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Abstract

This thesis addresses the problem of computing resource allocation in Cloud Radio Access Networks.
A game-based optimization algorithm was developed to distribute the computing resources among
BaseBand Units (BBUs) in a BBU-pool whereby resource utilization is maximized. The model allocates
computing resources on-demand, based on the instantaneous BBUs requests, using a game-theory
bargaining approach; in case the available resources are not enough to fulfil all requests, BBUs are
prioritized to ensure the adequate Quality of Service, low-priority ones being always guaranteed a
minimum computing resource. The performance of the proposed model is observed over time,
concerning resource usage, BBU fulfiliment level, fairness and efficiency. Simulations in a group of cells
with a mixture of heterogeneous services in tidal traffic conditions show that resources allocated to BBUs
are consistent with the priority of ongoing services and in line with real-time demand. Results also
confirm that the proposed model manages bottlenecks effectively and shows a higher performance
compared with equal and demand proportional resource allocation schemes. There is no wastage in the
proposed model during congestions and it fairly distributes 100% of the resources among BBUs in these
cases, by shrinking the capacity share of the lower priority BBUs to compensate for the higher priority
BBUs’ resource shortages. Hence, the proposed model fulfils high prioritized BBUs’ demands 13% more
compared to the other allocation schemes. Results also show that improving the average fulfiiment level
from 98% to 100% requires doubling the available resources at the cost of the average resource usage

being cut in half.

Keywords

Wireless Communications, Cloud-RAN, Computing Resource Utilization, Resource Allocation

Optimization, Fairness.




Resumo

Esta tese aborda o problema de atribuicdo de recursos de computacido em Redes de Acesso radio em
Nuvem. Foi desenvolvido um algoritmo de otimizagdo baseado em teoria de jogos para distribuir os
recursos de computagdo entre as unidades de banda base (BBUs) num agregado de BBUs onde a
utilizacdo dos recursos & maximizada. O modelo atribui recursos de computacdo a pedido, baseado
nos pedidos instantdneos das BBUs, usando uma abordagem de negociagdo baseada em teoria de
jogos, quando os recursos disponiveis ndo sao suficientes para satisfazer todos os pedidos, as BBUs
sdo priorizadas, para assegurar a Qualidade de Servigo adequada, garantindo-se sempre um minimo
de recursos de computagao para os pedidos de prioridade baixa. O desempenho do modelo proposto
foi analisado em termos temporais, relativamente a utilizagao de recursos, nivel de utilizacdo de BBUs,
justica de atribuicao e eficiéncia. Simulagbes num grupo de células com mistura heterogénea de
servigos em condi¢des de trafego variante no tempo mostram que a atribuigdo de recursos as BBUs é
consistente com a prioridade dos servigos em curso e com os pedidos em tempo-real. Os resultados
confirmam também que o modelo proposto gere eficazmente os problemas de estrangulamento e
mostram um melhor desempenho comparado com esquemas de atribuicdo igual ou proporcional de
recursos. N&o ha desperdicio no modelo proposto durante congestéo e os recursos sao distribuidos
de maneira justa entre 100% das BBUs nestes casos, através de uma redugéo da quota da capacidade
nas BBUs com prioridade baixa para compensar as faltas das BBUS com prioridade elevada. Assim, o
modelo proposto preenche as condigdes dos pedidos com alta prioridade melhor em 13% comparado
com os outros esquemas de atribuicdo. Os resultados mostram também que o aumento da média do
nivel de desempenho de 98% para 100% requer a duplicacdo dos recursos disponiveis, com o custo

de a utilizagdo média dos recursos descer para metade.

Palavras—chave

Comunicacgdes sem fios. RANs em Nuvem. Utilizagdo de Recursos de Computagédo. Otimizagéo de
Atribuicdo de Recursos. Atribuicdo Justa.
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Chapter 1

Introduction

This chapter provides an overview of the work developed in this dissertation. Section 1.1 presents a
brief history of the evolution of mobile communications networks over the past two decades. Section 1.2
describes the motivation and objectives of the research. Section 1.3 addresses the work's novelty, and
Section 1.4 provides an overview of the research strategy and lists the publications originated from parts
of this work. Finally, Section 1.5 explains the dissertation structure.




1.1 Brief History

Over the past decades, wireless and mobile communications networks have experienced a significant
increase in users and data consumption, exploiting diverse applications and services. The growth of
communication requests lead to new technologies to fulfil subscriber’s requirements. Figure 1.1 briefly

presents this evolution; a brief review being presented in what follows.

1980s 1990s 2000s 2010s 2020s
* FDMA TDMA + CDMA OFDM
+ Analog Voice * Digital Voice * 2~Tensof Mbps + 100M*~ 1Gps
* Low-data-rate (peak data rate) (peak data rate) 5G Concept
services * Multimedia * MBB

Figure 1.1 — Evolution of cellular standards (based on [LSJY20]).

The first Generation (1G) of mobile communications networks was introduced in the 1980s. It was based
on analogue cellular technology and supported voice calls only. By employing Time Division Multiple
Access (TDMA) in the 1990s, the second Generation (2G), namely the Global System for Mobile
communications (GSM), could support text messaging. Later, the General Packet Radio Service

(GPRS) introduced the packet switched domain to network architectures.

Coding Division Multiple Access (CDMA) was employed in the mid-1990 to 2000s to develop the third
generation (3G), which continued digital processing. However, the exploitation of more frequency
bandwidth and higher symbol rates lead to a much higher peak data rate than 2G. Universal Mobile
Telecommunications System (UMTS) started as the joint European and Japanese system for 3G and
was standardized by the 3G Partnership Project (3GPP). In UMTS, circuit switching remained besides
packet switching.

The fourth Generation (4G) was driven by an increasing demand for capacity, lower-cost data delivery
and competition from other technologies. 3GPP developed the Long-Term Evolution (LTE) that exploits
Orthogonal Frequency Division Multiple Access (OFDMA) for DownLink (DL) and Single-Carrier FDMA
(SC-FDMA) in UpLink (UL). The LTE standard offers more bandwidth and services as well as a
significant improvement in capacity. Its design was based on packet switching aiming to supply a high-
quality audio/video streaming over end-to-end Internet Protocol (IP) and offers higher peak user
throughput to a minimum of 300 Mbps in DL and 75 Mbps in UL.

The fifth Generation (5G) is the next primary mobile telecommunications standard beyond 4G. A data
rate greater than 1 Gbps/user is expected in 5G, exploiting reduced cell size, distributed antennas and
massive Multiple Input Multiple Output (MIMO) beamforming. Moreover, bandwidth, security and Quality
of Service (QoS) are expected to increase while decreasing service costs and delays. The introduction

of 5G allows cellular and wireless networks to match data rates and use cases, allowing a higher density




of mobile broadband users and supporting device-to-device, ultra-reliable, and massive machine
communications [NGMN15]. Technologies such as virtualization, especially with Cloud Radio Access
Network (C-RAN), also play a key role in the evolution of 5G. C-RAN was first introduced by China
Mobile Research Institute in 2010: the cloud computing-based architecture for Radio Access Networks
(RANs) that utilizes open platforms and real-time virtualization technology for multiplexing and
dynamically sharing the Base Stations (BSs) resources in a datacenter, leading to higher data rates
and lower network latencies.

1.2 Thesis Motivation and Objectives

The proliferation of high data rate applications in conjunction with high mobile terminals usage nowadays
has triggered a drastic increase in data rate demands [Cerw20], Figure 1.2. Therefore, wireless
networks providers must continuously improve their infrastructure to serve data demand accordingly.
This presents a difficult challenge, since resource allocation in conventional RANSs is inefficient, since it
is based on peak-hour traffic requirements. However, since users' demand is time-variant, traffic is not
always at the peak level and may be up to 10 times lower in off-peak hours [CCYS14]; thus, a fixed

allocation scheme leaves idle resources at various times/areas.
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Figure 1.2 — Global total traffic in mobile networks, 2014-2020 (extracted from [Cerw20]).

C-RAN has emerged as a centralized paradigm to provide a solution for higher data rates and capacity
demands in a cost-efficient way: Baseband Processing Units (BBUs) of BSs are decoupled from the
radio units, known as Remote Radio Heads (RRHs); software-based BBUs are then centralized and
consolidated in servers of a data center, known as BBU-pools. C-RAN is a critical enabling technology
of 5G [CCYS14], providing higher data rates and lower network latencies by multiplexing the BBU-pool's
resources. Resource multiplexing enables over-loaded BBUs to use residual resources left by the
underutilized ones; hence, utilization is improved, and fewer resources are required than the sum of
stand-alone BBU demands [ARET19], [LZGN186].

Although the consolidation of resources in C-RAN reduces the number of the required resources in the




network, there are still critical challenges for data centers, such as power consumption [DaWF16],
[HMDM19] and [WeGP13]: a medium-sized one with 930 m? and 288 racks can consume 4 MW in the
traffic peak [PMZW10]. Since computing resources, i.e., servers, are the most energy-intensive entities
in data centers, it is worthwhile to apply efficient resource management strategies to maximize their
utilization and reduce the number of idle ones. An idle server consumes 60% of its peak power usage,
although it has no productivity [PMZW10].

However, designing efficient resource management strategies is a complicated process for cloud
providers. Due to the variety of network services, user arrival rates and channel conditions, BBU
resource demands fluctuates significantly throughout the day. On the one hand, a BBU computing
capacity should suffice peak demands; on the other hand, provisioning fixed resources based on peak
requirements leads to idle resources for the rest of the day. As a result, an efficient resource
management strategy in a BBU-pool should allocate the computing capacity dynamically, following the
BBUs’ instantaneous demand, while efficiently handling the resources in case of a shortage. Resource
shortages are time instants in which the BBU-pool’s available resources are less than demand spikes
and come into play in two circumstances: when the objective is intentionally to design the pool with
minimum computing resources; or, even if there are more computing resources, they cannot be
initialized at a rate similar to the one of demand fluctuations (in the scale of milliseconds), due to

hardware limitations.

1.3 Novelty and the Main Contributions

In this thesis, a BBU-pool computing resource allocation scheme is proposed within a dynamic traffic
demand environment. The proposed model estimates the BBUs’ demands and reconfigures BBUS’
Allocated Computing Capacity (AICC) accordingly. The main objective is to maximize the utilization of

BBU-pool computing resources, which is crucial to guarantee low power consumption in the network.

The novelty of the proposed scheme is the consideration of the limits of the BBU-pool computing
resources and the prioritization of BBUs in bottlenecks based on the characteristics of their ongoing
services and QoS constraints. Simultaneously, the model guarantees all BBUs with a minimum
computing resources to avoid crashing; furthermore, contrary to existing works, the proposed model has
a low complexity and provides fairness of resource allocation and system efficiency, which makes it
applicable in practical implementations. Considering both QoS and BBU Required Computing
Capacities (RCCs) as real-time parameters, i.e., given on the basis of Time Transmission Intervals
(TTIs), is essential not only in 4G deployments but also for the upcoming service-oriented 5G and

ensures that the BBU-pool is provisioned with an optimum configuration, consistent with BBU demands.

In order to evaluate the model performance, an attempt has been made to emulate a typical day of
operation in cellular networks over which the performance of the proposed model is compared against

equal and demand-proportional resource allocation schemes, which can be found in the literature as




common allocation approaches. Moreover, the model performance is evaluated in terms of resource
usage efficiency and BBU fulfilment level, considering real-time network traffic in a tidal channel
condition. Studies highlight how the limit of the Available Computing Capacity (AvCC) is correlated with
the BBU demands' fulfillment level. In general terms, more resource availability translates to better
fulfilment levels and lower levels of resource usage. However, above certain levels, the provisioning of
more resources degrades the average resource usage dramatically while contributing very little (or
nothing) to improving the demands’ fulfilment level.

1.4 Research Strategy and Impact

The aim of providing an efficient resource allocation strategy in a BBU-pool is to maximize resource
utilization. To achieve this goal, resources should be allocated to BBUs based on their real-time demand
such that QoS is maintained. Hence, the first step is traffic demand evaluation, and the optimal solution
for resource utilization can be found only afterward. In this way, the proposed resource management
algorithm comprises two main steps:
1. RCC estimation: calculation of instantaneous demand (measured in Operations Per Second
[OPS]) of BBUs, according to the real-time network/user parameters.
2. Computing resource allocation optimization: obtaining the optimal on-demand computing
resource allocation that maximizes both BBU-pool resource utilization and efficiency with

respect to the required QoS.

The BBUs' RCC estimation is based on a well-defined model, [MAMM16] and [DeDL15], for the given
network and user parameters at a specific time. The results are then fed into the computing resource
allocation step in order to find the optimal AICC to BBUs. To this end, computing resource allocation in
a BBU-pool is modeled as a game-theory bargaining game. Players, i.e., BBUs, compete for the limited
computing resources of the BBU-pool to maximize their processing speed; the Generalized Nash
Bargaining Solution (GNBS) with adaptive bargaining powers [Myer91] is applied to find a solution for
the bargaining game. The two-fold solution maximizes both the BBU-pool computing resource utilization
and the processing speed of the BBUs. In the proposed model, QoS constraints are considered.
Additionally, service characteristics are monitored in real-time, which is essential not only in 4G

deployments but also for the upcoming service-oriented 5G.

This work was developed within the framework of the COST Action CA15104, Inclusive RAdio
COmmunication Networks for 5g and beyond (IRACON) [COST20]. Participating in this project and
regularly attending its meetings provided an opportunity to interact with researchers working on similar

topics in Europe and the world, with whom the work was discussed and received valuable feedback.
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1.5 Structure of the Dissertation

This thesis is structured in seven chapters and six annexes. The rest of the document being organized

as follows.

Chapter 2 gives an overview of 4G and 5G mobile communications networks within the scope of the
thesis. Section 2.1 and Section 2.2 present an overview of the network architectures and radio interfaces
for 4G and 5G, respectively. In Section 2.3, QoS is described and Section 2.4 presents a summary of
coverage and radio capacity concepts. Section 2.5 is dedicated to the C-RAN concept and virtualization;
an overview of virtualization is presented, focusing on BBU-pool virtualization and related approaches.
Section 2.6 explains how the concept of game theory is used to solve a resource allocation problem.

Finally, Section 2.7 mentions the state of the art related to computing resource management in C-RAN.

Chapter 3 presents the novel model and algorithm for efficient computing resource management in a
BBU-pool. Section 3.1 gives a brief description of the chosen C-RAN architecture, strategies used for
BBU-pool virtualization and discusses the main network assumptions. Section 3.2 presents an overview
of the proposed resource management model. Section 3.3 summarizes the approach for estimating the
amount of computing resources that each BBU requires at a given time, and Section 3.4 describes the
proposed optimization model for assigning the computing resources across the BBUs in a BBU-pool.
Equal and demand proportional resource allocation models are also described in Section 3.5 as two
reference resource allocation schemes being compared with the proposed one. The rest of the chapter
is dedicated to the definition of evaluation metrics, model implementation, canonical scenario and the

simulator/model assessment.

The proposed computing resource management model in Chapter 3 is limited to a single time, the model
being improved in Chapter 4 by addressing time-varied traffic and demand in a tidal channel condition.
Therefore, Chapter 4 presents an extension to the proposed resource management model and defines
a real-time computing resource allocation framework. Section 4.1 gives an overview of the proposed
model. Section 4.2 explains a strategy to find a proper time interval between two successive resource
allocations. Section 4.3 mentions the metrics that are used in order to evaluate the proposed model in
a real-time framework, and the rest of the chapter is dedicated to the simulator implementation,

canonical scenario, and simulator assessment.

Chapter 5 analyses the proposed computing resource allocation model's performance in terms of the
BBU fulfilment level, resource allocation efficiency, fairness and resource usage. To this end, a
reference scenario is characterized first in Section 5.1; BBUs’ real-time demands are estimated, and
optimal resource allocations are achieved. Accordingly, the evaluation metrics are assessed for one

snapshot of the network and for time-varied traffic in Section 5.2 and Section 5.3, respectively.

Chapter 6 compares the performance of the proposed resource allocation model with other resource
allocation schemes. Moreover, the effect of the model’s input parameters variation on its performance
is analyzed. Section 6.1 presents an overview of the chapter. The comparison of the model’s

performance with equal and demand proportional resource allocations schemes is presented in




Section 6.2. Section 6.3 and Section 6.4 analyze the effect of BBU-pool available computing capacity

variation and user arrival rate variations on the model’s performance, respectively.

Finally, Chapter 7 concludes this dissertation by summarizing and recalling the presented work’s
framework and novelty in Section 7.1, the main results in Section 7.2, the key contributions in

Section 7.3, and the potential improvements and the directions for future works in Section 7.4.

This dissertation also includes 6 annexes. Annex A presents the convexity proofs. Annex B presents a
BBU'’s RCC variation relative to the variation of the effective parameters. Annex C lists the maximum
Doppler shifts associated with user speed in some FDD operating Bands. In Annex D, the services’
traffic profiles are described. And finally, Annex E and Annex F include the simulator's assessment

results.




Chapter 2

Basic Concepts and
State of the Art

This chapter provides a background and fundamental concepts of 4G and 5G networks, C-RAN and
virtualization, as they are key topics for the work, as well as radio interfaces, in Section 2.1 and
Section 2.2, respectively. Quality of Service, coverage and radio capacity are addressed next in
Section 2.3 and Section 2.4. Then, C-RAN architecture and the framework for virtualization are
discussed briefly in Section 2.5. Section 2.6 explains how the concept of game theory is used in order
to solve a resource allocation problem. The last part of this chapter, Section 2.7, is dedicated to
analyzing the state of the art.




2.1 LTE Basic Concepts

In this section, an overview of LTE’s network architecture is given, based on [DaPS11], [Ahma13] and
[HoTo11].

211 Network Architecture

LTE’s network architecture has evolved from GSM and UMTS. LTE discontinued the circuit switched
domain's support, operators being required to transfer their circuit switched services (e.g., voice) to the
packet switched domain. The aim is to provide a seamless IP connectivity between User Equipment
(UE) and the Packet Data Network (PDN).

LTE uses the concept of radio bearer to transfer data through the network. Each bearer is a flow of IP
packets associated with specific QoS parameters related to application requirements. Each user may
need several bearers based on the diversity of QoS requirements while using multiple applications, e.g.,
Voice—over—IP (VolP) and file transfer, to connect to different PDNs. Logically, LTE network protocols
are classified into control plane and user plane: the control plane is responsible for managing the radio
access bearers, besides the connection between UE and network, while the user plane is responsible

for transporting user traffic. Figure 2.1 illustrates LTE’s network architecture.

Services /\
PDN / Internet
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Figure 2.1 — LTE’s network architecture (based on [HoTo11]).
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The general components of LTE’s network are:

e UE is the user’s device to communicate with the radio network.

e Evolved UMTS Terrestrial RAN (E-UTRAN), consists of evolved NodeBs (eNBs). It handles radio
communications between the Evolved Packet Core (EPC) and the UE. The eNBs are interconnected

with each other using the X2 interface. Other connection interfaces between eNB and network
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elements are illustrated in Figure 2.1. The functionalities of eNB are discussed in Section 2.1.3.
e EPC is composed of the following elements:

o Mobility Management Entity (MME) is involved in the control plane. Bearer activation and
deactivation to the terminals is one of its responsibility. It is also responsible for Non-Access
Stratum (NAS) signaling and security, the functionality operating between EPC and terminal.

o Serving Gateway (S-GW) acts as a transporter of user plane IP packets. SGW plays multiple
roles (e.g., charging and accounting, information gathering and handovers between eNBs). It is
also responsible for interworking with other 3GPP technologies (e.g., GSM).

o Home Subscriber Service (HSS) is the database containing user-related and subscriber-
related information. It also supports mobility management functions, call and session setup,
user authentication and access authorization.

o PDN Gateway (P-GW) is the IP anchor point acting as the interface between the LTE network
and the external IP networks. lts responsibility includes IP address allocating and QoS
enforcement for terminals. It is also a mobility anchor for non—3GPP radio access technologies
connected to EPC.

o Policy and Charging Rules Function (PCRF), QoS handling and charging is under its

responsibility.

The functionalities of LTE elements are divided into three layers, each containing multiple sublayers:
Layer 1 (L1) is the PHYsical (PHY) layer; Layer 2 (L2) contains Medium Access Control (MAC), Radio
Link Control (RLC), and Packet Data Convergence Protocol (PDCP) sublayers; likewise, Layer 3 (L3) is
splitinto Radio Resource Control (RRC) and NAS. The functionality of each of the mentioned layers are

explained in detail in Section 2.1.3.

2.1.2 LTE Radio Interface

LTE operates in both Time Division Duplex (TDD) and Frequency Division Duplex (FDD) modes.
Currently, 22 paired band and nine unpaired bands have been defined for LTE. Some of the frequency

bands are shown in Table 2.1.

LTE uses OFDMA for DL, which is based on OFDM wherein all the bandwidth is divided into subcarriers
orthogonal to each other. For an efficient operation of spectrum and a provision of isolation between
subcarriers, OFDMA inserts cyclic prefix between subcarriers. Depending on the transmission scenario,
the length of cyclic prefix can be normal or expanded, leading to different subcarriers bandwidths, i.e.,
7.5 kHz or 15 kHz. As for UL, LTE uses SC-FDMA, which uses orthogonal subcarriers similarly, but
while in OFDMA there is a one-to-one mapping between data symbols and subcarriers, SC-FDMA

allows a data symbol to be transmitted in parts over multiple subcarriers.

The radio frames, used for signal transmission in LTE, last for 10 ms. Frames are divided into 10 smaller
sub-frames. Each sub-frame consists of two 0.5 ms slots, where one slot is further divided into 6 or 7
OFDM symbols in the time domain. The smallest chunk of data transmitted by the LTE eNB is called
Resource Block (RB), which consists of all OFDM symbols in a slot in the time domain and 12 or 24

subcarriers, depending on each subcarrier bandwidth being 15 kHz or 7.5 kHz, leading to a 180 kHz
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bandwidth in the frequency domain. The smallest amount of data identified in the LTE PHY layer is
called a Resource Element (RE) made of one OFDM symbol in the time domain and one subcarrier in

the frequency domain. A sample of an RB and RE are shown in Figure 2.2.

Table 2.1 — LTE frequency bands (extracted from [HoTo11]).

Frequency bands for unpaired bands

Frequency bands for paired bands

1920-1980 2110-2170 Band 33 1900-1920
1850-1910 1930-1990 Band 34 2010-2025
1710-1785 1805-1880 Band 38 2570-2620
1710-1755 2110-2155 Band 39 1880-1920
824-849 869-894 Band 40 2300-2400
830-840 875-885 Band 41 2496-2690
2500-2570 2620-2690

880-915 925-960

1750-1785 1845-1880

1710-1770 2110-2170

1427.9-14529  1475.9-1500.9

832-862 791-821

1447.9-14629  1495.9-1510.9

3410-3490 3510-3590

2000-2020 2180-2200

1626.5-1660.5 1525-1559

One resource block

One resource e\lement /

<= >
One OFDM symbol

D >
One slot

Figure 2.2 — RB in time and frequency domain (extracted from [DaPS11]).

for efficient delivery in the LTE protocol layers, RLC performing this logical categorization in the process
named classification or concatenation. For actual transmission, however, data is mapped onto physical
channels, each one corresponding to a set of REs. User data in DL is transported in Physical DL Shared
Channel (PDSCH), the transmission of data in the PDSCH being made in units known as Transport
Blocks (TBs).
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LTE was designed to operate in a diverse range of bandwidths from 1.4 MHz to 20 MHz, the number of
available RBs in the network depending on the bandwidth. The correspondence between bandwidth and
the respective number of RBs is presented in Table 2.2. The transmission bandwidth can be further
enlarged by using carrier aggregation, where several Component Carriers are aggregated in order to
send/receive data to/from a single user. LTE can aggregate up to 5 component carriers leading to a
100 MHz transmission bandwidth. It should be noticed that in the case of carrier aggregation, the

physical layer process applies separately to each component carrier.

Table 2.2 — Number of RBs associated with each LTE channel bandwidth (extracted from [Tols15]).

T Chanelbandwiath [wb) 14 | 30 | 50 | o | 15| 20
175 = 443 734 1508 2203  299.6
4.4 117 183 367 556 75.4

The number of bits carried by a single RE depends on the Modulation and Coding Scheme (MCS), LTE
supporting three modulation schemes: Quadrature Phase Shift Keying (QPSK), 16 Quadrature
Amplitude Modulation (16QAM) and 64QAM, corresponding to 2, 4 and 6 bits per modulation symbol.
According to the user’s Signal to Interference plus Noise Ratio (SINR), an MCS index is assigned to the
user that maximizes throughput. The eNB selects an MCS index during data transmission. Measuring
SINR, the UE estimates the link quality before transmission and recommends the highest MCS that the
UE can decode with a block error rate less than 10% [Ahma13]; the recommended MCS is reported to
the eNB as a Channel Quality Indicator (CQIl) known for both UE and eNB, and the eNB selects an
appropriate MCS index. Figure 2.3 shows the relationship between SINR and data rate for some

modulation schemes.

Channel coding is used to enhance communications efficiency and robustness. The encoder on the
transmitter side adds redundancy to the data in the form of parity bits, these redundant bits being used
on the receiver side to correct a number of channel errors. An encoder receives k bits as an input at a
time and produces a codeword of n bits in which the ratio of k/n is the coding ratio, which describes the
amount of redundant information used for protecting data; a higher coding ratio decreases channel data

error, but the bandwidth efficiency will be decreased.

In early releases, LTE was required to support a peak data rate of 100 Mbps in DL and 50 Mbps in UL,
but later 3GPP Release 10 enhanced the capabilities of LTE to a 100 MHz bandwidth (by using five
component carriers) in LTE—Advanced, in addition to enhanced MIMO configuration led to a peak data
rate of 3 Gbps in DL and 1.5 Gbps in UL. With a higher UL/DL speed, LTE supports various
Transmission Modes (TMs) from multiple transmitting antennas, i.e., MIMO. In spatial multiplexing TM,
multiple independent and separately encoded data signals called streams of data are transmitted from
multiple transmit antennas. The number of streams with unique data indicates the transmitting order.
The UE determines the transmitting order compatible with the channel condition. On the other TM, i.e.,
transmit diversity, the same data is transmitted across the different antennas, at the same time and

frequency wherein the transmitting order is equal to one.
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Figure 2.3 — DL throughput, according to SINR (extracted from [Viei18]).

The adjustment of the type of multi-antenna transmission scheme is based on the radio environment.
MIMO with a higher order can be used in good channel conditions, i.e., high SINR and low correlation
in the antennas. In low SINR, another type of multi-antenna technique should be used, e.g., transmit
diversity. To adjust the TM between UE and eNB, the UE requires the eNB system information, i.e.,
capability and engineering of the eNB cell [3GPP20a]. System information includes most of the essential
and frequently used transmission parameters acquired to establish a connection, e.g., MIMO order. The
UE applies the system information acquisition procedure upon selecting and upon reselecting a cell,
after handover completion, after entering E-UTRAN from another Radio Access Technology (RAT),
upon return from out of coverage and upon receiving a notification that the system information has
changed. After information acquisition, the UE feedbacks the Channel State Information (CSI) based on
the channel condition and reports its preferred TM accordingly. Eventually, the BS designs a TM
according to the received feedback and notifies the UE by RRC messages. The CSI report is a
composition of one or several pieces of information [Ahma13]:
¢ Rank Indicator (RI): it is applicable for spatial multiplexing modes, indicating the UE preferred
MIMO order under the current channel condition.
¢ Precoding Matrix Indicator (PMI): it indicates the UE preferred precoding matrix required during
the precoding process.
e CAQl: it represents the highest MCS that, if used, would mean the user plane data transmission using

the recommended RI and PMI would be received with a block-error probability of at most 10%.

Reporting can be configured to be aperiodic, being transmitted upon request by the network, or periodic,
being delivered with a certain periodicity. In each case, the UE's time and frequency radio resources to
report CSI are controlled by the eNB and configured in the higher layer.

Moreover, LTE supports mobility across the cellular network and is optimized for low mobile speed from
0 to 15 km/h; higher mobile speeds between 15 and 120 km/h are also supported with high performance.
Mobility across the cellular network is maintained at speeds from 120 to 350 km/h (or even up to
500 km/h depending on the frequency band) [3GPP09]. To facilitate the estimation of coherence time

and coherence bandwidth related to the user mobility in the cell and multipath communication channel,
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LTE exploits Reference Signals (RSs). The channel frequency response is estimated at the RS locations
over the time-frequency grid. Using interpolation techniques makes it possible to estimate the channel
at other time-frequency locations. RSs locations in time and frequency should be in such a way to ensure
sufficient channel estimation accuracy. The required spacing between RSs in the frequency-domain
(coherence frequency) and time-domain (coherence time) depends on the channel's maximum delay

spread and maximum Doppler shift, respectively.

2.1.3 Overview of LTE Base Station’s Processing

As mentioned before, the LTE elements' functionalities are divided into two planes (user and control
planes) and three layers, each containing multiple sublayers (L1 is the PHY layer, L2 contains MAC,
RLC and PDCP sublayers, and L3 is split into RRC and NAS sublayers). Figure 2.4 shows the control

plane protocol stack.

UE | eNB MME
RRC 4— RRC
poe el oo |
RIC |« ) RLC
PHY PHY

Figure 2.4 — Control plane protocol stack (extracted from [3GPP20b]).

In the following, the functionalities of each layer are explained.

o NAS (L3): control protocol, whose primary services and functions include EPS bearer management,
Paging origination, authentication and security control.

o RRC (L3): it performs functions of Broadcast, Paging, RRC connection management, RB control,
mobility functions and UE measurement reporting.

o PDCP (L2): it controls RRC messages originating from the control plane and IP packets originating
from the user side; for the user plane, PDCP offers ciphering, header compression, reordering and
retransmission during handover.

o RLC (L2): it comprises Automatic Repeat reQuest (ARQ) functionality and supports data
segmentation and concatenation to minimize the protocol overheads independent of the data rate.

o MAC (L2): it multiplexes data from different services (radio bearers) onto a MAC Packet Data Unit
(PDU), a TB. The MAC layer maintains the negotiated QoS for each radio bearer by instructing the
sublayer above, the RLC, about the amount of data transmitted from each radio bearer. Another

critical task for the MAC sublayer is scheduling. The scheduler in the eNB controls the assignment
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of UL and DL radio resources.

PHY (L1): it implements the functions required for transmitting information across the physical

channel. As Figure 2.5 shows, the data arrives at the PHY layer in the form of TBs in each TTI. The

functionality of the PHY layer details in the DL side is explained in what follows:

o

Cyclic Redundancy Check (CRC) (PHY): error detection is provided on each TB through a
CRC. CRC is appended to the TBs received from the MAC layer before being passed to the
next step. In the CRC method, a certain number of check bits, often called a checksum, are
appended to the message being transmitted. The receiver can determine whether the check
bits agree with the data. Furthermore, if the number of bits is more than 6 144 in a block, it is
broken into smaller ones. CRC is directly connected to the error correction methods.

Channel coding and rate-matching (PHY): to enhance wireless communications' efficiency
and robustness, channel coding is used. Encoder on the transmitter side adds redundancy to
the data in the form of parity bits, which are used to correct a number of channel errors on the
receiver side. The channel coding scheme applied to the user plane data is turbo coding, which
is a Parallel Concatenated Convolutional Code (PCCC) with two 8-state constituent encoders
and one turbo code internal interleaver [3GPP20c]. The coding rate of the turbo encoder is 1/3.
If the size of TBs appended with a CRC is larger than the maximum coding block size supported
by the turbo coder, the blocks are segmented into smaller code blocks. Channel coding and
rate matching are later performed, and the codeblocks are concatenated to create codewords.
Turbo coded blocks are individually rate matched. The rate matching block creates an output
bitstream with a desired code rate. The resulting rate matched blocks are concatenated to
create a single codeword for transmission. The rate matching algorithm is capable of producing
any arbitrary rate.

Scrambling (PHY): by scrambling, the eNB can separate signals coming simultaneously from
many different UEs and the UE can separate signals coming simultaneously from many different
eNB. Scrambling produces a block of scrambled bits from the input bits. The bits are scrambled
with a different scrambling sequence for each codeword coming from the channel coding
process.

Baseband Modulation (PHY): maps the bit values of input to complex modulation symbols with
a specified modulation scheme.

Layer mapping and precoding (PHY): in these steps, input symbols from the modulation
phase are mapped to symbols transmitted over multiple transmit antennas. Layer mapping splits
data into layers. The number of layers can be up to the MIMO order. There are different layer
mapping methods specific to each MIMO mode. After mapping, the layers are precoded,
exploiting a precoding matrix. Precoding types depend on radio channel characteristics and
MIMO mode. In this stage, the layer matrix is multiplied by a precoding matrix that creates the
antenna port subcarrier value for each modulated symbol to be mapped. Results are sent to the

next stage to perform resource mapping.

Resource mapping (PHY): in this phase, the blocks of modulated symbols are mapped onto

subcarriers in OFDMA symbols REs. Resource mapping is performed separately for each
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antenna port used for transmission. Information transferred over the antenna depends on the
selected MIMO mode, e.g., in transmit diversity the same information is transmitted by several

antennas.
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Figure 2.5 — Overview of PHY layer processing in BS (extracted from [Ahma13]).
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o OFDM (PHY): after assigning modulated symbols to all subcarriers for an antenna port, the
symbols are sent to the OFDM modulator. Exploiting Inverse Fast Fourier Transform (IFFT)

converts the symbols into the time domain. Then cyclic prefix is inserted, and data is transmitted.

On the UL side, the received symbols are processed in the reverse manner as for the DL one:

o OFDM Demodulation (PHY): it demodulates an OFDM input signal. The first cyclic prefix of the
OFDM symbol is removed and one Fast Fourier Transform (FFT) operation per received FDMA
symbol is performed. The received subcarrier values are recovered.

o Antenna and resource de-mapping (PHY): it aims to invert resource mapping operations to
extract RS and data.

o Equalization: it aims to compensate for channel distortion and restore the original signal. In
frequency-domain equalization, the received signal is transformed to the frequency-domain
using a Discrete Fourier Transform (DFT) operation. The equalized frequency-domain signal is
then transformed to the time-domain using an IDFT operator.

o Layer de-mapping (PHY): it aims to invert the operations of layer mapping to separate and
detect the received symbols via MIMO antennas.

o Baseband Demodulation (PHY): it aims to recover the information content from the modulated
carrier wave.

o Descrambling: it is the reverse of the scrambling process, returning the unscrambled bit
sequence from the received scrambled bit sequence.

o Decoding CRC check and Hybrid ARQ (HARQ): In this stage, the aim is to recover data bits
and parity bits from descrambled streams. Its functionality is the reverse of the rate matching
and channel coding process. A cycle of rate de—matching, turbo decoding, code block
concatenation and CRC check functions is required to output data and parity bits. The parity
bits are fed back to the HARQ controller block, which controls HARQ transmission for transport
channels to generate HARQ control signals, e.g., TB size and retransmission number using the
HARQ ACK/NACK feedback from the receiver. Turbo decoder is also comprised of two
decoders and one internal interleaver/de-interleaver. A code block is iteratively processed so
that the output of one of the decoders is fed into the other one. After each decoder component,
CRC is checked. lterative exchange continues until the maximum number of iterations (specified
at the input port), or it will be stopped as soon as CRC check results with success. Moreover,

data is reordered by interleaving and de-interleaving blocks in the decoding process.

2.2 5G Basic Concepts

5G evolved from LTE and supports just the packet switch domain. The architecture of 5G is presented

in Figure 2.6.
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Figure 2.6 — 5G overall architecture (based on [3GPP20d]).

General components of 5G network are:

UE is the user’s device to communicate with the radio network.
Next Generation Radio Access Network (NG-RAN) it consists of a set of next generation NodeBs
(gNBs) and next generation eNodeB (ng-eNBs), which are connected to the 5G Core Network (5GC)
through the Next Generation (NG) interface: gNB and ng-eNB function for radio resource
management, i.e., radio bearer control, radio admission control, connection mobility control,
dynamic allocation of resources to UEs in both UL and DL (scheduling); IP header compression,
encryption and integrity protection of data; gNB and ng-eNB also function for selection of an Access
and Mobility management Function (AMF) at UE attachment when no routing to an AMF can be
determined from the information provided by the UE; routing of user plane data towards User Plane
Functions (UPFs); routing of control plane information towards AMF; connection setup and release;
scheduling and transmission of paging messages; scheduling and transmission of system broadcast
information; measurement and measurement reporting configuration for mobility and scheduling;
transport level packet marking in the UL; session Management; support of network slicing; QoS flow
management and mapping to data radio bearers; distribution function for NAS messages; RAN
sharing; dual connectivity and tight interworking between New Radio (NR) and EUTRA.

5GC is composed of the following elements:

o AMF is responsible for NAS signaling termination; NAS signaling security; access stratum
security control; inter core network node signaling for mobility between 3GPP access networks;
idle mode UE reachability (including control and execution of paging retransmission);
registration area management; support of intra-system and inter-system mobility; access
authentication; access authorization including check of roaming rights; mobility management

control (subscription and policies) and support of network slicing.

19



« UPF is the anchor point for Intra-/Inter-RAT mobility (when applicable); external PDU session
point of interconnect to data network; packet routing & forwarding; packet inspection and User
plane part of Policy rule enforcement; traffic usage reporting; UL classifier to support routing
traffic flows to a data network; branching point to support multi-homed PDU session; QoS
handling for user plane, e.g., packet filtering, gating, UL/DL rate enforcement; DL packet

buffering and DL data notification triggering.

Similar to LTE, 5G network protocols are classified into control and user planes. The NG user plane
protocol stack between a gNB node and a UE is illustrated in Figure 2.7. The Service Data Adaptation
Protocol (SDAP) sublayer is responsible for mapping between a QoS flow and a data radio bearer and
marking QoS flow ID (QFI) in both DL and UL packets. The concept of QoS flow and QFI is explained
in more detail in Section 2.3. The rest of the sublayers’ functionality is the same as in LTE. A difference
is in the physical layer, since, unlike LTE, 5G exploits low density parity check for both DL/UL shared
channel coding. For more details, one is referred to [3GPP20d] and [3GPP20e].

RLC f RLC
MAC  «——>  MAC
PHY ‘ PHY

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.7 — 5G user plane protocol stacks (extracted from [3GPP20d]).

Apart from the bands used for LTE, new ones were added to 5G spanning from 450 MHz to around
6 GHz. Using previously unexploited frequency bands, i.e., millimeter waves, frequency bands above
24 GHz or even 60 GHz are foreseen, enabling 5G with higher data rate and capacity. 5G supports both
paired and unpaired bands: in the former, distinct frequency ranges are allocated for UL and DL, and in
the latter, a single shared frequency range is allocated to both UL and DL. The Frequency Ranges (FR)
in which NR can operate are described in Table 2.3, where FR1 includes all existing and new bands
below 6 GHz and FR2 includes new bands in the range of 24 to 53 GHz, [3GPP20f].

5G uses OFDMA for both UL and DL. Unlike LTE, where SC-FDMA is the main and the only data
transmission scheme in UL, OFDMA is the main transmission scheme for 5G in UL with the possibility
of using SC-FDMA as complementary. Moreover, 5G supports several ranges of SubCarrier Spacing
(SCS) as it is designed to support a wide range of deployment scenarios. Therefore, the subcarrier
spacing baseline is selected to be 15 kHz, but it can vary in the range of 15 kHz to 120 kHz [3GPP20f].
The number of RBs for each BS channel bandwidth and the SCS is specified in Table 2.4 for FR1 and
Table 2.5 for FR2.
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Table 2.3 — 5G operating bands in FR (based on [3GPP20f]).

i
BN 1920-1980  2110-2170  FDD n257 26500 - 29500  TDD
BNPARN 1850 - 1910  1930-1990  TDD 24250 -27500  TDD
17101785 1805-1880  TDD 37000 -40000  TDD
BERN  824- 849 869-894  TDD 27500 -28350  TDD
2500 -2570 26202690  TDD
RN 880-915 925 — 960 FDD
BN 699 - 716 729 - 746 FDD
RPN 832 - 862 791 - 821 FDD
BNPERN 1850 - 1915 19301995  FDD
BRPERN 703 - 748 758 — 803 FDD
2010-2025 2010-2025  TDD
2570-2620 2570-2620  TDD
(ECI 1880 - 1920 18801920  TDD
BTN 2300 -2400 2300 -2400  TDD
BNIVERN 2496 -2690 2496 -2690  TDD
BLEIN 14321517 1432-1517  TDD
BN 1427 - 1432 1427-1432  TDD
BN 17101780  2110-2200  FDD
1695-1710  1995-2020  FDD
663-698  617-652  FDD
1427 - 1470  1475-1518  FDD
n75 N/A 1432-1517  SDL
N/A 1427 -1432  SDL
33004200 3300-4200  TDD
BN 3300 -3800 33003800  TDD
4400 - 5000  4400-5000  TDD
B 1710 - 1785 N/A SuL
BN 880 - 915 N/A SuL
BNEPN 832 - 862 N/A SuL
703 - 748 N/A SuL
LI 1920 - 1980 N/A SuL
DL 1710 - 1780 N/A SuL

Table 2.4 — Number of RBs associated with each channel bandwidth for FR1 (based on [3GPP20f].

Channel Bandwidth

SCS [kHz]

15
30
60

25 52 79 106 133 160 216 270
65 78 106 133 162 189 217 245 273

38 51

11 24 38 51
18 24 31

N.
A

N. A

65 79 93 107 121 135
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Table 2.5 — Number of RBs associated with each channel bandwidth for FR2 (based on [3GPP20f].

Channel Bandwidth
SCS [kHz]

60 132
120 32 66 132 264

As mentioned in the previous section, the number of bits that can be carried by a single RE depends on
the selected MCS. An appropriate MCS is selected, based on the information that the UE sends about
its communication channel quality. 5G supports 1T/2-Binary Phase Shift Keying (11/2-BPSK), BPSK,
QPSK, 16QAM, 64QAM and 256QAM [3GPP20g].

Moreover, similar to LTE, 5G exploits channels to deliver information faithfully in the network. Data are
classified for efficient delivery in the 5G layers. Since this concept's principles are the same as for LTE,

the discussion is not repeated in this subsection.

2.3 Quality of Service

The particular quality a network offers for a service is called QoS [PSADO5]. The number of simultaneous
users, bit rate and power level are key factors affecting the quality achieved by users. In order to study
QoS, a bearer service with clearly defined characteristics and functionality should be set up from the
source to the destination of a service.

Nowadays, people use different service types while using mobile communications systems: one can
make a phone call using VolP while browsing the internet at the same time. Requirements vary
depending on the type of service, e.g., VoIP cannot tolerate much delay while a slight delay in web
browsing is bearable. Therefore, there are two categories of bearers in LTE: Guaranteed Bit Rate (GBR)
bearers guarantee minimum bit rate for their services and are suitable for real-time services, e.g., voice;
Non-GBR bearers offer no such guarantees, so they are suitable for non-real-time services, e.g., web
browsing. Each bearer has two fundamental parameters: QoS Class Identifier (QCI) and Allocation and
Retention Priority (ARP). QCI is a scalar representing predefined values for priority, Packet Delay
Budget (PDB), and Packet Error Rate (PER), a bearer being always associated with a QCI, enabling an
eNB to decide how to handle a bearer. ARP is used to determine whether to accept or reject a bearer

establishment in case of radio congestion. In Table 2.6, standardized QCI characteristics are listed.

In LTE, QoS is divided into four different classes concerning the type of service [3GPP20h]. Table 2.7

summarizes the key features of QoS classes, being defined in what follows.

o Conversational contains applications performing real-time conversations between live end-users,
e.g., voice over IP and video conferencing. Preserving time relation between information entities of

the stream is a characteristic of the applications within this class.

22



Table 2.6 — Standardized QCI characteristics for LTE (based on [3GPP16a]).

Re_?;:éce Priority Level I[:;ES Example Services
n 2 100 102 Conversational Voice
n 4 150 10  Conversational Video (Live Streaming)
n 3 50 10 Real-time Gaming, V2X messages
5 300 10° Non-Conversational Video (Buffered
GBR Streaming)
' Mission Critical user plane Push To
2
ﬂ 0.7 nw Talk voice (e.g., MCPTT)
2 100 102 Non-Mission-Critical user plane Push to
Talk voice
25 50 102 V2X messages
| 5 1 100  10° IMS Signaling
6 Video (Buffered Streaming)
(For Multimedia Priority 300 10® TCP-based (e.g., www, e-mail, chat, ftp,
Services subscribers) progressive video, etc.)
7 100 103 Voice, Video (Live Streaming)
8
F .
(sgt;spgr?l;g?s? Video (Buffered Streaming)
Non-GBR 9 300 10® TCP-based (e.g., www, e-mail, chat, ftp,
(for non-privileged progressive video, etc.)
subscribers)
y Mission Critical delay sensitive
6
ﬂ 0.5 60 10 signaling (e.g., MC-PTT signaling)
y Mission Critical Data (e.g., example
6
55 200 10 services are the same as QCI 6/8/9)
6.5 50 107 V2X messages

Table 2.7 — QoS classes (extracted from [Corr14]).

Yes Yes No No

Yes No No No

| Switching  BEEERSE cs PS PS

Yes Yes No No
Minimum/ Fixed  Minimum/ Variable  Moderate/ Variable  High/ Variable
m No Yes Yes Yes

No No Yes Yes
m Voice video—clip www email

Streaming encloses applications that are demanding real-time data flow, e.g., streaming video and

audio. This class of applications also preserves time relation between information entities.

Interactive is employed when data is requested from a remote device. Applications, including web-
browsing, database retrieval, server access or polling for measurement records and automatic
database inquiries fall into this class. Requesting response patterns and preserving payload content

are essential characteristics of QoS in this class.
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e Background is a scheme applied when the application runs in the background, e.g., email, SMS
and download of databases. In this class of applications, the destination is not expecting the data

within a specific time, but payload content should be preserved.

5G is capable of responding to a diverse range of services and applications. 3GPP categorizes 5G
services into five classes [3GPP16b]:

1. enhanced mobile broadband,

2. critical communications,

3. Massive machine Type Communications (MTC),

4. network operation,

5. enhancement of Vehicle-to-everything (eV2X).
A conceptual diagram depicting the service dimensions is presented in Figure 2.8, showing some
examples of the services in each class. One should note that the service classes defined in the earlier
version of mobile communications, i.e., conversational, streaming, interactive and background, are also

foreseen to be supported by 5G.
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Figure 2.8 — 5G service dimension (extracted from [3GPP16b]).

In order to guarantee QoS, 5G proposes a model presented in Figure 2.9: 5GC establishes one or more
PDU session for an individual UE; the process starts by sending a PDU session establishment message
from the UE side to the 5GC; once the 5GC receives the request, it sends an inquiry to the gNB for the
resources that the PDU session requires; the gNB then asks the UE to establish one or several data
radio bearers over which the data is exchanged between UE and gNB. A logical interface between the
NG-RAN node and UPF, i.e., NG-U, is also established for data transmission between gNB and UPF.
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UPF performs transport level packet transmission on a per QoS Flow basis, making QoS differentiation
among the distinct PDU sessions. A PDU session may contain one or multiple QoS flows. Packets of
the user plane traffic mapped onto the same QoS flow receive the same traffic forwarding treatment,
e.g., scheduling and admission threshold, edge-to-edge between the UE and the UPF. One of the
fundamental parameters that 5GC exploits to characterize an individual QoS flow is 5G QoS Identifier
(5Ql), which is a scalar representing predefined values for resource type, priority level, PDB, PER,
averaging window and maximum data burst volume as the performance characteristics that a QoS flow
receives. The one-to-one mapping of standardized 5Ql values to 5G QoS characteristics are specified
in Table 2.8.

Table 2.8 — Standardized 5QI to QoS characteristics mapping (extracted from [3GPP18]).

Default
Maximum Data
Burst
Volume[B]

Default
PDB
Priority
Level

5Ql |Resource Example Services

Value | Type

- 20 100 102 Conversational Voice
m 40 150 103 Conversational Video (Live Streaming)
Real-time Gaming, V2X messages,
i Electricity distribution — medium
3
. 30 50| 10 voltage, Process automation -
monitoring
GBR 5 Non-Conversational Video (Buffered
- 50 300 | 10 Streaming)
7 75 102 Mission Critical user plane Push To
Talk voice (e.g., MCPTT)
) Non-Mission-Critical user plane Push
2
m 20 100 | 10 To Talk voice
15 100 103 Mission Critical Video user plane
| 5] 10 100 10% N/A IMS Signaling
Video (Buffered Streaming), TCP-
60 300 10° based (e.g., www, e-mail, chat, ftp, p2p
file sharing, progressive video, etc.)
7 70 100 107 Voice, Video (Live Streaming),
Interactive Gaming
m 80 Video (Buffered Streaming), TCP-
Non-GBR 300 10° based (e.g., www, e-mail, chat, ftp, p2p
m 90 file sharing, progressive video, etc.)
5 60 10 Mission Critical delay sensitive
signaling (e.g., MC-PTT signaling)
55 200 10° Mission Critical Data
65 50 102 V2X messages
§ Low Latency eMBB applications
6
m 68 101 10 Augmented Reality
m 19 10 10* 255 Discrete Automation
Joay 22 10 10* 1354 Discrete Automation
ritica
m GBR 24 30 10° 1354 Intelligent transport systems
| 85| 21 5 10° 255 Electricity Distribution- high voltage
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Figure 2.9 — QoS architecture (extracted from [3GPP20d]).

2.4 Coverage and Radio Capacity

Coverage and radio capacity are two major factors limiting cellular network performance. Coverage
indicates how strong the transmitted signal should be in order to be recovered by a typical mobile device
far from the BS, being more critical in rural areas. To estimate coverage, the Propagation Loss (PL)
should be analyzed. To achieve the highest PL, it is required to have the largest value that a transmitter

can send and the smallest value at which the receiver can recover the information.

However, these calculations are not enough because the actual PL depends on other factors, i.e., radio
propagation antenna and geographical aspects. The effective height of the antenna concerning the
ground should be considered as well. An elevated antenna propagates radio waves farther, which leads
to a higher coverage; however, since each cell's radio capacity is limited, the extra coverage may not
be useful, and it can cause interference in neighboring cells.

The cell coverage radius can be estimated considering the link budget and an appropriate propagation

model for the path loss, [Corr20],

PridBm] * GT[dBi]~ PR[dBm] * GR[dBi] ~ LP[dB]
1

R[leéi] =10 0apq , (21)

where:
e P.: power fed to the antenna,

e (G: gain of transmitting antenna,

26



e Pg: power sensitivity at the receiver antenna,
e (Gg: gain of the receiving antenna,
e Lp: path loss given by the link budget computation,

* a,,: average power decay.

The above-mentioned factors influence the cell size, cells being categorized as Macro-, Micro-, Pico-

and Femto-cells with respect to the size. Table 2.9 shows the typical cell radius.

Table 2.9 — Different cell radius (extracted from [Corr14]).
"~ el Radiusikm _
| maco EEEEEE

0.1-1
<01
<0.05

On the other hand, radio capacity describes the number of devices that a BS can process, limited by
the BS data rate, which is crucial in crowded areas, e.g., urban ones. The maximum number of users
who can access the network depends on the amount of RBs and data rate allocated to each one
according to the modulation and type of service. The total number of users in a single cell can be

estimated as [Carr11]

NY, = AfBW[Hinsch Gpos Gmud ’ (22)

cell AfBwulHz]

where:

o Afpy: total bandwidth available,
» Gy, radio capacity gain obtained due to users positioning in the cell,
e Gmuq: radio capacity gain obtained due to multi-user diversity,

«  Afgyn,: average bandwidth of the RBs allocated per user,

e N Scheduler efficiency, chosen in [0, 1].

As (2.2) shows, the bandwidth allocated to each cell has a strong effect on capacity. LTE works in a
diverse range of bandwidths, which can be enlarged even more with carrier aggregation, therefore, radio

capacity is much higher in LTE compared to previous cellular network generations.

5G also supports the concept of carrier aggregation, but it can support the aggregation of up to 16 carrier
components with different bandwidths, which leads to a transmission bandwidth of up to 6.4 GHz
[DaPS18]. The application of new network topology, i.e., using small cells installed closer to subscribers,
Wi-Fi offloading, advanced antenna techniques and MIMO channels, also increase the overall user
throughput and radio capacity in 5G.

Itis important to note that radio capacity is inversely related to QoS: the higher is QoS, the lower capacity
is. Tuning coverage, capacity and QoS is an optimization problem that is addressed in radio network

planning.




2.5 C-RAN and Virtualization

The proliferation of high data rate applications in conjunction with high mobile terminals usage nowadays
has triggered a drastic increase in data rate demands [Cisc19], therefore, wireless network providers
must continuously improve their infrastructure to serve this demand accordingly. The challenge is even
more difficult because resource allocation in conventional RANs is inefficient, since it is based on peak-
hour traffic requirements, while users' demand is time-varying, hence, traffic not being always at the
peak level and being possibly up to 10 times lower in off-peak hours [CCYS14]; thus, a fixed allocation
scheme leaves resources idle in various times/areas. C-RAN has emerged as a centralized paradigm
to provide a solution for higher data rates and capacity demands in a cost-efficient way. In this section,
the C-RAN architecture and its advantages are discussed according to [NGMN13], [CMRI13], [CCYS14]
and [HDGK13].

In contrast to the traditional RAN architecture, where radio and baseband processing are integrated
inside the BS, C-RAN splits the functions set into two main categories: the radio unit as RRH and signal
processing unit as BBU. A C-RAN architecture is illustrated in Figure 2.10: baseband processing units
of multiple traditional BSs are separated and aggregated into a central site to form a BBU-pool to which
associated RRHs are connected. Multiple BBU-pools are connected via a high-speed optical link at a

higher level.

C-RAN Core
Network

Central Office
Data Centre

Figure 2.10 — C-RAN architecture (extracted from [FPHG14]).

From a technological viewpoint, BBU implementation can be based on a General-Purpose Processor
(GPP), Graphics processing units (GPUs), or traditional BS platform (non—-GPP based). As GPP
technology has improved in terms of new instructions, processing pipeline, power consumption and
powerful cache technology, it is possible to exploit GPP in signal processing and BBU-pools.
Furthermore, multiple Central Processing Units (CPUs) can be embedded in one server, each with
multiple cores, which increases performance at a high rate and meets all kinds of processing
requirements from PHY layer to application layer, control and data plane.
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As GPPs (or GPUs) are programmable processors, GPP based systems have advantages in flexibility
and configurability. Therefore, it supports easy migration to newer and updated standards. The usage
of application-specific hardware, e.g., Field-Programmable Gate Array (FPGA) and Application-Specific
Integrated Circuits (ASICs), and software, is another approach for BBU-pool implementation that has
been taken by most traditional RANs so far. In any case, to handle the antenna interface function, e.g.,
CPRI, network switch interface and/or pre-processing, i.e., conjoint processing among users in the area
of an RRH, dedicated interfaces are required in a BBU and should be embedded.

Items located in an RRH include radio equipment, antennas, backhaul transmission equipment and
other auxiliary equipment, such as power supply equipment, towers and monitoring equipment. A
diverse range of network topologies, e.g., star, tree, ring and any combination, can be exploited to
connect RRHs by fiber to BBUs. Selecting the type of connection to the BBU depends on fiber
accessibility in the geographical region, e.g., in an area with plenty of fiber resources, the star topology
is recommended due to the high transmission reliability. The connection between BBUs and RRHSs, on
the other hand, can be centralized or distributed: in the centralized design, a switch is required to
transmit RRHs data to/from BBUs, while in distributed mode, RRH and BBU are connected directly.

Furthermore, the strategy to split the functions set results in full centralized or partial centralized C-RAN
architecture: in the former, the BBU consists of L1, L2 and L3 BS functions, while in the latter, the BBU
does not include L1 functions, but it integrates all other higher-layer functions. In another words, RRH
includes both the PHY and the radio functions [CMRI11]. The two partitioning strategies are illustrated
in Figure 2.11. Nevertheless, there are various possibilities on partial centralized C-RAN depending on
how splitting PHY functions between RRH and BBU.

Partial Full
) ) Antenna
Centralized Centralized

GPS : :
| | N \
Base-
—© E\gf Main ¢ :: band | ., Digital | ... | Transmitter ng‘
- ‘J\> Control process- <:ﬁ> IF /Receiver | | oa | e e
work | - | LNA
& Clock | ing :
BBU I l RRH

Figure 2.11 — Different separation method for BS functions (extracted from [CMRI11]).

Regardless of different C-RAN splitting point, it has significant benefits, listed as follows [CMRI11]:

e Adaptability to non—uniform traffic: During the day, the number of people in a particular area
varies, e.g., population is more in residential areas in non-working hours, therefore, for each area,
peak traffic loads do not occur at the same hour. However, BSs are tuned to operate correctly even
in peak hours, which means a big waste of sources during non—peak hours. Centralizing BSs with
different peak-hour traffic, e.g., by mixing residential and business regions in the same BBU-pool,
balances resource usage, as the resources of under-loaded BSs at a given time instant can be
shared with over-loaded ones. It is then expected to have lower peak resource requirements in a
pool than the sum of peak requirements of individual BSs.
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¢ Energy and cost saving coming from statistical multiplexing gain in BBU-pool: In total, C-
RAN can save 15% capital expenditure and 50% operational expenditure compared to traditional
RAN. Providing power to the RRH and BBU and air conditioning spend a considerable amount of
energy in a mobile network. As mentioned before, in C-RAN, less BBUs are sufficient to meet
network needs, therefore, the electricity cost can be decreased. Besides, in the hours that fewer
subscribers are active, it is possible to switch off some BBUs in the pool, which do not impact on
overall network coverage. On the other hand, gathering equipment in a central place reduces civil
work on remote sites.

e Increase throughput and decrease delays: In LTE, radio resources are shared, leading to
increased throughput and decreased delays. The idea is to use the same frequencies in all cells,
therefore, inter-cell interference is high in these systems, Inter-Cell Interference Coordination (ICIC)
being an approach addressing inter-cell interference. With ICIC, in the case of interference, the UE
sends feedback to the eNB, and the eNB cooperates with the adjacent cells not to use that specific
subcarrier. Coordinated Multi Point (CoMP) is another technique to improve inter-cell interference,
where several cells are grouped in a CoMP-set, cooperating with each other to serve one or several
UEs depending on their feedbacks. Since in C-RAN several BBU are integrated in one place, it is
possible to collect all cells within a CoMP to be served in one BBU-pool, hence, tighter interaction
between BSs is achieved. Moreover, ICIC operation can be improved by easier connection between
multiple BBUs rather than many cells.

¢ Ease in maintenance and network upgrades: C-RAN can manage the network in peak hours and
non—peak hours properly with less human intervention. Besides, hardware upgrade is possible by
upgrading just a very few locations in the BBU-pool. With C-RAN, implementing new standards and
frequent CPU updates is more comfortable as well. Moreover, exploiting Software Defined Radio
and software BSs, makes it achievable to upgrade to new frequencies and new standards through
software updates instead of hardware upgrades. On the other hand, to upgrade the system to
increase coverage and radio capacity or deploy a new cell, can be done just by adding a new RRH

or install a small device to the BBU pool, hence, flexibility is increased.

Although C-RAN provides significant advantages, it raises some challenges as well. To carry the
baseband In-phase and Quadrature (IQ) signals, a high bandwidth between the BBU and RRH is
required. Furthermore, techniques for BBU cooperation and interconnections, as well as virtualization
techniques, should be developed. Moreover, to take advantage of C-RAN benefits, efficient strategies
should be applied in order to distribute the resources of the BBU-pool among BBUs. An efficient resource
provisioning scheme should minimize both the resource idle times and the BBUs’ over-loading.

Virtualization is constructing one or several logical entities on top of an abstracted physical one
[CCYS14]. The goal is sharing computing resources with the aid of a set of virtual nodes and links. To
this end, several virtual entities coexist in one physical infrastructure. With virtualization, a virtual
environment for guest Operating System (OS) and applications is provided. The guest OSs are
separated, even though they are running on the same physical machine. The critical point in
virtualization is isolating each virtual element from the others. Applying virtualization promotes flexible

control and low cost, efficient resource usage.
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Virtualization can be done in several scopes in the network, namely computing resources, radio
resources and network management application entities. In this thesis, one focus on the BBU-pool
computing resource management. Network virtualization separates the BBU-pool's data storage,
processing capacity and management control to constructs virtual BSs on top of existing resources, e.g.,
CPUs, memory and network interface card, Figure 2.12. The virtual BSs run a portion (or full, depending
on splitting point) of L1, MAC and upper layers functionality as software applications. Virtualization
techniques share a common network environment, programming environment and an IT platform among

several BSs.

Customized Customized Customized
application application application
Virtual BS Virtual BS | =====--- Virtual BS
Operating system
CPU CPU CPU
Memory Memory  |===--- Memory
\ NIC NIC NIC /

Figure 2.12 — BBU-pool with multiple virtual BSs sharing hardware and systems
(extracted from [CCYS14]).

2.6 Resource Allocation and Game Theory

In cloud areas, resource allocation plays an essential role in the performance of the entire system. Since
BBU requirements are not uniform across the network, an optimal resource allocation strategy is needed
to distribute BBU-pool resources among BBUs fairly. The importance of optimal resource allocation
becomes even more significant in the presence of resource shortage, when not all BBUs’ demands can
be served simultaneously. In these cases, the resource allocator should prioritize BBUs appropriately in
order to satisfy QoS constraints. On the other hand, as BBU traffic demand fluctuates over time, the
allocator should keep the provided resources as close as possible to the real-time demand to enhance
resource usage. As a result, the resource allocation in a C-RAN BBU-pool can be considered as an

optimization problem under uncertainty for a dynamic environment.

In order to find an optimal solution for the resource allocation problem in a BBU-pool, the bargaining
concept in cooperative game theory can be applied. This concept is applied to competitive situations,
where players are strategically competing against one another for the same resources [Myer91].
Computing resource allocation in the BBU-pool can be defined as a bargaining game in which the

players, i.e., BBUs, compete for the BBU-pool's AvCC to increase their signal processing speed in order
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to satisfy QoS constraints.

In order to solve this problem, the Nash Bargaining Solution (NBS) as a well-known solution to
bargaining problems can be applied [Myer91]. NBS fairly splits resources among players by allowing
them to bargain with each other. A negotiated outcome is selected from a given set of feasible outcomes.
The outcomes are evaluated according to the individual utility functions of the players. The players are
bargaining to agree on choosing an element that maximizes their utility. If the players' total resources
are less than the available ones, the entire players' requests are satisfied. Otherwise, NBS provides an
optimal compromise solution. The players may only obtain the minimum number of resources they

expect by joining the game without cooperation, which is called disagreement.

NBS is the unique fair Pareto optimal solution among all feasible ones that maximizes the product of the
utility gains over all negotiators, being a useful tool to model interactions among negotiators that
guarantees all players acquire the maximum utility with fair concerns [Myer91]. Mathematically, a
bargaining problem with N, players is defined as a pair (S U {Rpinivpx11} Ujnpx1y) Where ST is convex
and a closed set, containing all the feasible solutions for the problem, and U is the utility functions set,
such that

u[NpXI](RI[qI\leXI]) = [ul(R[Al\ipxl])’ ""uNp(R[AI\ipxl])]T' (23)

where U;: RV? - R is the utility function of player i, and
T
Ry = [ il ] (2.4)

where 71! is the number of resources allocated to player i. The utility function in a game represents the
players' preference that is defined when a problem is formulated as a bargaining game. Moreover,

Rpnin € ST is the minimum desired number of resources that should be guaranteed to the players,

T
Rmin[Np><1] = [rminl' "min 2> "Tmin 3 ""Tmian] ’ (25)

where 1,;,; is the minimum number of resources that player i expects by joining the game, being also

defined in the problem formulation phase.

Given S5, R,,;, and U, the NBS, Rf‘,\l,;Xl], is achieved by solving the following optimization problem:

Riql\lllxl] = argmax (H?]:P1 [ui(RfI\llpx1]) - ui(Rmin[NPXﬂ) ]) ) (2.6)

RAL esFS U{R

[Npx1] min[Npx1]

The aim is to find the optimal solution from the given set of feasible solutions that maximizes all players’
utility while fairness among them is satisfied. The NBS is the unique solution for a bargaining game that
satisfies Nash axioms as the attributes that any rational solution should meet to come up with fairness
and efficiency, being defined as follows [Myer91]:

1. Strong efficiency: it asserts that the solution should be feasible, in other words R4 € S75; the
solution should also be Pareto efficient, meaning that none of the players can be made better utility
without making at least one player worse utility.

2. Individual rationality: it asserts that the solution should be better off than the disagreement point.
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3. Scale covariance: it asserts that if the same affine transformation is performed on all players'
utilities, then the solution will be transformed accordingly.

4. Independence of irrelevant alternatives: it asserts that the solution should not be affected if an
irrelevant alternative is eliminated, i.e., R4" is a bargaining solution for any subset (S¥5)" of §FS
that contains R4V,

5. Symmetry: it asserts that in the players' equal situation, the solution should not discriminate among
them.

The symmetry axioms mentioned above guarantees the equal priority of players during the bargaining
game, meaning that all players involved in the bargaining game are assigned with the same bargaining
power. However, if the negotiators in a bargaining game have strategic advantages, an asymmetric
solution arises, maximizing the production of weighted utility functions [Binm91], [Myer91], where the
weights are positive values reflecting the negotiators’ bargaining powers, therefore, the generalized NBS

(GNBS) is a unique solution to the defined bargaining problem that satisfies axioms 1 to 4 above. GNBS

is characterized as the point Ry, , that

RN = argmax (HIL'V:pl [U(Riy ) — ui(Rmin[prll)]Bi)'

Al FS
REN pct] €5 uf

(2.7)

Rmin[Nle]

where B; is player i’s bargaining power.

2.7 State of the Art

Pooling, cloudification and virtualization have been studied from different viewpoints in the area of
telecommunications. This section provides an overview of the state of the art and resource management
strategies in C-RAN.

2.71 C-RAN Architecture

Several architectures for C-RAN have been proposed, enabling load balancing and computing resource
management within the BBU-pool using RAN softwarization and virtualization techniques.

In [NGMN13], suitable scenarios for C-RAN utilization and its major functionalities were studied. An
architecture for C-RAN was explained, in which RRH clusters, composed of several RRHSs, are
connected to associated BBU clusters, each composed of several BBUs, in the BBU-pool. To balance
load, data from an arbitrary RRH in the cluster can be switched to any BBU in the associated BBU

cluster.

The authors in [HDGK13] go one step further, by introducing a C-RAN architecture with Multi-Site/multi-
Standard BaseBand Unit (MSS-BBU) and discussing the prerequisites and challenges for a multi-
standard cloud radio BS, where each cluster of several RRHs can exploit a separate pool. At a higher

level, pools in various locations are interconnected by high—speed optical links. Furthermore, an element
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in every MSS-BBU, called a Decentralized Cloud Controller (DCC), controls the load balancing within a
cloud-based BS. It collaborates with other DCCs from adjacent MSS-BBUs. If the available computing
resources of an MSS-BBU are insufficient to meet the resource requests, the local DCC asks the

computing resources from its remote neighbors by sending the load toward them.

Several software implementations of LTE and 5G eNB have also been developed, e.g., Amari LTE 100
[Amar15] and Open Air Interface (OAIl) [OAI14], which enables LTE and 5G RAN functionality as a
software implementation over GPPs in virtualized environments. Alyafawi et al. [ASBD15] also studied
the processing time deadline to find acceptable execution platforms for C-RAN in virtualized
environments. They focused on the LTE FDD PHY layer and infrastructure as a service that handles
and manages storage, network and other computing resources among Virtual Machines (VMs). Open
Stack is exploited to orchestrate the computing resources on VMs. Furthermore, OAl is deployed as a
software BBU running on Real-time Linux (RTLinux) in a GPP host machine. The processing time of
two distinct hypervisors, kernel based VM and Linux containers, are compared. They calculated the
processing time for sub-frames in UL and DL in the BBU side and multiple MCSs and bandwidths. The
results show that, despite all the various configurations, the processing time for de/encoding increases
with the MCS index's increase, and a decoding time twice as long as the encoding time. Moreover, it
was concluded that VMs with at least 4 GHz CPUs are required to support the LTE-FDD PHY layer with

maximum load.

Moreover, in [MCN15], a service-oriented architecture for LTE was introduced. In a way that all the
network elements e.g., EPC elements or RAN, are regarded as a service that can be offered as a service
instant to an enterprise end-user, i.e., an operator. Service Manager, service orchestrator and cloud
controller are three primary functional components of this architecture that manage and control the
infrastructure and services. Each service has a service orchestrator and the cloud controller cooperating
to manage the configuration coordination of all services instances. The architecture of each service
orchestrator and the cloud controller differs according to each service requirement. Once an enterprise
end-user request arrives at the service manager, a service orchestrator is created, which communicates
its needs and requirements to the cloud controller in order to create, configure, orchestrate and manage
the requested service instant, e.g., instances of RAN and EPC. Once a service instant is established
and running, the cloud controller delivers an interface to the enterprise end-user. This proposed
architecture is compared with the Network Functions Virtualization (NFV) architecture of the European

Telecommunications Standards Institute to show its compromise with current industry activities.

The feasibility of exploiting GPUs to build wireless BSs was also studied in [ZCLD15]. The authors
developed parallel implementations of the main BS functions to evaluate the GPU utilization as the
baseband signal processors. Their result shows that four NVIDIA GTX680 GPUs are required to achieve

real-time LTE sub-frame processing.

2.7.2 Computing Demand Estimation and Resource Allocation

Dynamic radio and computing resource prediction and allocation increase the efficiency and the radio

and computing capacity of a network. Evaluating the traffic demand is the first step in an efficient
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resource allocation; the optimal solution for resource utilization can only be found afterwards. In a cloud

networking environment, this topic has received significant attention in recent literature.

[Eart12] and [MAMM16] proposed a model to estimate the amount of RCCs of a BBU. The RCC of a
BBU is the amount of computing capacity required so that no computing delay is imposed on the signal
processing. By taking some well-defined operating scenarios, the RCC per information bit transmission
is estimated by counting the number of mathematical operations that each signal processing step
performs. The achieved values are then scaled for any desired scenario, considering the network/user
parameters' variations that affect the result, e.g., bandwidth and number of antennas. The estimated
RCC values and the scaling rules have been interpreted from various sources either from scientific

research or empirical experiments.

After estimating the computing demand of the BBU, the next step is to find the optimal allocation of
resources among them. Several resource management approaches have been proposed in the

literature, aiming at maximizing C-RAN computing resource utilization.

X. Wang et al. [WTTC16] proposed a model to balance load among the BBUs in a pool. In BBU over-
loading, the excess load is migrated to other underutilized active BBUs, enabling the over-loaded BBU
to use the extra resources left by the other BBUs in the pool at a specific time instant. Consequently,
the load becomes more balanced, leading to improved resource utilization and better energy efficiency.
Within this framework, they formulated the C-RAN resource management problem as a linear integer
programming challenge. The proposed model re-assigns the processing tasks that cause BBU over-

loading to the appropriate underutilized BBUs so that BBU-pool resource utilization is enhanced.

Additionally, load migration enables reducing the number of active BBUs by consolidating the processing
task of multiple BBUs in a few ones in off-peak hours, when most of the BBUs in the pool are
underutilized. K. Sundaresan et al. [SASR16] suggested a dynamic RRH to BBU mapping framework,
which enables a BBU to serve several RRHs at the same time. The goal was to minimize the idle
resources by reducing the number of active BBUs when traffic load is low and a single BBU is sufficient,
showing a 50% improvement in resource usage compared to the baseline one-to-one RRH to BBU
mapping strategy. Similarly, Al-Dulaimi et al. [AIAN19] proposed a model based on graph coloring to

switch off low traffic BBUs and divert their processing load to neighboring under-loaded ones in the pool.

The authors in [YoTP18], and [QHSV15] also formulated the BBU-pool resource allocation as a bin
packing problem. BBUs are treated as bins with finite computing capabilities and the cell processing
tasks as the items that should be packed in the bins so that fewer BBUs are used; they used heuristic

algorithms to solve the defined problems.

W. Chien et al. [ChLC19] went beyond the BBU-pool and proposed a resource management model to
improve network resource usage by turning off the BBU-pools with low traffic and redirecting their RRHs

in the network.

Many works in the literature focus on load migration as a strategy for resource utilization optimization in
a BBU-pool. However, this policy imposes additional overheads to the network due to increased data

exchanges between the source and the target BBUs [CFHHO05]. The migration cost is higher in dense
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areas, since handover, CoMP transmission/reception and interference occur more often among small
cells [NGMN15]. One approach for reducing the data exchange burden is to serve coordinated RRHs
with a single BBU [ZJJL17] and the BBU computing capacity being elastically reconfigured according to

its real-time demand.

An adaptive computing capacity strategy is chosen in this thesis in order to optimize the computing
resource utilization of the BBU-pool. To the best of our knowledge, to date, only a few works on BBU-
pool resource management have considered adaptable computing resources for the BBUs. D. Pompili
et al. [PoHT16] proposed a framework for elastic and on-demand computing resource allocation to the
BBUs in the pool employing virtualization techniques. The BBU functions are performed on the VMs
reposed on top of general-purpose servers. Their model estimates BBU demands, regarding a given
pattern, and delivers the BBU-pool computing resources accordingly.

Based on a similar platform, N. Yu et al. [YSDH19] proposed a model to improve the computing resource
utilization of a BBU-pool by switching off the low traffic RRHs and their associated BBUs, diverting their
processing load to the neighbors in the pool. If required, more resources are allocated to the target
BBUs in order to improve their processing capability. The models proposed in [PoHT16] and [YSDH19]
improve the computing resource utilization; however, both assume that there are always adequate
resources in the pool to meet the peak demands and do not suggest a resource management strategy
in the case of a resource shortage.
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Chapter 3

Resource Allocation Model

This chapter presents a novel model and algorithm for efficient computing resource management in a
BBU-pool. Section 3.1 gives a brief description of the chosen C-RAN architecture, strategies used for
BBU-pool virtualization and discusses the main network assumptions. Section 3.2 presents an overview
of the proposed resource management model. Section 3.3 summarizes the approach for estimating the
amount of computing resources that each BBU requires at a given time instant, and Section 3.4
describes the proposed optimization model for assigning the computing resources across the BBUs in
a BBU-pool, accordingly. Equal and demand proportional resource allocation models are also
described in Section 3.5 as two reference resource allocation schemes compared with the proposed
one. The rest of the chapter is dedicated to the definition of evaluation metrics, model implementation,

canonical scenario and the simulator/model assessment.
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3.1 Network Architecture and Assumptions

In this thesis, one considers a C-RAN architecture used for both 4G and 5G. The selected architecture
is presented in Figure 3.1, where BBUs from multiple BSs are aggregated in a BBU-pool and each BBU
is connected to its RRH through a high-speed optical link. The BBU-pools are linked together and
connected to the core network via high-speed connections in the upper level [CCYS14]. Some

assumptions are taken in order to constitute the network model being explained in what follows.

Core Network BBU-pool

Figure 3.1 — C-RAN architecture.

Although a BBU can transmit/receive a signal to/from several RRHs [CCYS14], for simplicity, it is
assumed that each RRH is served by one BBU in the pool and that a BBU serves just one RRH via a

high-speed, low latency fiber front-haul with abundant capacity.

Without loss of generality, only user plane data transmission is considered in this thesis. Concentration
is on the PHY layer, taking channel de/coding, de/modulation, MIMO de/pre-coding, channel estimation,
and OFDMA and SC-FDMA into account as the primary signal processing steps of the BBUs. However,
using a model similar to the one presented in Section 3.3, the proposed model can be fitted to the whole

protocol stack layers and the control plane data transmission and signaling.

A user is counted active at time instant ¢, if it has a packet to be received/transferred at that time. The
number of RBs that the user requires at a given time instant is a variable of its packet volume and MCS.
The user preferred MCS is derived based on its associated Signal to Noise Ratio (SNR). Since users
are considered mobile, they are assigned with a random SNR assumed to be unchanged within the
considered coherence time. It is also assumed that in the case of a packet loss, the transmitter resends
the same packet under the HARQ process, the retransmitted packet being treated as a newly arrived
one. New user arrivals are accepted until there is no more available radio RBs to be allocated. Although
a single user can arrive in the network several times and perform several services per day in the real
world, it is assumed that a user arrives just once to the network. Any new arrival to the network is

counted as a new user.
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A BBU-pool is a centralized location, including computing resources of multiple BSs being consolidated
in general-purpose servers, which are shared and flexibly allocated to the BBUs based on their real-
time demands through virtualization techniques. The architecture of a BBU-pool is illustrated in more
detail in Figure 3.2. Each BBU-pool contains several standard IT servers; baseband computing
resources being deployed on them. The implementation of baseband functionalities is based on
virtualization techniques that allow a single physical machine to act as multiple logical entities using a
hypervisor software layer. The logical entities called VMs share the computing, storage and
communication resources of the server. Each VM has a real-time guest OS on which an instance of a
software based BBU (so-called soft BBU) is implementing so that the BBU functionalities are

implemented as applications on the VM.

Server

Hypervisor

I—eere—l

Figure 3.2 — BBU—pool and RAN virtualization.

Although a server's computing resources include input/output, storage, memory, CPU, etc., for
simplicity, only CPU (with the same configuration for all servers) is considered the computing resource
in the pool. Each BBU-pool owns a specific number of computing resources. In order to share computing
resources between VMs, i.e., soft BBUs, processors are time-sliced. Each BBU gets full access to the
processors to execute its related processing, and then the next BBU gets them for the second split, and
so on. Resource sharing is detailed in Section 3.4.

3.2 Model Overview
An overview of the proposed computing resource management model for a single time instant is
presented in Figure 3.3. Different types of inputs are needed to feed the proposed model, which are

grouped according to their nature into user parameters and network ones.

Inputs Computing Resource Management Model Outputs

Allocation in BBU-pool Metrics

Network BBU's RCC BBUs’ AICCs
Parameters g N L\

User [RCC Estimation] Computing Resource =/ Evaluation

Parameters

Figure 3.3 — Model overview.
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The network inputs are the parameters that provide the characteristics of the network, including:
e Cell-specific info:

o type of cell, CTY?, i.e., Macro-, Micro-, Pico- and Femto-cell,

o RRH traffic type, HTY?, i.e., residential or business,

o operating bandwidth, Afgymuz)

o quantization resolution, Qg

o MIMO order, Nymo;
¢ BBU-pool specific info:

o number of the BBUs aggregated in the BBU-pool, Ny,

o available computing capacity, C45 ., (cops)-

The user parameters are those that specify the user characteristics that are identified as:
e User-specific info:
o number of spatial streams, Ny, ¢,

o SNR1 )/u,tk[dB]'

o packet volume, V, £z,

o service ID, sY;

e User Arrival Rate, R{j{iser/min)-

The aim of providing an efficient resource allocation strategy in a BBU-pool is to maximize resource
utilization. To achieve this goal, resources should be allocated to BBUs based on their real-time demand
such that QoS is maintained. Hence, the first step is traffic demand evaluation and the optimal solution
for resource utilization can be found only afterwards. In this way, the proposed resource management
algorithm comprises two components, Figure 3.3:

1. RCC estimation: calculation of instantaneous demand (measured in Operations per Second
[OPS]) of BBUs, according to the real-time network/user parameters.

2. Computing resource allocation in a BBU-pool: obtaining the optimal on-demand computing
resource allocation maximizes both BBU-pool resource utilization and efficiency with respect to
the required QoS.

By taking as inputs network and user parameters at a specific time instant, the estimation of the BBUs’
RCC is based on a well-defined model [MAMM16] and [DeDL15]. The results are then fed to the
computing resource allocation step in order to find the optimal AICC to BBUs. To this end, the BBU-
pool computing resource allocation is formulated as a game-theory based bargaining problem, which

is solved by the corresponding axiomatic solutions.

The resource management module's output is the BBUs' optimal resource allocations, which maximizes
the BBU-pool computing resource utilization, in addition to the evaluation metrics that enable evaluating
the proposed computing resource management strategy. Evaluation metrics are explained in detail in
Section 3.6, including:

e BBU fulfilment level, £, ,

o fairness index, F,,
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efficiency of resource allocation, 1, (¢,

resource usage, Utk [%] -

It should be noticed that just one time instant is considered in this chapter. The model for computing

resource management in a time-varying network is explained in Chapter 4.

3.3 Required Computing Capacity Estimation

3.3.1 BBU Physical Layer Processing

There are several options for splitting BS functionalities between BBU and RRH. Since the focus in this

thesis is on the BS PHY layer, the main BS processing steps that are considered to be performed in a

BBU involve channel de/coding and de/modulation, channel estimation, MIMO de/precoding steps, and
IFFT/FFT and cyclic prefix insertion (OFDMA/SC-FDMA), being presented in the BS processing set,
SProc given by

SProc — {Pchc' Pchd’ Pmd’ Pdm' Pmpc‘ Pmdc' Pche’ POFDMA‘ PSCFDMA}’ (31)

where:

P¢he; channel coding,
P¢hd: channel decoding,
P™4: modulation,

P4m: demodulation,
p™P¢: MIMO precoding,
p™ac: MIMO decoding,
Pche; channel estimation,
POFDMA. OFDMA,
PSCFDMA: SC-FDMA.

In order to exploit parallel processing, the total processing in the BBU should be split into smaller

portions, each allocated to a separate processor. Several levels of parallelization can be applied in the

BBU processing. As a BS can handle the process of several users in a single sub-frame, a more obvious

parallelization is to split the BS processing into any single user's process that each can perform

independently and in parallel. The goal is to split the total processing of a BBU into smaller parallelized

processing portions. Still, not all BS’s processing steps can be classified per user. For example,

IFFT/FFT and cyclic prefix insertion (OFDMA/SC-FDMA) cannot be split, as it consists of processing

the signal resulting from the combination of all the users’ signals. Therefore, the BS processing set,

SProc s classified into two categories:

User-specific processing (UP): it includes the signal processing steps that can be split per user and

its set, SUYP, containing channel de/coding and de/modulation, channel estimation and MIMO
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de/precoding, such that

SUP — {Pchc’ PChd, Pmd'Pdm’ pmpe, Pmdc’ Pche}_ (32)

The UP set for an individual user, depends on the user being in UL or DL. The users’ processing in

DL includes channel coding, modulation and MIMO precoding,

Spf = {pche, pmd, pmpey, (3.3)

and for UL it includes channel decoding, demodulation, channel estimation and MIMO decoding,

S[l]l]{J = {PChd,Pdm,Pes, Pmdc}. (34)

e Common processing (CP): it includes the common signal processing steps among all users for a
given RRH and its set, S¢?, containing FFT/IFFT and cyclic prefix insertion (OFDMA, SC-FDMA),

SCP — {pOFDMA pSCFDMA) (3.5)

Similarly, the CP set for an individual user depends on the user being in UL or DL. The CP in DL
includes OFDMA,

Sgp = {porpmMay, (3.6)

and for UL it includes SC-FDMA,

SGP = {pscromay, (3.7)

Each BBU receives multiple UPs from the MAC layer. Figure 3.4 shows the process done in each
codeword output from channel coding to the transmission antenna port on the bottom, for both DL and
UL. The output of a processing step is fed as input to the next one. A TB passed down from the MAC
layer to the PHY one is first channel coded, as depicted in Figure 3.4. In this model, the channel coding
scheme is a combination of error detecting, CRC, error-correcting, rate matching and scrambling, as
described in Section 2.1.3. The resulting encoded bits, i.e., codewords, are transformed in a
corresponding block of modulation symbols, e.g., 64QAM and 256QAM. After that, the MIMO precoding
takes place, which includes both MIMO encoding and layer/antenna mapping. Supplying different TM
results in different mapping and precoding operation that is specific to it. Then, the resulting signal is

mapped onto the time domain by OFDMA modulation, to be transmitted on each antenna port.

Data flow in UL has similar reverse steps. After removing the cyclic prefix, received signals first
transformed into frequency domain by SC-FDMA demodulation (or OFDMA in 5G). Subsequently,
channel estimation and MIMO decoding follows. Channel estimation aims to estimate the channel
characteristics; the effect of the channel on the transmitted information is estimated in order to decode
received signals correctly. After estimating the channel impulse response, received data blocks are
MIMO decoded. The goal is to separate and detect the received symbols via MIMO antennas and
reproduce original symbols faithfully. Now, received symbols are demodulated and decoded. These two
processing steps invert the operations of modulation and channel coding in the transmitter side. The

step tasks are described in more detail in Section 2.1.3.
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The next subsection is dedicated to estimating the amount of computing capacity that each BS

processing step requires.

Channel state
information

|

MAC scheduler

From MAC

r----

1 T
' 1
o= Attt =1 r"“'“': """ sl
Baseband | Baseband !
modulation 4 demodulation |4
: -~ 1
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L 2 N
IFFT and CP CP removal and
insertion (OFDMA) FFT (SC-FDMA)
RRH RRH
(a) DL (b) UL

User-specific processing Steps

Common Processing Steps

Figure 3.4 — A simplified block diagram for PHY layer process in a BBU.

3.3.2

The RCC of a BBU is defined as the minimum computing capacity required to perform its instantaneous
signal processing within a TTI. In order to achieve a BBU’s RCC at a given time instant t,, each of the
processing step’s RCC in the BBU should be calculated. In this thesis, the RCC estimation is based on

the model proposed in [MAMM?16], being performed by a function of parameters affecting the complexity

BBU Required Computing Capacity

of signal processing. The effective parameters are listed in the set SP%™,

RB
sparm = {AfBW[MHZ]' Nyimor Qpie)» My [bit/symbol]s Tus Nty M v }'

where:

e Afgy, : channel bandwidth, e.g., Afg,, € {20,40,100}[MHz],
o Nuymo: BS MIMO order, e.g., Ny € {1,2,4,8},
e (: quantization resolution, e.g., Q € {16, 24}[bit],

e m,: user u modulation, e.g., m, € {2,4,6,8,10}|bit/symbol], corresponding to QPSK, 16QAM,
64QAM, 256QAM and 1024QAM,

e 1,:user u coding ratio, e.g., ,, € [1/4,1],

®  Ngtr oyt User u number of spatial streams, up to the MIMO order,
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e 1 BU. user u RB efficiency, 7.V € [0, 1].

RB efficiency, n*5, is a parameter that affects the complexity of signal processing: for a single user u at

time instant t,, 7,,," is the fraction of available RBs in the bandwidth being allocated to the user, hence

NRB
RB Al u,ty
Mut, = ~NRE " (3.9)
Af
where:

e Nff,..: number of allocated RBs to the user u at time instant ¢,

o : total number of sub-frame’s RBs in a given bandwidth, e.g., Nif =200, in a 20 MHz
bandwidth.

The sum of all active DL/UL users’ RB efficiencies in a BBU states the BBU’s RB efficiency,

RBp _ RBy
MpriuLbt, = Mty (3.10)
vuesTPUL
where S, DL'”L is the set of all active DL/UL users in BBU b at t,. The network is fully loaded whenever

the total number of allocated RBs is equal to the available ones in the bandwidth.

In order to estimate a BBU’'s RCC, a reference value is given to each of the effective parameters.
Accordingly, an algorithm is selected for every signal processing step. The RCC of a UP/CP step is
then acquired by counting the number of arithmetic operations that should be performed per information
bit transmission. The reference values assigned to parameters x € SP¥™ and the processing step
RCCs obtained from them (which are named as the reference RCCs) are listed in Table 3.1 and

Table 3.2, respectively.

The reference RCCs can then be scaled to any other desired value of x € S*4™, For each UP step

p € SYP of user u, scaling is given by

Enfpyp En P Eqp Emp
CR“" Cref AfBw[MHz] Bw Npmimo MIMO Q[bit] Moy, tp [bit/symbol]
u,p,tr[GOPS] — “p[GOPS] ref NTef ref ref
(3.11)

AfpwMuz] MiMO Qi) Mpit/symbol]

En
rur\Erp (Nserue, \ o0 RBU EyRB, p
rref N;terf u tk

where:

o Cref: processing step p’s reference RCC, Table 3.2,

o Af1¢): channel bandwidth’s reference value, where Afye/ = 20 MHz,

o N, MIMO order’s reference value, where N;%,, = 1,

e Q7¢: quantization resolution’s reference value, where Q"¢ € {16,24}[bit],
e m": modulation order’s reference value, where m™/ = 6 bit/symbol,

e r7¢: coding ratio’s reference value, where r™¢/ = 1,

o N./: the number of spatial streams’ reference value, where N/ =1,
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e Epy,: bandwidth’s scaling exponent for the processing step p’s RCC, Table 3.2,

*  Eymop: MIMO order’s scaling exponent for the processing step p’s RCC, Table 3.2,

e E,,: quantization resolution’s scaling exponent for the processing step p’s RCC, Table 3.2,

e E,,: modulation’s scaling exponent for the processing step p's RCC, Table 3.2,

e E.,: coding ratio’s scaling exponent for the processing step p's RCC, Table 3.2,

e Eg.p:the number of spatial streams’ scaling exponent for the processing step p’s RCC, Table 3.2,

o [

2rep: RB efficiency’s scaling exponent for the processing step p’s RCC, Table 3.2.

Table 3.1 — Reference values for signal processing’s effective parameters (based on [DeDL15]).

Parameter (X € SParm) A]CBW[MI-IZ] My [bit/symbol] Ty | Nstruw | Nymo Q[bit] 77533

Reference Value (x"¢/)

Table 3.2 — Reference RCCs and scaling exponents (based on [DeDL15]).

Effective Parameter (x € S?9™)
Scaling Exponent (E, ,,)

BS Processing Reference RCC

Step (p € SPr°) (€ ons)

Afgw my | T | Negru Nuimo Q

PSCFDMA 27

pOFDMA 13 0.5
1.0
pche 3.3 o
pmpe 13 0.0 '
pmde 2+3.3 Nyyio 1.0 0.0 20 12
pam 2.7
15 1.0
pmd 13
- oo 1.0 0.0
P¢ :
. 1.0
pche 13

Equation (3.11) is applicable for all UP steps in both UL and DL. Once the RCC of any single UP step
in DL/UL is achieved, it is possible to calculate the total RCC of a DL/UL user u, ngls,jL wtg[Gops) PY

summing up the achieved values, therefore,

Rusr — Rusr
CDL|UL u,ty[GOPS] — Z Cu,p,tk[GOPS]'
TP (3.12)
PESpLUL
Summing up all the active DL/UL users’ RCCs gives the BBU’s total UP’s RCC in DL/UL,
R — Rysr
CpLuluLu b,ti[GOPS] = Z CoLivL wi[GoPps]: (3.13)
UpLiuL
uESb,tk
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Finally, the total RCC required for UP in a BBU is achieved by summing all DL and UL ones in the BBU,

C5 btyiGops] = Chiu bricops) + Chru b.ex[copS]: (3.14)

On the other hand, the CP of a BBU cannot be split per user. Based on [MAMM16], the RCC of BBU b
at time instant t;, for CP in DL/UL is estimated by:

EAf ) EQ, E
R _ ref AfBW[MHz] WP Qpiy P Nuyimo\ NmimMor
Cteluie bylcops) = Coiors) | 3 YA o N

BW[MHZz] [bit] MIMO

peSShuL (3.15)
(A
Accordingly, the total RCC for CP in BBU b, cgb,tkmops], is
CE b icors] = Coie begicops] T Coe bexlGops)- (3.16)

Finally, summing up all of the UP RCCs and CP RCCs of BBU b at time instant ¢, total RCC of the
BBU is achieved,

Cotriops] = Ci begicops] + Cbexicops): (3.17)

In case that several users are active in the BBU, the computing capacity required for the CP should be
met, otherwise, none of the user's data can be transferred. Therefore, computing capacity that is

required for a BBU’s CP is its minimum demand that should be guaranteed,

Rmm . p—
Cp i [GoPs] = Cgb,tk[GOPS] : b=12, .., Ng. (3.18)

In case that no user is active in the BBU at a given time instant, le?:“ is equal to zero. On the contrary,

a BBU's RCC is in the peak level if the network is fully loaded, users have the highest MCS, and all

users’ spatial streams are equal to the MIMO order, based on (3.11). Therefore, a BBU’s peak RCC is

EAfpw, E Eq,
CRPEAK — Cref Af‘BW[MHZ] Bwp NMIMO Nmimo® Q[blt ’
b[GOPS] p ref NTes Aref

Af; Q
esProc BW[MHz] MIMO [bit]
P i (3.19)
m,p E )
(mmax[bit/symbol]> (NMIM()) Nser?
ref Str )
m[bit/symbol] Nref

where m,,,,, is the order of the highest modulation scheme for wireless technologies, i.e., 1024QAM at

this time, as discussed in [3GPP17] for upcoming technologies.

A BBU’s RCC at a given time instant can also be classified, per UL and DL connections,

R _ R R
Coriut btxicors] = Corujurubtricors] T CprcjuLe bp.tiiGoPS]: (3.20)
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3.4 QoS-Demand-Aware Computing Resources Allocation

3.41 Overview

As mentioned in Section 2.5, C-RAN integrates the BBUs of multiple BSs in a BBU-pool and increases
the network resources' utility by multiplexing BBU resources in the pool. Resources multiplexing
enables over-loaded BBUs to use residual resources left by underutilized ones. Hence, utilization is
improved, and fewer resources are required than the sum of stand-alone BBU demands. To take
advantage of C-RAN benefits, efficient strategies should be applied in order to distribute the resources
of the BBU-pool among BBUs. An efficient resource provisioning scheme should minimize the resource

idle times and the BBUs' over-loading.

However, designing efficient resource management strategies is a complicated process for cloud
providers. Due to the variety of network services, user arrival rates and channel conditions, BBU
demand fluctuates significantly throughout the day. On the one hand, a BBU computing capacity should
suffice peak demands; on the other hand, provisioning fixed resources based on peak requirements
leads to idle resources for the rest of the day.

As a result, an efficient resource management strategy in a BBU-pool should allocate the computing
capacity dynamically, following the BBUs' instantaneous demand, while efficiently handling the
resources in the case of a shortage. Resource shortages are time instants in which the BBU-pool's
available resources are less than demand spikes and come into play in two circumstances: when the
objective is intentionally to design the pool with minimum computing resources; or, even if there are
more computing resources, they cannot be initialized at a rate similar to the one of demand fluctuations
(in the scale of milliseconds), due to hardware limitations.

In this section, a QoS-Demand-aware computing resources Allocation Scheme (QDAS) is proposed to
solve the resource allocation problem. The proposed model is built on the concept of NBS in cooperative
game theory. The BBU-pool computing resources allocation in a single time instant is modeled as a
cooperative bargaining game. The players, i.e., BBUs, are trying to reach an agreement that gives a
mutual advantage. During the bargaining game, each BBU is assigned a utility function and a bargaining
power: the utility function of a BBU expresses the portion of the BBU's demand that is served, and the
achievement of its bargaining power is based on the priority level of the active services in the BBU.
Each BBU tries to request more computing resources to maximize its utility to speed up its processing
time. Meanwhile, the BBU claims a minimum number of computing resources at a given time instant.
GNBS is applied in order to find optimal computing resource allocation that maximizes the BBU utilities
while the utility of the entire BBU-pool is considered. As mentioned in Section 2.6, GNBS is a very
effective tool to model interactions among negotiators that guarantees all players to acquire the

maximum utility with fair concerns.

An abstract view of the proposed model for computing resource management is presented in Figure 3.5.
The resource allocation module receives average weight of BBUs’ active services, RCCs, minimum

guaranteed RCCs and the BBU-pool's AvCC as inputs. It calculates BBUs' bargaining powers in the
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first step according to their estimated RCCs and the priority of their active services. Together with the
BBU-pool's AvCC and BBUs' minimum guaranteed requirements, the results are fed to the next step in

order to find the optimal computing resources allocation.

BBU-pool QoS-Demand-Aware Computing Resource
Allocation Scheme

BBUs’ average

service weights >
, BBUs’ bargaining Onptimizin BBUs’
BBUs’ RCCs —»p L p 9
BBU Bagg:/':rng pomem Computing rlees
s’ minimum > .
—> Resource Allocation
guaranteed RCCs Calculation (GNBS) Evaluation
metrics
BBU-pool’s AvCC —p

Figure 3.5 — Abstract view of QoS-demand-aware computing resource allocation scheme.

In what follows, modelling the computing resources allocation problem as a bargaining problem and
applying GNBS to find the defined problem's solution is described in detail.

3.4.2 Definition of Utility Functions

The problem of finding an efficient resource allocation in the BBU-pool is comparable with a bargaining
game in cooperative game-theory [Myer91]. BBUs are counted as players negotiating over a limited
number of computing resources of the BBU-pool to increase their processing capacities, while taking
resource utilization maximization as a mutual benefit. The outcome is an agreement on selecting one
resource allocation strategy, i.e., a feasible solution from many possible choices. A resource allocation

strategy at a certain time instant ¢, is given by vector kal [Np x1]>

Ctl = [Ct jcopsp Catyopsy - Ciig tpicopsi] s (3.21)

where:
e Cj't,: BBU b AICC at time instant t,

e Ng: number of BBUs in the pool.
Each BBU evaluates its preference over a selected strategy by its utility function individually. BBU b's
utility is defined by a function U, : R"8 — R reflecting the portion of the BBU's request that is satisfied,

Cot [GOPS]
Uy (CE) = g

k)~ R '
Cb,tk[GOPS]

(3.22)

If the total computing demand is less than the available resources in the BBU-pool, then all BBUs’

demands are satisfied; otherwise, a compromise solution is selected in which the minimum guaranteed

RCC of BBUs, CXmin , are served,

ty [Np x1]
Rmin _ Rmin Rmin Rmin
ctk - [Cl,tk[GOPS]’ CZ,tk[GOPS]' e CNB,tk[GOPS]]T‘ (323)

During the bargaining, BBUs attempt to get more computing resources to increase their utility. However,
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three limitations are imposed:
1) The total AICC in a feasible solution should not exceed the BBU-pool’s AvCC,

Cap tx[GOPS] = ngtk[GOPS]' (3.24)

where C33,, is the BBU-pool AvCC at t;,, and
Np
Cz‘;zg tx[GOPS] — Z sz,ik[GOPs] : b= 12,..,Ng. (3.25)
b=1

2) The resource allocator must provide the minimum guaranteed RCC of an individual BBU,

Rmin . —
Cb,tk[GOPS] < Cﬁk[GOPS] b= 12,..,Npg. (3.26)

3) Each BBU may not ask for more capacity than its RCC at a specific time,

Cﬁk[GOPs] = Cf,tk[GOPS] b= 12,..,Ng (3.27)
As a result of these critical constraints, the feasible solution set is bounded as
Np R
SES = {cf“ | Z CAL < CAr,, CRmin < cAl < C,ftk}. (3.28)
b=1 ’ ’ ’

kas is a subset of R¥8 that contains all the feasible solutions of the bargaining problem. The goal is to
find the optimal solution that maximizes the BBUs utility functions while satisfying fairness among them.
As mentioned in Section 2.6, NBS is suitable for solving the problem and guarantees to find the optimal
solution if the BBUs utility functions as well as the defined solution set are convex and closed [Binm91].

kas is a convex set, because the line segment between any desired pair of points in the set lies entirely

within the set and the convexity conditions is hold also for U, ., (a prof is given in Annex A). Since both
Uy, and Sf° are convex, the pair (S5 U {ka‘“i“}, U,, (C£D) defines the bargaining problem for the

computing resource allocation in a BBU-pool [Myer91],
T
ufk (c?kl = [ul,tk (C?kl)' uZ,tk(C?kl ) ""UNBrtk (c?kl)] . (329)

Equation (3.29) shows a vector function in which each component function, ub,tk(cgj), presents the

utility function of BBU b.

3.4.3 Bargaining Power

In order to increase the user’s satisfaction level, an efficient resource allocator should be able to support
QoS constraints. To fulfill QoS requirements and to improve efficiency and fairness, an individual BBU
is assigned bargaining powers, which are composed of the BBUs' RCCs and their active services'
average weight, being used as the power factor for the BBUs that reflect their priority while allocating
resources. Services' weights result from the normalization of Priority Level of services defined in 3GPP,
Table 2.6 and Table 2.8, in the range of [1, 100]. The rationale behind it is that the Priority Level is a
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characteristic by which 3GPP specifies QoS requirements and determines the packet forwarding
treatment, Section 2.3. The weight of service s is

99 (Pnax — B™)

Srv _ pSTv 4
(Pmax Pmin

W =1+ (3.30)

where:
e P7™: the Priority Level of service s, given by 3GPP, Table 2.6 and Table 2.8,

STV .

*  Plinimax: the minimum/maximum of 3GPP service Priority Levels,

e 99 is used as a normalization factor, being the difference between the maximum and the minimum

parameters’ values.

Accordingly, the average weight of ongoing services in a BBU is denoted as

NSTV NU Na%
— w.
STU s=1 Sbsty Vs
Wi, = , (3.31)

U
Nb,tk

where:

e N¢, ., number of users of service s in BBU b at t,,

e Ny, : total number of users in BBU b at t,.

Finally, the combination of BBUs’ RCCs and the services’ average weight defines the BBU bargaining

powers as

STV R _ Rmin
Wh tr (Cb,tk[GOPS] Cb,tk[GOPS])

Bb'tk - Np (50 R Rmin ' (332)
=1 (Wl,tk (Cl,tk[GOPS] - Cl,tk[GOPS]))
A BBU bargaining power is a positive value within [0, 1], so that in a time instant one has
Np
D Bug =1 (3.33)
b=1

Equation (3.32) implies that once the minimum guaranteed RCC is allocated to BBUs, i.e., le{‘]‘ci“, the

rest of the resources are distributed such that QoS is maintained, hence, services with a higher priority
should be allocated with more resources. In this context, in the next sections, maintaining QoS is

equivalent to BBU prioritization based on service weights.

3.4.4 Generalized Nash Bargaining Solution

By modelling the BBU-pool computing resource allocation as a bargaining game, the GNBS can be
used as the unique fair Pareto optimal solution among all feasible ones existing in StFkS. GNBS satisfies
Nash axioms as the attributes that any rational solution should meet to come up with fairness and
efficiency, and is achieved by maximizing the product of the BBU utility functions weighted by the BBU
bargaining powers [Myer91], [Binm91]. By defining Ugp (Cf‘kl) as the utility function of the BBU-pool,
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Np

Ngp By, cAl ops] — (Rmin Bty
Roin \ )22tk bt [GOP b,t[GOPS]
Unp(€4) = [ | (Uoeu(€8) = U, (€E)) :ﬂ( e —— ) , (3.34)
b=1

b1 b,t[GOPS]

GNBS provides a unique solution C{‘kl* for the defined bargaining game by solving the following
optimization problem:
chl = argmax (uBP(C‘{‘,f)). (3.35)

Al - <FS|, {~Rmin
vedlesfsu fc, min}

For clarity, the process of computing resource allocation in a BBU-pool is shown in Figure 3.6. Given
the BBUs’ RCCs, minimum guaranteed RCCs, the average weight of ongoing services and the BBU-
pool’'s AvCC as inputs, all BBU bargaining powers are calculated in the first step, line 2. In the case that
the total resource demand is less than or equal to the AvCC, all BBUs are allocated with the computing
resources fulfilling their demands, line 5; otherwise, GNBS is achieved as an optimal compromise
solution by solving (3.35), line 7.

« R (Rmin ;5707 AV
Input: Ctpr Ce" " Wi,”, Cip e,

Output: C£"

1: For b =1to Ny do

. ,STU R Rmin Np (st0 R Rmin
2 By < (Wb,tk (Cb,tk - Cb,tk )) /X121 (Wl,tk (Cl,tk - Cl,tk ))
3: end for
4 If $52, CR, < CHB,.
5: Cil" « Cf
6: else
7. Cil argmax (‘UBP(kaf))

vc‘t“l‘fe SESU {Ctl:nm}

8: end if
9: return C/"

Figure 3.6 — Algorithm for QoS-demand-aware computing resource allocation at time instant t,.

In order to solve (3.35), first the following optimization problem is put forward:

ma)éilgrglize Upp(CEL), (3.36a)
subject to
Np
Zcﬁk < Célgtk' (3.36b)
b=1
clfg:" <cft i b=12,..,Ng (3.36¢)
Cit, < Cie, : b= 12,..,Np, (3.36d)
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where (3.36b) to (3.36d) take the constraints given in ng into account. The objective function is then
transformed into the logarithmic form in order to facilitate problem solving; due to the monotonic
behavior of the logarithm function, the logarithm of ’UBP(Cf‘kl) does not change the result [BoVa04];
moreover, since C;;, is a constant value for BBU b at a given time instant t,, it has no effect on the final

optimization result, hence, it can be eliminated. Therefore, the objective function can be rewritten as:

Np
Uypp(CY) = Z By, log (cg{gk - C,f;';:n) (3.37)
b=1

U,pp(CE) tends to -« when C#L approaches C;‘;}‘:“, hence, constraint (3.36¢) is automatically satisfied,

and it can be relaxed, the optimization problem being rewritten as:

ma)éi?rglize Uppp(CEL), (3.38a)
subject to
Np
Z c o< cpr,, (3.38b)
b=1
Cht, <Che @ b=12,.,Np. (3.38¢)

Equation (3.38) is convex, since all constraints are linear inequalities and the objective function is the
sum of the concave functions [BoVa04], therefore, it has a unique optimal solution. One can find a

detailed discussion on solving the problem in [KhLL14] with linear time complexity in the order of O (Ng).

3.5 Equal and Demand-Proportional Resource Allocation

In order to evaluate the performance of the proposed model, other resource allocation schemes found

in the literature were also implemented, hence, enabling a comparison, the equal and demand-

proportional allocation approaches having been taken, [FMPS20], [KoSo019] and [KeMT98]. These

resource allocation schemes do not provide any optimization, still they serve as a good comparison:

o Equal resource Allocation Scheme (EAS): An overview of the equal computing resource
allocation scheme is illustrated in Figure 3.7. EAS is a simple method that, given the AvCC of a
BBU-pool, equally distributes computing resources among BBUs, regardless of the BBUs’ demands

and active services' priority,

CAv
Algas __ “BPt}[GOPS]
Cp,eiGops] = Ng (3.39)
Equal Computing Resource
AvCC —p < B 2 — BBUs’ AICCs

Allocation Scheme

Figure 3.7 — Overview of equal computing resource allocation scheme.
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¢ Demand-proportional resource Allocation Scheme (DAS): An overview of demand-proportional
computing resource allocation scheme is illustrated in Figure 3.8. Given the BBU-pool's AvCC and
BBUs’ RCCs and minimum guaranteed RCCs, DAS ensures minimum guaranteed resources to
each BBU and distributes the remaining resources among them proportionally to their user
processing demands

Np CR
Al _ A Rmin U b,t,[GOPS] Rmin
Cb,t‘,:f‘éops] = (CB;’th[GOPS] - Z Cl,tk[GOPS]) N5 R + Cb.tk[GOPS]' (3.40)
=1 1=1 “U 1,64[GOPS]
DAS is more complex than EAS, since BBUs’ demands should be achieved before resource

provisioning.

BBUs’ RCCs —p

BBUs’ minimum ____,/  Demand-Aware Computing —p BBUs’ AICCs

guaranteed RCCs Resource Allocation Scheme
AvCC

Figure 3.8 — Overview of demand-proportional computing resource allocation scheme.

The mentioned computing resource allocation schemes are compared with more details in Section 6.2.

3.6 Evaluation Metrics

As explained before, resource management aims to enhance resource utilization while maintaining

QoS, for which resource allocation should uphold the priority of ongoing services. Different metrics are

defined in this section in order to assess the performance of the proposed model. The metrics are

explained in detail in what follows:

o BBU fulfilment level: a value within [0, 1] measuring the fraction of BBU b’'s UP RCC that is
satisfied without any processing delay,

. Al Rmin
B = (mln{Cb,tk[GOPS]' le,tk[GOPS]}) = Cy trlGops]
bty —

(3.41)

]

Cg bt [GOPS]
higher values of £, indicate that a larger portion of the BBU’s UP demands is met.

o Fairness index: a parameter that compares the fairness of the proposed resource allocation
scheme with Jain’s fairness indicator [JaCH84]. The fairness index is applied in the resource
shortages when total RCC exceeds the amount of BBU-pool’'s AvCC at a time instant,

B 2
Np fb,l’k
b=17,51v

Wb,l’k

Ftk = ﬁ.
N Np fl.fk
B = STU
=1 wsTY

Ltk

(3.42)
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The range of F,, is within [1/Np, 1], which defines the closeness of the BBUs’ fulfilment level to the
average weight of the BBUs’ active services. The higher the value of F;,, the higher the fairness of

the resource allocation is.

¢ Resource usage: a value within [0, 100] % indicating the proportion of BBU-pool's AICC used for

signal processing, to the BBU-pool’'s existing computing capacity,

min{CA! C
Zb 1 { b,tx[GOPS]’ btk[GOPS]} 100, (3.43)

Ut 1o
tl%] = Cep [GoPs]
where Cpp is the BBU-pool’s existing resources; higher values of U,, indicate a lower resource

wastage, i.e., a larger portion of the existing computing capacity is used.

¢ Dynamic resource allocation efficiency: achieved by comparing the total amount of AICC that
the model suggests to a BBU-pool in a specific time instant, with the traditional approaches that
allocate a static amount of computing capacity to the BBU-pool according to the BBUs’ RCCs in

peak hours. Hence, the efficiency of dynamic resource allocation can be quantified by

Céqll’ t;[GOPS]
ntk[%] =(1- Np RpEAKk 100 (344)
Zb 1 Cb [GOPS]

1¢, 1S @ value within [0, 100] %, with the higher values indicating a more efficient resource allocation

among the BBUs in the BBU-pool.

3.7 Model Implementation

3.7.1 Implementation Overview

The model implementation is explained in detail in this section. Figure 3.9 presents the flowchart of the

simulation process. Given the input parameters for a single time instant t,, the BBUs' RCCs are

estimated in the first step. As mentioned in Section 3.3, the number of RBs that a user requires, fok”,

the users’ modulation, m,,,, and coding ratio, r,,,, are three key parameters in the BBUs’ RCC

Ak
estimation process. Based on the user's SNR, y,,, an MCS index is proposed that maximizes the
user’s throughput. The user’s packet volume, Vﬂ‘kf, and MCS are two critical parameters in the
estimation of the number of its required RBs. The process of mapping SNR to MCS and extracting the

number of required RBs for data transfer is explained in detail in the next subsection.

Once N?Bu

wiy, » Mug and o, are achieved, the BBU's RCCs is estimated as explained in Section 3.3. In

the process of RCC estimation, the RCC of both CP and UP are achieved. When all users’ RCCs are
estimated, the achieved values and the other required parameters are fed to the next step to calculate
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the BBUs’ bargaining powers according to Section 3.4.3. Just after the bargaining powers calculation,
the computing resource allocation in the BBU-pool is achieved. In case the resource allocation scheme
in the BBU-pool is the QDAS, the optimum computing resource allocation is acquired by solving (3.38).
In this step, (3.38) is solved using CVX (a modelling system for constructing and solving disciplined
convex programs, developed by Stanford University [CVX20]), The outputs of the optimization step are

the optimum computing resources allocation and values of performance metrics defined in Section 3.6.

Input
User/Network parameters
Vu,tk
»  SNR to MCS mapping
mu,tkl ru,tk
VPkt y

u,ty

\ 4

Extracting number of required RBs

RBy
Nu,tk

AfBW' CTYP'HTYP' Q'NMIMOINSW u,tklNI;ftk . .
RCC estimation

\ 4
A

R Rmin
Coty s Cp iy

Srv
Wh.tx

\ 4

Bargaining power calculation

By,

Av
CBP,tk

\ 4

Computing resource allocation in BBU-pool [«

v

Output /", Optimum aIIocati(ﬁ
e Evaluation metrics

END

Figure 3.9 — Flowchart of the model implementation.

3.7.2 Extracting Number of Required Resource Blocks

The number of RBs that a user requires at a given time instant, N£7, . , depends on the user’s MCS and

the packet size that is going to be transferred. The simulation process for extracting the number of user
u’s required RBs for a packet transfer is summarized in Figure 3.10, supported on Table 3.3 and
Table 3.4.

SNR to MCS
mapping,

Table 3.3

m, Pkt ﬂ
4
ru

N\ ITBS ) Ngﬁ
cs [ MCS to TBS mapping, ::)[ Extracting number of required —

Yu

—
EEN
M

Table 3.4 RBs, [3GPP20i]

Figure 3.10 — The procedure for extracting number of required RBs.
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Table 3.3 — Modulation, coding ratio and required SNR for LTE and 5G (extracted from [3GPP17]).

(1]
1
2
3
4
5
6
7
8

SNR [dB] m, Ty Efficiency Iycs
y <0 No transmission
0 <y< 18 0.08 0.15 0
Y QPsK
1.8<y <45 0.44 0.88 1
45 < y< 82 0.37 1.48 3
16QAM
82 <y< 101 0.60 2.41 5
10.1 <y < 119 0.46 2.73 7
119 <y < 138 0.55 3.32 9
138< y < 156 64QAM 0.65 3.90 11
156 < y < 175 0.75 4.52 13
175 <y < 195 0.85 5.12 15
195< y <211 0.69 5.55 17
211 < y <232 0.78 6.23 19
256QAM
232<y<25 0.86 6.91 21
25< y <278 0.93 7.41 22
278 <y <30 0.81 8.12 24
1024QAM
30<y 0.89 8.87 26

Table 3.4 — TB size for LTE and 5G (extracted from [3GPP17]).

16QAM

64QAM

256QAM

1024QAM

Reserved

56




According to a user’'s SNR at time instant t,, an MCS index, I;,s, is proposed to maximize the user’s
throughput. Although the association between measured SNR and MCS index selected by eNB/gNB
are vendor specific, for the sake of simplicity, however, Table 3.3 is used in this thesis, in order to map
measured SNR onto MCS and to map the recommended MCS onto the I),s. Given I, the Transport
Block Size (TBS) index, I5s is extracted from a given lookup table, i.e., Table 3.4. Finally, I;55 and the
packet volume are used in order to retrieve the number of required RBs for packet transmission, NXE.
Mapping I;5zs onto the number of required RBs is according to a lookup table proposed by 3GPP
[3GPP20i], the process being the same for both UL and DL.

3.8 Canonical Scenario

A simple urban scenario is defined in this section to evaluate the proposed computing resource
management model's performance and show the functional correctness of the implemented algorithm.
The test environment is composed of two residential micro-cells with continuous coverage. Each RRH
is connected to a BBU inside the BBU-pool. It is assumed that both BBUs are clustered in the same
BBU-pool. The BSs are assumed with a 4 x 4 MIMO order and work with 20 MHz channel bandwidth.

The number of users is assumed to vary within [1, 100]. Users are assumed outdoors, distributed
uniformly over the whole area, all with two spatial streams and 19 dB SNR. For simplicity, it is assumed
that the users are in UL and run just one service at a time. The user and network parameters are

summarized in Table 3.5.

Table 3.5 — Input parameters in canonical scenario.

BBU Index 1 2
Parameter 7 (BBU-FT) (BBU-Voi)

# spatial streams (Ngy ., 2
SNR (yu,tk[dB]) 19
User Arrival Rate (R{ifiser/ms]) [1, 100]

Service (sY File transfer VolP

Packet volume (V"5 40

uty

Cell type (C™7F) Micro
RRH traffic type (HTY?) Residential
Channel bandwidth, (Afzwmz) 20
Quantization resolution (Qpiy ) 24
MIMO order, (Nymo) 4 x4
# BBUs in the BBU-pool, (Ny) 2
BBU-pool's AVCC (C45 . cops)) 300




Two kinds of services are assumed, i.e., file transfer and VolIP. In order to evaluate the behavior of the
model in relation to the priorities of active services, the running services are considered different in the
BBUs, so that all users in the first BBU use file transfer (BBU-FT) while in the second one they use
VolIP (BBU-Voi), leading to the active services’ average weights of 36 and 83, respectively, (3.31). The
packet size is considered the same, i.e., 40 B, for all of them, for which two RBs are required for packet
transfer, Section 3.7.2; it is assumed that user's RB demand is totally met. The considered scenario
leads to 387 GOPS of each BBUs’ peak demand, ¢, 754,

On the side of the BBU-pool, it is assumed that 300 GOPS is the BBU-pool’s existing computing

capacity. For simplicity, it is assumed that 100% of the resources are available for the BBUs.

3.9 Model and Simulator Assessment

3.91 Assessment Overview

In this section, both the simulator's functional correctness and the proposed model's performance are
assessed. In order to show the functional correctness of the implemented algorithm, the outputs of the
canonical scenario defined in Section 3.8 are subjected to a set of empirical tests listed in Table 3.6,
among which resource allocation's reliability and CVX assessment are presented in Section 3.9.2. The
compatibility of the BBUs’ RCCs with the increasing values of the effective parameters are also

presented in Annex B.

Table 3.6 — List of empirical tests that were made to validate the model performance.

Validating the model assumptions (Check if the input parameters correspond to the
structural assumptions made about the system in the defined scenario).

Check the compatibility of the BBUs’ RCCs with the increasing values of the effective

. RBy
parameters, i.e., Afpywmuz), Nuimor Qrbit) Mty [bit/symbol] Tu,tr Nser wtyer Nty -

Check the BBUs’ RCC variation with the number of the users.

Check the result of the resource allocation if the total demand is more, equal, or less than
the BBU-pool's AvCC.

Comparing results of the input parameters’ variations to see if it is compatible with the
expectations:

1. variable service types with constant demand,

2. increasing demand with constant service types.

n Check if the output parameters are equal to the manually handcrafted test results.

Check if the implemented result of the optimization problem is the same as the optimal point
achieved by the algebraic approach (CVX Assessment).

n Verification of the correct plot of all outputs.

-
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The proposed model's evaluation is also done by comparing its performance against EAS and DAS in
Section 3.9.3. To this end, the resource allocation phase is repeated for each allocation scheme
separately; the evaluation metrics are being assessed afterwards. The performance of the proposed
model is further assessed in Section 3.9.4, by analyzing the effect of the BBUs' demands variation on

the allocation results.

3.9.2 Reliability of Computing Resource Allocation and CVX

Assessment

The functional correctness of the implemented algorithm and the proposed computing resource
allocation’s reliability is assessed by comparing the implemented results with the optimal point achieved
by an algebraic approach and visualizing the results. To this end, the BBUs’ RCCs are estimated as
the first step of the proposed resource management model, Figure 3.3. The achieved results together
with the active services’ average weights and the BBU-pool’'s AvCC are fed to the computing resource
allocation module as inputs, Figure 3.5. In this step, the BBUs’ bargaining powers are calculated first,

and the optimal resource allocation is found afterwards.

Considering 95 active users (selected randomly) results in 300 GOPS computing capacity demands in
each BBU, 15 GOPS is for their CP and the minimum capacity that should be guaranteed, (3.17) and
(3.16). The BBUS’ bargaining powers are achieved in the next step resulting in 0.3 and 0.7 for the BBU-
FT and the BBU-Voi, respectively, (3.32). The difference in BBUs’ bargaining powers stems from the
difference in the weight of their active services, i.e., 36 and 83 for BBU-FT and the BBU-Voi,

respectively. The results are summarized in Table 3.7.

Table 3.7 — The proposed computing resource management’s results.

Inputs Outputs

sz,?,i Cllf,tk[GOPs] ;rtr,l:[nGOPS] CAv lel,ék[GOPS]
BPt
BBU-FT | BBU-Voi | BBU-FT | BBU-Voi | BBU-FT | BBU-Voi ‘ BBU-FT | BBU-Voi
36 83 300 15 300 96 204

After calculating the BBUs’ bargaining powers and RCCs, the last step is to find the optimal resource
allocation strategy that maximizes the BBU-pool’s resource utilization. The optimal solution is obtained
by solving (3.38) using CVX. The results are listed in Table 3.7 (the other outputs are discussed in
Section 3.9.3). The accuracy of the implemented results is assessed by comparing them with the
Karush-Kuhn-Tucker (KKT) approach [BoVa04]. In the first step, associated Lagrange function is made,

Np Np
Rmin
£(CH gcap Eivpar 8) = D B, log(Ceh, = ) = 0(Chh e, — C ) = ) &G, = CE), (345)
b=1 b=1

where &y, and ¥ are Lagrange multipliers. As the given optimization problem is convex, the point

(CHl iy pxaps Einpxa ¥) is optimal if it satisfies all the KKT conditions:
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aL(CA, £,9) B Bht,

ty’

>l —— & — 9= : b= 1.2, (3.46)
len
aclﬁllfk Cljl,ik - Cb,tk
Chb ey — Cfe, =0, (3.47)
Cirty = Che, <0, (3.48)
$b (Cﬁk[(;ops] - Cllf,tk[GOPS]) =0, (3.49)
$p 2 0. (3.50)

Considering (3.46) to (3.50), the only situation that does not lead to a contradiction is the assumption

that both &; and ¢, are equal to zero, (3.46) which leads to

Boue __ t b= 12

CAl* _ CRmin - ' - o (351)

b,tg bty
As ¥ is a constant value, it is concluded that

Al* Rmj Rmij
By, B Byt T Byt Coty — Bl,tkcz,?;:n + Bz,tkCL?,lm

CAl* _ CRmin - CAl* _ CRmin Lt — B ’ (352)

1ty 1ty 2ty 2.tk 2tk

which means that the first BBU’s RCC can be expressed by the second BBU’s RCC. Following (3.47)
and the information given in Table 3.7, in the case AvCC is 300 GOPS, the BBUs’ AICC are achieved
as 94 GOPS and 206 GOPS for BBU1 and BBU2, respectively. As all of the KKT conditions are
satisfied, it is concluded that the achieved result is the optimum point that is the same as the
implemented result presented in Table 3.7. The results are also presented in Figure 3.11, illustrating

that the results of the model implementation are coherent with those from the algebraic approach.

Al
Uppp (C?kl[zm]) = —0.67 Chbr, Uppp (Ctk )
4
Al g
Cz,tk[GOPS] /I Cf}ék[GOPS] = 285
A
290 l~. 3\ Cﬁkmops] =285
\
220 | “\
\\\
150 N\
80 g 7 v Cz?zl) ti[GOPS] = 300
10 4 Cfék[GOPS]

10 80 160~ 220 290

FS
Sty

Figure 3.11 — Visualization of resource allocation results.
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3.9.3 Comparison among Different Allocation Schemes

The proposed model's evaluation is assessed in this section by comparing its performance against the
other resource allocation schemes mentioned in Section 3.5, i.e., EAS and DAS. To this end, the
canonical scenario, Section 3.8, is assumed in the condition that 35 users taking the file transferring
service are active in the first BBU (BBU-FT) and that 95 users are active in the second BBU (BBU-Voi);
resulting in the BBUs' RCCs of 120 GOPS and 300 GOPS, the minimum guaranteed RCC of 9 GOPS
and 15 GOPS and the bargaining power of 0.14 and 0.86 for BBU-FT and BBU-Voi, respectively.

Table 3.8 lists the performance achieved by each of the computing resource allocation schemes. EAS
allocates resources equally among BBUs, regardless of service priorities or BBU demands. Although
EAS is a fast resource allocation scheme without too much complexity, it wastes resources. While BBU-
Voi is encountered with resource shortage, BBU-FT's AICC is more than its RCC. This is the reason
that the resource usage, Uy, ¢, is not 100%. Moreover, EAS leads to the smallest fairness index since
BBUSs' fulfilment levels are not proportional to their service weights. BBU-Voi has less fulfiiment level
even though its active services have the highest weight. The main reason is that EAS takes neither

QoS nor the BBUs' demands into account while distributing resources among them.

Table 3.8 — Comparison among different resource allocation schemes.

Computing Resource Allocation Schemes
Parameter
BBU-FT 120
BBU-Voi 300
BBU-FT
BBU-Voi 15
BBU-FT 36 -
BBU-Voi 83 -
Co7 t,[cops] 300
BBU-FT 48 86
BBU-Voi 252 214
BBU-FT 0.37 1
0.70
BBU-Voi 0.85 0.47

1 0.87 0.70

R
Ch.t,[GOPS]

CRmin
| t b,tx[GOPS]
npu

F‘szn
=2

Al
Ch,t, [GoPS]

150

tk

Nexl%] 61
Uty o) 100 90

I e euve

DAS takes the real-time demand of BBUs into account. It allocates the minimum guaranteed resources,
C,ig‘:“, to each BBU and distributes the remaining resources proportionally to their UP demands, Cf bt

which is the reason why BBU-Voi receives more resources than BBU-FT. Since the BBUs’ AICCs are
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proportional to their RCCs in DAS, the BBUs’ fulfilment levels are equal. The fairness index is still lower
than QDAS because DAS does not consider QoS.

Besides BBUs’ demands, QDAS takes QoS, hence, service priorities, into account while distributing
resources. QDAS shrinks the capacity share of the lower priority BBUs in the bottlenecks to compensate
for the higher priority BBU resource shortage. This is why it allocates more resources to BBU-Voi with
higher average service weights compared with DAS. Since it takes QoS into account, BBU fulfilment
levels are proportional to the average service weights. Therefore, the best fairness index among all
three provisioning schemes is achieved. Moreover, no waste of resources occurs and it fully uses the

available resources since there is a shortage and QDAS bounds the BBU’s AICC to their demands.

It should be noticed that the resource allocation efficiency is the same for all three provisioning schemes
as 100% of the BBU-pool’'s AvCC are allocated to BBUs in all of them.

3.94 Performance Evaluation of the Proposed Scheme

As mentioned before, the proposed computing resource allocation scheme receives average weights
of BBUs’ active services, RCCs, minimum guaranteed RCCs and BBU-pool's AvCC as inputs. It
calculates the optimal computing resources allocation and its outputs are the BBUs’ optimal AICCs and
the evaluation metrics, Figure 3.5. The proposed model’s performance is evaluated in this section, by
analyzing the effect of BBUs' RCC variation as one of the inputs. Considering the canonical scenario
defined in Section 3.8, the resource allocation phase is repeated with the BBUs’ RCCs varying in
[9, 320] GOPS (equivalent to increasing the number of users from 1 to 100), while both BBUS’
bargaining powers remain as 0.3 and 0.7, respectively. The results are explained in what follows:
¢ Allocated Computing Capacity: An essential factor that should be considered is the compatibility
of the AICC with instantaneous demand in the BBU-pool. In case the BBU-pool’s total RCC is equal
or greater than its AvCC, 100% of the computing resources should be used. Conversely, if demand
is less than AvCC, the available resources should be used to the required extent and the remaining

resources should be idle or shut down. Figure 3.12 represents the capacity allocated to each BBU.

Th1 The
07 ;£ o Total AICC
250 I ° b=1 (BBU-FT)
e b =2 (BBU-Voi)
I b = 1 fair AICC
3 200 = == b =2 fair AlCC
% 150 + -
P o004
50
0 | i | | ]

9 59 109 159 209 259 309
Chrt[GOPS]

Figure 3.12 — Sensitivity of the BBUs’ AICCs to their RCC in QDAS.
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The lower bound of the shaded area in the figure shows the minimum amount of capacity that
should be guaranteed to any single BBU and the upper bound represents BBUs' demands. As the
figure shows, while total demand is less than BBU-pools' AvCC (300 GOPS), both BBUSs'
requirements are met and BBUs' AICC does not exceed their RCC. The resources are allocated
as needed; the rest remaining idle. For RCCs larger than threshold Th1, both BBUs' demands
cannot be met at the same time due to resource shortage, thus, BBU-FT's AICC that has a lower
bargaining power drops, while BBU-Voi's AICC is still equal to its RCC. Beyond Th2, BBU-Voi's
RCC cannot be met entirely since the resource allocation should be fair and BBUs' AICC should
be proportional to their active services' average weight in a fair allocation, (3.42). Fair allocations
are depicted in Figure 3.12 by dash lines. Since there is a shortage, we know that all the resources
are used. Moreover, the BBUs' RCCs are equal, and also their minimum guaranteed RCCs are
the same. Therefore, in this case, the resource allocation is fair when
oL cops) = (300 - zc,f;jj[ncops]) By + Comi b 1 b=12. (3.53)

Fulfilment Level: The BBUs fulfilment levels are illustrated in Figure 3.13. For RCCs larger than
Thi, there are not enough resources to meet both BBUs requirements. Therefore, the fulfilment
level of the BBU-FT with less bargaining power starts to drop since allocated resources are less
than its demands. At the same time, BBU-Voi's demand (with higher bargaining power) are 100%
fulfilled. Beyond Thz, BBU-Voi’s fulfilment level also starts to drop due to resource shortage as well
as to the fact that the BBUs allocated resources should be fair and proportional to the BBUs’
bargaining powers. The results confirm that the proposed resource allocation scheme considers

the service weights and the priority of the BBUs while distributing resources among the BBUs.

Thi  Th
1 '
¢ e b =1 (BBU-FT)
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0.6
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Figure 3.13 — Effect of the BBUs’ bargaining powers on the fulfilment level in QDAS.

Fairness Index: Jain’s fairness index is another metric that is evaluated for the same case study.
The fairness index is valid if the total demand exceeds the BBU-pool’s AvCC at a time instant, i.e.,
beyond Th1 in Figure 3.12. The allocation is defined to be fair if the fulfilment levels maintain the
same proportion of the average weights of active services. The fair allocations are depicted with

dashed lines in Figure 3.12, and Figure 3.14 presents the correspondence fairness index.

63



11 g
097+

094+ 2

Fy,

091 + °

0.88

0.85

150 200 250 300 350

Chrt,[GOPS]
Figure 3.14 — Fairness index in QDAS.

As Figure 3.14 shows, the allocation’s fairness is low in the beginning. The reason in that the
computing capacity proportional to the service weights is more than the RCC of the BBU with higher
priority services, i.e., BBU-Voi. The resource allocation strategy bounds the BBU-Voi’s AICC to its
RCC, the remaining capacity being allocated to BBU-FT with lower service priority and as a result,
BBU-Voi’s AICC is less than its fair allocation; on the contrary, BBU-FT receives more. This will end
up to a small value for the defined fairness index, as the fairness condition does not hold. By
incrementing BBU-Voi’s demand, fewer resources remain available for BBU-FT, and the fairness
index increases. Beyond Th4, the fairness condition holds and as Figure 3.13 presents, the
fulfilment levels maintain the same proportion of the average weights of active services, i.e., 2.33.
The fairness index results confirm that the resource allocator takes not only the priority of services
but also instantaneous requirement of BBUs into account while distributing resources among them.
Efficiency of Dynamic Resource Allocation: The efficiency of the dynamic resource allocation is
achieved by comparing the total AICC that the proposed model suggests in a BBU-pool with
traditional approaches that a static amount of computing capacity is allocated to the BBUs based
on their peak hour RCC. Considering BBU's peak RCC, i.e., 387 GOPS per BBU in the canonical

scenario, Figure 3.15 shows the proposed resource allocation's efficiency.

100 T
90+ e,

S 804

N '0...
70 +
60 >

18 68 118 168 218 268
Ch¥ . [GoPS]

Figure 3.15 — Efficiency of resource allocation in QDAS.

In the beginning, the allocation efficiency is high, the reason being that BBUs' demands are small.

The proposed resource allocation model bounds the BBUs' AICCs to their RCC due to its allocation
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strategy. As a result, the total allocated resources are much less than the sum of the BBUs' peak
requirement that is equal to the resources statically allocated to the BBUs in the traditional
approaches; hence, efficiency is high. By increment of BBUs' resource demands, more resources
are allocated, hence, efficiency decreases. In the worst case, the efficiency is almost 61% as all
the BBU-pools' available resources are allocated, almost 40% of the sum of BBUs' peak demands.
AvCC Usage: Figure 3.16 illustrates the resource usage as the proportion of BBU-pool’s total
AICC to its AvCC. In the beginning when BBUs’ demands are small, the resource usage is low
since the allocator bound the BBUs’ AICCs to their RCCs. By increasing RCCs, the resources
usage also increases until Th1when the total demand surpasses the AvCC. The resource allocator
distributes the entire available resources among the BBUs and bounds the total AICC to the BBUS’
available resources. The results confirm that there is no wastage in the proposed resource
allocation scheme and the resources are allocated to the BBUs as needed. On the other hand, in
case of resource shortages 100% of the available resources are distributed among the BBUs.

100 1
80 T

60 T

Uty 1)

40 1

201 ¢ Thy

| 1

0 + t - t t }
9 59 109 159 209 259 309

R
Ch,¢, [GOPS]

Figure 3.16 — AvCC usage in QDAS.
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Chapter 4

Real-time Computing

Resource Allocation Framework

This chapter presents an extension to the resource management model proposed previously and
defines a real-time computing resource allocation framework considering time-varying traffic and
demands in a tidal channel condition. Section 4.1 gives an overview of the proposed model, and
Section 4.2 explains a strategy to find a proper time interval between two successive resource
allocations. Section 4.3 mentions the metrics used to evaluate the proposed model in a real-time
framework. The rest of the chapter is dedicated to the simulator implementation, canonical scenario,

and simulator assessment.
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4.1 Model Overview

As mentioned before, C-RAN provides both higher data rates and lower network latencies by
consolidating and multiplexing BBU resources in a data center called BBU-pool. Although the
consolidation of resources in C-RAN reduces the number of the required resources in the network, there
are still critical challenges for data centers, such as power consumption [DaWF16], [HMDM19] and
[WeGP13]: a medium-sized one with 930 m? and 288 racks can consume 4 MW in the traffic peak
[PMZW10]. Since computing resources, i.e., servers, are the most energy-intensive entities in data
centers, it is worthwhile to apply efficient resource management strategies to maximize their utilization
and reduce the number of idle ones. An idle server consumes 60% of its peak power usage, although it
has no productivity [PMZW10].

However, designing efficient resource management strategies is a complicated process for cloud
providers. Due to the variety of network services, user arrival rates and channel conditions, BBUs’
resource demands fluctuate significantly throughout the day. On the one hand, a BBU computing
capacity should suffice peak demands; on the other hand, provisioning fixed resources based on peak
requirements leads to idle resources in the rest of the day. As a result, an efficient resource management
strategy in a BBU-pool should allocate the computing capacity dynamically, in accordance with the
BBUs’ instantaneous demand, while efficiently handling resources in the case of a shortage. Resource
shortages are time instants in which the BBU-pool’s available resources are less than demand spikes
and come into play in two circumstances: when the objective is intentionally to design the pool with
minimum computing resources; or, even if there are more computing resources, they cannot be
initialized at a rate similar to the one of demand fluctuations (in the scale of milliseconds), due to

hardware limitations.

This chapter presents an extension to the proposed resource management model presented in
Chapter 3 (which is limited to a single time) and defines a real-time computing resource allocation
framework. In this context, the previously computing resource allocation model is calculated repeatedly
over time, and the BBU-pool computing resources are allocated dynamically, based on the BBU’s
instantaneous demand. The goal is to prevent BBU’s over/under-loaded situations before they occur by
dynamically influencing the BBUs’ RCCs in advance of the actual computing resource allocation. An

overview of the proposed computing resource management model is presented in Figure 4.1.

Inputs Proposed Computing Resource Management Model Outputs
Network = ,
i> »~_ BBUs RCCs BBUS’ AICCs
RCC Computing Resource .
User Estimation Allocation in BBU-pool E\cg::‘i‘gzn
Parameters

Next Time Instant

Figure 4.1 — Global model overview.
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A BBU’s RCC depends on the user/network parameters that are fluctuating within a TTI. Therefore, a
defined optimization problem should be solved once with new input parameters, in a TTI, in order to
define a real-time computing resource allocation framework. The proposed optimization problem should
be small enough to be solved extremely fast, coordinated with a TTI. There are several works in the
literature on proposing models to solve real-time convex optimization problems in the order of
milliseconds or microseconds [PaEI10]. For more reliability, however, a time framework is defined in this
thesis to evaluate an appropriate time interval between two successive problem solving, larger than one
TTI, in which the load fluctuation is minimal. To this end, besides the input parameters that are
mentioned in Section 3.2, the following parameters are also required:
e User specific info:

o mobility speed, vaygiicm/n)s
e Cell specific info:

o carrier frequency, fcimuz-
Section 4.2 explains a strategy to find a proper time interval between two successive resource
allocations.

Figure 4.2 presents the process of the computing resource allocation module over time in more detail.
Taking as inputs network and user parameters at a specific time instant, the BBUs’ RCCs are estimated
in the first step. The results are then fed to the computing resource allocation module in order to find the
optimal AICC to BBUs. In the next time instant, the resource management process is re-instantiated

over new input parameters.

Inputs QoS-Demand-Aware Computing Resource Outputs
Allocation Scheme in BBU-pool

BBUs’ average

service weights BBUs’ ,
Bargaining o ) e BBUs
e BBUs’' RCCs Bargaining Powers Optimizing Computing AICCs
o —> Power » Resource Allocation —>
e BBUS’ minimum Calculation (GNBS) e Evaluation
guaranteed RCCs Metri
etrics
¢ BBU-pool's AvCC
t Next time instant y

Figure 4.2 — Overview of the QoS-demand-aware computing resource allocation scheme over time.

Besides the BBUs’ AICCs, the following performance metrics are calculated per a time interval as the
outputs in order to evaluate the model:

o BBU’s average fulfiiment level, f_B,

e dynamic resource allocation’s average efficiency, 7y,

e resource usage, U[%] .
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4.2 Time Framework

421 Coherence Time

In order to allocate computing resources adaptively so that BBUs’ resource demands are met, their
instantaneous RCCs should be known. A BBU’'s RCC is composed of all the BS processing steps’ RCC
in the BBU, which are time-variant. The network/user parameters affecting each BS processing step’s
RCC are listed in 797, (3.8). As network parameters are constant, the variation of the BS processing’s
RCC depends on the user parameters variation, i.e., MCS, the number of streams and the number of
allocated RBs. As mentioned in Section 3.7.2, the number of RBs allocated to a user depends on both
the user's MCS and the service’s bit rate. The bit rate fluctuates per TTI, but the variation of MCS and
the number of streams depends on the coherence time and CSI reporting periodicity. Therefore, in order
to evaluate an appropriate time interval between two successive RCC evaluations, coherence time and
RI reporting periodicity should be considered besides the TTI.

The coherence time, At,, is the expected time duration over which the channel’s response is essentially
invariant. The value of coherence time depends on the users’ mobility speed and maximum Doppler

shift [Ahma13]. A popular rule in order to calculate At is defined as [Rapp96]:

9

Aters1 = |[————
€t (167‘[ sz,max[Hz])

) (4.1)

where fj nax is maximum Doppler shift,

fD,maX [Hz] = fC[HZ] 4 (42)

where:
e f.: carrier frequency,
e y,:user’s speedu,

e c:light speed, where ¢, ) = 299,792,458.

In this thesis, At is not studied on a specific user speed. The speed range that LTE supports (to date,
the range of 0 to 500 km/h) is split into multiple intervals and, for each, an average speed value is
considered. The users can thus be classified as:

o Very-low-speed, e.g., pedestrian, 5 km/h,

o Low-speed, e.g., cyclist, vehicular urban, 50 km/h,

o Mid-speed, e.g., vehicular sub-urban, 90 km/h,

e High-speed, e.g., vehicular rural, 120 km/h,

e Very-high-speed, e.g., high-speed train, 500 km/h.

Accordingly, the values of At¢(; and fp, max 7 @re calculated in accordance with (4.1) and (4.2) for each
speed class and supported operating bands. The UE speeds and related maximum Doppler shifts are
listed in Annex C for the supported carrier frequencies. The result of minimum and maximum coherence

time corresponding to each speed class are summarized in Table 4.1.
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Table 4.1 — User speeds and associated coherence time.

Maximum Doppler Shift [Hz] Coherence Time [ms]
Speed [km/h]

3.66 16.68 25.38 115.64

36.65 166.78 2.54 11.55
65.96 300.21 1.41 6.42
87.95 400.28 1.06 4.81
366.46 1667.82 0.25 1.16

As mentioned in Section 2.1.2, gaining a higher UL/DL speed, LTE supports various TMs. TM and the
number of users’ streams depends on transmitter/receiver capability and CSI reporting. CSI reporting is
the UE feedbacks, reporting its preferred TM, based on the channel condition. The eNB configures CSI
reporting format for each UE in RRC signaling. Besides the TM, the CSl is a critical parameter on the
MCS selection.

For the sake of simplicity, in this thesis, it is assumed that CSI reporting for all users is equally configured
to be sent periodically according to the entire bandwidth quality, i.e., wideband reporting. The CSI report
is a composition of RI, PMI, and CQI. Based on [3GPP20i], for wideband periodic, the CQI/PMI reporting
interval can be configured as {2, 5, 10, 16, 20, 32, 40, 64, 80, 128, 160} sub-frames, therefore, the

reporting period, Atcopuims), IS €qual to the number of sub-frames times the sub-frame duration,

Atcorpmiims) = Néipmi Atspims)s (4.3)
where:
e NZ5pmi: number of sub-frames in selected CQI/PMI reporting interval, where
N&Gipmr € {2,5,10,16, 20,32, 40, 64, 80,128,160} (Configurable in higher layer signaling),

o Atg: a sub-frame duration.
In case Rl reporting is configured as well, the reporting interval of the RI, Aty g, is an integer coefficient
of Atcorpmims)» [BGPP20i],

Atpiims) = Mgs - Dtcgipmims): (4.4)

where My, € {1, 2,4,8,16,32} and is configurable in higher layer signaling. Equation (4.4) indicates that
the minimum periodicity of RI reporting is the duration of two sub-frames. Therefore, the transmitting

mode is consistent at least for the duration of two sub-frames.

4.2.2 Time Slicing

In order to estimate a BBUs’ RCC, the proposed model considers a single snapshot in time, i.e., time
instant t,, and uses the parameter measurements taken at that time instant. The interval between two

successive time instants in which a BBU’s demand is estimated is denoted by At,
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At[ms] = tk+1[ms] — Cr[ms]- (4.5)

The value of At is considered constant and proportional to the average of the time that the variation of
the BBUs’ RCC is minimum. As mentioned previously, the RCC fluctuation depends on the coherence
time, At., Rl reporting periodicity, Atg;, and sub-frame duration, Atg. An appropriate TTl is assumed to
be equal to a sub-frame duration. In order to allocate computing resources adaptively, so that the BBUs’
resource demands are met, At should be the minimum value among At., At and Ats;. However, to
decrease the excess burden while keeping efficient allocation, the proposed model assumes At to be a

small integer coefficient of the minimum value between At, and Aty,,
At[ms] =n (min{AtC[mS],AtR,[msl}) vn € N. (46)

Twenty-four hours in a day are considered as [24[h] /At[h]] equal and successive time slots (the last time
slot may have a lower duration depending on At). Moreover, small subintervals, At™™!, are set up within
larger intervals, each with one TTI duration. The BBU RCCs are evaluated at t, and t,;, and,
accordingly, RCC values are assumed the same for all time instants in between. The principle of time
slicing can be best described using the illustration in Figure 4.3. RCC evaluations are provided at the
beginning of an interval, i.e., at t;, and accordingly, RCC values are estimated for all the time instants

ty.n in between. RCC estimation is described in detail in Section 3.3.2.
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Figure 4.3 — Time slicing, At =5 ms, At™™ =1 ms.

4.3 Evaluation Metrics

Different metrics are defined in order to evaluate the proposed model's performance in a real-time

framework. The metrics are explained in detail in what follows:

e Average of a BBU’s fulfilment level is the average of a BBU’s fulfilment levels for all time slices
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in a given duration,
B
7 Zkzofb,tk 4.7)
b — NTS ’

where N5 is the number of time slices in a simulation interval,

SIM

AT,
NTS = ] (4.8)
At[ms]

and AT[fr’lIf] is the simulation interval.

e Average of dynamic resource allocation efficiency is the average of resource allocation

efficiency within a simulation interval,

NTS

_ P (4.9)
M) = NTS :

e Average resource usage is the average of resource usage within a simulation interval,

NTS

Zk=0 Ut (4.10)
NTS '

Ul =

4.4 Simulator Implementation

441 Overview

This subsection aims at presenting the details of the proposed models’ implementation in a real-time
framework, namely, traffic and end-users generation, and algorithms being used. Figure 4.4 illustrates
the major functional elements of the simulation together with the way they interact with during operation.
As the figure shows, the simulation is composed of three main components. In the first module, the
network traffic is generated for a selected time interval: end-users are generated, and random SNR are
assigned to them; the generation of users’ packets is based on stochastic distributions dedicated to
each service. After that, the number of RBs required for data transmission is extracted according to the
users’ SNR and their associated packet size. The results, together with the input network/user
parameters are fed to the RCC estimation module. The RCC of the BBUs are calculated as explained
in Section 3.3. The results acquired in the first two modules together with the input parameters are fed
to the resource allocation module, in which the bargaining powers are calculated first based on

Section 3.4.3. Accordingly, the optimal computing resource allocation is acquired exploiting CVX.

All the archived results are used in order to evaluate the performance of the proposed model using the

metrics defined in Section 4.3. Traffic simulation and the implementation flowcharts are explained in
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more detail in the following sections.

Inputs MATLAB Simulator Outputs
Traffic RCC Resource ,
Generation Estimation Allocation in —p BBUs
) BBU-pool AICCs
End-user - \. J
Generation Bargaining
User Specific Power
—> RCC — | Calculation )
Network/ Packet Estimation Evaluation
User : srssassssssssnnnaanas, L i
Parameters Generation CVX Solver Metrics
( ) CP RCC : N—
RB Estimation : BB.U .AIC.CS .
Allocation : | Optimization .
\___________/ E E

Figure 4.4 — Simulator overview.

442 Traffic Generation

Network behavior is simulated within a time interval in order to evaluate the proposed computing

resource management model. The generation of traffic is based on the generic model defined in

[HaGBO05]. End-user generation, packet generation and radio resource allocation are three primary

considerations while generating the network traffic described in what follows:

End-user generation: end-users are generated at the beginning of the simulation. A user’s process
starts once the user arrives at the network. Users’ arrival rate is given at the beginning of the
simulation following a mixture of two Truncated Normal Distributions for both residential and
business areas: for the former, the mean values are 10 AM and 6 PM, standard deviations are
160 min and 140 min, and mixing proportions are 30% and 70% for the first and second distribution,
respectively; in the latter, mean values are 11 AM and 3 PM for the first and second distribution
respectively, both with the standard deviation of 95 min and 50% of mixing proportion. Figure 4.5
illustrates the Probability Density Function (PDF) and the Cumulative Distribution Function (CDF) of
users’ arrival rate in both areas, user peak hours being taken from [PLLL11], and traffic outside peak
hours is selected in such a way that it gradually increases until the peak and then decreases.

The simulator initially considers users who enter the network during the simulation period. It also
targets the users who have entered before and are still active at the beginning of the simulation.
Users are considered mobile, therefore, an individual user is assigned with a random SNR that is
variable per TTI, based on a Uniform Distribution in [1, 35] dB. Still, the user SNR is assumed to be
unchanged within the coherence time, which is considered equal for all users connected to a BS

and is calculated based on the BS frequency band and the average speed of the users.
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Figure 4.5 — PDF and CDF of the user arrival rate in residential/business areas.

o Packet generation: running services are determined at the beginning of the simulation based on a
defined traffic mixture. According to the service type, its duration is taken as listed in Table 4.2. Traffic
is generated in three levels (session, activity and packet) as explained in what follows, further details

being presented Annex D:

Table 4.2 — Service characteristics.

Service Parameter Distribution Star]d?rd
Deviation

Packet Inter-Arrival Time Deterministic 20ms
Frame Packets Inter-Arrival Time Pareto 6.1ms 3.6ms
Packet Volume Pareto 1.3MB  257B
Packet Inter- Reading Time £ tial 30s
. . xponentia
Web Browsing Main Object Size 11MB  25.3MB
Lognormal
Embedded Object Size 8.2MB 47.3MB
Packet Volume
Number of Embedded
Object per Page Pareto 7.6 104
File Transferring 2MB 700B
File Size Lognormal

Session level: A session begins when the user starts an application until being disconnected

[e]

from the network, so once the user arrives at the network, his/her session starts. The session
duration depends on the service that the user is performing: for VolP, video streaming/calling
and web browsing, the session's duration is characterized by the Poisson Distribution; for file
transfer and email, the session’s duration depends on the data volume that is transferred and
on the amount of the available RBs in each sub-frame, the Lognormal Distribution being used
for the data volume. Web browsing packets' size depends on the main object size, embedded

object size and number of embedded objects per web page. Video packet's size relies on the
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size and number of packets of a frame and frame rate, while for VolIP it depends on the user's
active/inactive state duration.

o Application activity level: The application activity level determines the density of information
in a service. In this layer, a session is decomposed into the state of being active or inactive. For
example, a web browsing service is in the active state when a web page is downloading, but
after that, the session is in an inactive state while the user reads the downloaded page; for VolP,
while the user is talking, the session is in the active state, but otherwise, the state is inactive.
The duration of being in an active or inactive state depends on the service profile.

o Packet level: The packet level is the basic one of traffic generation, deciding how service
packets are generated and transferred. Packets’ sizes and inter-arrivals follow a specific
distribution based on the service profile.

Figure 4.6 presents the relation between levels: during a session the user sends data (activity level),

which is then put into packets with intervals between any pair of packets (packet level).

A
Session begin Session end

Session Level [ |

User arrival : : >
Application Activity [ i

ApplK _ ] - _
Packet Level : :

Packet amivals /- Bil IHEW 1§ IIR\

First packet of session Last packet of session

Figure 4.6 — Generic Traffic Source Model (extracted from [HaGB05]).

RB allocation: As mentioned in Section 3.3.2, the number of RBs allocated to a user at a given
time instant is an important parameter that is essential for the estimation of a BBU RCC. A simple
strategy is used in two steps in order to distribute the available radio resources among active users:
the amount of RBs that an active user requires at an individual time instant, N,’fﬁ_tk, is calculated as
explained in Section 3.7.2; then, the available RBs in the given bandwidth are distributed among
users according to their requirement and service priority level.

Radio resources are limited, and total demand may exceed the available RBs at a given time instant,
therefore, the allocation strategy considers the priority of services: the available RBs are allocated
to the services with a higher priority level with a guaranteed bit rate, i.e., VolP and video streaming.
The allocation is based on the service data rate, and in case there are not enough RBs in a sub-
frame to meet the high prioritized service requirement, the RBs of the subsequent sub-frame will be
allocated to them. Once higher priority service requirements are met, the remaining RBs in each
sub-frame are evenly distributed among the other services as needed. Likewise, the following sub-
frames compensate for the shortcomings.
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443 Overview of CVX Solver

Since the optimization problem defined in this thesis is solved in CVX, this section provides an overview

of CVX performance.

CVX is a modelling system for constructing and solving disciplined convex problems. CVX supports
several standard problem types, including linear, quadratic, second-order cone and semidefinite ones.
This solver is implemented in MATLAB, effectively turning MATLAB into an optimization modelling
language. Model specifications are constructed using common MATLAB operations and functions, and
standard MATLAB code can be freely mixed with these specifications. This combination makes it simple
to perform the calculations needed to form optimization problems or process the results obtained from

their solution.

Within a CVX specification, optimization variables have no numerical value; instead, they are special
MATLAB objects. This enables MATLAB to distinguish between ordinary commands and CVX objective
functions and constraints. CVX reads a problem specification and builds an internal representation of
the optimization problem. If it encounters a violation of disciplined convex programming (such as an
invalid use of a composition rule or an invalid constraint), an error message is generated. MATLAB

converts the CVX specification to a canonical form and calls the underlying core solver to solve it.

If the optimization is successful, the optimization variables declared in the CVX specification are
converted from objects to ordinary MATLAB numerical values that can be used in any further MATLAB
calculations. CVX also assigns a few other related MATLAB variables, e.g.: one gives the status of the
problem, i.e., whether an optimal solution was found, or the problem was determined to be infeasible or

unbounded; another gives the optimal value of the problem. Dual variables can also be assigned.

Numerical results of CVX are computed within a predefined precision or tolerance. CVX considers three

different tolerance levels €41per < €standard < Ereducea WheN solving a model:

e The solver tolerance e€,,,,., is the level requested of the solver, and the solver will stop as soon as
it achieves this level, or until no further progress is possible.

e The standard tolerance € qnaqrq 1S the level at which CVX considers the model solved to full
precision.

e The reduced tolerance €,.4,..4 is the level at which CVX considers the model “inaccurately” solved,
returning a status with the Inaccurate prefix; if this tolerance cannot be achieved, CVX returns Failed

status, and the values of the variables should not be considered reliable.
The CVX default values of [€51perr Estandardr Ereducea) are set to [61/2, €7, 61/4], where € = 2.22 x 10716

is the machine precision. These tolerance levels were chosen in this thesis, since they are sufficient for

most of the applications, including the computing resource allocation in BBU-pool.

It is also noted that CVX supports several solvers, each with different capabilities, the Embedded Conic
Solver (ECOS) having been selected in this thesis, which is one of the solvers that relies on a successive
approximation method that supports geometric problems and models using functions from the

exponential and logarithm families.
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4.4.4 Implementation Flowcharts

As mentioned before, the simulation is composed of three main modules: traffic generation, RCC

estimation and resource allocation. Each module's process is explained in detail in what follows.

Given the simulation interval and simulation starting time, the BBU-pool’'s instantaneous load is
produced by generating any single BBU’s load and RCC in the pool, Figure 4.7. A BBU’s load generation
is re-called as a subfunction, i.e., the red block, its process being explained in detail in Figure 4.8.

b=b+1 [«
// Network/
User parameters
No
BBU b’s traffic generation
and RCC estimation End

Figure 4.7 — The algorithm of traffic simulation.

BU b’s traffic generatlon
and RCC estlmatlon

Inserting
BBU’s and
Network/User user's RCCs
parameters into the

database
End-user generation

u=u+1
u=1

No

Yy

End

User u’s packet generation
and RB allocation

v

Useru’s RCC estimation

A

Figure 4.8 — The algorithm of calculating a BBU’s traffic generation and RCC estimation.

Given network and user parameters as input, e.g., cell-specific info, traffic mixture, user arrival rate and
users' average speed, end-users are generated in the first step for 24 hours. In this step, users'
parameters, i.e., SNR, service type, service duration and arrival time, are initialized according to their
statistical distributions, Section 4.4.2. After that, load is generated in a loop for all the users who are

active within the simulation interval, i.e., both the users whose arrival time is within the simulation interval
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and those whose arrival time is before the simulation starts but their associated session has not ended
yet. In case there is no user activity within the simulation interval, zero will be returned as the BBU load
and RCC. The load generation process includes both services’ packet generation and RB allocation,

which is called as a subfunction, the red block, being explained in Figure 4.9.

User u’s packet generation and
RB allocation

/ Network/User parameters Inputs

t,, = max {simulation start time, user arrival time}

v

MCS assignment

Yes
Is service VolP?

Packet volume generation

Packet volume
calculation

No

y

»  Calculate Ng7 .,

Is session/
simulation
finished?

Is session/

simulation finished? RE gllocation

RB RB
NR u,ty > NAl u,ty

No

tkztk+1

T

RB _ NRB  _ \RB
NRu,tk_NRu,tk NAlu,tk

Is service file
transfer/email?

t,.= next packet’s
arrival time

Yes Yes

»(  Return user u's RB usage )«

Figure 4.9 — The algorithm of calculating a user’s RB usage.

As the network simulation's granularity is defined in a 1 ms scale (LTE TTI duration), the users' load
generation is per millisecond. Summing up the entire users' load, the BBU's total load is achieved and
the same for RCCs. All the results are stored then in the database. A users' load depends on the service
being performed. The load generation process follows the traffic model defined in Annex D, which is
particular for each service. As Figure 4.9 shows, given the user SNR, service type, service duration and
arrival time as inputs, fed by the previous module, an MCS is assigned to the user in the first step. The
MCS assignment is based on the user's SNR, as explained in Section 3.7.2. The users' load is generated
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then according to the service type.

The load generation granularity for VolP service is 20 ms, since VolP transfers its associated packet
once every 20 ms in LTE (VoLTE); however, the VoIP packet size depends on the ratio of time the user
is in an active (talking) state, Annex D. The available RBs are allocated to users in accordance with their
services’ priorities. In case that the total RB demand is higher than the available ones in a given time
instant, the capacity share of low-priority services is degraded, and their packets are delayed to
compensate for the resource shortage of high-priority services, Section 4.4.2. Delayed packets are
processed in the upcoming under-loaded sub-frames. For the other services, the packet size is
generated randomly based on their given statistical distributions, Annex D. According to the packet size,
the number of resource blocks required to transfer the packets, NX& o I calculated in the next step.
However, the number of the available RBs bounds the maximum amount of RBs allocated to a user at
a given time instant. Given the number of user's allocated RBs, Alutk, and the user/network
parameters, the user RCC is calculated in the next step for the current time instant, Section 3.3.2. In
case the service is file transfer or email, the traffic generation process is finished after the RB allocation.
The user u’s instantaneous load and RCC are then returned to the BBU b’s traffic generation module as
a result. Instead, a packet inter-arrival time is generated for the other services, and the whole process
repeats until the simulation or the user session is completed. Once all the BBUs' load and accordingly,
their RCCs are calculated, results are inserted to a database to be fetched for the resource allocation

process, Figure 4.8.

Figure 4.10 shows the resource allocation algorithm.

5"
No >

BBU-pool’s i Input Simulation end <

specific info tlr’r;e
t,, =simulation start time
Yes
Compute evaluation metrics
Fetch all defined in Section 4.3

the BBUS’

RCCs at ty v

Output e Optimal AICCs

e Evaluation metrics

Calculate the BBUs bargaining
powers End

v

Compute optimal resource allocation

v

Compute evaluation metrics defined in

Section 3.6
tk = tk + 1

Figure 4.10 — The proposed computing resource allocation algorithm and the model evaluation.
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Given the BBU-pool’s specific info as inputs, BBUs’ RCCs are fetched from the database in the first
step. Accordingly, the BBUs’ bargaining powers are calculated based on Section 3.4.3 in the next step.
Results are then fed to the resource allocation block. In this phase, the optimization problem defined in
Section 3.4, (3.38), is solved in order to find the optimum computing resource allocation for an individual
time instant. The solution is achieved by exploiting CVX in MATLAB. Achieved results are then used for
the metric evaluations, Section 3.5. The whole process repeats for the next time instant and the time
dependent evaluation metrics are calculated, Section 4.3.

4.5 Canonical Scenario

The canonical scenario defined in Section 3.8 is extended here to define a time-varying network for the
model assessment. The input parameters are summarized in Table 4.3. The number of active users,

Ny, depend on the user arrival rate and the services’ durations. The user arrival rate follows a mixture

of Truncated Normal Distributions with the peak hours as 11 AM and 6 PM, the simulation being for 25
minutes from 6 PM onwards. The average user arrival rate is 155 and 110 users per minute for DL and
UL, respectively. Considering the user arrival rate, traffic mixture, average service durations and packets
inter arrival rate, it is expected to have on average 133 and 125 active users per second in DL and UL,

respectively (for more information on these parameters, one is referred to Section 4.4.2).

Table 4.3 — Input parameters in canonical scenario.

Parameter oo

2
19

User Arrival Rate (R3E55e1 Yty ) DL: 155, UL:110
%
{VolIP, Video, Web, file transfer, Email}
Table 4.2
Micro
20
DL: 2110, UL:1920
24
;

The traffic mixture and service penetration are presented in Table 4.4. VolIP, video streaming, web

browsing, file transfer and email services are considered in DL, while just VolIP, file transfer and email
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are assumed for UL; this is due to the fact that video streaming and web browsing can be considered
as file transfer in UL. The traffic mixture is considered the same for both BBUs. The service penetration
shows the percentage of users per 24 hours performing that specific service, however, services' volume
shares are the percentage of RB usage from the total one. Table 4.4 clearly shows that VolP is the most
requested service. Although video is the lowest requested service, it holds the highest volume share as
the video data rate is the highest among all other services, Annex D. The considered user arrival rate
and services lead to an average of 110 and 155 users in UL and DL, respectively. All users are assumed
with 19 dB SNR for simplicity.

Table 4.4 — BBUs’ service penetrations and traffic volume shares in canonical scenario.

II!HI

Service | Service Penetration [%] | Volume Share [%)]
el uL
10

83 68 40 2

VolP v

O

Video Streaming 48 - 2 - 57
Web Browsing - 27 - 11
File Transfer v 36 20 24 65 25

v 12 7 25 5

4.6 Simulator Assessment

The simulator assessment is made in four steps:
1. analyzing the transitory interval at the beginning of a simulation,
2. acquiring the runtime of the simulator,
3. evaluating the traffic generation and comparing the generated samples frequency with their
associated density functions,
4. studying the number of simulations that are required in order to have reliable results,

The assessment results are explained in detail in what follows.

4.6.1 Analysis of the Simulator’s Transitory Interval

The simulator's transitory interval is evaluated in this section, based on the canonical scenario previously
defined. The analyzed parameters are: BBUs' RB efficiency, RCC, AICC and the evaluation metrics
defined in Section 4.3, i.e., average of BBUs' fulfilment levels, resource allocations' efficiency and
resource usage. Although two BBUs are considered in the BBU-pool, the results are presented for only

one of them, since the simulator's behavior is identical for both.

As mentioned earlier, users' arrival time and related service durations are generated randomly at the
beginning of the simulation. The simulator initially considers users who enter the network during the

simulation period. It also targets the users who have entered before and are still active when the
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simulation starts. Therefore, irrelevant to the simulation's time, the network behavior is maintained in

just a few milliseconds after the simulation starts. The number of active users per second for one of the

BBUs is presented in Figure 4.11, where 138 and 123 average users per second are active in DL and

UL in the BBU, which is coherent with the expected number mentioned in Section 4.5.
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Figure 4.11 — Number of active users per second.

1500

Figure 4.12 and Figure 4.13 present the RB efficiency per millisecond and per second, respectively, for
the same BBU, confirming that it has a similar behavior in relation to the average value, from the

beginning and over time.
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Figure 4.12 — RB efficiency of a BBU per millisecond.
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Figure 4.13 — Average RB efficiency of a BBU per second.
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On the other hand, Figure 4.14 shows the average RB efficiency per second of the BBU in various
simulations with different durations, where one can see that it changes slightly for the simulations with

less than 200 s, but it remains almost constant for simulations with more than 200 s.
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Figure 4.14 — Average RB efficiency for different simulation intervals.

The figures related to the other considered parameters are presented in Annex E. It can be observed
that the network behavior is maintained just after some milliseconds, and that all parameters have similar
behavior in relation to the average value, at the beginning and over time. The simulator interval is

analyzed based on the relative deviation percentage given by

|Xaprox _ Xref|
Bpgg= i — (4.11)

where:
e  X9PToX: yalue of parameter X,

e X7¢f: reference value of parameter X.

The relative deviation for each of n millisecond simulations is achieved by comparing X?"°* with the
average of all values collected for the total set of simulations as X™¢/. The results are presented in detail
in Annex E, where it can be observed that the relative deviation is less than or of the order of 0.03% for
the simulations more than 200 s. Therefore, 200 s can be considered as the simulator transitory interval,

and this initial time interval was not considered for algorithms assessment.

46.2 Runtime of the Simulator

In this subsection, the runtime of the simulator is studied. All simulations were performed on a desktop
Personal Computer (PC) with a two-core Intel® Core™ i3-4150 3.50 GHz processor and 8 GB of
memory. The implementation contains 3 000 lines of MATLAB code, of which about half are comments.
While evaluating the simulator's speed, the MATLAB priority is high on the windows operating system.

As mentioned before, the simulation contains three main steps: traffic generation, RCC estimation and
resource allocation. The simulator’s runtime is not equal for all services’ traffic generation and depends
on the traffic mixture, due to the variety of packets arrival rates and volumes, e.g., more packets are

generated for video and its volumes are larger than in other services, hence, the runtime is longer.

On the other hand, in the resource allocation step, the simulator exploits CVX as a modelling system for
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constructing and solving convex problems. Exploiting ECOS as the solver in CVX and tuning the solver's

solution tolerance to e /4 allow converging to the optimal solution faster while an acceptable precision is
achieved. The computing resource allocation is executed once in a millisecond in accordance with the
granularity of the network simulation. In general, the simulator takes 36 ms on average to find the optimal
solution, (3.38), once.

Table 4.5 lists the simulators’ average runtime for simulating one network minute in the canonical
scenario defined in Section 4.5. For comparison, Table 4.5 also shows the simulator’s runtime if the
number of active users increases three times, being seen that the simulator takes 21 minutes on average
to simulate one network minute traffic for an individual BBU, but by tripling the number of users, the

simulator takes five times longer.

Table 4.5 — Average duration of the simulator’s runtime for one network minute simulation per BBU.

Average duration of the simulator’s runtime [min]

Average number of
active users per
minute (UL+DL)

800 21 57
Table 4.4 36
2400 110 146

Traffic Traffic generation and RCC Resource allocation
mixture estimation phase phase

Figure 4.15 presents the simulator’s runtime related to the simulation interval for the same scenario,
showing that runtime increases almost linearly with the increment of the simulation interval, the reason

being that after the one-minute simulation, results are saved in the hard disc and memory is released.

24 Traffic simulation and RCC estimation
20 —#— Resource allocation

Total
16

Runtime [h]

0 5 10 15 20 25
Simulation interval [min]

Figure 4.15 — Average duration to simulate one network minute per BBU in the canonical

scenario.

The results confirm that it would be impractical to capture the long-time network behavior due to the
long simulation runtime. However, since the simulator's transitory interval is 200 s, Section 4.6.1, and
the most extended service takes on average seven minutes in defined scenarios, one can say that a

ten-minutes simulation interval is enough to evaluate the model performance with desired accuracy.
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46.3 Traffic Simulation

As described in Section 4.4, traffic is generated considering session, activity and packet levels.
Figure 4.16 shows the ftraffic that a user generates per millisecond in the canonical scenario,
Section 4.5, together with the RB efficiency for five kinds of services, i.e., VoIP, video streaming, web
browsing, file transfer and email. The traffic behavior depends on the service’s traffic model described
in Annex C. The VoIP RB usage is in every 20 ms, and for the video service 14 packets arrive at the
network every 100 ms, each with a randomly generated inter-arrival time. On the other hand, once the
packet of web browsing, file transfer or email services arrive, the entire available bandwidth is allocated

to it until the whole packet is transferred.
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Figure 4.16 — Generated traffic for a single user.

The simulator's behavior is further studied by analyzing the generated samples' frequency. To this end,
35 simulations were observed, each with a 10-minute duration; and the PDF of any set of the generated
samples was compared with the given PDF, in Annex D. It is noticed that a 10-minutes simulation is

large enough to evaluate the simulator's behavior, as the network RB efficiency is stable after 200 s.

Figure 4.17 shows the given PDF for the file size in the file transfer service as an example. As explained
in Annex D, a Truncated Lognormal Distribution is used to generate the samples with the mean and
standard deviation of 1.996 and 0.7, respectively. The frequency and size of 40 random generated
variables are presented in Figure 4.18. The mean value of the generated variables and their standard

deviation are 1.989 and 0.69, respectively.
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Figure 4.17 — PDF of the file size in file transfer.
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Figure 4.18 — Generated samples for the file size in file transfer service.

The mean and standard deviation of generated samples are compared with the theoretic ones in the
given PDF to check the sample's validity. To this end, the means and the standard deviations of the
samples in 35 simulations were obtained. The average of the obtained values was compared with the
theoretic mean and standard deviation of the associated PDFs. The validation of the samples is done
in two steps. In the first step, a comparison between the samples' mean/standard deviation and the
theoretic ones is made by using a one-sample t-test; the comparison mentioned above is valid since the
number of generated samples is large enough, i.e., more than 20, and the samples are independent
and continuous. The null hypothesis in the test assumes there is no difference between the theoretic
mean/standard deviation and the average of 35 simulations mean/standard deviation. The purpose of

the one-sample t-test is to check if the null hypothesis is rejected.

Using MATLAB and applying one-sample t-test, the null hypothesis is rejected for none of the sample
sets at the significance level of 5%, therefore, the average mean/standard deviation of the generated
samples is statistically indistinguishable with the given PDFs mean/standard deviation. Results are listed

in Table 4.6 and Table 4.7 for the file transfer service.

Table 4.6 — The average mean of generated samples in comparison with the theoretic mean.

Theoretic | Avg. of 35 Simulations . Result
RS (atsignificantlevel of 5%)

Avg. of 35 simulations’ Null hypothesis
1.996 1.989 . . .
mean is equal to theoretic mean cannot be rejected

Table 4.7 — The average standard deviation of generated samples related to the theoretic one.

Theoretlc Standard Avg. of 35 Simulations Result (at significant
Standard Deviation MU AR level of 5%)

Avg. of 35 simulations’
standard deviation is equal to
theoretic standard deviation

Null hypothesis
cannot be rejected

In the next step, the generated samples are analyzed based on the relative deviation percentage (4.11).
The randomly generated samples’ standard deviation and mean, as the approximated values, XP7°X
are compared with the theoretic standard deviation and mean of the given PDF, as reference values,

X7¢f . The results are presented in detail in Annex F. The average of the relative deviation is less than
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0.2% for all parameters, which is considered an acceptable accuracy for the generated samples, hence,

one can say that all simulator’s generated samples follow their associated PDF as listed in Annex D.

4.6.4 Sensitivity Analysis on the Number of Simulations

In this subsection, the sensitivity of results is analyzed relative to the number of simulations. To this end,
25 simulations have been performed, each with a 3-minute duration after the initial transitory interval of
200 s, output parameters being taken every millisecond. For each run, the generation of random values
is done according to a different seed, affecting the values of the following input variables:

e Number of active users, NV,

e Packet volume, VP«

e Users SNR, y.

The other input parameters of Table 4.3 are fixed in each simulation. Section E.2 contains the output
parameters depicted as a function of the number of simulations. It can be observed that most of the
average values are almost constant, independently of the number of simulations. The average of BBU’s

RB efficiency and fulfilment level are presented in Figure 4.19 and Figure 4.20, as examples.
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Figure 4.19 — Average of RB efficiency for different number of simulations.
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Figure 4.20 — Average of the BBU fulfillment level for different number of simulations.

In order to quantify the observations, the deviation percentage relative to the average of all values
obtained for the simulations is computed from (4.11), where X%"°* s considered as the value of
parameter X for n simulations, results being listed in Annex E. It can be observed that, for the analyzed
parameters, the relative deviation of the average values is less than or equal to 0.1%. In conclusion,

one can say that one simulation is enough to obtain values with the desired accuracy.
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Chapter 5

Reference Scenario

and Corresponding Results

This chapter aims to analyze the proposed computing resource allocation model's performance in terms
of the BBU fulfilment level, resource allocation efficiency, fairness and resource usage. To this end, a
reference scenario is characterized first in Section 5.1. BBUs’ real-time demands are estimated, and
optimal resource allocations are achieved. Accordingly, the evaluation metrics are assessed for one
snapshot of the network and for time-varying traffic in Section 5.2 and Section 5.3, respectively.
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5.1 Reference scenario

In order to evaluate the performance of the proposed computing resource management model, a

reference scenario is defined in this section. An overall view of the scenario in depicted in Figure 5.1.

BBU-pool

——r

S

A" e

21 TOPS

User
Arrival

O Business area
O Residential area

24h

Figure 5.1 — Reference scenario.

Although a BBU-pool can host a diverse number of BBUs, [WRBL14], for clarity, however, the operating
scenario includes 4 micro-cell RRHs in a residential area and other 3 in a business one. The RRHs are
driven by 7 instances of BBUs, co-located in a single BBU-pool, where each BBU instance in the pool
is associated with a single RRH. All BSs are configured with channel bandwidths of 100 MHz, 24-bit
quantization resolution and support for 8x8 MIMO.

On the user side, terminals are assumed to have 8 spatial streams, enabling to have the optimum MIMO
utilization. Users are outdoor with the average speed of 30 km/h, being distributed uniformly over the
whole area. The user's SNR is represented by a random variable taken uniformly in [1, 35] dB at each
time instant; accordingly, the modulation and coding ratio for a user is extracted from [3GPP17]. One
should note that 1024 QAM is assumed to be the highest modulation offered by the network, leading to
a BBU peak RCC of 12 TOPS for the proposed scenario, based on (3.19). To generate traffic demand,
an attempt has been done to emulate a typical day of operation in cellular networks, the user arrival rate
following the distributions presented in Section 4.4.2; however, due to hardware limitations, this resulted
in a too long simulation time, hence, only 10 minutes of network time was simulated, starting at 6 PM
(one of the peaks), with a time granularity of 1 ms. The average arrival rate is 140 and 883 users per
minute in UL and 195 and 1243 users in DL for business and residential areas, respectively. The
aforementioned network/user parameters that are required for BBUs’ RCC estimations based on (3.11)
and (3.15) are summarized in Table 5.1.
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Table 5.1 — Input parameters in reference scenario.

RRH Traffic Type
(H™") Business Residential

Parameter

# Spatial Streams (N, ) 8
SNR (Vuty(an)) Uniform [1,35]

User Arrival Rate (Rjfiser/min]) UL:140, DL:195 UL:883, DL:1243

Average Mobility Speed (ayg(xm/n]) 30

{VolIP, video streaming, video calling, web browsing, file
transfer, email}

Packet Volume (V) Table 5.3
Cell Type (CT"P) Micro

Channel Bandwidth (Af gy miiz)) 100
Quantization Resolution (Qyig) 24
MIMO Order (Npimo) 8x8

# BBUs in the BBU-Pool (Ng) 7

BBU-Pool AVCC (€55, (rops]) 17.5

The simulation includes a combination of heterogeneous services, i.e., VoIP, video calling/streaming,

Service (sY

file transfer, email and web browsing. These 5 types of services were chosen according to the estimation
that, until 2025, more than 90% of mobile traffic will be composed of the proposed service mix [Cerw20]
(social networking and software down- and upload are considered as file transfer). Table 5.2 lists the
achieved service weights based on (3.30) together with the link, i.e., UL or DL: VoIP and Video calling
are simultaneous in both UP and DL; the other services can also be performed in both links but not
simultaneously, but since video streaming and web browsing are usually in DL, they are considered as

file transfer in UL.

Table 5.2 — Service Weights.

T Senice | L UL | ServicoWeignt
83

VolP v v
Video Streaming v - 48
Video Calling v v 59
Web Browsing v -
File Transfer v v 36
E-mail v v

For simplicity, it is assumed that users request only one type of service at a time. Service durations are

randomly generated for VolP, video calling/streaming and web browsing, based on a Poisson
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Distribution with the mean values of 120 s, 300 s and 420 s, respectively. File transfer and email service
durations, however, rely on the user file size and network data rate. Moreover, traffic generation is done
at the packet level, where packet size and flow are characterized by stochastic models defined
exclusively for each service [NGMNO08]. According to the user modulation and coding ratio, the number
of RBs that are required to transfer the generated packet is extracted from [3GPP17]. The service
characteristics, e.g., the service duration and the packet volume, are summarized in Table 5.3 (for more

details one is referred to Annex D).

Table 5.3 — Service characteristics.

Service Parameter Distribution m Standard Deviation

Packet Inter-Arrival Time Deterministic  20ms
Duration Poisson 120s 11s
Frame Packets Inter-Arrival Time Pareto 6.1ms 3.6ms
Duration Poisson 300s 17.3s
Packet Volume Pareto 1.3MB 257B

Packet Reading Time 30s
Inter-Arrival : ) Exponential
Time Parsing Time 130ms
Browsing Main Object Size 11MB 25.3MB
- . Lognormal
Packet Embedded Object Size 8.2MB 47.3MB
Volume
Number of Embedded
Object per Page Pareto 7.6 104
Transferring File Size Lognormal

The service penetration per cell, i.e., the percentage of the users per 24 hours that are using a specific
service is summarized in Table 5.4, profiles with a dominance of VolP (V) or File transfer (F) and Mixed
without dominance (M) being used. The service penetration in Table 5.4 was designed so that each
BBU has a different type of service as the highest ratio of running service, so that one can analyze
model performance in allocating resources based on service priorities. The BBUs might serve RRHs
being in a Residential (R) or Business (B) areas. BBU names in Table 5.4 denote both the area location
and service dominance:
¢ RV: Residential area with VolP dominance,
e BV: Business area with VolP dominance,
e RF: Residential area with File transfer dominance,
e BF: Business area with File transfer dominance,
¢ RM1/RM2: Residential area without service dominance (Mix) (area location and traffic mixture
are considered the same for these BBUSs, the goal being to analyze the model behavior for BBUs
with equal conditions),

e BM: Business area without service dominance (Mix).
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Table 5.4 — Service penetration of the BBUs in reference scenario.

Service Penetration [%] / BBU Index (b)

Service ID VolP dominance File transfer Without service dominance
(RV BV) dominance (RF BF) (RM1 RM2, BM)

VolP 15 18
Video Calling 1 1 1 1 1 1
Video Streaming 1 - 1 - 1 -
File Transfer 22 26 80 94 67 79
E-mail 2 2 2 2 2 2
Web Browsing 14 - 14 - 14 -

The traffic volume shares per BBU being generated by given service penetration are summarized in
Table 5.5. The volume shares of services are the percentage of the RB request from the total available
ones. Given the number of the packets per user per second, the packet volumes in MB (being generated
randomly) and the user SNR (also being generated randomly), the number of the required RBs are

specified. Traffic simulation and implementations have already been explained in detail in Section 4.4 .4.

Table 5.5 — Traffic volume share of the BBUs in reference scenario.

Traffic Volume Share [%] / BBU Index (b)

B T e
0.5

VolP 1 3 0.1 0.1
Video Streaming 21 - 32 - 19 -
Video Calling 21 25 32 47 19 22
Web Browsing 4 - 8 - 4 -
File Transfer 52.5 73 26 46 56.9 76.9
E-mail 1 1 1 1 1 1

The deployed computing capacity of the BBU-pool is assumed to be 21 TOPS, based on its average
RCC in the peak hours for the defined scenario, from which 83% (17.5 TOPS) is assumed to be the
maximum resources that all BBUs are allowed to utilize for signal processing, in order to avoid data-

center saturation, and the rest remaining for the other functionalities of BBU-pool.

In what follows, the BBUs’ RCCs are estimated, and the BBUs’ bargaining powers are calculated as the
first step of the proposed resource management model. Afterwards, the optimal resource allocation is
found and the performance metrics, defined in Section 3.6 and Section 4.3, are evaluated, accordingly.
To have a closer look at the model’s performance, one time instant (selected arbitrarily) is taken at first,
and then the performance of the model is evaluated over time for the 10 minutes of the simulated
network traffic.




5.2 Time Instant Analysis

In order to evaluate the proposed model’s performance in more detail, a single snapshot of the network
is taken in this section and the evaluation metrics are assessed accordingly. Traffic demands are
evaluated as the first step of the proposed resource management model, and the optimal solution for

resource allocation are achieved afterwards, the model’s performance being assessed, accordingly.

Results in the values of RCC, the average weight of active services, minimum guaranteed computing
capacity and bargaining power per BBU are listed in Table 5.6. The presented RCCs show the
computing demands of active users at the taken snapshot, wherein BBUs are sorted by demand, i.e.,
from the lowest to the highest one. Since the simulation is at the packet level, a user is counted active
in a given time instant if s/he is transmitting a packet at that time. However, packet transmission is not
continuous (the packet inter-arrival time is variable, depending on the type of the service, Annex D),
hence, a user may not transmit a packet at a specific time instant and being counted inactive while s/he
still has an active session, Figure 4.6. This is the reason why the BBU demands presented in Table 5.6
do not follow exactly the traffic pattern listed in Table 5.5 (e.g., estimated RCCs for BBUs RM1, RM2
are not the same, even though both of them have the same user arrival rate and traffic volume share).

Table 5.6 — BBUs’ RCC, average weight of active services, minimum guaranteed AICC and BP at t,,.

oBUndex(v) | oM | BF | &V | RF | Ruz | RW | RV

006 117  1.33 315 354 5.45 10.3
lel‘l

205 9537 5154 14182 9711 159.97  147.23

5500 4500  71.20 56.00  69.37 64.74 76.10
0.13 2.91 547 1014 1435 20.57 46.44

Table 5.6 presents a higher RCC for residential BBUs compared to business ones, since the chosen

scenario has a residential peak traffic demand leading to a higher number of active users, hence, a
higher RCC for serving BBUs. The table also shows that the BBUs RV and BV have higher average of
service weight, since the majority of their services are VolP (the most top service priority). On the
opposite, the BBU BF, with no VolP, has the lowest average weight. Moreover, since BBU bargaining
powers are combinations of both BBU demands and average weights of active services, one can see
that BBU RV with both the highest weight and RCC has also the highest bargaining powers among all.

Once BBU demands are estimated, results are fed to the next step in order to find the optimal resources
allocation. Figure 5.2 shows BBU AICCs in comparison with their RCCs. Although none of the BBU

demands can be fully met due to the resource shortage, the minimum guaranteed computing capacity
ie., Clig‘:“, are provided for all BBUs. Once the allocator assigns Cli‘t'l‘:“ to BBUs, it distributes the rest of

the available resources among the BBUs with respect to the priority of each one, i.e., BBU bargaining
powers. BBUs with higher bargaining powers are allocated with more resources while none of their

AICCs exceed their demands.
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Figure 5.2 — BBU AICCs vs. RCCs.

Comparing BBUs’ fulfilment levels, Figure 5.3, also confirms that the resource allocator takes priority of
active services into account while distributing resource among BBUs. Regardless of the BBUSs’
requirements, all their demands are fulfilled proportionally to the average weight of their active services.
BBUs RV and BV’s demands are fulfilled more than the other BBUs, since their active services have the
highest average weight and hence the highest priority. It is also evident that although the demand of
BBU BV is much less than the BBU RF ones, its fulfilment level is much higher for the same reason.
Results confirm that the resource allocation is 100% fair, fairness being defined as the closeness of

fulfilment level of BBUs to the weight of their ongoing services, (3.42).
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Figure 5.3 — BBU fulfilment levels vs. average of the service weights.

Moreover, since total demand, i.e., 21 TOPS, at the taken time instant is higher than the BBU-pool
AVCC, i.e., 17.5 TOPS, the allocator assigns the available resources to BBUs entirely, leading to 83%
usage of existing resources (17% being preserved for signaling overhead and saturation prevention).
Full use of available resources also leads to the allocation efficiency being 82% higher than the
traditional approaches, which assign resources to the BSs statically based on their peak demands. BBU-

pool evaluation metrics are summarized in Table 5.7.

Table 5.7 — Evaluation metrics at ¢t,,.

100 83 82
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5.3 Time Dependence Analysis

This section addresses the performance of the proposed resources allocation model over time-varying
traffic and demand. BBUs’ RCC are estimated for each time instant separately and optimal resources

allocations are achieved. Accordingly, the performance metrics defined in Section 4.3 are assessed.

Following the model described in Chapter 4, the average of BBUs’ RCCs, bargaining powers, ongoing
service weights and minimum guaranteed RCCs are computed for 10-minutes of simulated network
traffic. Simulation results are shown in Figure 5.4, where BBUs are sorted by demand, i.e., from the

lowest to the highest one.
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Figure 5.4 — Average of BBU RCCs, bargaining powers, service weights, minimum guaranteed RCCs

and number of active users within simulation interval.

Figure 5.4(a) presents a higher RCC for residential BBUs compared to business ones, since the chosen
scenario has a residential peak traffic demand leading to a higher number of active users, hence, a
higher RCC for serving BBUs. For the same reason, the minimum guaranteed RCC of BBUs follows a
similar pattern, Figure 5.4(d); the values are relatively smaller, since the minimum guaranteed RCC

accounts only for the CP processing steps’ demands.
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Regardless of the RRH type, simulation results show a reasonably equal average service weights for
BBUs with the same traffic mixture, Figure 5.4(c). In addition, since VolP has the highest service weight,
BBUs RV and BV, with the highest proportion of VoIP, have the highest average among all other BBUs.
Despite the same average of service weights, BBU RV has a bargaining power higher than the BBU BV
one, Figure 5.4(b), which is due to the fact that it is a function of both service weights and RCC, thus,

an unequal RCC may lead to different BBU bargaining powers.

Given BBUs’ RCCs, minimum guaranteed RCCs and the average weight of ongoing services as inputs,
the allocator calculates BBUs’ bargaining powers and distributes the BBU-pool AvCC among BBUs
proportional to their bargaining powers so that resource utilization is maximized. Figure 5.5 shows the
total AICC of the BBU-pool in comparison with its RCC per millisecond, the total amount of the allocated
resources never exceeding the available ones (17.5 TOPS), since 100% of the available resources are
used in bottlenecks. In contrast, when the total demand is less than the BBU-pool’'s AvCC, resource

allocation is bounded by the amount that is required, the rest of resources being remained available.

24 | Mw RCC ===AICC —AVCC

Computing Capacity [TOPS]

08 ; 1 e 1 ‘ i L I

18:00 18:02 18:04 18:06 18:08 18:10
Hour of the day [h]

Figure 5.5 — BBU-pool total AICCs vs. its total RCCs per millisecond.

Figure 5.6 compares BBUs’ AICCs with their RCCs, over the 10 minutes simulated network traffic. The

allocator assigns the minimum guaranteed resources, C,i‘t‘l‘j“, to each BBU and distributes the remaining

resources proportionally to their user processing requirements, Cf# b,t,» therefore, the allocation follows
a pattern similar to BBUs’ demands. BBUs in the residential area, with higher demands, receive more
resources than in business ones; moreover, BBU RF and BF receive the highest and the lowest

resources, since they have the highest and the lowest demand among all BBUs, respectively.
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Figure 5.6 — BBU AICCs vs. RCCs.

The difference between BBUs’ RCC and their AICC in Figure 5.6, stems from two facts: due to the
dynamicity of the network, BBUs’ demands fluctuate over time, hence, there are time instants that the
BBU-pool’s total demand exceeds the available resources, and BBUs’ AICCs are less than their RCCs
due to the resource shortage; since the allocator takes QoS, hence, service priorities, into account, while
distributing resources among the BBUs, it assigns more (less) resources to BBUs with higher (lower)

average service weights.

The consideration of priority of active services is more apparent by comparing the fulfilment level of
BBUs in Figure 5.7. BBUs with higher service priorities have higher fulfilment levels. One can see the
effect of service priority by comparing BBUs RF and BV: although the RCC of RF is much higher than
BV'’s, Figure 5.4(a), its fulfilment level is smaller than BV, since it has a lower average of ongoing service
weight, Figure 5.4(c). Moreover, BBUs RV and BV have the highest fulfilment level among all, as their
services have the highest weights on average.
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Figure 5.7 — BBU AICCs vs. RCCs.

The values for BBUs’ fulfilment levels are the result of using 66% of the existing average resources,
Table 5.8. Resource usage can vary in the range of [0, 83] % in general, depending on the available

resources being fully used or not (17% of the existing resources are preserved for signaling overhead
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and saturation prevention). Because of the load fluctuations, the BBU-pool’s total demand may be less,
equal, or more than the BBU-pool's AvCC at a given time instant. The available resources are entirely
used if they are less or equal than the total demand, otherwise, they remain idle since the allocator

bounds the BBUs’ assigned resources to their demand, due to the allocation strategy.

Table 5.8 — Evaluation metrics at ¢t,,.
Mean Standard Minimum First Median Third Maximum
[%] Deviation [%] [%] Quartile [%] [%] Quartile [%] [%]
66 21 2 45 82 83

N, 84 5 80 89 99

The efficiency of the proposed computing resource management model is also presented in Table 5.8,
showing that it is 84% more efficient than the fixed resource provisioning based on the peak traffic
demands. The minimum efficiency never drops below 80%, which stems from the fact that the peak
amount that the proposed resource management model allocates to the BBUs, i.e., 17.5 TOPS, is 80%

less than the fixed amount that the traditional approaches assign to them, i.e., 12 TOPS.

The results presented in this chapter confirm that the proposed model can efficiently manage the
available resources of the BBU-pool in congestions. In these cases, 100% of resources are used and
resources provided to the BBUs are consistent with their real-time demands and proportional to the
priority of ongoing services, meaning that the model considers QoS while distributing resources among
BBUs. Results also confirm that resource provisioning is 100% fair, fairness indicating closeness of the
proportion of BBU AICCs to the average priority level of their ongoing services. In the next chapter, the

effect of the model’s input parameters variation on its performance is assessed.
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Chapter 6

Scenarios and

Analysis of Results

This chapter compares the performance of the proposed resource allocation model with other resource
allocation schemes. Moreover, the effect of the model’s input parameters variation on its performance
is analyzed. Section 6.1 presents an overview of the chapter. The comparison of the model’s
performance with equal and demand proportional resource allocations schemes is presented in
Section 6.2. Section 6.3 and Section 6.4 analyze the effect of BBU-pool available computing capacity

variation and user arrival rate variations on the model’s performance, respectively.
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6.1 Overview

The proposed resource allocation scheme's performance is compared in this section with two other
resource provisioning strategies, namely EAS and DAS (defined in Section 3.5). To this end, the
reference scenario in Section 5.1 is considered and the resource allocation phase is repeated for each

allocation scheme separately; the evaluation metrics are being assessed afterwards.

The effect of the input parameters on the proposed model's performance is also assessed in this
chapter. To this end, a series of new scenarios are considered over the reference scenario (defined in
Section 5.1) by varying a set of relevant input parameters of the computing resource allocation module
(Figure 4.2) as follows:

¢ BBU-pool’s AvCC variation: As one of the inputs of the computing resource management module,
the effect of the BBU-pool’'s computing capacity on the proposed model’'s performance is assessed
by varying its AvCC within [0.4, 83] TOPS, which is equivalent to the BBU-pool’s existing resources
being varied within [0.5, 99] TOPS (17% of the resources are preserved to prevent saturation).

e BBUs’ RCCs variation: In order to assess the effect of BBU demands on the proposed model’s
efficiency, different hours of the day (which leads to different rates of user arrivals) are considered,
Table 6.1. Due to the user arrival rate variation during the day, BBUs’ RCCs fluctuates, which leads
to the variation of RB efficiency, n®E, in on/off-peak hours; this is an input parameter to the RCC
estimation module, Figure 4.1, which is significant on the complexity of a BBU signal processing,
(3.11) and (3.15), therefore, its fluctuation leads to RCC variations. Since the ultimate goal is to
assess the effect of BBUs’ RCCs variation on the proposed resource allocation model, there is no

difference on which input parameter on the RCC estimation is selected to be changed.

By variation of a BBU’s RCC, its minimum guaranteed RCC, which is another input parameter to the
resource allocation module, is also fluctuating. Moreover, variations of BBUs’ service weights are not
evaluated separately, since different service mixtures are considered for the BBUs in the reference
scenario, enabling the assessment of the effect of service weights on a BBU'’s allocated resources.

Table 6.1 summarizes the scenario road map.

The outputs (evaluation metrics) considered for model assessment are the ones defined in Section 3.6,
for one time instant, namely:

e BBU fulfilment level,

o fairness index,

o efficiency of dynamic resource allocation,

e resource usage,

and in Section 4.3, for time-varying demands, namely:

e average BBU fulfiiment level,

e average efficiency of dynamic resource allocation,

e average resource usage.
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Table 6.1 — Simulation and the input parameters value that are considered to be changed.

C3P ¢, (Tops] BBU-pool’s 17.5 [0.4, 83]
(CgpiroPs]) Capacity (21) ([0.5,100])

{DL: 15, UL: 11} (03:00AM)
{DL: 368, UL:260} (08:00AM)

Residential {DL:1243, UL: 883} {DL: 455, UL:323} (11:00AM)

areas (06:00PM) {DL: 373, UL:268} (01:00PM)

{DL: 668, UL:475} (03:00PM)

RA liser , {DL: 113, UL: 80} (11:00PM)

[l'llll'l:|

{DL:  0.25,UL: 0.13} (03:00AM)

(
{DL: 258, UL:183 1} (08:00AM)
Business {DL:195, UL: 140} {DL:1350, UL:958 1} (11:00AM)
areas (06:00PM) {DL:1180, UL: 838 }(01:00PM)
{DL:1375, UL:978 }(03:00PM)
{DL:  0.25,UL: 0.13} (11:00PM)

The rest of the chapter is organized as follows. Section 6.2, compares the proposed QoS demand aware
computing resource management scheme with the equal and demand proportional allocation schemes.
The effect of BBU-pool’'s AvCC variation is assessed for both a given time instant and time-varying traffic

demands in Section 6.3, and Section 6.4 analyses the impact of demand, i.e., user arrival rate variations.

6.2 Comparison among Different Allocation Schemes

This subsection compares the performance of the proposed model, QDAS, with the two other reference
ones, EAS and DAS. To this end, the resource allocation phase is repeated for each of the allocation
schemes separately over 10 minutes of simulated network traffic and the evaluation is done accordingly.
The maximum resources that all BBUs are allowed to utilize in all experiments is 83%, in order to avoid
data-center saturation. The results are narrowed down only to the bottlenecks. The goal is to evaluate
the proposed model’s performance compared to the other allocation schemes in congestions when total

demand in the BBU-pool exceeds the available capacity.

The comparison is done considering all the evaluation metrics defined in Section 4.3 except the
allocation efficiency. In bottlenecks, all mentioned schemes allocate 100% of available resources to
BBUs due to their allocation strategies. As a result, efficiency does not vary remaining at 80%, which
stems from the fact that the peak amount that the proposed resource management schemes allocate to
BBUs, i.e., 17.5 TOPS, is 80% of the fixed amount that the traditional approaches assign, i.e., 12 TOPS.
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Figure 6.1 compares BBUs’ AICCs in the three allocation schemes. EAS allocates resources equally
among BBUs, regardless of service priorities or BBU demands. Although EAS is a fast resource
allocation scheme without too much complexity, it leads to a waste of resources if the BBU demand is
less than its share. In such cases, some allocated resources are unused while a neighboring BBU may

experience shortage. In contrast, DAS takes real-time demand of BBUs into account, allocating the
minimum guaranteed resources, le;*:“, to each BBU and distributing the remaining resources
proportionally to their user processing requirements, CX b,t,> @S @ result, no BBU encounters a resource

shortage in this scheme, while its neighboring BBUs are underutilized. For the same reason, as
presented in Figure 6.1, BBUs in the residential area, with higher demands, receive more resources
than in business ones; moreover, BBUs RF and BF receive the highest and the lowest number of

resources, since they have the highest and the lowest demand among BBUs, respectively, Figure 5.4(a).
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Figure 6.1 — AICC in different allocation schemes.

Similar to DAS, QDAS takes BBU demands into account, hence, resource allocation follows a similar
pattern. However, the difference between these two approaches stems from the fact that, in addition to
BBUs’ demands, QDAS takes QoS, hence, service priorities, into account, thus, QDAS allocates more
(less) resources to BBUs with higher (lower) average service weights, compared with DAS. The effect
of service priority is apparent when comparing the AICC of BBUs RV and RF in DAS with the one from
QDAS: Figure 6.1 shows that DAS allocates on average 3 TOPS to RV while QDAS increases its AICC
to 3.5 TOPS, which is 16% more; in contrast, QDAS decreases the resources allocated to RF by 12%

(from 4.1 TOPS to 3.6 TOPS) compared to DAS, since its services are not as critical as the ones in RV.

The overall resource usage is presented in Figure 6.2. It can vary in the range of [0, 83] %, depending
on the available resources being fully used or not. Due to the dynamicity of the network, BBUs’ demands
fluctuate over time, hence, the BBU-pool’s total demand may be less, equal, or more than the available
resources at a given time instant. In the event that the total demand surpasses the available resources
and none of the BBU's allocated resources exceed its demand, the available resources are fully utilized,
hence, there is no wastage. In contrast, wastage may happen in two circumstances: when the available
resources exceed the sum of all BBUs’ demands, irrespective of the allocation policy; or, when the
available resources are less or equal than the total demand, but a poor allocation policy distributes more

resources to one (or more) BBUs than their demand.
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Figure 6.2 — Resource usage in different resource allocation schemes.

The low resource usage in EAS, Figure 6.2, is an example of resource wastage in the second
circumstances, since it distributes resources evenly, regardless of the BBUs’ demands, resulting that
business BBUs are underutilized while residential ones are over-loaded. On the other hand, DAS and
QDAS take BBUs’ demands into account, thus, resources are fully utilized in both, since none of

allocated resources exceed their demands.

Figure 6.3 illustrates that DAS fulfils all BBU’'s demands equally, irrespective of the priority of ongoing
services, therefore, the resource allocation is not fair in the case of a shortage, because BBUs running
critical services, i.e., services with lower delay budget and higher priorities, Table 2.8, require more
resources to keep up with QoS. In contrast, QDAS supports QoS, so, BBUs with higher service priorities
have higher fulfilment levels. One can see the effect of service priority by comparing BBUs RF and BV:
although the RCC of RF is much higher than BV'’s, Figure 5.4(a), its fulfilment level is smaller than BV
since it has a lower average of ongoing service weight, Figure 5.4(c). Moreover, BBUs RV and BV have
the highest fulfilment level among all, as their services have the highest weights on average. By
comparing with DAS, it is also apparent that QDAS shows a higher performance and increases the

fulfilment level of BBUs RV and BV, by 13%, for the same reason.
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Figure 6.3 — BBU fulfilment levels in different allocation schemes.
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Figure 6.3 also shows that EAS fulfils more BBU demands in business areas than in the residential
ones, given the uniform resource allocation. This is an example of resource wastage, because for BBUs
in business areas the demand is often less than the allocated resources, while, at the same time, BBUs
in residential areas run into resource shortage, the outcome being a high (low) fulfilment level for the

BBUs in the business (residential) areas.

As shown by results, the proposed model manages bottlenecks effectively and shows a higher
performance compared with EAS and DAS. Unlike EAS, there is no wastage in QDAS during the
congestions and it uses the available resources entirely in these cases. QDAS shrinks the capacity
share of the lower priority BBUs in the bottlenecks to compensate for the higher priority BBU resource
shortage. This is why the high prioritized BBUs’ demands are fulfilled 13% more in QDAS than DAS,

confirming that it considers the QoS while distributing resources among the BBUs.

6.3 Analysis of Available Computing Capacity Variation

The analysis of the effect of the BBU-pool AvCC on the proposed model performance is presented in
this section. A single time instant is considered in the first subsection and performance metrics are
evaluated accordingly. The model performance is assessed then in a real-time analytics platform in the

following subsection.

6.3.1 Time Instant Analysis

In this subsection, the model performance is evaluated for a single snapshot. The results in the values
of RCC, average weight of active services, minimum guaranteed computing capacity and bargaining
powers for BBUs in the selected time instant are listed in Table 5.6. Figure 6.4 shows AICC in a BBU
when BBU-pool existing resources, Cgp increases within [0.5, 30] TOPS. Since 17% of resources are
preserved for signaling overhead and saturation prevention, this amount is equal to the AvCC being
increased within [0.4, 26] TOPS.

When Cyp equals 0.5 TOPS, only the minimum guaranteed computing capacity is allocated to the BBUs
due to the resource shortage. None of the BBU demands can be fully met before Th1 since the sum of
the RCCs is higher than AvCC. Once the minimum guaranteed requirements are allocated, the rest of
the resources are distributed among BBUs with respect to the priority of each BBU, i.e., BBU BP. The
effect of the BP is apparent when BBU index BV is compared to BBU BF. BBU BF receives more
resources in the beginning because its minimum guaranteed requirement is higher than BBU BV.
However, when AvCC increases, the AICC of BBU BV exceeds the AICC of BBU BF due to the fact that
BBU BV has higher BP than BBU BF, hence, a higher priority in resource distribution in the pool.
Figure 6.4 also depicts that the BBU minimum requirements are always guaranteed and that the BBU
AICC never exceeds the RCC.
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Figure 6.4 — BBU AICCs.

The BBUSs’ fulfilment level is presented in Figure 6.5. By increasing AvCC, the BBU fulfilment level is
also improved, proportionally to the average weight of the active services before threshold Th1. By
comparing BBUs BF and RV, it is confirmed that fulfilment levels have the same proportion of the
average weights of active services, i.e., 1.69 up to Ths. Between Th1 and Thz, however, the fulfiiment
level of BBU BF grows faster, the reason being that the demand of BBUs with higher priority have
already been met before Thy; since the allocated resources to the BBU cannot exceed the demand, with
the increase of AvCC, the remaining resources become available to the lower prioritized BBUs. It is also
seen in Figure 6.5 that BBU RV is the first to receive 100% of its demand with the increase of AvCC
since it has the highest average service weight among other BBUs in the pool; on the contrary, BBU BF

is the last one that is fulfilled, since its active services have the lowest average weight.
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Figure 6.5 — BBU fulfilment levels.

The efficiency of the proposed resource allocation scheme is presented in Figure 6.6. With the increase
of AvCC, the efficiency decreases, as more resources are used. Although AvCC is still increasing
beyond Thy, the resource usage does not increase anymore. The reason is that the resource-allocating
scheme stops allocating more resources to the BBUs once their demand is fully met, hence, efficiency
does not fall below 83%.
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Figure 6.6 — Resource allocation efficiency.

Jain’s fairness indicator, the last evaluation metric, is presented in Figure 6.7. The allocation is defined
to be fair if the fulfilment levels maintain the same proportion of the average weights of active services.
The fairness condition holds before Th1, but beyond Th+, however, the fairness indicator decreases due
to the fact that the computing capacity proportional to the service weights is more than the RCC for the
BBUs with high priority services. The resource allocation strategy bounds the AICC in BBUs to their
RCC, so that the remaining capacity is distributed among those with lower service priority. As a result,
the AICC of the BBUs with high priority services is less than the amount that is proportional to the
average weight of their active services; on the other hand, the BBUs with lower service priority receive
more than the average of their active services ratio. This ends with the decrease of the defined fairness
index, as the fairness condition does not hold. The reduction of defined fairness index confirms that the
resource allocator takes not only the priority of services but also the instantaneous requirement of the
BBUs into account while distributing resources among them.
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Figure 6.7 — Jain’s fairness index.

6.3.2 Time Dependence Analysis

In order to analyze the impact of computing capacity on BBU fulfiiment levels, resource usage and
efficiency in a real-time platform, 10 minutes of the network is simulated with a time granularity of 1 ms.
The resource allocation phase is repeated with the computing capacity of BBU-pool taken in
[0.5, 100] TOPS. Each experiment runs for the 10-minutes simulated network traffic and model
performance is assessed. It should also be noted that the maximum resources that all BBUs are allowed

to utilize in each experiment is 83%, in order to avoid data-center saturation.

Figure 6.8 shows the capacity share of BBUs when the BBU-pool computing capacity, Cgp, , increases
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from 0.5 to 100 TOPS. It is apparent that BBUs with higher bargaining powers, i.e., higher priorities, are
allocated with more resources in the presence of a resource shortage, i.e., before Th1. One can see the
effect of the bargaining power by comparing BBUs RF and RM1. Although their RCCs have similar mean
values, Figure 5.4(a), RM1 is allocated with more computing capacity before Th1, since it has a higher
bargaining power, hence, higher priority, while the computing resources are being allocated to BBUs.
The resource allocator shrinks the capacity share of the lower priority BBUs in order to compensate for
the higher priority BBU resource shortage. Beyond Thz, 100% of BBU requests are served since the

available resources are more than the overall demand.
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Figure 6.8 — Average of the BBU AICCs.

The impact of BBU-pool capacity variations on the fulfilment level of BBUs in the pool is presented in
Figure 6.9.
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Figure 6.9 — Average of the BBU fulfilment levels.
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Regardless of the demand, BBUs with higher service priorities account for higher fulfillment levels in the
presence of a resource shortage. Moreover, the fulfilment levels for BBUs with a similar average of service
weights are equal, since the proposed resource allocator keeps BBU AICCs proportional to the weight of
their ongoing services. One can see the effect of the service weights by comparing BBUs RV and BV:
although the RCC of RV is much higher than BV's, Figure 5.4(a), both are fulfilled reasonably equal. These
BBUs also have the highest fulfilment level among all the others, since they have the highest average of

the service weights.

The reader should also note that although increasing Cg, improves the average fulfillment level, as shown
in Figure 6.9, correlation is not linear. For instance, when Cg, is doubled from 36 to 72 TOPS, the average
fulfilment level is improved by only 2%, from 98% to near 100%. This becomes more important when the
same boost in Czp from 36 to 72 TOPS incurs a near 20% drop in average resource usage, as depicted
in Figure 6.10. This behavior indicates that cloud providers should carefully consider the trade-off between
BBU fulfilment levels and resource usage. An idea to decrease resource wastage, in this case, can be to
reduce the available computing capacity in the BBU-pool, while degrading the capacity share of the delay-

tolerant services in the BBU, to compensate for real-time services resource shortage.
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Figure 6.10 — Resource usage.

Figure 6.10 also shows that due to the severe resource shortage in the beginning, when Cg; is small, the
available resources of the BBU-pool are almost entirely allocated among BBUs (17% of resources are
reserved to prevent the datacenter from saturation). However, by increasing Cgp, the resource usage
degrades: due to the dynamicity of the network, BBUs’ demands fluctuate over time, leading to situations
where, in some time instants, the total demand is less than the available resources, in these cases
resources are not fully utilized, since the allocator bounds the BBU AICCs to their real-time demands.

When Cg, rises, more resources remain unused, and hence, the resource usage drops.

The efficiency of the proposed resource allocation model is another metric that is calculated based on (4.9)
and presented in Figure 6.11. The average efficiency of the pool declines when Cy, increases, the decline
being faster in the beginning when Cj; increases from 0.5 to 22 TOPS: in this range, there is a resource
shortage, so the available resources are instantly allocated, the direct outcome being the decline in
efficiency as more resources become available in the beginning. Once the requirements of BBUs are fully

met, and there is no more shortage, the allocator stops assigning more resources to BBUs (due to the
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allocation strategy). Resources that become available afterwards, remain un-allocated, and efficiency

drops slower beyond 22 TOPS. However, the average efficiency never drops below 83%, which is the total

demand divided by the sum of separate peak demand of BBUs.
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Figure 6.11 — Resource allocation efficiency.

6.4 Analysis of the Effect of User Arrival Rate Variation

In this section, the effect of the user arrival rate on the model’s performance is evaluated by monitoring

the network behavior during the day. Network traffic is simulated at 7 different hours, i.e., 03h00, 08h00,
11h00, 13h00, 15h00, 18h00 and 23h00, each lasting for a 10-minute interval. The selected hours
include both peak hours and off-peak ones, the model’'s performance being evaluated for each one

separately. The users’ arrival rate is generated randomly following the pattern that was described in

Section 4.4.2. The generated values are depicted in Figure 6.12 as the number of users per minute,

showing the number of active users rising in the peak hours, i.e., 10h00 and 15h00 for residential areas

and 11h00 and

18h00 for business ones.
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Figure 6.12 — User arrival rate.
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Following the model described in Section 3.3, the average amount of the BBU RCCs, minimum
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guaranteed RCCs, services weights and bargaining powers are calculated in the first step, Figure 6.13.
As Figure 6.13(a) and Figure 6.13(b) present, the RCC rate is in line with the user arrival rate,
Figure 6.12. The BBU computing capacity demand decreases in the off-peak hours, since less users
are active, i.e., at 03h00 and 23h00. Figure 6.13(c) shows the BBU average service weights. BBUs with
the same traffic mixture, Table 5.4, have almost the same average of the service weights. BBU RV and
BV with the highest proportion of VoIP have the highest service weights since VolP has the highest
priority among all of the other services. Moreover, a BBU average weight varies slightly throughout the
day as the traffic mixture is considered fixed. However, a BBU bargaining power fluctuates from one
extreme to the other during the day, Figure 6.13 (d), the reason being that a BBU bargaining power is a
variable of not only ongoing service weights but also the BBU demand, i.e., RCC. Since BBU RCCs

fluctuate during the day, the bargaining powers vary proportionally.
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Figure 6.13 — Average of the RCCs, minimum guaranteed RCCs, service weights and bargaining

powers within simulation intervals.

Figure 6.14 presents the effect of load variation on the capacity share of BBUs; the dashed lines
represent the BBU RCCs. A BBU AICC changes during the day corresponding to its RCC fluctuation,
meanwhile, it never exceeds the BBU RCC. As long as the available resources are large enough, all
BBU demands are served. In the presence of resource shortage, however, BBUs are prioritized
according to their BPs; in this case, the resource allocator decreases the capacity share of the lower

priority BBUs, i.e., with lower BPs, in order to compensate for the higher priority BBU resource shortage.

Figure 6.15 shows the effect of traffic load on BBU fulfiiment levels, which decrease with load
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increments, since a lower proportion of demand is served due to resource limitation. In the conditions
that none of the BBU demands can be served entirely, fulfilment levels are in proportion to service

weights. So, fulfilment level of BBUs with the same traffic mixture, Table 5.4, are almost the same.
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Figure 6.14 — Average of the BBU AICCs during the day.
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Figure 6.15 — Average of the BBU fulfilment levels.

One can see the effect of service weights on BBU fulfilment levels by comparing BBUs RV, BV and BF
at 15h00. Regardless of BBU demands, the fulfilment levels of BBU RV and BV are almost the same,
since their traffic mixture is similar, resulting in the same average of service weights. BBUs RV and BV
fulfilment levels are also higher than in the other BBUs, since they are processing services with the
highest priority levels on average. It is also apparent that the fulfilment level of BBU RV is higher than
the BF one, although its demand is much less than BF. The results confirm that the resource allocator

always takes the priority of ongoing services into account while distributing resources among BBUs.

The scatterplot of percentage of the BBU-pool resource usage is illustrated in Figure 6.16, the dotted
line showing the BBU-pool average resource demand in terms of percentage of the existing resources.
The resource usage decreases in the traffic off-peak hours, since the overall demand is lower, and the

allocator terminates assigning more resources to the BBUs once their demand is entirely met. By
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contrast, usage is increased in the peak traffic hours in line with the demand increment, however, it
never exceeds 83%, since this is considered as the peak portion of the existing resources that is allowed

to be used in order to prevent data-center saturation.
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Figure 6.16 — Resource usage in different simulation intervals.

Figure 6.17 illustrates the efficiency of the proposed resource allocation model, showing that the
average efficiency is more than 97% higher than the fixed allocation strategies during off-peak hours.
The reason is that the model limits the BBU AICCs to their real-time demands, hence, the rest of the

BBU-pool resources remain unused.
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Figure 6.17 — Efficiency of computing resource allocation in different simulation intervals.
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Chapter 7

Conclusions

This chapter finalizes this work by summarizing the main conclusions obtained and pointing out

aspects to be developed in future work.
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7.1 Framework and Novelty

C-RANs emerged in response to the need for higher data rates and capacity in upcoming mobile network
generations: BBUs of BSs are decoupled from the radio units (RRHs), software-based BBUs are then
consolidated in the servers of a data center, known as BBU-pool. C-RAN is a critical enabling technology
of 5G providing higher data rates and lower network latencies. In C-RAN, utilization is improved and
fewer resources are required compared to the sum of stand-alone BBU demands. However, a critical
challenge of C-RAN is the data center's power consumption. Since computing resources are the most
energy-intensive entities in data centers, it is worthwhile to apply efficient resource management

strategies to maximize their utilization and reduce idle ones.

Designing efficient resource management strategies is a complicated process for cloud providers. Due
to the variety of network services, user arrival rates and channel conditions, BBU resources demand
fluctuate significantly throughout the day. On the one hand, a BBU computing capacity should suffice
peak demands, while on the other hand, provisioning fixed resources based on peak requirements leads
to idle resources in the rest of the day. As a result, an efficient resource management strategy in a BBU-
pool should allocate the computing capacity dynamically, in accordance with the BBUs’ instantaneous

demand, while efficiently handling the resources in the case of a shortage.

This thesis focuses on computing resource allocation in C-RAN. A game-based optimization algorithm
was developed to distribute the computing resources among BBUs in a BBU-pool whereby resources
utilization is maximized. The model allocates computing resources on-demand, based on the
instantaneous requests of BBUs, using a game-theory bargaining approach. In case the available
resources are not sufficient to fulfil all instantiation requests, BBUs are prioritized to ensure the adequate
QoS, low-priority ones being always guaranteed a minimum computing resource to avoid them to crash.
Considering both QoS and BBU RCCs as real-time parameters, i.e., given based on TTIs, is essential
not only in 4G deployments but also for the upcoming service-oriented 5G and ensures that the BBU-

pool is provisioned with an optimum configuration, consistent with BBU demands.

The proposed model manages resources in two stages in the first step, BBUs’ traffic demands being
evaluated. Taking as inputs network and user parameters at a specific time instant, the estimation of
BBUs’ demands is based on a well-defined model proposed in the literature. The results are then fed
into the computing resource allocation step in order to find the optimal resource allocation to BBUs. The
two-fold solution maximizes both BBU-pool computing resource utilization and BBUs’ processing speed.

In the next time instant, the resource management process is re-instantiated over new input parameters.

The novelty of the proposed scheme is the consideration of the limits of the BBU-pool computing
resources and the prioritization of BBUs in bottlenecks based on the characteristics of their ongoing
services and QoS constraints. At the same time, the model guarantees all BBUs with a minimum
computing resources to avoid crashing; furthermore, contrary to existing works, the proposed model has
a low complexity and provides fairness of resource allocation and system efficiency, which makes it

applicable in practical implementations.
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7.2 Main Results

To evaluate model performance, an approach has been taken to emulate a typical day of operation in
cellular networks in a scenario in which a BBU-pool includes 7 BBUs offering heterogeneous services
with tidal traffic flows in a tidal channel condition. BBUs’ instantaneous demands and their minimum
guaranteed ones were estimated for the simulated network and the BBUs’ bargaining powers and the
average of the ongoing service weights were calculated as the first step of the proposed resource
management model. Afterwards, the optimal resource allocation was found and the performance of the
model was evaluated in terms BBU fulfilment level, fairness, resource usage and efficiency of the

resource allocation.

In order to have a closer look at the model’s performance, a single time instant (selected arbitrarily) is
taken at first, and the model performance is evaluated accordingly. In the next step, the performance of
the model is evaluated over time for 10 minutes of the simulated network traffic. The achieved results
confirm that the proposed model efficiently manages resources in the case of congestions. Although
none of the BBU demands can be fully met in these cases, due to the resource shortages, the allocator
provides the minimum guaranteed demands to all BBUs and distributes the rest of the available
resources among BBUs with respect to their bargaining power, i.e., priority, of each one, so that BBUs
with higher bargaining powers are allocated with more resources. Moreover, none of BBUs’ AICCs
exceed their demands. Results also confirm that 100% of the resources are fairly distributed among
BBUs during the congestions, fairness being defined as the closeness of fulfiiment level of BBUs to the

weight of their ongoing services.

The comparison of the proposed model’s performance with equal and demand proportional resource
allocation schemes, which can be found in the literature as common allocation approaches, confirms
that the proposed scheme shows a higher performance. There is no wastage in the proposed model
during congestions and it uses the available resources entirely in these cases. Moreover, unlike the
other two schemes, the proposed model shrinks the capacity share of the lower priority BBUs in the
bottlenecks to compensate for the higher priority BBUs’ resource shortages. This is why the high
prioritized BBUs’ demands are fulfilled 13% more in the proposed scheme than the other ones,

confirming that it considers QoS while distributing resources among BBUs.

Besides, in order to analyze the impact of available computing capacity of the BBU-pool on the model’s
performance, an experiment has done wherein the resource allocation phase is repeated with the
available computing capacity of BBU-pool varying within [0.4, 83] TOPS, the model performance being
assessed for each run separately. The result shows that when the BBU-pool’s AvCC is small, only the
minimum guaranteed computing capacity is allocated to the BBUs due to the resource shortage. When
AvVCC increases, the proportional AICC of BBUs with higher bargaining powers increases more than

those with lower bargaining powers, since they have a higher priority in resource distribution in the pool.

The results also confirm that the BBUs’ fulfilment level grows proportionally to the average weights of
their active services when AvCC increases. Regardless of demand, BBUs with higher service priorities
account for higher fulfiiment levels in the presence of a resource shortage and by incrementing AvCC,
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100% of the demand of BBUs with higher weight are fulfilled earlier that the other ones. Moreover, the
fulfilment levels for BBUs with a similar average of service weights are equal, since the proposed

resource allocator keeps BBU AICCs proportional to the weight of their ongoing services.

Results also demonstrate that although increasing AvCC improves the average fulfilment level,
correlation is not linear and improving the average fulfiiment level from 98% to 100% requires doubling
the available resources at the cost of average resource usage being cut in half indicating a great waste
of resources. When AvCC is small, the available resources of the BBU-pool are entirely allocated among
BBUs. By increasing AvCC, the resources usage decreases. The result is that due to the dynamicity of
the network, BBUs’ demands fluctuate over time, leading to situations where, in some time instants, the
total demand is less than the available resources, in these cases resources not being fully utilized, since
the allocator bounds the BBU AICCs to their real-time demands. When AvCC increases further, more
resources remain unused, and hence, resources usage drops. This behavior shows that cloud providers
should carefully consider the trade-off between BBU fulfilment levels and resource usage. An idea to
decrease resource wastage can be to reduce the available computing capacity in the BBU-pool, while
degrading the capacity share of the delay-tolerant services in the BBU, to compensate for real-time

services resource shortage.

And finally, the effect of the user arrival rate on the model’s performance is evaluated by monitoring the
network behavior during the day. To this end, network traffic is simulated at 7 different hours, i.e., 03h00,
08h00, 11h00, 13h00, 15h00, 18h00 and 23h00, each lasting for a 10-minute interval. The selected
hours include both peak hours and off-peak ones, the model's performance being evaluated for each
one separately. The amount of the BBU RCCs, minimum guaranteed RCCs, services weights and
bargaining powers are calculated in the first step for each experiment, separately and the optimal

resource allocation is found afterwards.

The results show that a BBU AICC changes during the day corresponding to its RCC fluctuation,
meanwhile, it never exceeds the BBU RCC. As long as the available resources are large enough, all
BBU demands are served. In the presence of resource shortages, however, BBUs are prioritized
according to their bargaining powers; in these cases, the resource allocator decreases the capacity
share of the lower priority BBUs, i.e., with lower bargaining powers, in order to compensate for the higher

priority BBUs’ resource shortages.

The result also confirms that by the increment of load a BBU fulfiliment level decreases, since a lower
proportion of demand is served due to resource limitation. In the conditions that none of the BBU
demands can be served entirely, fulfilment levels are in proportion to service weights. So, fulfiiment level
of BBUs with the same traffic mixture are almost the same. Moreover, the resource usage decreases in
the traffic off-peak hours, since the overall demand is lower, and the allocator terminates assigning more
resources to the BBUs once their demand is entirely met. By contrast, usage is increased in the peak

traffic hours in line with the demand increment.
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7.3 Key Contributions

This dissertation is structured in seven chapters. In Chapter 1, a brief historical overview of the evolution
of wireless technologies is given, the motivation and the main goals set for the dissertation are pointed
out, the novelty and main contributions are mentioned, and a list of published work and internal reports
is presented, being summarized as the following publications:

e 1 book chapter,

e 1 international journal paper,

e 3international conferences,

e 6 technical documents in IRACON meetings.
The chapter concludes with a detailed description of the structure of the dissertation.

Chapter 2 gives an overview of 4G and 5G networks, which form the fundamentals of this thesis,
including an overview of the network architectures and radio interfaces, QoS, coverage and radio
capacity, and critical principles of C-RAN and virtualization with a focus on BBU-pool virtualization and
related approaches. One also explains how the concept of game theory is used to solve a resource
allocation problem, in general, and mentions the state of the art related to computing resource

management in the C-RAN area.

Chapter 3 discusses the proposed computing resource management model considering a single

snapshot of the network, including two main steps:

1. estimating the instantaneous computing capacity demand of the BBUs in the pool,

2. developing a game-based optimization algorithm, accordingly, in order to distribute the available
computing resources among BBUs in a BBU-pool whereby resource utilization is maximized.

The chapter also presents the evaluation metrics defined to assess the proposed model and the model

implementation details. At the end, a canonical scenario is defined, and the model performance is

assessed accordingly.

Chapter 4 provides an extension of the model proposed in the previous chapter by addressing time-
varying traffic and demand, and proposes a real-time computing resource allocation framework. The
chapter discusses the proper time interval between two successive resource allocations and defines the
metrics used to evaluate the proposed model in a real-time framework. Moreover, the details of the

simulator implementation and its assessment are discussed.

By defining a reference scenario, the proposed computing resource allocation model's performance is
analyzed in Chapter 5. To this end, BBUs' real-time demands are estimated first and optimal resource
allocations are achieved accordingly. The evaluation metrics are assessed separately, for both a single

snapshot and a time interval of the network traffic.

Chapter 6 compares the performance of the proposed resource allocation model with other resource
allocation schemes. Moreover, the effect of the model's input parameters variation on its performance

is analyzed.

Finally, the current chapter concludes the thesis. The framework and the novelty of the work is
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summarized first, the principal results and achievements and the presented work's key contributions are
mentioned afterwards. Potential improvements and directions for future works are also provided in the

final section.

7.4 Future Works

In addition to what is proposed and assessed in this dissertation, there are several studies that can be

considered as future works. Some potential topics can be proposed as follows:

The proposed computing resource management model maximizes the BBU-pool computing resource
utilization while prioritizes BBUs in the shortages according to the weight of their active services.
Services’ weights are defined as fixed, being driven from the Priority Level that 3GPP has assigned to
an individual service. The proposed weighting policy is fully compatible with a QoS maximization goal,
as the Priority Level is a characteristic by which 3GPP specifies QoS requirements and determines the
packet forwarding treatment. However, the prioritization policy can be improved by considering Packet
Error Loss Rate and Packet Delay Budget, besides the Priority Level that 3GPP has assigned to an
individual service. There is also a potential to define a dynamic weight to the services considering the
delays imposed on packets and lost ones.

Another research direction could be the application of the proposed model in network slicing. Network
slicing plays a critical role in the forthcoming 5G standard, network resources being shared among slices
and a portion of them being allocated to each slice so that the specific requirements of given vertical
applications are met. The proposed computing resource management model can fairly allocate
resources among network slices in the critical situation in which the network does not have enough
resources to fully satisfy slices’ demands. It would also be an added value to joint this thesis’ work (which
is focused on computing resource management) with other available studies on radio resource
management in order to propose an end-to-end model of 5G network slicing.

The work also can be extended to a joint design of cloud and edge processing. C-RAN is an impractical
solution for many delay-sensitive applications because of the long distance between the device and the
cloud center. Moreover, the proliferation of smart Internet of Things devices causes excessive load on
the backhaul, between massive devices and BBU-pool servers. An alternative approach is to offload
some of the computing tasks from cloud servers to the network edge. Considering service priorities,
their delay budget, and the distance between the device and cloud centers, the proposed computing
resource management model can be extended to an efficient joint cloud-edge resource management

model.
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Annex A.

Convexity Proofs

The convexity proofs of the defined bargaining game’s utility function and solution set are described in

this annex.
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As mentioned before, GNBS is suitable for solving the problem and guarantees to find the optimal
solution if the BBUs’ utility functions and defined solution set is convex and closed. In this annex, their

convexity proofs are presented in what follows:

Solution set: Since it is obvious that Sf;° defined in (3.28) is closed, only the convexity is approved:
From the definition of a convex set [BoVa04], S is convex if and only if the line segment between any

two points in SF5 lies in S . Indeed:
tk

vc?}j[lNgxl]’Cf;:ngxl]: C?]:[INBXI]‘kalfNBXI] € Sy = C:lkl[SNBxl] €Si; (A1)
where:

C:lkl[3NB><1 6 C?kl[lNBXI +(1-0) Cf,ijBm] : 0<6<1 (A.2)
Proof:

C?;j[lNBXI]‘Cf;leNBXI] € S =3 o< C:.EC[GOPS] < Cpylcops) and 0 < Cﬁi[cops] < Chrylcops]

Multiplying inequalities by nonnegative reals 8 and 1 — 6 and taking sum of the results, we have:

Al
0= Cb,ti[GOPS] = letk[cops] :b={12,..,Ng} (A.3)

in the same way:

Aly Av
Z Cb tx[GOPS] = < Cap tk[GOPS]
Fs (3:28)

ch cib € SIS =

tx[Npx1]’ ~tg[Npx1]

Al
Z Cb ,tx[GOPS] = CBP tk[GOPS]

and multiplying inequalities by nonnegative reals 8 and 1 — 6 and taking sum of the results, we have

Np
Al
szl Chtpicops) = Céqgtk[GOPS] (A.4)
Based on (A.3) and (A.4) it is concluded that kal[SNBm] € StFkS. Therefore, the feasible solution set ng
convex.
[ ]

Utility function: On the other hand, from the definition of a convex function [BoVa04], function

Up,,: RVB - R is convex if its domain, which is feasible solution set ng, is a convex set and also, for

all kal[lNBXl], Cf;[ZNBXl] € Sf7 and awith 0 < a < 1, we have:
Al Al Al Al
Uni (& Chfhugs + 0 =0 Cotfpen)) S Uni (4 i) + Uose (A= i) (AS)

Proof:
As based on the definition of the utility function, (3.22), we have:

Al
Aly ) _a Ch,t[Gops]

tx[Npx1]

Al
Aly +(1-a) Cy ti[GOPS]

tr[Npx1]

Uy, (a C +(1-a)C

CR
b,t;[GOPS] (A.6)

Al Al
= ‘ub,tk (a Ctk[lNBxl]) + ub,tk ((1 —a) Ctk[ZNBxl])

the function U, ., is convex.
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Annex B.

RCC Variations

A BBU’s RCC relative to the variation of effective parameters are presented in this annex.
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As mentioned in Section 3.3.2, a BBU’s RCC is achieved using (3.17). The effect of the input parameters

ona

R
Cb:tk[GOPS]

R
Cb:tk[GOPS]

R
Cb'tk[GOPS]

BBU’s RCC variation is depicted in Figure B.1.
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Figure B.1 — A BBU’s RCC variation relative to the variation of the effective parameters.
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Annex C.

UE Speeds and Corresponding
Doppler Frequency Shifts in
FDD Operating Bands

In this annex, UE Speeds and corresponding maximum Doppler shifts in some FDD operating Bands
are listed.
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As mentioned in Section 4.2.1, the speed range that LTE supports, is split into five intervals that for each
one an average speed value is considered:

e Very-low-speed, (e.g., pedestrian, 5 km/h),

e Low-speed, (e.g., cyclist, vehicular urban, 5 km/h),

o Mid-speed, (e.g., vehicular sub-urban, 90 km/h),

e High-speed, (e.g., vehicular rural, 120 km/h),

e Very-high-speed, (e.g., high-speed train, 500 km/h).

Accordingly, the values of coherence time and maximum Doppler shift are calculated in accordance with
(4.1) and (4.2) for each speed classes and supported operating bands. The UE speeds and related

maximum Doppler shifts, with respect to the supported carrier frequencies, are listed in Table C.1.

Table C.1 — Maximum Doppler shift corresponding to speed classes and operating bands.

Speed Class [km/h]

Speed Maximum Doppler Shift [Hz]

88.95 160.11 213.48 889.5

9.17 91.73 165.11 220.15 917.3
9.78 97.75 175.96 234.61 977.53
10.05 100.53 180.96 241.28 1005.33
8.57 85.71 154.27 205.7 857.07
8.85 88.49 159.28 212.37 884.87
8.94 89.41 160.94 214.59 894.14
9.22 92.19 165.95 221.26 921.93
7.92 79.22 142.6 190.13 792.21
8.27 82.7 148.85 198.47 826.96
8.36 83.62 150.52 200.69 836.23
8.71 87.1 156.78 209.03 870.97
7.92 79.22 142.6 190.13 792.21
8.13 81.31 146.35 195.13 813.06
9.78 97.75 175.96 234.61 977.53
9.98 99.84 179.71 239.61 998.38
3.82 38.17 68.71 91.62 381.75
3.93 39.33 70.8 94.4 393.33
4.03 40.26 72.47 96.62 402.59
4.14 41.42 74.55 99.4 414.18
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Table C.1(contd.) — Maximum Doppler shift corresponding to speed classes and operating bands.

Band 21

UL

840

885

3.85
3.89
4.05
41
11.58
11.91
12.14
12.46
4.08
4.24

4.29
4.45
8.11
8.27
8.55
8.71
7.92

8.2
9.78

10.05
6.62
6.73
6.84
6.95
3.85
3.99
3.66

3.8
6.71
6.78
6.93

38.45
38.92
40.54
41
115.82
119.06
121.38
124.62
40.77
42.39
42.85
44.48
81.07
82.69
85.47
87.09
79.22
82
97.75
100.53
66.15
67.31
68.38
69.53
38.55
39.94
36.65
38.04
67.08
67.77
69.3
70

69.21
70.05
72.97
73.8
208.48
214.31
218.48
224 .32
73.38
76.3
77.14
80.06
145.93
148.84
153.85
156.77
142.6
147.6
175.96
180.96
119.07
121.16
123.08
125.16
69.38
71.88
65.96
68.46
120.74
121.99
124.74
126

92.29
93.4
97.29
98.4
277.97
285.75
291.31
2991
97.85
101.74
102.85
106.74
194.57
198.46
205.13
209.02
190.13
196.8
234.61
241.28
158.77
161.55
164.1
166.88
92.51
95.84
87.95
91.29
160.99
162.66
166.33
167.99

384.53
389.16
405.37
410.01
1158.21
1190.64
1213.8
1246.23
407.69
423.9
428.54
444.75
810.7
826.91
854.71
870.93
792.21
820.01
977.53
1005.33
661.52
673.1
683.76
695.34
385.45
399.35
366.46
380.36
670.79
677.74
693.03
699.97
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Table C.1(contd.) — Maximum Doppler shift corresponding to speed classes and operating bands.

3500

l 3410
Band 22
3510
DL

3600

c
-

c
-

Band 24

O
-

ﬂ

15.8
16.21
16.26
16.68

9.27

9.36

10.1

10.19

7.54
7.69

7.07

7.22

16.68

3.66

157.98
162.15
162.61
166.78
92.66
93.58

101

101.92

75.35
76.93

70.65

72.23

166.78

36.65

284.36
291.87

292.7
300.21
166.78
168.45

181.79

183.46

135.64
138.47

127.17

130.01

300.21

65.96

379.15
389.16
390.27
400.28
222.38

2246

242.39

244.61

180.85
184.63

169.56

173.34

400.28

87.95

1579.8
1621.49
1626.12
1667.82

926.57

935.83

1009.96

1019.22

753.53
769.28

706.51

722.26

1667.82

366.46
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Annex D.

Traffic Models

The services’ traffic profiles are described in this annex.
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File transfer: The parameters listed in Table D.1 are for DL [NGMNO08]. For UL, the same traffic
model shall be used.

Table D.1 — File transfer Traffic Parameter (extracted from [NGMNO08]).

Statistical Characterization

Truncated Lognormal Distribution,

Mean = 1.996 MB, Standard deviation = 0.7 MB, Minimum = 100B;
Maximum = 5MB,

PDF:
1 —(nx—p)?
fr = e 202 ,x>0,0=0.35u=1445.
V2mox

Email: The parameters listed in Table D.2 are for DL. For UL, the same traffic model shall be used.

Table D.2 — Email Traffic Parameter.

Statistical Characterization

Truncated Lognormal Distribution,

Mean = 1.256 MB, Standard deviation=0.38 MB, Minimum = 10B,
Maximum = 3MB,

PDF:
1 —(Inx—p)?
fr = e 202 ,x>0,0=03u=14.
V2mox

Web-browsing using Hypertext Transfer Protocol (HTTP): A webpage consists of a main object
and embedded objects (e.g., pictures, advertisements etc.). After receiving the main page, the web-
browser will parse for the embedded objects. The main parameters to characterize web-browsing
are: main object size, embedded object size, number of embedded objects, reading time, and
parsing time for the main page, being listed in Table D.3.

Video Streaming/Calling: Each frame of video data arrives at a regular interval determined by the
number frames per second. Each frame is decomposed into a fixed number of slices, each
transmitted as a single packet. The size of these packets/slices is modeled to have a Truncated
Pareto Distribution. The video encoder introduces encoding delay intervals between the packets of
aframe. These intervals are modeled by a Truncated Pareto Distribution. Distributions listed in Table
D.4, assume a source video rate of 1.5 Mbps.

VolIP Satisfied User Criterion and Traffic Model: Table D.5 provides the relevant parameters of
the VolP traffic that shall be assumed in the simulations. The main purpose of this traffic model is
not to favor any codec but to specify a model to obtain results which are comparable. The details
of the corresponding traffic model are described in what follows.
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Table D.3 — Web Browsing Traffic Parameters (based on [NGMNO08]).

Statistical Characterization

Truncated Lognormal Distribution,

Mean = 11 055 B, Standard deviation = 25 395 B, Minimum =
Main Object 100B, Maximum = 2MB,

Size PDF:

1 —(nx—p)?
e 202 x>0, o= 1.37, u =837
V2mox

Truncated Lognormal Distribution,

Mean = 8 237 B, Standard deviation = 47 307 B, Minimum =
Embedded 50B, Maximum = 2MB,

Object Size PDF:

f;C:

1 —(nx—p)?
e 202 x>0, o = 2.36, u==617
V2mox

Truncated Pareto Distribution,

f;C:

Mean = 7.59, Standard deviation = 10.36, Maximum = 53 = m,

Number of .
Embedded PDF:
Objects per ak®
Page fe=samr ksx<m

Exponential Distribution
Reading Time Mean = 30s
PDF: f, = e ™™ ,x >0, 1=0.033

Exponential Distribution

Mean = 0.13 s

PDF:

fi=te, x>0, 1=7.69

Parsing Time

The model is assumed updated at the speech encoder frame rate with the duration of 20 ms. In the

model, the probability of being in inactive state I is P, that is:
Py = Py /(P + Pra) (D.1)

where:
e P,;: the probability of transitioning from active speech state A to the inactive or silent state I
while in state 4,

e P, the probability of transitioning from state I to state A while in state I.
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Table D.4 — Video Streaming Traffic Parameters (modified [NGMNOQ8]).

Inter-Arrival time between the
beginning of each frame

Number of packets (slices) in a
frame

Packet (slice) size

Inter-arrival time between
packets (slices) in a frame

Statistical Characterization

Deterministic,
100ms (based on 10 frames per second)

Deterministic, 14 packets per frame

Truncated Pareto Distribution

Mean = 1272 B, Standard deviation = 257 B,
Maximum =m = 1500B

PDF:

ak
fx

a

—W,ka<m,

a=12, k = 800B

Truncated Pareto Distribution

Mean = 6.01 ms, Standard deviation = 3.59 ms,
Maximum =m = 13 ms
PDF:

ak
fx

a

—W,ka<m,

a=1.2, k = 2.5ms

Table D.5 — Voice traffic parameters (extracted from [NGMNO8]).

Parameter
Codec
Encoder Frame Length

Voice Activity Factor
SID Payload

Protocol Overhead with Compressed
Header

Total Voice Payload on Air Interface

And the probability of being in state A is:
Py =Pyy/Py + Pra

The voice activity factor, F,, is given by:

Fy =Py =Piy/(Pas + Pry)

Statistical Characterization
RTP AMR 12.2, Source rate 12.2 kbps
20 ms
50% (P, = 0.004,P,, = 0.996)

Modeled 15 B (5 B + header)
SID packet every 160 ms during silence

10 bits + padding (RTP-pre-header)
4 B (RTP/UDP/IP), 2 B (RLC/security), 16 bits (CRC)

40 B (AMR 12.2)

(D.2)

(D.3)

The probability that a talk period, T, has duration n speech frames is given by:

P,

Trs=n

= Prs(n) = Py (1 — Py,)" !

S

12, .. (D.4)
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Correspondingly, the probability that a silence period has duration n speech frames is given by:
n-1
Popon = Pp(m) = Pa(1=P))" " n=12,.. (D-5)

The mean talks spurt duration p;¢ (in speech frames) is given by:

1
brs = E(trs) = oW (D.6)

Al

while the mean silence period duration ugp (in speech frames) is given by:

1

usp = E(tgp) = E (D.7)

The distribution of the time period 4, (in speech frames) between successive active state entries is

the convolution of the distributions of 5, and 7, . This is given by:

P P
Pyp=n = Par(n) = — Py - PO+ P (1- P n=12,. (D.8)
Py — Py Py — Py ’

Since the state transitions from state A to state I and vice versa are independent, the mean time

uar between active state entries is given simply by the sum of the mean time in each state. That is:

Hag = Urs + Usp (D.9)
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Annex E.

Simulator’s Assessment Results

Results obtained for simulator assessment are presented in this appendix. Initially, the results related to
the simulator’s transitory interval are presented. After that, the results related to the sensitivity to the

number of simulations, are shown.
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E.1 Simulator’s Transitory Interval

The values collected from simulation over time for BBU RCC and AICC, user satisfaction level,

efficiency and Cost saving are graphically represented in Figure E.1 to Figure E.3, respectively.

250
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Figure E.1 — BBU1’s RCC and AICC per second.
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Figure E.2 — BBU1’s average fulfilment level per second.
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Figure E.3 — Average efficiency per second.

Moreover, Table E.1 lists the relative deviation percentage given by (4.11) for the RB efficiency in the
simulation. The relative deviation for each of n millisecond simulations is achieved by comparing X*P7°*

with the average of all values collected for the total set of simulations as X/ .
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Table E.1 — Values and deviation for a BBU’s RB efficiency per second in various simulation durations.

Sim.

Duration Standard Standard

Average per
Simulation [%]

Average per

Deviation per Simulation [%] Deviation per

Simulation [%] Simulation [%]

| 60 | 17.86  0.02 6.9 1085  0.09 7.13
1852 0.06 6.58 1065  0.07 6.44

180 17.96  0.03 6.04 1008 0.01 5.96
17.83  0.02 5.83 10 <0.01 5.91
1771 0.01 5.7 9.76 0.0 5.71

360 17.54 5.64 9.94 5.7
17.45 5.57 9.98  <0.01 5.67
1747 oo 5.46 10 5.63

540 17.41 5.47 1022 003 5.65
| 600 | 17.46 5.55 101 001 5.58
| 660 | 17.53 5.59 1019  0.02 5.78
1756  0.01 5.59 1028  0.03 5.85

780 1761 001 5.61 1023 0.03 5.84
1763 0.01 5.64 102 002 5.79

17.53  <0.01 5.65 10.12 0.02 5.75

| 960 | 1756 0.01 5.67 1008 0.1 5.74

176 001 5.75 1004 001 5.77
17.66  0.01 5.85 1007 001 5.76
1769 0.1 5.84 1002 001 5.75
17.64 001 5.78 10 o 5.76
1756  0.01 5.72 9.99 ' 5.78
17.5 5.69 1001 001 5.79
175 <0.01 5.68 1002 001 5.76
17.47 5.67 9.98  <0.01 5.73
17.45 0 5.66 9.96 0 5.68

E.2 Sensitivity Analysis as a Function of the Number of

The results for different sets of simulations for the average RCC, average AICC, and efficiency are

depicted graphically in Figure E.4 to Figure E.6, as a function of the number of simulations performed.

To quantify the variation achieved in the observations, the deviation percentage relative to the average
of all simulation values, computed from (4.11) for each set of simulations, are presented in Table E.2 to
Table E.3.
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Figure E.4 — Average RCC for n number of simulations.
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Figure E.5 — Average AICC for n number of simulations.
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Figure E.6 — Average efficiency for n number of simulations.

Table E.2 — Values and deviation for the BBU’s RB efficiency in several numbers of simulations.

Average of nﬁf . per second
.
#Sim. Average A Standard Avc[eor/a]ge A Standard
[%] %] Deviation [%] ° %] Deviation [%]
17.86 0.02 6.9 10.85 0.09 7.13
18.52 0.06 6.58 10.65 0.07 6.44
17.96 0.03 6.04 10.08 0.01 5.96
17.83 0.02 5.83 10 <0.01 5.91
17.71 0.01 5.7 9.76 0.02 5.71
17.46 <0.01 5.55 10.1 0.01 5.58
17.53 <0.01 5.65 10.12 0.02 5.75
17.45 0 5.66 9.96 0 5.68
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Table E.3 — Values and deviation for the BBU’'s RCC, AICCs and the resource allocation’s efficiency in

several number of simulations.

Average of C, per second Average of C4% . persecond | Average of 7, per second

%)
3

i, A[\/Ge()r?g? n Std. Dev. | Average | , Std. Dev. | Average |, | Std.Dev.
%l | [GOPS] [GOPS] 1 | [GOPS] [%] PH o)

83.29 0.05 26.53 99.31 0.09

82.62 0.04 23.57 99.32 0.08

80.36 0.01 21.89 99.32 0.08

80.01 0.01 21.68 99.32 <0.01 007 o <0.01
79.09 <0.01 21.07 99.32 0.07 '

80.29 0.01 20.58 99.32 0.07

80.29 0.01 21.47 99.32 0.07

7942 0 21.21 9933 0 0.07 0 <0.01
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Annex F.

raffic Generation

Results obtained for evaluation of the simulator's generated samples are presented in this annex.
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F.1 Generated Samples’ Histogram

In this subsection the samples generated by the simulator are compared with their associated PDFs.

The comparison results are presented separately for each single PDF that is used by the simulator.

e User arrival rate: Given PDF for the users’ arrival rate is a mixture of two normal distributions for
both residential and business areas, each with distinct parameters that are defined in, Section 4.4.2.
Frequency of the generated samples are presented in Figure F.1 for residential area. The figures
histogram is for 50 000 users in the BS per 24 hours in total. The first distribution sample mean is
10:01AM with the standard deviation of 161min. The second distribution sample mean is 6:02PM

with the standard deviation of 141min.
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Figure F.1 — User arrival rate in residential areas.

With the same considerations, Figure F.2 presents the user arrival rate for business area. The first
distribution sample mean is 11:01AM with the standard deviation of 94min. The second distribution

sample mean is 3:01PM with the standard deviation of 95min.
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Figure F.2 — User arrival rate in business areas.

* File size in file transfer service: Figure F.3 shows the given file size PDF for file transfer service.

The samples generated in the simulation are presented in Figure F.4.
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Figure F.3 — PDF of the file size in file transfer service. Truncated logNormal(14.45,0.12), mean =
1.996MB, standard deviation = 0.7MB.
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Figure F.4 — Generated sample for file size in file transfer service. Sample size = 40.

sample mean = 1.989MB, sample standard deviation = 0.69MB.

Email file size: Figure F.5 shows the email file size PDF. Based on the given PDF, the samples

that are generated in a simulation are presented in Figure F.6.
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Figure F.5 — PDF of the email file size service. Truncated logNormal(14,0.09), mean =
1.256MB, standard deviation=0.38MB.
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Figure F.6 — Generated sample for file size in email service. Sample size = 59, sample mean =

1.269MB, sample standard deviatoin = 0.383MB.

Web browsing service duration: Figure F.7 shows the PDF of web browsing service duration.
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The sample that are generated accordingly, are presented in Figure F.8.
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Figure F.7 — PMF of the web browsing duration. Poisson(420), mean =
420s, standard deviation = 20.49s.
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Figure F.8 — Generated sample for service duration in web browsing service. Sample size =

10 000, sample mean = 420s, sample standard deviation = 20.58s.

o Web browsing main object size: Figure F.9 shows the web browsing main object size PDF.

Based on the given PDF, samples generated in a simulation are presented in Figure F.10.
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Figure F.9 — PDF of the main object size in web browsing. Truncated lognormal(8.37, 1.88), mean =

11 055B, standard deviation = 25 395B.
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Figure F.10 — Generated samples for main object size in web browsing service. Sample size =

637, sample mean = 12 091B, sample standard deviation = 28 149B.
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Web number of embedded objects per page: Figure F.11 shows the PDF of number of embedded

objects per page. Samples that are generated accordingly are presented in Figure F.12.
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Figure F.11 — PDF of the number of embedded objects per page in web browsing service.

Truncated Pareto(1.1,2), mean = 7.59, standard deviation = 10.36.
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Figure F.12 — Generated sample for number of embedded objects per page in web browsing.

Sample size = 637.sample mean = 7.47, sample standard deviation = 10.38.

Reading time in web browsing: Figure F.13 shows the web reading time PDF. Based on the given

PDF, samples that are generated in a simulation are presented in Figure F.14.
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Figure F.13 — PDF of the reading time in web

browsing. Exponential (0.033), mean = standard deviation = 30s.
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Figure F.14 — Generated sample for reading time in web browsing. Samples size = 637.

sample mean = 30.72s, sample standard deviation = 31.63s.
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Parsing time in web browsing: Figure F.15 shows the web parsing time PDF. Based on the given

PDF, samples that are generated in a simulation are presented in Figure F.16.

PDF
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Figure F.15 — PDF of the reading time in web browsing. Exponenial (7.69), mean =

standard deviation = 0.13s.
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Figure F.16 — Generated samples for parsing time in web browsing. Sample size = 637,

sample mean = 0.13s, sample standard deviation = 0.12s.

Embedded object size in web browsing: Figure F.17 shows the embedded object size PDF.

Based on the given PDF, samples that are generated in a simulation are presented in Figure F.18.
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Figure F.17 — PDF of the embedded object size in web browsing service.
Truncated logNormal(6.17,5.57), mean = 8 237B, standard deviation = 47 307B.
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Figure F.18 — Generated sample for the embedded object size in web browsing. Sample size = 637.

Sample mean = 6 373B, sample standard deviation = 26 488B.
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e Video service duration: Figure F.19 shows the PDF of video service duration. The samples that

are generated accordingly, are presented in Figure F.20.
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Figure F.19 — PMF of the video duration. Poisson(300), mean = 300s, standard deviation = 17.32s.
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Figure F.20 — Generated sample for service duration in video service. Sample size = 10 000,

sample mean = 300.08s, sample standard deviation = 17.34s.

o Video packet size: Figure F.21 shows the video packet size PDF. Based on the given PDF,

samples that are generated in a simulation are presented in Figure F.22.
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Figure F.21 — PDF of the packet size in video service. Truncated Pareto(1.2,800), minimum =

800B, maximum = 1 500B, mean = 1 272B, standard devaition = 257B.
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Figure F.22 — Generated sample for packet size video service. Sample size = 1485 727,

sample mean = 1 273B, sample standard devaition = 257B.
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e Video packets inter-arrival time: Figure F.23 shows the inter-arrival time PDF between video
packets. Based on the given PDF, samples that are generated in a simulation are presented in
Figure F.24.
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Figure F.23 — PDF of the packet inter-arrival time in video service. Truncated Pareto(1.2,2.5),

minimum = 2.5 ms, maximum = 13 ms, mean = 6.01ms, standard deviation = 3.59ms.

x10° T 15
- 10 Z
< $ % 10
g 6 8 E
o 4 c o 5
q) —
L 2 2 E
0 TF o0 : : : - : :
2 4 6 8 10 12 14 S 0 50 100 150 200 250 300 350
Packets Inter-arrival o Generated Samples Index
Time [ms]
(a) Frequency (b) Inter-arrival time

Figure F.24 — Generated sample for packet inter-arrival time in video service. Sample size =

1485 727.sample mean = 6.01ms, sample standard devaition = 3.59ms.

¢ VolIP service duration: Figure F.25 shows the PDF of VolIP service duration. The samples that

are generated accordingly, are presented in Figure F.26.
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Figure F.25 — PMF of the VoIP duration. Poisson(120), mean = 120s, standard deviation = 10.95s
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Figure F.26 — Generated sample for service duration in VoIP service. Samples size = 10 000,

sample mean = 120.11s, sample standard deviation = 10.9s.
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VolIP inactive state duration: Figure F.27 shows the VolP inactive state duration PDF. Based on

the given PDF, samples that are generated in a simulation are presented in Figure F.28.
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Figure F.27 — PDF of the inactive state duration in VoIP service. Mean = standard deviation = 5s.
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Figure F.28 — Generated sample for inactive state duration for VoIP service. Sample size =

532, sample mean = 4.96s, sample standard deviation = 4.65s.

VolP active state duration: Figure F.29 shows the VolP active state duration PDF. Based on the

given PDF, samples that are generated in a simulation are presented in Figure F.30.
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Figure F.29 — PDF of the active state duration in VoIP service. Mean = standard deviation = 5s.
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Figure F.30 — Generated sample for active state duration for VoIP service. Sample size =
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532,sample mean = 5.13s,sample standard deviation = 4.94s.
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F.2 Relative Deviation of the Means and Standard Deviations

In this subsection, the generated samples of 35 different simulations are analyzed based on the relative
deviation percentage (4.11). The randomly generated samples’ standard deviation and mean, as the
approximated values, X*P"°*, are compared with the theoretic standard deviation and mean of the given

PDF, as the reference values, X™®/. The results are presented in Table F.1.

Table F.1 — Average relative deviation of the mean and standard deviation of 35 different simulations.

Average Relative Average Relative
Parameter Deviation of the Deviation of the
Mean Value [%] Standard Deviation [%]

User Active Duration
User Inactive Duration
Service Duration
Packet Size
Packets Inter-Arrival Time
Service Duration
Main Object Size
Embedded Object Size
Web Browsing #Embedded Objects per Page
Reading Time
Parsing Time
Service Duration

File Transfer

1

0

0
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