition to some bursty and low data rate services, and RRHs mainly provide high
speed data services. Hence, MCBSs are incorporated into traditional C-RAN by
decoupling the C-/U-plane. The architecture is termed as heterogeneous cloud RAN as
shown in Figure 8.11 that takes advantages of both HetNets and traditional C-RAN
where cloud computing technology is introduced in HetNets to provide large-scale
cooperative signal processing and networking functionalities to improve both energy
efficiency and spectral efficiency beyond that can be achieved by HetNets or C-RAN
operating alone [160].

Rather than cooperative RRM at the centralized baseband unit, the interference
between low power nodes, i.e. PCBSs, and MCBSs can also be managed by operating
MCBSs and PCBSs at different frequencies, i.e. MCBSs at lower and PCBSs at higher
frequencies. In [132], the C-/U-plane decoupled multiband HetNets architecture was
proposed where MCBSs at 2 GHz provide all control signaling functionalities, and
PCBSs at 3/60 GHz mainly provide high data rate services. Both MCBSs and PCBSs
are connected to the C-RAN via CPRI interface, and MCBSs mange mobility and traffic
of all UEs and assist UEs for cell discovery via C-RAN as shown in Figure 8.11. Like
single band heterogeneous cloud RAN, parts of layer-1 baseband processing and all

upper layer functionalities are performed centrally.

C-RAN enabled CUSA brings with a number of advantages over conventional

networks as follows:

e CUSA allows low energy consumption by switching SCBSs off (when there is

no active data traffic request), ubiquitous coverage by large MCs, high data rate
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services by SCBSs, and adaptive traffic service mechanisms both in time and

space.

e CUSA provides flexible mobility management since less handover is required
for C-plane because of a large MC coverage, and for U-plane, handover is
required only for active data requests, and no handover requests are required for

inactive UEs for both planes. These result in a reduced overhead signaling.

e CUSA can be scaled easily to adapt with a growing traffic demand. U-plane can
be flexibly scaled without concerning C-plane such that more SCBSs can be

added on the existing network wherever and whenever necessary.

e Spectral efficiency can be increased because of reduced control signaling
interference from the smaller number of control MCs as well as data plane

interference from the inactive SCBSs.

e Because MCBSs and SCBSs operate at different frequencies, cross-tier

interference between them can be avoided.

Furthermore, in dense HetNets, existing interference management techniques
may not be sufficient and responsive enough such that a centralized coordinator with a
global view may be helpful to control and mange efficiently radio resources among
dense BSs. In this aspect, MCBSs, i.e. C-plane BSs, can play the role of a centralized
coordinator to control SCBSs, i.e. U-plane BSs under their respective coverage, and C-
RAN is a promising candidate for this kind of centralized network control and
management [9]. Hence, in future studies, the problem of interference modeling,
resource reuse and allocation, and densification limit of 3D in-building SCs in cloud-
radio access network enabled CUSA can be addressed. A centralized resource
allocation algorithm can considered to develop that can exploit and schedule time,
frequency, and transmit power resources to SCBSs optimally for a given set of
constraints such as fronthaul, degree of centralization, and operating frequency to show
comparative performances of the traditional cell-centric network architecture and
cloud-radio access network enabled CUSA in terms of achievable capacity of 5G

networks.
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8.6.2 Preliminary research progress

In Figure 8.12, a C-RAN enabled CUSA based device-centric network for
centralized resource allocation in FCBSs and PCBSs is illustrated for further studies.
In the following, how different tasks to address centralized resource allocation can be
performed by a number of elements at various sections of the architecture, which can
be considered to investigate, is briefly described.

A. Centralization and degree of cooperation

Baseband units of a number of SCBSs are decoupled first from their radio
frequency functionalities to locate them centrally as a single grouped resource to
address lightly and heavily loaded BSs balanced and to allow easy of cooperation for
exchanging information among BSs in order to implement cooperative communication
easily. Cooperative communication has a high potential for managing interference and
allocating resources to BSs and hence improving overall network capacity, which is
considered to investigate over the coupled baseband unit and the C-/U-plane cell-centric
architecture. After processing in the centralized baseband units, U-plane IP traffic are
transported to the mobile core network over backhaul links, e.g. X2 backhauls, followed

by which are then sent to the external networks, e.g. Internet.

B. Fronthaul constraints

The link between SCBSs and centralized baseband units is called fronthaul, and
the link that connects centralized baseband units to the mobile core network is called
backhaul link. Fronthaul mobile architecture has been recently proposed for NGMN
architecture. The capacity requirement of fronthauls is much higher than IP backhauls
since real time in-phase and quadrature sample signals, which are jitter and delay
sensitive, are carried over fronthauls. Optical fiber is the best solution for fronthauls,
however because of a high cost of fiber, other alternative solutions such as microwave,

wavelength division multiplexing, and passive optical network can be considered based
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on system requirements. Since cluster size impacts greatly on the performance gain

from C-RAN (the larger the cluster size, the more the C-RAN gain), investigations

Internet |
Operator mobile core
networks
Conditions o
- Operator’s predefined quality-of-service parameters Cloud based centralized ‘9@6}
- Operating frequencies for FCBSs BBU pool processing %,
- Optimization constraints, e.g. minimum interference | BBU -1 |_| BBU-2 | ______ i BBU-N S
level and data rate, maximum traffic demand and X2, X2
cluster size Processing of U-planes of FCBSs
Network and PCBSs
MAC | scheduler
. . Physical - BB f,
Time, frequency, and transmit
power allocations of FCBSs -
—\ _Fronthaul |2
SR D, Q
Exist for multiband 3 §
H-CRAN \%, k-
) \ I3
S \ @
Processing of C-planes of all UEs within the \
MC coverage and U-planes of indoor MUs \\ Exist for
and outdoor MUs - \ single band BBU 1
Decoupled C-/U-plane N 1 Y "\'\J:’é%’) A FrCRAN -
TR A \7%, /f}b/ \
S O ® % \
£Daty. ‘/ E\Q’f NN % & Clusters
| f, 1) HPN (MCBS) X Y. %",
PCBS  Offloaded’ 7] Network | //f. W}& .
my o MAC NN Dynamic
| I Ou'\tlldSor Physical — Rf vk - switching
Physical - RF and and BB !k M i.é WFu on and off
BB (partly.or none) o Indoor__—1 L
L OJ SON enabled FCBS,
o Physical — RF an @ i i-é =l
BB (partly or none) N\
fi = BBU 3
BBU 4 BBU 2
3D multi-storage building
f, for MCBS/PCBS ®
» Switched on FCBS Switched on PCBS
f for FCBS B Active UE
For single band: f,=f, ) o Inactive UE
For multiband:  f,<f, »  Switched off FCBS Switched off PCBS

Figure 8.12: Proposed device-centric network architecture for centralized resource

allocation for further studies.

under fronthaul constraints, e.g. alternative solutions

considered to carry out further.

as aforementioned, can be
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C. Optimal cluster size

Clustering of FCBSs in 3D buildings can be done in a number of ways. A
straightforward way is the proposed clustering approach as described in Chapter 3 for
conventional networks, i.e. considering all FCBSs deployed within a 3D building as a
cluster. A baseband unit per cluster is needed at the centralized baseband units. Since,
the number of floors as well as apartments is varied from one building to another, and
so is the density of FCBSs per building, clustering can be exploited based on traffic
demand of FUs rather than buildings. For highly dense buildings, more than one cluster
can be considered such that in place of one baseband unit, multiple baseband units per
building can be considered at the centralized baseband units. Typical practice of a
cluster size is to consider a minimum of 15 BSs and preferably 30 BSs per baseband
unit. Since more gain can be achieved by increasing the cluster size, it is always
preferable to increase the cluster size to as big as possible. However, since all in-phase
and quadrature samples are to be transported over fronthauls, because of fronthauls’
capacity constraint, it is not possible to group as many SCBSs as possible into a cluster.
Depending on fronthauls’ capacity and availability by the operator, the proper size of a
cluster can be set. Hence, considering that an operator has a number of alternative
fronthaul solutions, an in-depth investigation with a variable fronthaul capacity for an

optimal cluster size can be considered to carry out further.

D. Operating frequency bands

The proposed architecture considers both single band and multiband
deployment scenarios. In multiband scenario, both the C-/U-plane of MCBS operate at
the lower frequency f; typically 2 GHz to provide a large coverage, and U-plane of all
PCBSs and FCBSs operate at a higher frequency f», e.g. 6 GHz to provide a high data
rate within small coverages. The advantage of operating BSs on multi-band over a
single band is to overcome cross-tier interference between MCBS tier and FCBS-plus-
PCBS tier for U-plane, however at the cost of an additional band to be licensed for

FCBS-plus-PCBS tier. In contrast, single band outperforms multiband by reusing the
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same frequency in FCBS tier, however at the cost of generating co-channel cross-tier
interference with MCBS-plus-PCBS tier for both the C-/U-plane. Hence, interference
management is more crucial for single band scenario than that in multiband. Both
scenarios are incorporated in the proposed architecture to investigate and to find an
optimal tradeoff these two scenarios. Note that resources are considered to reuse for
U-plane in FCBSs only, and for U-plane of PCBSs, an orthogonal resource allocation
at frequency f» is considered. Since C-plane of all UEs operate at the same frequency
f1, interference among all tiers, i.e. MCBS-tier, PCBS-tier, and FCBS-tier for C-plane
traffic needs to be properly managed. Since schedulers for C-plane are located at the
MCBS, a straightforward way to address C-plane interference is to allocate resources
orthogonally both in time and frequency to all UEs. However, since typically only a
fraction of total system bandwidth is allocated for C-plane traffic, and there is a huge
number of FUs, such orthogonal resource allocation may not seem to be a viable
solution. Hence, a new mechanism to address C-plane interference needs to be

developed and can be considered to investigate.

E. Processing C-/U-plane traffic and degree of centralization

The MCBS is solely responsible for processing and serving all UEs’ C-plane
traffic to ensure ubiquitous coverage. In addition, the MC processes and serves U-plane
traffic of all outdoor MUs and indoor MUs. FCBSs are deployed in 3D buildings only
and are responsible for U-plane traffic of FUs only. All PCBSs are responsible for
serving U-plane traffic of offloaded MUs. All U-plane baseband traffic of both FCBSs
and PCBSs are processed centrally by forming clusters, i.e. a group of corresponding
SCBSs, such that each baseband unit in the pool of baseband units at the central station
represents the U-plane traffic of all SCBSs within the corresponding cluster. Both
PCBSs and FCBSs possess only radio frequency functionalities of U-plane traffic. The
degree of centralization of any baseband units can be changed by changing the number
of SCBSs per cluster as well as an average traffic generated per SCBS. An appropriate
mechanism to define the degree of centralization, for a given set of constraints, needs

to be developed and can be considered to address.
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F. Resource scheduling

A scheduler for U-plane traffic of all SCBSs in a cluster, i.e. a baseband unit,
schedules time, frequency, and transmit power based on the conditions as shown in
Figure 8.12. Note that all schedulers for U-plane traffic of all SCBSs within the MC
coverage are resided at the central station, and there is one scheduler per baseband unit.
Information about the scheduled UEs in any time at any RB along with transmit power
level are sent to the cluster head of any clusters, which in turn then forwards to those
SCBSs in a cluster to which the scheduled UEs are communicating with. Note that we
consider one cluster head per cluster whose function is to transmit information to UEs
from the baseband unit of the corresponding cluster in the DL and receive information
from UEs and transmit to the baseband unit in the UL over the fronthaul on CPRI
interface. No additional processing is considered at the cluster head. The cluster head
could be any FCBSs within a cluster of FCBSs, and any PCBS within a cluster of
PCBSs. For the MCBS, there are separate schedulers for scheduling C-plane traffic.
The number of schedulers required at the MCBS needs to be investigated. One way to
address could be to consider one scheduler per category of UEs, i.e. FU and MU.
However, since the number of FUs far exceeds the number of other categories of UEs,
more than one scheduler for all FUs, e.g. one scheduler per cluster of FUs, could be
required. However, this may result in additional and unnecessary costs and hence is left

for getting investigated further.

G. Opportunistic time, frequency and transmit power control

Both FCBSs and PCBSs are switched to active mode if there exists traffic
requests from at least one UE. Otherwise, they are considered to switch off and keep
inactive until there is a new traffic request from a UE in order to reduce wastage of
radio resources, e.g. time, frequency, and transmit power. Further, the number of active
FUs per FCBS is considered more than one simultaneously. All FCBSs are enabled

with the SON features to configure and optimize their transmit powers such that the
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maximum allowable interference power (aggregate) at any FUs does not exceed the
predefined value. In contrast to exploiting only frequency resources, opportunistic time,
frequency and power control using SON for FCBSs can be considered to exploit in the
proposed architecture in order to gain the most network capacity and spectral efficiency.

Hence, a centralized resource allocation algorithm that can exploit and schedule
time, frequency, and transmit power resources for SCBSs, for a given set of constraints
such as fronthaul, cluster size, degree of cooperation and centralization, resource
scheduler, and operating frequency, to allocate to UEs optimally to address key issues,
e.g. aggregate interference threshold, minimum data rate, traffic dynamics, overall
traffic demand, and so on is indeed a crucial need for high capacity and spectral efficient
NGMN, which can be considered to develop in the next up studies. A number of key

features of the proposed architecture are as follow:

e |t is independent of the dimension of the physical structure where FCBSs are
considered to deploy, e.g. 2D flat and 3D in-building structures.

e |t can address randomness in placement of FCBSs.

These can be achieved by the SON features of FCBSs and employing intelligent
mechanisms at the central station for time and frequency resources allocation to FCBSs.
This is because of the fact that resources are centrally allocated to distributed-physical-
access nodes, i.e. FCBSs, from the central station, i.e. centralized baseband units, rather
than from the access nodes. To address so, centralized baseband units take help CSI
feedback from of a FU to adjust the power level of its SFCBS such that the aggregate
interference level toward neighboring FCBSs is within a limited threshold value.
Further, with cooperation within a cluster, neighboring FCBSs can be informed of
tuning up or down their transmit power levels from the central station such that the
interference constraint is satisfied. The SON features of FCBSs can help such self-
optimization features to enable. Moreover, with an intelligent mechanism to allocate
time and frequency resources orthogonally to FCBSs within a cluster, interference can

be avoided, given that other constraints such as per UE data rate is satisfied.
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Hence, irrespective of where and how randomly FCBSs are deployed, by
sensing the surrounding environment with SON features of FCBSs and by employing
intelligent mechanisms for time and frequency resources allocation to FCBSs within a
cluster, interference can be managed by adjusting transmit powers, and allocating
conflict-free subframes and RBs to FCBSs. Hence, the proposed architecture can be
considered independent of randomness in placement of FCBSs and dimension of

deployed FCBSs’ physical structures.

8.7 Summary

In this chapter, numerous recommended further studies on this dissertation
research are discussed in terms of research proposals and preliminary research progress,
mainly for CUSA based device-centric networks for 5G. Particularly, alternative SCBS
architectures, FC clustering and static resource reuse and allocation approach for FCs
deployed in multi-floor buildings, SC transmit power management for the multi-user
case, CoMP based SC transmit power modeling, coexistence of multiple bands at SCs
to address non-uniform and asymmetric traffic, and finally the C-RAN enabled CUSA
based device-centric networks are highlighted as part of further studies. Each
recommended study is explained with reasonable details, and wherever necessary,
relevant illustrations, analytical models, and performance evaluation results from the

preliminary research studies are also given.



CHAPTER 9
CONCLUSION

This chapter summarizes the dissertation research as a whole, including its
objectives, system architectures, investigation scenarios, major contributions, and

further research directions.

9.1 Research overview

The dissertation entitled “analysis of high capacity mobile network with 3D in-
building dense small cell” is addressed as part of the Ph.D. degree requirements. Key
system architectural investigation scenarios of the dissertation are twofold for densely
deployed SCBSs in 3D multi-floor buildings as follows:

e Conventional cell-centric control mobile network architecture with coupled C-
/U-plane and decentralized RAN.

e New device-centric control mobile network architecture with decoupled C-/U-

plane and centralized RAN.

Major objectives of the dissertation comprises of the followings. An extensive
survey on enabling technologies of NGMN is carried out first. For cell-centric control
networks, an ORRA to SCBSs deployed in 3D multi-floor buildings distributed over
MC coverage is investigated. Further, a tractable analytical model is developed for
interference characterization and minimum distance enforcement between SCBSs
deployed densely in a 3D multi-floor building to reuse and allocate spectrum resources
non-orthogonally (i.e., NORRA) in SCBSs for a number of optimization constraints
such as link level interference, spectral efficiency, and capacity. The minimum distance
enforced between SCBSs gives an upper limit of SCBS densification. A novel
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clustering approach and a number of resource reuse strategies for dense SC networks
deployed in 3D in-building scenario are proposed. For device-centric networks, a novel
multi-band enabled SC and UE architecture for the UL/DL and the C-/U-plane splitting,
a number of SCBS architectures for performance comparison between the C-/U-plane
coupled and split architectures are proposed and evaluated. Finally, a centralized 3D
radio resource allocation and scheduling approach for the C-/U-plane split architecture

is proposed and evaluated.

Major system level scopes of investigation to carry out the objectives of the
dissertation are limited to the followings. For system model, a square-grid based FC
coverage area where each FCL consists of a number of 2D floors, and each floor
consists of a number of square-grid apartments are considered. Each apartment has one
FCBS placed in the center of the apartment and assumed static. A fixed free space
around its building of a FCL and some free spaces between two neighboring FCLs are
assumed. A UE per FCBS is considered. FCBSs are dropped as a set of groups of them
within MC coverage. A single MC of a corner excited 3-sectored MC site and a number
of SCs, including outdoor PCs and indoor FCs are considered. A certain percentage of
MUs are assumed within FCLs. All indoor MUs are served by the MC. In addition, a
certain percentage of outdoor MUs are offloaded to nearby PCs. ABS based elCIC
techniques are considered to manage interference between MC-plus-PC and FC tiers
both for NORRA and ORRA schemes. Proportional fair scheduler is considered for
resource allocation to UEs. For modeling path loss of indoor FCs, empirical models
recommended for evaluation by the 3GPP are considered. The default simulation
parameters and assumptions used for system level simulation are based on 3GPP
recommendations for system level performance evaluation. The validity of any research
result is primarily based on MATLAB® simulator based simulation and analytical

results.

9.2 Research contributions and further studies
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Major contributions of this dissertation research in terms of journal and

conference articles, which are either published or under-review to date are given as

follows:

In (journal) article 1 based on Chapter 2, an extensive review has been carried
out on the trends of existing as well as proposed potential enabling technologies
that are expected to shape 5G mobile wireless networks. Based on
the classification of the trends, we develop a 5G network architectural evolution
framework that comprises three evolutionary directions, namely, (i) radio
access network node and  performance enabler, (ii)  network
control programming platform, and (iii) backhaul network platform and
synchronization. In (i), we discuss node classification including
low power nodes in emerging machine-type communications, and network
capacity enablers, e.g., mmWave communications and massive multiple-input
multiple-output. In (ii), both logically distributed cell/device-centric platforms,
and logically centralized conventional/wireless software defined networking
control programming approaches are discussed. In (iii), backhaul networks and
network synchronization are discussed. A comparative analysis for each
direction as well as future evolutionary directions and challenges toward 5G
networks are discussed. This survey will be helpful for further
research exploitations and network operators for a smooth evolution of their
existing networks toward 5G networks.

In (journal) article 2 based on Chapter 3, we address mainly an important issue
of reusing frequency resource in FCs deployed in dense multi-floor buildings
over a large urban MC coverage to enhance network capacity and spectral
efficiency using ABS based elCIC technique. FC clustering and modeling an
OPNA are however two major challenges to reuse frequency in FCs deployed
in buildings using ABS based elCIC. We address these challenges by exploiting
the high external wall penetration loss of any buildings and in-between distance

of neighboring buildings and propose a FC clustering approach by considering
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all FCs per building as a FCL to avoid additional computational complexity
from clustering. We develop a FRSA for an arbitrary value of ABS for a multi-
tier network which consists of in-building FCs and outdoor PCs in the coverage
of an urban MC. We then propose a model for estimating an OPNA and derive
an OPNA per FCL basis under two schemes, namely adaptive OPNA and non-
adaptive OPNA, in order to vary the number of ABSs imposed on FCs within a
building dynamically based on the presence of indoor MC users within a
building to avoid cross-tier interference with FCs. An optimization algorithm
for OPNA schemes is developed, and its implementation aspects are discussed.
The impact of varying the number of ABSs and FCs per building on the
throughput performance of FRSA is analyzed through an extensive system level
simulation, and the capacity outperformance of the adaptive over the non-
adaptive OPNA scheme is shown. A schematic of the scheduler implementation
for FRSA is developed, and the capacity outperformance of FRSA over a
number of existing works is evaluated. Finally, a number of technical and

business perspectives of the proposed FRSA are discussed.

In (journal) article 3 based on Chapter 4 we address mainly two important
issues, namely characterizing co-channel interference and enforcing a minimum
distance between FCBSs for reusing resources in FCBSs deployed in a 3D
multi-floor building. Each floor is modelled as a group of square-grid
apartments, with one FCBS per apartment. We propose a simple yet reasonable
analytical model using planar-Wyner model for intra-floor interference and
linear-Wyner model for inter-floor interference modeling in a 3D multi-floor
building in order to derive a minimum distance between cFCBSs for
optimization constraints, namely link level interference, spectral efficiency, and
capacity. As opposed to ORRA where resources are reused once, using the
proposed model, we develop two strategies for reusing resources more than
once, i.e. NORRA, within a multi-floor building. An algorithm of the proposed
model is developed by including an application of the model to an ultra-dense
deployment of multi-floor buildings. With an extensive numerical analysis and
system level simulation, we demonstrate the capacity outperformance of
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NORRA over ORRA by manifold. Further, with a fairly accurate yet realistic
estimation, we show that the expected spectral efficiency of 5G networks can
be achieved by applying the proposed model to an ultra-dense deployment of
FCBSs.

In (journal) article 4 based on Chapter 5, a multi-band enabled FCBS and UE
architecture is proposed in a multi-tier network that consists of SCs, including
FCs and PCs deployed over the coverage of a MC for splitting the UL/DL as
well as the C-/U-plane for 5G mobile networks. Since splitting is performed at
the same FCBS, we define this architecture as SBSA. For multiple bands, we
consider co-channel microwave and different frequency 60 GHz mmWave
bands for FCBSs and UEs with respect to the microwave band used by their
over-laid MCBS. All FCs are assumed to be deployed in a 3D multi-storage
building. For co-channel microwave band, cross-tier co-channel interference of
FCs with MC is avoided using ABS based elCIC techniques. The co-existence
of co-channel microwave and different frequency mmWave bands for SBSA on
the same FCBS and UE is first studied to show their performance disparities in
terms of system capacity and spectral efficiency in order to provide incentives
for employing multiple bands at the same FCBS and UE and identify a suitable
band for routing decoupled the UL/DL or the C-/U-plane traffic. We then
present a number of disruptive architectural design alternatives of multi-band
enabled SBSA for 5G mobile networks for the UL/DL and the C-/U-plane
splitting, including a disruptive and complete splitting of the UL/DL and the C-
/U-plane as well as a combined UL/DL and C-/U-plane splitting, by exploiting
dual connectivity on co-channel microwave and different frequency mmWave
bands. The outperformances of SBSA in terms of system level capacity, average
spectral efficiency, energy efficiency, and C-plane overhead traffic capacity in
comparison with DBSA are shown. Finally, a number of technical and business

perspectives as well as key research issues of SBSA are discussed.
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In (conference) article 5 based on Chapter 6, we present numerous SCBS, i.e.
FCBS, architectures based on the number of transceivers (e.g., single or dual
transceiver) and operating frequency bands (e.g., microwave and mmWave
bands) existing in a FCBS for serving the C-/U-plane traffic in indoor
environments under both traditional CUCA as well as prospective CUSA. With
a system level simulation of a multi-tier network, we evaluate the performances
of these FCBS architectures in terms of C-plane, U-plane, and an aggregate C-
/U-plane traffic capacities. The simulation results show that because of serving
only U-plane traffic by a FCBS in CUSA, CUSA outperforms CUCA for a
single transceiver based FCBS in terms of U-plane traffic capacity irrespective
of operating frequency. However, the presence of dual bands at a dual
transceiver based FCBS results in higher aggregate C-/U-plane traffic capacity
than that of a single transceiver based FCBS. Finally, we discuss a number of
strengths and weaknesses, viability challenges, and open issues of these FCBS

architectures.

In (conference) article 6 based on Chapter 7, radio resource allocation and
scheduling plays a crucial role on achievable capacity, spectral efficiency and
energy efficiency of cellular networks. Providing a high data rate service
demand and network capacity, supporting a large traffic volume, and achieving
a high spectral and energy efficiencies of 5G cellular, necessitate the
development of an effective radio resource allocation and scheduling strategy
for the major 3D radio resources, namely time, frequency, and transmit power
due to their limited availability. So far, we exploit frequency and time resource
allocation and scheduling. Since the transmit powers of SCBSs have a
significant impact on the overall network interference phenomenon and energy
efficiency, we propose a centralized allocation and scheduling strategy for 3D
radio resources (namely, time, frequency, and power) for a multi-tier C-/U-
plane split architecture by considering schedulers of all BSs located at a central
station. We consider a multi-tier network comprises of a MCBS and a number
of outdoor PCBSs as well as indoor FCBSs deployed within a multi-storage

building. In contrast to the conventional ABS, we consider a FBS based elCIC
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to split completely the C-/U-plane such that C-plane can be served only by the
MCBS and U-plane by each UE’s respective BS. The system bandwidth is
reused in FCBSs, and frequency resources are allocated orthogonally per tier
basis. We propose a simple FCBS power control mechanism by modeling a
FCBS’s on-state and off-state power as on and off traffic source model, and
derive an optimal value of AAF of any FCBSs per FBS pattern period to trade-
off its serving capacity and transmit power saving. With a system level
simulation it is shown that the capacity of a FCBS increases whereas its power
saving decreases linearly with an increase in its AAF because of serving

increased traffic, and an optimal AAF of 0.5 for the capacity scaling factor

x =1and greater than 0.5 for x <1is found.

In (conference) article 7 based on Chapters 5 and 8, an analysis of the
coexistence of multiple bands at SCBS for non-uniform and asymmetric traffic
are carried out. For the co-channel microwave band, the cross-tier co-channel
interference between FCBSs and the MCBS is avoided using ABS based elCIC
techniques. An extensive system level simulation is carried out, and
outperformances of millimeter-wave over co-channel microwave bands in
multi-band enabled FCBS architecture are shown in terms of system capacity
and spectral efficiency. We analyze the applicability of multi-band enabled
FCBS architecture to address non-uniform traffic and asymmetric traffic from
splitting the UL/DL as well as the C-/U-plane at a high data rate to introduce
BS idle mode capability by exploiting dual connectivity feature in 5G networks.
Finally, outperformances of multi-band enabled FCBS architecture over the
single band enabled FCBS architecture proposed in existing literatures in terms

of energy efficiency, system capacity, and spectral efficiency are shown.

In (conference) article 8 based on Chapters 4 and 8, a FC clustering approach
and static resource reuse and allocation in 3D multi-floor buildings are
proposed. The FC clustering approach follows the same as in resource reuse
strategy 2 in Chapter 4. However, to reuse resources per cluster, we describe a
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number of static resource allocation options and propose an algorithm that takes
adjacent channel interference into account when allocating resources in FCBSs
within a cluster for the resource reuse strategy 1. We evaluate the algorithm for
a single floor of a multi-floor building.

Finally, a number of potential further research directions on this dissertation are
pointed out in Chapter 8 in terms of concepts and preliminary results, namely as

follows:

e Alternative SCBS architectures

e FC clustering and static resource reuse and allocation in 3D multi-floor
buildings

e SCBS transmit power management for multi-user case

e CoMP based SCBS transmit power modeling

e Analysis of the coexistence of multiple bands at SCBS for non-uniform and

asymmetric traffic and scheduler implementation

e C-RAN enabled C-/U-plane split architecture based device-centric networks
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APPENDIX A
5G MOBILE NETWORK ARCHITECTURE

Appendix A includes relevant information, mainly additional RAN nodes,
massive MIMO, mmWave communications, WSDN, CUSA, and in-building cellular
mobile communications based on the existing research works with corresponding
citations as part of literature review for the completeness and clarity in Chapter 2. This
appendix is included for gaining additional information and insights, not necessarily

prerequisites or parts of the main research works carried out in this dissertation.

A.1 Radio access network node and performance enabler

A.1.1 Radio access network node

In addition to the nodes explained in Chapter 2, a number of potential access
nodes are discussed in this section. The relays are also low power nodes that relay
signals from a MCBS to UEs and vice versa [1]. Relays are of two categories, namely,
fixed relays and mobile relays. For fixed relaying, a relay node uses the wireless
backhaul to connect to a MCBS. The link that exists between a UE and a relay node is
called an access link, and the link that exists between a MCBS and a relay node is called
a backhaul link. Relays can be classified based on a number of aspects, namely,
spectrum usage, UE awareness, type, and degree of processing [1, 37, 162]. For
example, based on the usage spectrum in access and backhaul links, relays are classified
as inband relays and outband relays. When the relay operation is performed at the same
frequency on the access link as that on the backhaul link, the relay is termed as inband
relay; however, if performed at a different frequency, the relay is termed as outband
relay. For mobile relaying, relays are usually of two types: moving network-relays and
mobile user relays [163]. In moving network-relays, dedicated relay nodes are set up

on moving vehicles such as trains and buses to exchange data between MCBSs and UEs
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onboard in order to improve cell coverage in moving vehicles. In mobile user relays,
distributed UEs can relay information in an ad-hoc fashion that can complement
existing cellular networks. Given a sufficient level of infrastructures, theoretical studies
[163] have proved that mobile user relays can improve the sum throughput of users.
However, mobile user relays can be disadvantageous from such constraints as power

consumption of UE batteries and complicated billing problems.

Device-to-device communications are expected to be deployed in 5G networks
[164]. Device-to-device communications have been paid attention by research
communities for years [165] and studied in 3GPP Releases 12 and 13 particularly on
device-to-device discovery and communication [166]. Two scenarios are defined in
3GPP [167], namely, direct data path and locally routed data path. In the former
scenario, devices exchange information without any involvement of network elements
for the U-plane; however in the later scenario, devices involve controlling nodes for
relaying data to exchange locally without routing through the core networks. Hence,
other nodes can have control on signal transmissions and receptions with assistance
from the network. Specifically, nodes in cell-edge areas where the communication link
between a UE and a MCBS is typically weak but the link between two cell-edge UEs
can be very good such that one of these two UEs can act as a transmitter for the other.

A MCBS carries out all control signaling operations, e.g., synchronization.

Machine-type communications or machine-to-machine communications are
one of the enabling technologies for 5G networks that will allow devices such as cars
and health monitoring devices to connect to the Internet [168]. Consumer electronic
devices can be networked, interconnected, and accessible or controllable remotely. That
results in innovation shifting from products to services delivered by these devices [169].
In machine-type communications, a number of devices communicate to one another or
to a central controller even without any human intervention [170]. The machine-type
communication is generally characterized by a small packet size, a low mobility, a
group based communication, a secure connection, and a transmission delay tolerant
[171-172]. A few applications of machine-type communication are health care,
tracking, sensor monitoring, vehicular telematics, and smart grid [173]. For supporting
machine-type communication in 4G LTE-Advanced systems, service requirements for

network improvements for machine-type communication are specified in [174] by the
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3GPP to address the requirements of 5G networks [175]. Further, the European
Telecommunications Standards Institute has already defined the overall end-to-end

machine-to-machine functional architecture [176].

Machine-type communication applications are typically hosted by an
application server which may be connected directly with a cellular network or may use
service capability servers to offer additional control and data services [177]. Devices
in machine-to-machine communications can share and operate on unlicensed spectrums
of cellular networks and help reduce transmission loads and improve performances of
cellular networks [178-180]. There are a number of scenarios for the convergence of
machine-to-machine networks and cellular networks as presented in [180]. For
example, the most advanced convergence scenario is a fully connected machine-to-
machine network that allows a single data flow to be routed through multiple machine-
to-machine connections and all machine-to-machine devices can act at a time as cellular

consumers as well as machine-to-machine communication providers.

A.1.2 Radio access network performance enabler

A. Cooperative multi-antenna systems

Employing multiple antennas at both a transmitter and a receiver is one of the
most useful technologies to increase spectral efficiency and system capacity, and
literally the configuration is called MIMO. To avoid ambiguity, we refer to a BS as
transmitter and a UE as receiver in the DL and in the UL a UE as transmitter and a BS
as receiver in a cellular system. At the system level, the major concepts of multiple-
antenna system implementation are either centralized or distributed. In the centralized
concept, a number of antennas are collocated at the same BS with a few wavelengths
apart from one another. Centralized systems usually work best in terms of performance
improvements in capacity and diversity when channels, observed by each antenna, are
highly scattered such that the correlation between channels from an antenna array
system is the least or none at all. However in reality, because of implementation specific

constraints (e.g., physical limitations at transceivers), a large number of antennas are
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implemented within a limited space. This causes a high correlation between channels
and a low degree of freedom which results in a poor performance. However, if the same
number of antennas are distributed geographically and are jointly processed at a central
station via ideal backhaul links such as optical fibers, a high degree of independent
channels can be achieved [181]. Because of spatial diversities, channel characteristics
from these antennas varies significantly from one to another at the same UE and hence
results in an improved capacity from achieving a high received signal diversity gain.
Further, a reduction in transmission power and path loss can be achieved from spatial
diversities of these distributed antennas. This type of multi-antenna system is called
DAS [181] and is illustrated in Figure A.1(a).

In MIMO systems, when there is only one user in a BS coverage, we refer to
the scenario as a single user-MIMO (SU-MIMOQO) system as shown in Figure A.1(b).
An SU-MIMO system suffers from a high channel correlation since multiple antennas
are spaced apart by a short distance both at a BS and a UE. Further, the capacity of a
SU-MIMO system is limited by the number of antennas of a UE. This is because the
capacity of a MIMO system varies proportionally with spatial multiplexing gain of the
link between a BS and a UE, where the gain is directly proportional to the lesser the
number of antennas of a transmitter (BS) and a receiver (UE) in the DL, and a UE
usually has fewer antennas than a BS. To overcome this problem, a high diversity in
spatial channels needs to be achieved. One way to do this is to employ MIMO principles
to more than one UE by exploiting randomness of UE distributions in the coverage of
a BS, and the resulting system is called multi-user-MIMO (MU-MIMO) as shown in
Figure A.1(c). However, the inter-cell interference experienced by UEs, particularly
cell-edge UEs, from nearby BSs and UEs is the major bottleneck to an improvement in

the overall system capacity.

Cooperation between nearby BSs can be exploited to keep this interference at a
minimal or zero level. By introducing coordination between BSs, a higher degree of
freedom can be achieved. This configuration is called networked MIMO where a group
of BSs coordinate with each other to form a virtual massive multi-antenna system for
the DL transmission as shown in Figure A.1(d). In a networked MIMO system [182],
data streams from multiple BSs are simultaneously transmitted to multiple UEs within

or beyond their cell coverage by cancelling cross-talk interferences. This results in
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achieving a spatial multiplexing gain that scales system capacity with cluster size (i.e.,
the density of cooperating BSs). However, it requires a tight synchronization in terms
of transmission time, carrier frequency, sampling clock-rate, and sharing of user data
between cooperating BSs for cancelling cross-talk interferences. Since overheads from
cooperating BSs increase with cluster size, a networked MIMO system is feasible for
small networks. As proposed in [183], CoMPs with MU-MIMO can also be exploited
to improve capacity by taking advantages from both the spatial multiplexing gain of
MU-MIMO systems and the interference avoidance (nullification) of CoMP systems.

However, 5G networks are expected to support 1000 times the volume of data
as the current networks do. In order to address the high capacity demand of 5G
networks, a large number of antennas, e.g., hundreds are expected to be deployed in 5G
networks. This antenna configuration is called massive MIMO or large antenna systems
as shown in Figure A.1(e). A massive MIMO system relies on a high spatial

multiplexing gain, and hence it is assumed that a BS has channel knowledge of both

RRH
coverage

STo -Antenna array

i Cell coverage BS
Backhaul (c) Multi-user MIMO
Central m m
Unit \

(a) Distributed antenna system
BS3

Backhaul for coordination Cell coverage
(d) Coordinated (e) Massive MIMO

Cell coverage

(b) Single-user
MIMO multi-user MIMO

Figure A.1: Multi-antenna configurations.

UL/DL. In the UL, UEs can send pilots, and a BS can measure the channel response of
each UE based on these pilot signals. However, the DL channel measurements are not
easy. In a frequency division duplex based current LTE systems, BSs send pilots to
UEs; UEs then estimate channels based on pilots; and after quantizing estimated
channels, UEs send them back to BSs [184]. However, this process is challenging in
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the case of a massive MIMO system, particularly for high-mobility users, mainly for

two reasons. Firstly, it requires 100 times more resources in the DL than in conventional

systems to ensure mutually orthogonal pilots between antennas. Secondly, there is a

proportional increase in the number of channel responses with BS antennas for UL.

That is why massive MIMO systems are expected to be operated on a time division

duplex mode where it can use channel reciprocity between the UL/DL [184]. A number

of representative features and challenges of massive MIMO systems are discussed in

the followings.

1. Features of massive MIMO systems

Operation: In massive MIMO systems, multiple data streams are sent using the
spatial-division multiplexing technique such that different data streams can use
the same time and frequency resources. The spatial-division multiplexing is
performed with a large number of independently-controlled antennas. Data
streams are precoded before transmitting based on the channel responses which
are sent in the UL by UEs and received at each antenna of the antenna-array.
The precoding matrix is chosen such that the desired signal is strong enough as
compared to the interference and noise signals at each intended UE [185].
Similarly, in the UL, each UE transmits its data stream using the same time and
frequency resources. The sum data from UEs is received at each antenna and

then decoded to retrieve the received signals to produce individual data streams.

Architecture: Massive MIMO systems can be deployed using an array of
antennas which are either co-located at the same BS or distributed to cover a
certain area [186]. Further, a MCBS can be replaced by a large number of low

power antennas.

Scalability: Massive MIMO ensures the scalability issue by employing the time
division duplex method. In contrast to the frequency division duplex method,
time division duplex is used because of the fact that the time required to collect

the channel responses is independent of the number of antennas [185], and there
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is almost no bound on the maximum number of antennas that is to be considered

in massive MIMO systems with time division duplex [3].

2. Challenges of massive MIMO systems

Channel estimation: Estimating the channel responses accurately is critical to
update the precoding matrix, and is one of the major limitations of massive
MIMO systems [3]. This is because of the fact that the UE velocity puts a limit
on the time interval during which the channel response must be acquired. This
in turn limits the maximum number orthogonal pilots that can be obtained and

the maximum number of UEs that can be served simultaneously [185].

Pilot contamination: Because of the limited number of pilots for channel
estimations, pilots are to be reused in nearby cells. Hence, the pilot sequence of
one cell to serve its UEs can be interfered by another cell that uses the same
pilot sequence to serve its UES. This phenomenon is called pilot contamination
[185, 187], and is another major challenges for the massive MIMO system

implementation.

Economic and standardization impacts: The cost effectiveness of developing
massive MIMO systems is not explicitly justified yet [3]. In addition, the real

implementation of massive MIMO systems may require a new standard [185].

B. Millimeter wave communications

1. Incentives and features of mmWave

One of the major enablers to address the high traffic demands of 5G networks

is to increase system bandwidth by using spectrum aggregation techniques. Current

microwave frequencies ranging from 700 MHz to 2.6 GHz [188] for cellular wireless

are almost saturated by their practices. Currently, the global bandwidth allocation for

cellular wireless is limited to 780 MHz, and an approximate maximum bandwidth of

200 MHz for each major wireless provider across different bands [188-189]. This
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motivates the use of mmWave spectrums for 5G networks. According to [188], one of
the major differences of 5G systems from 4G systems will be in the use of greater
spectrum allocations at mmWave bands. In addition, backhaul networks will be
implemented at mmWave bands instead, by replacing existing copper and fiber
backhauls. The implementation of a high gain and steerable antenna both at a UE and
a BS makes mmWave communications viable over the wireless medium [188, 190,
191]. Noticeable features of mmWave [188] that make the movement toward mmWave

communications are as follows:

e Anavailability of a large amount of usable spectrums in mmWave bands results

in achieving a high data rate
e An expansion of channel bandwidth beyond 20 MHz [192]

e A small wavelength of mmWave results in an exploitation of new spatial

processing techniques such as massive MIMO, adaptive beamforming [193]

e Anavailability of a large amount of bandwidth allows handling capacity for BS-
to-UE link and BS-to-BS backhaul link in highly populated areas greater than

the current 4G systems

e Wireless features result in flexibility and quick deployment of backhauls in

dense urban areas

e A small coverage by mmWave results in an exploitation of spatial frequency
reuse techniques and new cooperative techniques such as networked MIMO,

cooperative relays

2. Propagation characteristics of mmWave

MmWave spectrums have a number of essential propagation characteristics that
make the mmWave difficult to achieve seamless coverage and reliability [133, 194-
195]. Firstly, an mmWave signal experiences a much higher propagation loss than a
microwave signal, which can be compensated by a high-gain directional antenna.
Secondly, an mmWave signal faces difficulty in diffracting around obstacles because

of its small wavelength. Further, LOS propagations can be blocked by obstacles, and
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non-LOS can be blocked from a shortage of multiple paths and a significant attenuation.
All these result in a possibility for a link outage if a LOS path does not exist. Thirdly,
an mmWave propagation faces difficulty from penetrating solid materials (e.g., a 178
dB attenuation at 40 GHz for brick walls [194]).

3. Spectrums of mmWave

MmWave spectrums range from 3 GHz to 300 GHz with corresponding
wavelengths range from 1 mm to 100 mm [196]. However, from this range of mmWave
spectrums, the oxygen absorption band which ranges from 57 GHz to 64 GHz with
attenuation of about 15 dB/km, and the water vapor absorption band which ranges from
164 GHz to 200 GHz with an attenuation about tens of dBs are to be excluded for
mmWave communications. Assume that 40 percentages of the remaining 252 GHz can
be potentially explored for the use of mmWave communications, and then a possible
new 100 GHz of spectrum [196-197] can be exploited for 5G mobile communications.
In an announcement by the Federal Communications Commissions in October 2003,
71-76 GHz, 81-86 GHz, and 92-95 GHz frequencies that constitute aggregately a total
of 12.9 GHz bandwidth became available for ultra-high-speed-data communications
[196].

Further, the licensed 28 GHz and 38 GHz bands have an available bandwidth of
over 1 GHz that could be used for mobile access and backhaul networks [188, 198].
Even though rain and atmospheric attenuations are the major unavoidable drawbacks
for mmWave spectrums, the impact from them is not significant enough for 28 GHz
and 38 GHz bands because of small mmWave cell sizes. There is only a 1.4 dB
attenuation from a heavy rain fall over 200 m distance at 28 GHz. For small distances,
typically less than 1 km, the rain attenuation has a minimal effect on mmWave
propagations at 28 GHz and 38 GHz [188, 199]. Further, for 28 GHz and 38 GHz, the

atmospheric absorption is insignificant for an mmWave cell size of 200 m.

4. Access link and backhaul link of mmWave
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MmWave technologies have been proposed for 5G mobile networks [200].
MmWave BS and backhaul systems are expected to be deployed on urban utility poles,
street lamps, and building frontages. Access links of mmWave will be assisted by a
MCBS for control signaling and synchronization purposes, while user data at a high
speed will be provided to a UE by an mmWave BS. Hence, C-plane will be served by
a MCBS and U-plane will be served by an mmWave BS. With a multi-hop short
distance (up to 100 m - 200 m) LOS mmWave backhaul, a peak capacity of 10-25 Gbps
can be provided, and the backhaul can be extended up to 1 km. For such a long distance
backhaul, high-end solutions with highly directive antennas (e.g., 30 dBi to 52 dBi gain)
are emerging at E-bands [61-62]. Data rates up to 2.5 Gbps using 64 quadrature

amplitude modulation on a 500 MHz wide channel has already been announced [61].

Moreover, mmWave backhauls are now commonly accepted among the main
network equipment providers, and several prototype network implementations for
measurement campaigns have been carried out, e.g., Nokia Siemens Networks in New
York at 72 GHz, Samsung in New York, Austin, and Korea at 28 GHz and 38 GHz
[61]. However, the main constraints for access link come from UE requirements. For
example, UEs are equipped with multi-radio support capabilities such as WiFi and
global positioning system, each operating at a distinct frequency with multiple
antennas. Further, there is a disproportionate advancement in the development of UE
battery technologies with applications. All these make mmWave a technology to be
embedded at a minimal impact on the existing hardware of a UE with a minimal space
for setting up of a new mmWave radio and antenna. Furthermore, an mmWave access
link needs to communicate with a larger coverage in outdoor environments than in
indoor environments. This larger coverage in outdoor can be addressed with a high gain
antenna and a high transmission power where a UE’s size and power consumption can

be relaxed [61].

5. Applications of mmWave to emerging technologies

MmWave wavelengths are attractive for new emerging technologies such as

massive MIMO to enhance spectral efficiency since more antennas can be located with
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a reduced antenna array size. A large gain from beamforming with a large number of
antennas can supplement high path losses of mmWave spectrums. However, cell
discoveries in mmWave face problems from the directivity. To overcome this problem,
SC discoveries at mmWave can be done in a number of ways [201]. One way is that a
MCBS handles the cell discovery process. In this case, a MCBS knows a SC’s coverage
and a UE location. The MCBS informs a SC as a UE heads toward the SC such that the
SC can steer its beam toward the UE. The MCBS then informs the UE so that the UE
can also steer its antenna beam toward the SCBS. The other way would be to implement
both a SCBS and a UE with a capability to operate on both below 3 GHz and mmWave
frequencies. In this case, cell discoveries are provided at a frequency below 3 GHz.
Once a UE gets connected to a SC, the SC can transmit user data at an mmWave
frequency by steering its antenna beam toward the UE. MmWave spectrums can also
be applied to new emerging technologies such as device-to-device communications.
There are two kinds of device-to-device communications that can be enabled in
mmWave spectrums, i.e., local device-to-device and global device-to-device
communications. In a local device-to-device communication, two devices communicate
to one another via the same BS or via a relay node if a LOS signal is present between
them. However, in a global device-to-device communication, two devices are typically
associated with two different BSs and can communicate to one another via mmWave
backhauls [194].

Further, to address the high capacity demand of 5G networks, SCs are expected
to be deployed densely. But, a dense deployment of SCs raises several issues. One of
the major concerns is a high cost of fiber backhauls for every SC which in turn raises
the practicability of deployment of backhauls to SCs using fibers. However, using
wireless backhauls at microwave frequencies to reduce cost is already a well-accepted
approach, and an extensive number of microwave point-to-point links are in operation
in 4G systems [202-206]. Authors in [202] have proposed a point-to multipoint in-band
mmWave wireless solution where both access and backhaul links are multiplexed on
the same frequency to address low cost and low latency requirements of ultra-dense 5G
networks. Note that usually out-of-band backhauls are dominant in wireless industry
[205-206] to overcome an extreme capacity demand in licensed access frequency bands

[207-208]. However, in mmWave backhauls, a channel bandwidth can be large so that
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inband backhaul approach can be deployed [202]. In Table A.1, a comparative analysis
for network capacity improvement approaches, i.e., cooperative communications,

multi-antenna systems, dense HetNets, and mmWave communications is given.

A.2 Network control programming platform

A.2.1 Logically centralized programmable control network platform

SDN is a new networking paradigm which provides flexibility, simplicity, and
evolvability in network operation, control, and management with a software platform.
It principles on separating network intelligences to a logically centralized entity called
controller from network processing units called data plane switches to simplify policy
enforcement and network configuration and evolution [209]. Though the SDN principle
was initially evolved around wired networks, recently it has got a significant
momentum in wireless networks. Numerous research projects on wireless SDN
(WSDN) are ongoing, and research approaches are proposed to address several issues
of WSDN.

A. Conventional SDN concept

The concept of SDN is based on split architecture with the following

characteristics [2]

e Network control functions are separated from network forwarding functions.

e Network intelligence is moved to a logically centralized single entity called
SDN controller.

e Controller maintains global abstracted network views on which control and

management applications work.



305

Table A.1: A comparative analysis for network capacity improvement approaches.

Features Cooperative Multiple mmWave Dense
communicat | antenna system | communication HetNet
-ion
Enablers CoMP, Massive mmWave SCs
elCIC MIMO, spectrums
networked
MIMO
Objectives Interference  Spatial Spectrum Frequency
management  multiplexing, aggregations reuse
spatial diversity
Improvement | Spectral Spectral Bandwidth Capacity
efficiency efficiency extension
Taking Coordination A massive An enormous Short
advantages among number of amount of distance
from spatially antennas that available between a
separated can be bandwidth UE
BSs implemented at and a BS
a BS either
centralized or
distributed
manner
Requirements | Strict Maximization Small coverage  Maximizat
backhaul of the minimum  area typically -ion of
between the with 200 m cell ~ frequency
numbers of radius reuse
transmit and
receive
antennas
Methodologies | By By creating By enabling By
exchanging  multiple parallel highly directive  deploying
CSl and data streams LOS link SCs as
information  and between a UE densely as
of data beamforming and a BS possible in
among BSs  between a BS MCs
and a UE
Enabling CoMP (e.g., Number of 28 GHz, 38 PC, FC,
degrees-of- Joint antennas for a GHz, 60 GHz, RRH, and
freedom processing)  massive MIMO  71-76 GHz, 81-  relay
and elCIC and cluster size 86 GHz, and 92-
(e.g., TDand for anetworked 95 GHz
FD) MIMO system s
Applications MC and MC and Backhaul and SCs

SCs

SCs

SCs
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e SDN controller communicates with forwarding nodes using a standard protocol,

e.g., OpenFlow.

e Network operators can control and manage network requirements through SDN
control and the management programs in SDN controller to be free from vendor

agnostic processes.

Because of programmable features of SDN controller, these networks are
referred to as software defined [210]. Figure A.2 [211] shows a typical SDN
architecture. SDN consists of three planes: a forwarding plane that includes forwarding
elements, a control plane that includes network operating system and network
hypervisor, and an application plane that includes network control and management
applications. In addition, there are two interfaces: southbound (e.g., OpenFlow) and
northbound (e.g., XML) interfaces. In the following, we give an overview on

components of SDN architecture.

A network operating system, like an ordinary computer operating system,
provides an ability to observe and control the network [212]. A network operating
system also keeps network states and provides a global view to the controller. The
network operating system and applications run on servers. POX, a network operating
system written in python, is an example of network operating system. Applications are
control and management programs that are usually implemented on top of the network
operating system and perform all control and management tasks. The global network
view contains results of the network operating system, and applications use it for
control and management decisions. Example applications are routing and mobility
management. A network hypervisor is used to virtualize physical resources into a
number of virtual resources such that multiple users can use the same physical resources
concurrently without intervening one another. A hypervisor is software that is installed
on a server. An example hypervisor is FlowVisor [213] that acts as a proxy such that
all traffic to and from the controller and forwarding switches pass through the
FlowVisor in order to enforce a proper policy on packets in each flow to provide

isolation between virtual network resources.
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Figure A.2: Typical SDN architecture [211].

A southbound interface provides a necessary medium to communicate the
controller with forwarding switches. A well accepted southbound interface is
OpenFlow. OpenFlow is a protocol that provides a way to communicate the controller
with data paths using match-action rules [214]. When a packet arrives at a data path
switch, its packet header is first matched with a flow entry in a flow table resided in
each data path switch, and a corresponding action is taken on the packet following
OpenFlow specifications for match-action rules such as forward, drop, modify, or send
the packet to the controller. A northbound interface allows applications to communicate
with the network operating system. There is no standardized northbound interface yet.
XML can be used as a northbound interface. SDN forwarding switches are responsible
for switching a packet from an ingress port to an egress port. An example forwarding
switch is OpenFlow switch that contains a forwarding table incorporating a number of
flow entries. Each flow entry has three fields: a packet header defining a flow, an action

defining how a packet should be processed, and statistics that keep record on the
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number of bytes and packets in each flow and the time since the last packet matched a

flow [215]. Each flow is controlled by the controller.

B. WSDN

In wireless networking, there is no single dominant technology. Rather several
technologies, e.g., cellular, WiFi, and worldwide interoperability for microwave access
(WIMAX), are deployed in a particular scenario. Diversification in technology,
distributed network management paradigm, unpredictable wireless medium, and
multitude user requirements make current wireless networks hard to manage. SDN with
its capability to separate control plane from data plane and to control data plane by
providing a physical data plane network abstraction to control and management
programs can provide flexibility and simplicity in wireless network control and
management tasks. More importantly, it is the physical network abstraction which is
the key in SDN that makes a significant impact on decisions of the controller and hence
the overall efficiency. Before we discuss applications of SDN to wireless networks, we

justify the following properties of SDN regarding wireless technologies.

e Property 1 - Control plane and data plane can be separated: In current wireless
distributed networking paradigms, network intelligences and processing
functionalities of most network entities (e.g., SGW, PGW, and RAN in LTE)
are distributed across the network. Through a proper interface (e.g., OpenFlow),
the intelligence part of these network entities can be separated from the
processing part, and be moved to a logically centralized entity — the controller.
All management and decision applications can be implemented on top of the
controller and can communicate with physical U-plane of these entities through
a proper interface (e.g., XML).

e Property 2 - SDN controller is technology independent: SDN controller simply
takes decisions based on an abstraction given to it. So, SDN controller is
technology independent. Though underlying network abstractions of LTE,
WIMAX and WiFi are different, this technology distinction does not have any
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impact on the controller operation since the controller works simply on
whatever an underlying abstraction it is provided with. Given simply an
abstraction of underlying networks, SDN controller takes necessary decisions

based on operator’s goals provided through applications.

e Property 3 - Abstracted network can be segmented, and modular
implementation can be introduced: In mobile networks, based on geographical
regions, e.g., urban and suburban, we can segment the global view of an
underlying network. And since each region has different characteristics
replicated in the abstraction of that part of the network, SDN controller can set
modular implementation such that there is a module for each region: urban-
module, suburban-module, rural-module, and dense HetNet-module. Each
module is responsible for that particular region and updates itself according to
a change in the network abstraction of that region. This can simplify the
controller decision and network management tasks since if there is any change
needed for a particular region, only the corresponding module needs to be

updated by leaving the rest of the network update unchanged.

A number of WSDN architectures for LTE cellular [216-218] and
WIiFI/WIMAX [219] have been proposed, mostly by separating access networks from
core networks. Few LTE architectures leave legacy LTE networks almost unmodified

while others propose changes on current networks and are explained in the following.

1. WSDN architectures without changing existing LTE core networks

A number of architectures have been proposed in [216] based on an integration
of SDN with core network entities, e.g., MME, SGW, and PGW. SDN can be integrated
as part of either MME for more awareness of mobility requirements, or it can be
integrated as part of SGW and PGW to control transport networks. One of these
proposed architectures is based on decoupling logical and data planes of SGW and
PGW, as shown in Figure A.3 [216]. Logical parts of SGW and PGW are separated and
are integrated with an SDN controller. The controller manages data planes of SGW and
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PGW. The MME interacts with logical parts of SGW and PGW. The rest of the

elements in the network are kept unchanged.

Home Subscriber Policy Control and
Server Charging Rules Function

s11 S5(GTP-C) |
Ll.--| SGW-C |l PGW-C

l\iorthbound Interface

SDN Controller

Sfouthbound Inter:face

s1(GTP) S5 (GTP-U)

[ _JU-plane [__]C-plane

GTP: GPRS Tunneling Protocol SGW: Serving Gateway

Figure A.3: Integration of SDN with S/P-GW [216].

2. WSDN architectures with changing existing LTE core networks

Softcell architecture has been proposed in [217] which considers changing
current LTE core networks by removing core network elements such as SGW, PGW
and point-to-point tunneling (Figure A.4). Instead, it considers supporting stateful
middleboxes such that all packets in both directions of a connection must traverse the
same instance. A controller implements high level service policy to direct traffic
through middleboxes by using switch level rules. Each BS is associated with an access
switch that is responsible for fine-grained packet classifications on a UE’s traffic. The
rest of the network consists of core switches, including a few gateway switches. Core
switches are responsible for traffic forwarding functions through appropriate

middleboxes [217]. The controller directs traffic over the network and middlebox paths
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based on service policies which are abstracted at a high level depending on subscriber’s
attributes and applications. A service policy includes multiple clauses that specify
which traffic should be handled in what way. An example service policy clause is: VoIP
traffic must go through an echo canceller followed by a firewall.

Operator’s o
@ commands j iz lers

Northbound Interface

SDN Controller

\

Southbbund Interface

Gateway access
switch

Data flow
for UE 2

Transcoder Firewalls

MCBS Access switch Middleboxes

Radio Access Networks Core Networks

Figure A.4: Softcell network architecture [217].

3. WSDN architectures on existing LTE access networks

SoftRAN architecture which is a result of an application of SDN principle on
the LTE RAN is shown in Figure A.5 [218]. SoftRAN is software defined centralized
control plane for access networks that abstracts all physical BSs in a geographical area
as a virtual big BS. Rather than controlling radio resources of each BS by itself in a
distributed manner, all resources are allocated by a central controller among
neighboring BSs. Radio resources are abstracted in three dimensions, including space

(BS identifier), time, and frequency and are programmed by a logically centralized
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controller. In each time-frequency block, the controller needs to make a decision that is

conveyed to each BS, and to assign an appropriate transmission power and the flow to
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Figure A.5: SoftRAN architecture [218].

be served by a BS. A centralized controller receives local network states periodically
from all BSs in a local geographical area. The controller then updates and maintains the
global network state in the form of a database called RAN Information Base that

contains information on interference maps (in the form of weighted graph), flow records
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(e.g., in the form of the number of bytes transmitted), and network operator’s
preferences (e.qg., for priority services) which is accessed by various control modules to

take decisions on the radio resource management.

4. \WWSDN architectures on WiFi/WiIMAX networks

OpenRoads or OpenFlow Wireless is a mobile wireless platform for
experimental network researches and realistic deployment of networks and services

using virtualization technigues as shown in Figure A.6 [219]. OpenFlow Wireless uses

OpenFlow Wireless Platform Functionalities
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Authentication, Applications Control and
Authorization, || Mobility Routing | - .- Management

and Accounting | | Manager Applications

Functionalities

OpenRoads

SDN Controller

Resource Virtualization and
Radio Specific Functionalities

Control Plane

\ FIowVisc;r H Sl:\lMPVisor‘

‘ Openl::Iow ‘ ‘ Sl:\lMP

‘ Southbound Interface
Functionalities

\

Separation
A

Data Path

Data Forwarding
Functionalities

Data Plane

C
) WiFi Access
Base Station Point

\

SNMP: Simple Network Management Protocol

Figure A.6: OpenFlow Wireless architecture [219].
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OpenFlow protocols to separate control plane from an underlying data path. A network
hypervisor called FlowVisor is used to virtualize data plane to create network slices and
to provide isolation between slices such that multiple experiments can co-exist and run
in parallel with production networks without any intervention. In addition, a
SNMPVisor is also used to configure radio specific problems [219]. All control and
management applications communicate with the controller with a standard interface,

and their decisions are conveyed to data paths by the OpenFlow protocol.

A.2.2 WSDN implementation requirements and challenges

Even though an adoption of SDN concept is highly desirable for wireless networks,
there are several challenges that are to be addressed for the viability of WSDN from
experimentation through technology development to policy level. A few of these

requirements and challenges are outlined below.

e SDN was developed with wired networks in mind. But characteristics of a
wireless medium are far different and unpredictable. Adopting wireless medium
characteristics in SDN is very challenging and requires considerable researches

on this issue.

e SDN s now in its early stage, and hence most elements of SDN are either under
development or not broadly available in commercial markets. For example, the
popular OpenFlow protocol specification is under the developing phase and still
does not provide all radio configuration related functionalities.

e SDN has so far been proposed to be integrated with current 4G mobile
architectures without major changes on current networks (e.g., as proposed in
[220]). A full advantage from the adoption of SDN is yet to be proven toward a
higher 5G target and beyond.

e Technology-specific bindings of virtualization are important due to a need to
preserve efficiency in an unpredictable multi-user multi-access wireless
medium [221]. It is also important to understand that not all these technologies

benefit equally from various wireless virtualization perspectives [221]. Benefits
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of virtualization are mostly apparent in technologies where the bandwidth and
the supported number of users are relatively high, leaving enough room for

dynamic sharing of resources, such as in 802.11 WLAN and cellular networks.

e OpenFlow does not provide any feature to configure data path elements, e.g.,
transmission power management and channel allocation. Therefore, an efficient
wireless resource allocation and interference management cannot be achieved
without more enhancements in the radio hardware. A comparative analysis for
distributed and centralized network control programming approaches is given
in Table A.2.

Table A.2: A comparative analysis for network control programming approaches.

Logically distributed Logically
Features programmable control networks centralized
Cell-centric Device-centric | Programmable
control control control networks
Network Cell-centric Device-centric WSDN controller-
architecture centric
Network Networking Networking WSDN controller
programming device level device level level
Network control Based on a local Based onalocal Based on a global
assessment network view network view network view
Network control Both logically Both logically Logically
mechanism and physically  and physically centralized but
distributed distributed physically
distributed
Control plane and Integrated in the Integrated inthe  Control plane is
data plane of a same same networking  separated from
networking device networking device data plane
device
UE control Fully networked Both network and Fully controlled by
mechanism controlled device controlled a WSDN controller
Control and Vendor agnostic  Vendor agnostic  Free from vendor
management agnostic processes
of network
requirements
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A.3 Control-and user-plane separation architecture

In CUSA, C-plane is provided by MCs operating typically at low frequencies
such as below 3 GHz to provide a large coverage, and U-plane is provided by SCs (e.g.,
FCs) operating typically at high frequencies such as mmWave to provide a high data
rate services to UEs. MCs may also be responsible for a low data rate services. C-plane
is responsible for system configuration and management [7] to provide system
information to access network, synchronization information for timing frames and
symbols, and reference signals for CSI. Whereas, U-plane is responsible mainly for
providing on-request data traffic and some acknowledgement information such as
hybrid automatic repeat request. Note that some control signaling of both planes cannot
be decoupled completely since they are UE traffic request specific such as CSI and
timing frame and symbol levels, and hence they are present in both planes. In CUSA,
the definition of coverage is twofold, namely area coverage and service coverage [9].
Area coverage can be defined as the coverage that is provided by MCBSs (i.e., C-plane
BSs) for network access and service request, whereas service coverage can be defined
as the coverage provided by SCBSs (i.e., U-plane BSs) with promised quality-of-
service, e.g. data rate. Hence, a user with no active-data request can have area coverage
without having had any service coverage.

A.4 In-building cellular mobile communications

A.4.1 Multi-floor and floor material attenuation

As reported in [222], the attenuation caused by multi floors is a non-linear
function of the number of floors between transmitter and receiver, with a standard
deviation ranges from 3.2 dB to 10.5 dB for the measurements taken in 3 different
buildings. With an increase in floor number, an additional path loss experienced by the
received signal per floor decreases, i.e. the difference of path loss between floors 1 and

2 is greater than that between floors 3 and 4. This implies an existence of additional
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sources of signal such as multi-path scattering from surrounding buildings. Information
on building layouts and so on can be found in [222]. From [222], it can be concluded
that the measurement based statistical/empirical results, e.g. for attenuation factor, are
site specific and deviate considerably from one building to another.

The same result for floor attenuation response has been reported by the authors
in [120] by considering two paths for signal propagation of which one involves
transmission through floors, and the other comprises of paths having segments outside
buildings as well as involved diffraction at window frames. The authors showed that
the measured signal falls by about 12 dB per floor at the receiver for the first six floors
of separation. Further, with an increase in separation distance by more than eight floors,
the received signal declines gradually, i.e. non-linear response of signal attenuation
with the number of floors. This statistic of attenuation is used for modeling attenuation

factor within a 3D building in this research.

A.4.2 Indoor propagation modeling

There are two major approaches to predicting indoor propagation [224], namely
empirical modeling and theoretical modeling. However, empirical modeling has a

number of limitations as follows:

e Measurement data must first be obtained in order for the empirical parameters
to be determined.

e Propagation models can generally only model propagation phenomena which
do not set out radically from propagation in free space.

e The use of this model restrictive, and the transportability of the model cannot

be guaranteed even for similar environments [223].

Empirical or statistical approaches to predicting path loss take the following
form [224],

PL(d) [dB]=10log,,(d/d, )™ + %WAF(p)+ i FAF(q) (A1)
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where WL and FL are the number of walls and floors respectively between the

transmitter and receiver. The empirical parameters n,,, WAF(p), and FAF(q) are

exp !
termed as path loss exponent, wall attenuation factor, and floor attenuation factor

respectively [224].

In theoretical modeling, electromagnetic theory is applied more rigorously
using ray-tracing techniques such as the uniform theory of diffraction which invokes
detailed site specific information about the particular building. Predictions based on ray
tracing can predict complex propagation phenomena such as diffraction and reflection.
However, it suffers from such limitations as long computational time and consideration
for alteration of the permittivity constants to match with the measured values, resulting

its advantages over empirical models questionable.

A number of works applied theoretical modeling. For instances, authors in [223]
proposed a general 3D theoretical model using the ray-tracing technique to estimate
radio loss. Authors in [64] have also presented a comprehensive 3D ray-tracing model
for inter-floor and measurements of power delay profiles for two-floor scenario. Due to
the complexity of fully electromagnetic models and the necessity for comprehensive
information of the physical geometry and layout, a number of approaches have already
been proposed to develop a model in the middle ground between empirical and ray
tracing techniques. Authors in [224] have proposed a new empirical propagation model
which incorporates much of the propagation phenomena that is suggested by
electromagnetic theory such as uniform theory of diffraction, but still retains the
straightforwardness of the empirical approach. Also, authors in [225] have proposed a
mechanistic model that maintains the precision of their electromagnetic fundamentals.

It is however suitable for system design.

A.4.3 Types of building and their impact on signal propagation

Owing to a strong dependency of the received signal statistics on the types of
buildings, different types of buildings need to be classified to provide bounds on the
received signal statistics. Since a detail description of a building under test would make

the classification of similar types of buildings difficult, in [108], authors attempted to
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provide a classification which, to some extent, disregards the detailed structure of any

particular building. A classification of buildings has been proposed in [108]. Based on

this classification, the received signal statistics and channel models for any particular

type of building are given by treating narrowband and wideband measurements

separately. In general, as reported in [108], it has been found that

Penetration loss is dependent on the construction materials of a building,
building orientation with respect to transmitter, internal layout, floor height, and
the percentage of windows in a building. Therefore, the variability of
penetration loss makes the indoor environment different from that of land

mobile radio as far as interference is concerned.

Spatial and temporal distributions are also different in an indoor environment
from a land mobile radio. The spatial fading rate is much lower in an indoor
environment because of the slower motion of the receiver. Nulls between 20
and 30 dB are observed when the receiving antenna is moved through small
distances. The temporal fading is much higher in an indoor environment
because the antennas are not shielded and not at a high elevation as is the case
in land mobile radio. Burst type fading of the order of 17-30 dB with 20 to 40

seconds duration has been measured.

The wide variability of the values and models of these parameters make it

difficult to determine exact models for different parameters which can be used for
different types of buildings [108]. As reported in [108],

The rate of decay varies between 0.45 and 8.6 depending on the types of
buildings, the relative position between transmitter and receiver, conditions of

transmission, types of materials used in a building, and frequency.

Penetration loss varies widely for different types of buildings as well as

frequencies ranging from -2 to 38 dB.
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These changes which are mainly due to the characteristics of buildings make

the system planning quite difficult. The plan for modeling the wideband (i.e., not

necessarily a frequency flat response) portable channel is to some extent similar to that

of terrestrial mobile radio channel [108]. This plan consists of two major phases as

follows:

In the first phase, the available data should be used to model the channel on
small scale basis, e.g. over a building. This modeling should be carried out by
estimating the statistical parameters such as root mean square time delay spread
in conjunction with appropriate statistical distributions for individual paths, e.g.

distribution of amplitude, phase, and time delay for each path.

In the second phase, the derived small scale statistical parameters should be
used to put bounds on their values over the similar types of buildings [108]. This
can lead to large area characterization similar to that of terrestrial mobile radio

channel.

A detail description on narrow band and wideband modeling can be found in [108].

A.4.4 In-building signal propagation modeling to enforce a minimum distance
between small cells

There are mainly two approaches that can be considered for modeling

propagation for in-building scenario:

One approach is to consider the nearby building reflection effects particularly

in urban environments where buildings are in close proximity to one another.

The other approach is not to consider the nearby buildings’ reflection effects
such that an isolated building is concerned, and only in-building propagation of
signals through floors, reflected signals from walls, ceilings, and floors, and
diffracted signals from edges of buildings through windows are to be

considered. This is, to a great extent, a valid assumption when the transmitter
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and receiver are both inside the buildings such that there is sufficient building

attenuation to make the effects of the surroundings insignificant [108].

Certainly, considering the second approach will make the modeling simpler but
less accurate particularly for dense urban environments. However, simplification of
modeling indoor propagation is worthy enough to address the issue of enforcing
minimum distance for reusing resources within a building where both transmitter and

receiver are located in close proximity.



APPENDIX B
DEFAULT SIMULATION PARAMETER AND
ASSUMPTION

In this appendix, default simulation parameters and assumptions used for
system level simulations for each chapter are given in Tables. Since a number of
parameters and assumptions are common for different simulation scenarios, in order to
avoid repetition, we categorize them into two segments, one which includes all the
common parameters and assumptions, and the other which includes those used only for
any specific simulation scenarios. Because CUCA and CUSA are the two major system
architectures considered in this work, both common and specific parameters and
assumptions are tabulated chapter wise based on whether any simulation scenarios
belongs to CUCA and CUSA as follows.

Table B.1: Default and common simulation parameters and assumptions for the

C-/U-plane split architectures.

Parameter and assumption \ Value

E-UTRA simulation case’ 3GPP case 3

Cellular layout? and Inter-site distance’> Hexagonal grid, dense urban, 3 sectors
per MC site and 1732 m

Carrier frequency?® and transmit 2 GHz (microwave), 60 GHz

direction (mmWave line-of-sight) and DL
System bandwidth 5 MHz (for both 2 GHz and 60 GHz)
Type of FCs CSG

Total BS transmit power! (dBm) 46 for MC?, 37 for PC?, 20 (for 2 GHz)

and 17.3 (for 60 GHz) for FC*3
co-channel fading model*  Frequency selective Rayleigh for MC and PC and

Rician for FC
Path  MCBSandaUE! outdoor MU PL(dB) =15.3 + 37.6log10R, Risinm
loss indoor MU  PL(dB) = 15.3 + 37.6l0g10R + Low
PCBS and a UE! PL(dB) = 140.7+36.7log10R, R is in km

(continued)
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Table B.1 (continued )

Parameter and assumption ‘ Value

Path FCBSanda PL(dB) = 127+30l0og10(R/1000), R is in m (for 2 GHz),

loss UE'?3 PL(dB) = 68+21.7log10(R), R is in m (for 60 GHz)

Lognormal shadowing standard 8 for MCBS?, 10 for PCBS?, 10 (for 2

deviation (dB) GHz) and 0.88 (for 60 GHz) for
FCBS*®

Antenna configuration Single-input single-output for all BSs
and UEs

Antenna pattern (horizontal) Directional (120°) for MC* and
omnidirectional for PC! and FC!

Antenna gain plus 14 for MCBS?, 5 for PCBS?, 5 (for 2 GHz) and 5 (for

connector loss (dBi) 60 GHz, Biconical horn) for FCBS'?

UE antenna gain®® 0 dBi (for 2 GHz), 5 dBi (for 60 GHz, Biconical horn)

UE noise figure?* and UE speed! 9 dB, 3 km/hr

Total number of MUs and number of UEs per FC 30and 1

PC coverage and MUs offloaded to all PCs? 40 m (radius), 2/15

Percentage of indoor MUs?, external wall penetration loss® (Low) 35% , 20 dB

Csl Ideal

Scheduler and traffic mode Proportional Fair and full buffer

TTIY, T, and scheduler constant (tc) 1 ms, 8 ms, and 100 ms

Simulation run time for any ABS pattern T and total 8 msand (T x| ¢|)

simulation run time

taken *from [93] , 2from [88], *from [133], and “from [134].

Table B.2: Default and specific simulation parameters and assumptions for the C-

/U-plane split architecture in Chapter 5.

Parameter and assumption Value
Number of cells One MC, two PCs, and 10 FCs
FC building model* (3GPP dual strip Number of apartments per floor 40
FC model) Number of floors 4
Total number of FCBSs 10

taken *from [93].
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Table B.3: Default and specific simulation parameters and assumptions for the C-

/U-plane split architecture for non-uniform and asymmetric traffic in Chapter 8.

Parameter and assumption ‘ Value

Number of cells One MC, two PCs, and 5 FCs

FC building model* (dual strip FC model) Number of apartments per floor 40
Number of floors 4
Total number of FCs 5

taken *from [93].

Table B.4: Default and specific simulation parameters and assumptions for the C-
/U-plane split architecture in Chapter 6.

Parameter and assumption Value
Number of cells One MC, two PCs, and 1 FC
The value of 8 0.6

taken from °[90].
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Table B.5: Default and common simulation parameters and assumptions for the C-

/U-plane coupled architectures.

Parameter and assumption Value

E-UTRA simulation case! and transmission direction 3GPP case 3and DL

Cellular layout? and inter-site Hexagonal grid, dense urban, 3 sectors per MC

distance' site, and 1732 m

Carrier frequency? and system 2 GHz and 5 MHz

bandwidth

Total BS transmit power! 46 dBm for MC?, 37 dBm for PC?, and 20
dBm for FC!

Fading model* Frequency selective Rayleigh for MC and
PCs and Rician for FCs

Distance- MCBS MU is PL(dB) = 15.3 + 37.6l0og10R, where R isin m

dependent and a outside

path loss UE? MU is PL(dB) = 15.3 + 37.6l0g10R + Low, Where R is

insidean  inm, and Low is the penetration loss of an
apartment  outdoor wall

PCBS and a UE? PL(dB) = 140.7+36.710g10R, where R is in km
FCBS and a UE'? PL(dB) = 127+30l0g10(R/1000), where R is in

m

Lognormal shadowing standard 8 dB for MCBS?, 10 dB for PCBSs?, and 10

deviation dB for FCBSs?

Antenna configuration Single-input single-output for all BSs and all
UEs

Antenna pattern (horizontal) Directional (120°) for MC* and

omnidirectional for PCs* and FCst
Antenna gain plus connector loss 14 dBi for MCBS?, 5 dBi for PCBSs* and

FCBSs?
UE antenna gain?, UE noise figure? and UE speeds! 0dBi, 9dB, and 3 km/hr
Total number of MUs 30

PC coverage and fraction of MUs offloaded to all PCst! 40 m (radius) and 2/15
Percentage of indoor! MUs and external wall penetration ~ 35% and 20 dB (for

loss? indoor MUs)

ABS pattern and APP 1/8, 8 ms

Scheduler and traffic model? Proportional Fair and full buffer

TTI® and Proportional Fair scheduler time constant tc 1 ms and 100 ms

taken from [37], from [88] and 3from [84].
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Table B.6: Default and specific simulation parameters and assumptions for the C-

/U-plane coupled architecture in Chapter 4.

Parameter and assumption

Value

Number of cells

3D multi-
floor
building
and FC
network
modeling

Simulation run time

FCs
Number of buildings
Number of floors
Number of apartments per floor
Number of FCBSs per apartment
FCBS activation ratio
FCBS deployment ratio
Total number of FCBSs per building
Number of UEs per FCBS
Area of an apartment

Minimum horizontal distance between
sFU and sFCBS

Location of a FCBS in an apartment
Reused frequency per cFCBS
Link capacity constraint for cFCBSs

Intra-floor level
Inter-floor level

Maximum number
of cFCBSs

8 ms

1 MC, 2 outdoor PCs, and 250 indoor

1

10

25

1

100%

1

250

1

10x10 m?
5m

Center
1 MHz and 2 MHz

3.459 bps (for resource
reuse strategy 2)

8
Single-sided 1
Double-sided 2

Table B.7: Default and specific simulation parameters and assumptions for the C-

/U-plane coupled architecture in Chapter 3.

Parameter and assumption \

Value

Number of cells

FCL model*

Simulation run time for any ABS pattern,

One MC, four outdoor PCs, and 10

indoor CSG FCLs

320 FCs for 10 FCLs where Ug = 32
FCs per FCL with an activation ratio of

100%

T and total simulation run time

Side length of a square-grid apartment?, a 10 m
Free space around its building of a FCL? 10 m
ABS pattern period, Tapp 8 ms
Implementation loss factor®®, 2 0.6

8 msand (T x|@])

taken *from [37] and *from [88] and *from [93], “from [95], *from [90].
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Table B.8: Default and specific simulation parameters and assumptions for the C-

/U-plane coupled architecture in Chapter 7.

Parameter and assumption ‘ Value

Number of cells 1 MC, 2 outdoor PCs, and 25 indoor FCs

FC building Number of buildings and floors land1
Number of apartments/floor and 25and 1
FCBSs/apartment
Number of FCBSs/apartment and land1
UEs/FCBS
Location of a FCBS in an apartment Center

ABS pattern, APP, and 1/8, 8 ms, and 8 ms

simulation run time

Table B.9: Default and specific simulation parameters and assumptions for the C-

/U-plane coupled architecture for FC clustering and resource reuse in 3D buildings

in Chapter 8.
Parameter and assumption Value
Number of cells 1 MC, 2PCs,and 1 FC
3the value of 8 0.6
FC model? 3GPP dual strip
TTI, T, and scheduler constant (tc) 1 ms, 8 ms, and 100 ms

Simulation run time for any FBS pattern T and 8 msand (T x| a g, |)
total simulation run time

taken from [93] , 2from [88], and *from [90].



APPENDIX C
GENERIC SCHEDULING ALGORITHM AND
CAPACITY ESTIMATION OF A MULTI-TIER
NETWORK

In this Appendix C, we describe the generic proportional fair scheduler and the
capacity estimation of a multi-tier network model, which we consider to carry out

performance analysis and refer to this appendix whenever necessary in any chapters.

C.1 Proportional fair scheduling

Because of ensuring an optimal trade-off between fairness in resource allocation
and throughput per user performances in comparison with other conventional
schedulers such as Round Robin and max-SINR, we consider proportional fair
scheduler to schedule radio resources, specifically time and frequency among UESs.
Based on the current and past average throughputs of a UE, a proportional fair scheduler
schedules a UE with the maximum performance metric given by [91]

x,(t)=arg Inax(axyi (t)/5,, (1)) (C.1)

where o, (t) and &, (t) represent respectively the current and past average throughputs

of UE xat RB i in TTI t. Let X(t) denote the UE scheduled in TTI t at RB i. The past

average throughput &, ;(t) at RB i is updated in every TTI as [92]

o [FaEY) o, ), x=x()
D=2 e, o)

where tc denotes adjustable time constant.

(C.2)
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C.2 Capacity estimation of a multi-tier network

The received SINR fora UE at RB i in TTI t can be expressed as

po =P,/ +1,))-H,, (C.3)
where P, ; is the transmission power; n,; is the noise power; | ;is the total interference
signal power; and H_; is the link loss for a link between a UE and aBS at RB i in TTI

t. The channel response H,; can be expressed in dB as
H,;(0B)= (G, +G,) ~ (L. +PLy;) +(LS,; +SS,,) (C4)
where (G, + G, ) and L. are respectively the total antenna gain and connector loss, and

LS,;,SS,;, and PL,; respectively denote large-scale shadowing effect, small-scale

tis
Rayleigh fading or Rician fading, and distance dependent path loss between a BS and
aUEatRBiinTTIt.

Using Shannon’s capacity formula, a link throughput at RB i in TTI t in bps per
Hz is given by [89-90]

0’ pt,i < _lOdB
i(p;)=1plog,[L+107 @)  _10dB < p, <22dB (C.5)
4.4, Py >22dB

where A = 0.6 denotes implementation loss factor.
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