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ABSTRACT

LAYERED CONTENT DELIVERY OVER SATELLITE
INTEGRATED COGNITIVE RADIO NETWORKS

Although the spectrum is a scarce and valuable resource, the utilization of spec-
trum in various frequency bands in certain areas are shown to be very low. Because
of this under-utilization and inefficiency, cognitive radio (CR) concept where licensed
bands are allowed to be used by a secondary network is being developed. Moreover,
this new phenomenon has been coexisting with the exploding content consumption
over wireless networks. Upcoming fifth generation (5G) wireless standards have been
developed to address this capacity crunch. In 5G "toolkit”, Device-to-device (D2D)
communications is an important approach adopted to alleviate this issue. Moreover,
heterogeneous wireless networks composed of different network tiers are expected to
provide services in an omnipresent setting. In this thesis, we develop an analytical
Markovian model for content delivery over satellite integrated cognitive radio net-
works. Additionally, we devise a simulation for studying this infrastructure-based
mobile network. The simulation model is focused on energy efficiency. However, it
can be extended for other performance evaluation purposes. We also investigate the
effect of various system parameters on the performance of these systems such as net-
work density, preference ratios for content retrieval from different content holders and

average content size in this setting.



OZET

UYDULARLA TUMLESIK BIiLISSEL RADYO
AGLARINDA KATMANLI ICERIK DAGITIMI

Spektrum nadir ve degerli bir kaynak olmasina ragmen, belli bolgelerdeki cesitli
frekans bantlarinda spektrumdan faydalanmanin oldukga diigiik oldugu gosterilmistir.
Bu olgu 1s1g1nda spektrum kullanimindaki verimsizligi agmak amaciyla lisansh bantlarin
ikincil bir ag tarafindan kullanilmasina izin veren biligsel radyo kavrami geligtirilmistir.
Ayrica, bu zorlu durum cok biiylik artis gosteren kablosuz aglar tizerinden igerik
tiiketimiyle es zamanl gerceklesmektedir. Bu kapasite problemini ¢ozmek i¢in 5G
kablosuz ag standart1 geligtirilmektedir. 5G teknolojilerinde Cihazdan-Cihaza Iletisim
bu darbogazi agmak icin secilen 6nemli bir yaklagimdir. Ayrica bu sistemlerde farkh
ag katmanlarindan olusan heterojen kablosuz aglarin her yerde gerekli servis vermeleri
beklenmektedir. Bu tezde, uydularla tiimlesik biligsel radyo aglarinda icerik dagitimi
i¢in analitik bir Markov modeli geligtirilmistir. Ek olarak, bu tiir altyapi-tabanli mo-
bil aglar1 incelemek icin bir simiilasyon yaklagimi da olusturulmustur. Simiilasyon
modelimiz enerji verimliligine odaklanmasina ragmen bagka bagarim degerlendirmeleri
amaciyla genigletilebilir. Ayrica s6z konusu ortamda ag yogunlugu, farkl icerik saglayi-
cilardan igerik edinimi tercih oranlar1 ve ortalama igerik boyutu gibi gesitli sistem

parametrelerinin sistem basarimi iizerine etkileri aragtirilmigtir.
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1. INTRODUCTION

The mobile broadband explosion propelled with new pervasive services and rich
content over Internet is creating an imperative requirement for higher bandwidths and
more capacity in wireless networks. To serve this necessity, the radio spectrum is
critical in the physical layer. Although it is a limited and valuable resource considering
the physical limitations and the burgeoning demand, the utilization of spectrum in
various frequency bands in certain areas is shown to be very low [1]. Because of this
under-utilization and inefficiency, Cognitive Radio (CR) concept has been proposed and
developed in the last decade. In CR paradigm, licensed bands are allowed to be used by
a secondary network provided that the secondary network does not affect primary user
activities harmfully. It has been touted as a capacity booster for 5G wireless systems
[2,3]. Another approach serving higher capacity and improve coverage is to use Device-
to-Device (D2D) communications which relies on spatial locality of wireless nodes to
offload traffic from the “last-mile” and alleviate the load in the core network while
increasing capacity [4]. With D2D operation, mobile devices form direct connections
between each other avoiding the routing of data via the radio access network with
various benefits such as improved network resource efficiency, lower transmit power and
better end-to-end delay [5]. This technique is also integrated into 5G specifications for
realizing IMT-2020 vision [6].

On the application side, content consumption oriented services entailing multi-
media services (Video-on-Demand and streaming live TV) are emerging as dominant
traffic sources. According to Cisco VNI 2015 report, global mobile data traffic grew
69 percent to 2.5 exabytes per month in 2014 [7]. 2014 mobile data traffic was nearly
30 times the size of the entire global Internet in 2000. Moreover, mobile video traffic
exceeded 50 percent of total mobile data traffic for the first time in 2012. But such
services based on content delivery and transmission have several challenges [8]. For
video services, limited bandwidth in wireless systems leads to less fluent flow of images
which means degradation in Quality of Experience (QoE) for the users. In case of

audio services, for instance voice communications, the delay above a threshold is not



acceptable by the users. Thereof, the transmission of multimedia traffic has to be done
with sufficient bandwidth and low delay [9] considering its delay sensitive and band-
width hungry operation. The solution for how these requirements are to be fulfilled
is not trivial. Moreover, advanced encoding techniques such as Scalable Video Coding
(SVC) and network layer techniques such as multipath routing render this problem

more complex with application and network layer intricacies.

These fundamental research issues in wireless networks are over-arched with one
major concern spanning the entire ecosystem, which is energy efficiency (EE). It is
fundamental in the sense that it is a “meta-objective” affecting all components/layers
of wireless communication systems. The driving factors for EE in wireless systems can

be summarized as follows:

e Smaller form-factor devices

e More mobility and more ad hoc settings

e The emergence of green communications concept and environmental issues related
to energy consumption and sustainable development

e Operational expenditure reduction via minimization of energy costs

e The widening gap between the development of energy storage capabilities (i.e.,

batteries) and the advances in circuit design

In this thesis work, we elaborate on layered content transmission over satellite
integrated cognitive radio networks (CRNs). The CRN considered is an infrastructure-
based system which also utilizes D2D communication mode. A typical layered content
example is video content which is scalably-coded such as H.264/Moving Picture Ex-
perts Group (MPEG)-4 advanced video coding (AVC). For such situations, throughput
has to be improved for better quality of service (QoS) service support while energy con-
sumption is a constraint that has to be under a threshold. Due to energy concerns,
wide coverage and control optimization, satellite assistance is a promising enabler. The
reason is that satellites of the future will be capable with better coverage and more
bandwidth utilizing and with less terrestrial network components, supporting a green

network paradigm [10]. The co-existence of satellite and CRNs and moreover their
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Figure 1.1: The techniques and paradigms integrated and proposed as a system in

thesis work. I'TSN: integrated terrestrial-satellite network

interpretation is an important research topic [11,12].

The intersection of layered content delivery and hybrid cognitive networks are
yet to be explored comprehensively, especially for the prospective 5G systems [13].
Similarly, satellite systems have been typically studied for conventional wireless systems
in niche applications and usually dealing with performance metrics other than energy

efficiency (EE). In that regard, the contributions of this thesis are as follows [14]:

(i) We develop an analytical Markovian model for content delivery over satellite
integrated cognitive radio networks.

(ii) We devise a simulation for studying this infrastructure-based mobile network.
The simulation model is focused on energy efficiency and throughput. However,
it can be extended for other performance evaluation purposes.

(iii) We investigate the effect of various system parameters on the performance of
these systems. We present multifaceted experimental results on the interplay
between different factors such as network density, mode preference, PU traffic

activities and average content size in this setting.



Chapter 2 presents related work in the literature. We focus on CRN, hybrid terres-
trial /satellite networks, D2D communications and layered content works. In Chapter
3, we present the system model which lays the foundation for our following analytical
and simulation-based work. It is a satellite integrated CRN with D2D communications.
This system relies on content-centric operation for content delivery function. In the
following chapter, we introduce our analysis which is an Markovian analysis for investi-
gating various metrics such as energy-efficiency for this setting. The numerical results
are also described in that part. In Chapter 5, the experimental results are discussed
for simulation based investigation. Finally, we draw conclusions in Chapter 6 with a

perspective on potential research directions.



2. RELATED WORK

The intersection of layered content delivery and hybrid cognitive networks are
yet to be explored comprehensively, especially for multi-scale networks (satellite +
wide-area cellular + small-area) with D2D operation mode. Although prospective
wireless systems, specifically 5G networks, are envisaged to provide content-based and,
extremely-low-delay and high-throughput services, the co-existence, and thus utiliza-
tion, of these concepts are not thoroughly investigated in an integral analysis. There

are four main system pillars when such a wireless network is considered:

e cognitive radios for spectral expansion and efficiency

hybrid satellite and terrestrial network for multi-scale operation

D2D for proximity-based operation and resource optimization

layered content at the application layer

Nevertheless, there is large body of literature focusing on a single aspect (e.g. CRNs)
or tuple of them (e.g. cognitive satellite networks). In this section, we venture to

provide a concise yet comprehensive survey of such works.

There is a plethora of work on CRN, especially for core issues such as resource
allocation or mobility regarding various emerging aspects such as green communica-
tions, heterogeneous settings and for applications such as multimedia traffic [15, 16].
In [17], a channel allocation model for multimedia transmission across infrastructure
based CRNs is proposed. Markov chain model is constructed for centralized CRN that
contains access points (APs) and user equipments (UEs) with multiple antennas. AP
is the central entity for channel allocation. Jiang et al. consider three communication
modes where communication can be within centralized CRN, from outside of central-
ized CRN to a node of the centralized CRN and from a node of centralized CRN to
outside of centralized CRN. All possible arrival and departure of each communication
mode and arrival and departure of primary user causes a transition in the state dia-

gram. The authors have done both analysis and simulations for the proposed method.



In general, the simulation results are consistent with analytical results. The metrics
they have used are blocking probability, dropping probability and throughput. In the
first simulation, Jiang et al. consider primary users (PUs) and two different type of
multimedia streaming secondary users (SUs) having different type of communication
modes. The outcomes are as follows: With increasing arrival rate of PUs, the blocking
probability of PUs and dropping probability of both types of SUs increase but through-
put of both types of SUs decrease. In the next simulation setting, they consider PUs
and nine different streaming SUs. They observe that with increasing arrival rate of
PUs, the blocking probability of PUs and dropping probability of all types of SUs

increase whereas throughput of all types of SU types decrease.

Smart grid applications have certain QoS requirements such as low latency and
high reliability. Due to the high amount of data transmission in smart grids, higher
spectrum utilization by using CR systems is a promising solution. Wireless multimedia
sensor and actor networks can be used in smart grids to perform good QoE require-
ments. In [18], Wang et al. study challenges of and solutions to CRN with multimedia
communication for smart grids. In their model, they assume that different traffic types
exist in the system. The traffic with the highest priority is the power schedule informa-
tion. Smart meter data have lower priority and the data from environment monitoring
has even lower priority. The channel allocation should be done taking the traffic type
and corresponding QoE into account. The channel allocation is modeled as a two
dimensional (2D) Markov model containing two types of users, namely PU and SU.
They assume that there are k types of SUs with different priorities. According to their
simulation results, at a given SU arrival rate the peak signal to noise ratio (PSNR)
decreases with decreasing priority. Also, it is shown that with increasing arrival rate
of SUs, PSNR decreases. These results show how the multimedia quality is affected by
arrival rates. They consider a cognitive channel allocation scheme for power scheduling
of the grid while taking QoE of users into account. As frequency switching increases
transmission delay, the proposed framework allocates delay-sensitive data to bands

with lower switching probability.



In [19], Park et al. propose a system using Multiple User - Multiple Input Multiple
Output (MU-MIMO) and SVC coded video streams. They want to maximize the
sum utility taking QoE into account in case of restricted power and bandwidth. As
this problem is not easy to solve they use approximate correction rate, thus making
the problem convex. They try to find the best modulation possible to find optimal
power and rate. The proposed method has better sum-utility, higher number of layers
transmitted properly and higher PSNR and structure similarity values when compared

to a baseline water-filling algorithm.

In [20], power allocation problem in cognitive satellite terrestrial networks are
investigated. The satellite network is assumed to be a primary network whereas the
terrestrial network is the secondary network. The resource allocation problem is defined
as follows: Maximizing the effective rate of the terrestrial link (secondary link) accord-
ing to a given QoS requirements (parameter ) while keeping the outage probability of
the satellite link under a @),,; value. The resource allocation problem is investigated
both under perfect channel estimation and imperfect channel estimation. According
to their simulations they derive the following results: By allowing higher unsuccessful
transmission probability of satellite link due to interference from base station (BS), the
effective capacity of the terrestrial link is increased. For tighter QoS requirements of
secondary link, the effective capacity of secondary link is decreased. With less shadow-
ing on satellite links, the effective capacity of secondary link decreases. However, with
lower fading in the secondary link, the effective capacity of the secondary link increases.
With lower fading in the interfering link from BS to satellite user, the effective capacity
of the secondary link decreases. In general, with increasing estimation error variance,

additional unsuccessful transmission probability of satellite link increases.

In [21], Kawamoto et al. study an effective context-aware service (content) de-
livery across cooperative satellite-terrestrial networks. They construct a cooperative
satellite/terrestrial model which consists of satellite cells and terrestrial cells. They pro-
pose a context-aware bandwidth allocation scheme to maximize the number of users
provided with context-aware contents. Initially, they determine the allocation of the

bandwidth for each satellite cell by making use of satellite’s broadcasting/multicasting



nature. Next, they try to find the optimal allocation for satellite and terrestrial net-
work resources to maximize the number of users reaching the context-aware contents.
When many users need to access the same content, it is preferable to use satellite link
for multicasting/broadcasting. When a user needs to access a context-aware content
individually, terrestrial link is preferable. According to the calculations for the number
of users reaching context-aware content with the same number of multicast contents in
satellite-only, terrestrial-only and their proposed model, the proposal has the highest

number of users reaching content.

In [22], Ge et al. propose two-tier cooperative spectrum allocation (TCSA)
method for multimedia transmission over CRN. This method takes QoS requirements
of SUs into account and tries to optimize the spectrum handoff rate of SUs and the
spectrum utilization. According to the quality of spectrum regions and SUs’ needs,
the order of available spectrum regions are ranked by a spectrum adjacency algorithm.
This algorithm is used for meeting the QoS requirements of SUs for various multime-
dia applications. Besides, a max hyper-weight matching algorithm is used to optimize
the spectrum handoff rate of SUs and the spectrum utilization jointly. In the simu-
lations they consider voice, video and data transmissions. As spectrum regions, they
use industrial, scientific and medical (ISM) and cellular bands. They show that TCSA
prefers cellular bands for voice and mostly ISM bands for video and data. They com-
pare proposed TCSA method with cost-minimized and random matching algorithms
both for throughput and handoff rate. TCSA has the highest throughput of all three
methods and it has the lowest handoff rate of all methods for any number of SUs in

the system.

In [23], Jiang et al. propose a channel allocation method where the primary chan-
nels are not homogeneous and different QoE requirements of SUs are taken into account
for the channel allocation. They construct a priority queue for SUs. The SUs requiring
lower delay are assigned with high priorities whereas SUs that are delay tolerant have
low priorities. They compare the priority system with the setting without priority for
blocking probability, dropping probability and throughput. In priority systems, high
priority users get higher throughput and lower dropping probability compared to non



priority systems. With the increasing idle probability of primary channel, mean PSNR
increases for all types of SUs. High priority SUs have higher mean PSNR values than
low priority SUs in general for any given primary channel idle probability. With the
increasing arrival rate of SUs, mean PSNR decreases for all types of SUs. Again, high
priority SUs have higher mean PSNR than low priority SUs in general for any given
arrival rate of SUs. They test multimedia quality with three videos, namely Akiyo,
Carphone and mother and daughter. For the video Akiyo, it is shown that by increas-
ing idle probability of primary channel, mean PSNR for all types of SUs increases.
High priority SUs have higher mean PSNR than low priority SUs. With increasing
dropping probability, Mean Opinion Score (MoS) value for QoE decreases. When com-
pared with non-priority system, priority system has lower dropping probability range

together with higher MoS values.

In [12], Bayhan et al. present a novel concept, namely high altitude platform
(HAP) driven smart radios, where CR devices are dynamically configured and policies
for dynamic spectrum access are beamed with the assistance of a HAP and a back
end satellite subsystem. They provide some simulations where some primary [EEE
802.11b/g users communicate in infrastructure mode through three base stations while
some SUs having different priorities for the available spectrum communicate oppor-

tunistically.

In [24], a centralized dynamic spectrum access (DSA) for CRNs with three user
types, namely PU, high priority SU and low priority SU, is proposed. PUs have high
priority over all types of SUs. High priority SUs have priority for channel access and
handoff over low priority SUs. A PU can be assigned to one channel that consists of N
subchannels whereas a high priority SU can be assigned to /N; subchannels and a low
priority SU can be assigned to N, subchannels. They model the system with Markov
chains where the state holds number of users for each type. From the state diagram
using the balance equations, the steady state probabilities are derived for each state.
The blocking and dropping probabilities are derived using steady state probabilities
for high and low priority SUs. With the increasing arrival rate of PU users, blocking
and dropping probabilities of high and low priority SUs increase. The blocking and
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dropping probabilities of high priority SUs is less than low priority SUs for the same
set of parameter values due to higher priority. By increasing the number of channels
and subchannels, blocking and dropping probabilities can be reduced for any type of
SU.

In [25], queue based dynamic channel assembling (CA) method is proposed for
CRNs with three types of users namely PUs, elastic SUs (ESUs) and real-time SUs
(RSUs). The system contains one queue devoted for ESUs and another queue for
RSUs. In the dynamic channel access strategy, an ESU can have at least W and at
most V channels but an RSU can have fixed number of channels for service. Two
different queueing schemes are proposed. The terminated ESUs are not fed back to
the queue devoted for ESUs in the first scheme, whereas the interrupted ESUs are
fed back unless the queue is full in the second scheme. In each scheme, both queues
operate with First-Come-First-Serve (FCFS) principle. The priority level of the queue
devoted for RSUs is higher than the queue devoted for ESUs. For the performance
analysis, Continuous Time Markov Chains (CTMCs) are constructed. From the state
diagram using the balance equations, the steady state probabilities are derived for each
state. By using steady state probabilities, secondary network capacity of ESU and RSU
services, spectrum utilization, blocking probability of ESU and RSU services, average
PU interruption rate of ESUs, forced termination probability of ESU and RSU services,
mean queue length and finally average total delay of SU services are derived for each

queuing scheme.

With increasing arrival rate of ESU, the capacity of ESU services and spectrum
utilization increase. At a fixed arrival rate of ESU, queued systems have higher capacity
of ESU services and spectrum utilization. With increasing the queue size given other
parameters fixed, both capacity of ESU services and spectrum utilization increase. Ad-
ditionally, second queueing scheme performs better than first queueing scheme in terms
of capacity and spectrum utilization. With increasing PU service rate, blocking prob-
ability of ESU decreases and forced termination probability of ESU services increases.
At a fixed PU service rate, queued systems have lower blocking probability of ESU.

When the queue size is increased with other parameters fixed, blocking probability of
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ESU decreases. Second queueing scheme performs worse than first queueing scheme in
terms of blocking probability of ESU. Moreover, the average total delay of ESU services
is higher in the second queueing scheme. However, second one performs better than
first one in terms of forced termination probability of ESU services due to feedback
mechanism of the second scheme. The average total delay of RSU services is almost
equal in both queueing schemes. RSU services have less delay than ESU services. For
a required level of QoS, the maximum possible ESU arrival rate can be found by using
the results for blocking, forced termination probabilities of ESU and average total delay

and choosing the rate accordingly.

In [26], DSA methods for CRNs with three types of users namely PU, high priority
SU and low priority SU is investigated. A PU can be assigned to one channel that
consists N subchannels whereas any SU can be assigned to one subchannel only. DSA
methods are mainly divided into two groups: centralized and distributed. Four different
centralized DSA methods (CDSA-I to IV) and two different distributed DSA methods
are proposed. In all methods, two different priority classes for SUs are considered and
a number of subchannels are reserved for high priority SUs. All of these methods differ
in terms of handoff mechanisms. In CDSA-I, when a PU arrives, if there is no idle
subchannel SUs are displaced and high priority SUs can be assigned to subchannels
of low priority SUs. No such displacement of high priority SUs to low priority SUs is
allowed in CDSA-II. CDSA-IIT and CDSA-IV are the buffered versions of CDSA-I and
CDSA-II methods, respectively. In all distributed DSA methods, displaced SUs upon
the arrival of PUs contend for idle subchannels. In the first distributed DSA method,
the displaced SUs that cannot be handed-off are terminated. In the second distributed
DSA method the displaced SUs are kept at a virtual buffer to allow them to contend

for subchannels in next slots instead of being terminated.

For the performance analysis CTMCs of each DSA are constructed. The blocking
probabilities, forced termination probabilities, call completion rates and mean handoff
delay are derived using steady state probabilities for high priority SUs and low priority
SUs for all DSA methods. DSA methods with handoff buffer have higher call completion
rates compared to non-buffered DSA methods. CDSA-I has higher call completion
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rate of high priority SUs compared to CDSA-II. Additionally, the forced termination
probability for high priority SUs of CDSA-I is lower than that of CDSA-II. Both of
these results are due to the displacement mechanism of high priority SUs to low priority
SUs in case of no idle subchannel. With increasing PU arrival rate, handoff delays of
both high and low priority SUs increase. Distributed DSA schemes experience the
highest handoff delays for both high and low priority SUs. CDSA-III has the lowest
handoff delay of high priority SUs since high priority SUs can replace low priority
SUs. CDSA-IV has the lowest handoff delay of low priority SUs. The reason is that
high priority SUs can not displace low priority SUs in that scheme. In general, buffer

increases call completion rate while handoff delay appears.

In [27], Gur et al. describe and discuss a heterogeneous system of satellite and
IEEE 802.16 Worldwide Interoperability for Microwave Access (WiMAX) networks
collaborating for the efficient delivery of multimedia services. They elaborate on the
rationale behind integrated satellite and WiMAX networks and propose a diverse set of
enhancements and additions into WiMAX BS and Multicast Broadcast Service Con-
troller (MBSC), which allows this interworking in the multimedia delivery context.
They also describe a WiMAX BS downlink scheduler that considers satellite channel
conditions of the dual-mode Subscriber Stations (SSs) while making resource alloca-
tion and packet scheduling. This scheduler interacts with another proposed module
in MBSC, namely Satellite-Terrestrial Interaction Module, for performing these oper-
ations. Traffic for real-time multimedia and cache-based delivery is considered in the
system. On the SS side, a lightweight signaling scheme between BS and SS for service
continuity and control is presented. However, their scheme lacks the CR and D2D

dimensions and solely focuses on hybrid network operation.

For facilitating content downloading and consumption, D2D communication is
instrumental to increase the spectral efficiency and to enhance the system capacity.
In [28], Li et al. investigate the fundamental problems of how D2D communication
improves the system performance of cellular networks and what the potential effect
of D2D communication is. They develop optimal solutions for resource allocation and

mode selection problems under realistic user and mobility conditions. They obtain the
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theoretical upper bound to system content-downloading performance via a max-flow
optimization problem. Utilization of vacant spectrum rather than underlay opera-
tion for D2D communications is also an important research topic. In [29], Ding et
al. presents a crowd-sensing based approach to exploit TV white space (TVWS) for
D2D communications with the aid of the existing cellular infrastructure. Their goal
is to build a location-specific TVWS database, which provides a look-up table service
for any D2D link to determine its maximum permitted emission power (MPEP) in an
unlicensed digital TV (DTV) band. They develop a powerful fixed point continuation
algorithm to reconstruct the unknown elements from the known elements regarding in-

complete sensing data. Moreover, an opportunistic spatial reuse algorithm is developed

for each D2D link to determine its MPEP.

There are also game-theoretic approaches for resource sharing and optimization
issues in D2D communications. In [30], Chen et al. consider the problem of resource
sharing in D2D communication underlaying cellular networks. The problem is formu-
lated as a non-cooperative game in which mobile users decide their respective transmis-
sion power over available resource blocks (RBs) with the goal of maximizing their own
utility function. They propose a novel design of the utility function which is defined
for each user as the achievable rate normalized by the power consumption. The most
energy efficient strategy turns out that a D2D UE allocates the least amount of power
on the channel with the best channel gain-to-interference-plus-noise-ratio (CINR) yet
still achieves the highest data rate on that channel while a cellular UE allocates the

optimal power on its assigned channel to reach the maximum energy efficiency.

In conclusion, the literature lacks comprehensive treatment of hybrid networks
with terrestrial segments employing CR capability and D2D operation and honed for
content-centric operation. Although it is a challenging research issue, the investiga-
tion of such systems is paramount considering the open problems related to resource

efficiency, content delivery and QoE in next-generation mobile networks.
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3. CONTENT-ORIENTED SATELLITE INTEGRATED
COGNITIVE RADIO NETWORK

In this chapter, we describe our concept of content-oriented satellite integrated
CRN. Although there are different endeavors to model/analyze such heterogeneous
wireless systems, it is not evident how to attain such a goal for this complex and
multi-dimensional structure [31]. We construct our model progressively considering the

practicality and tractability. In the following chapters, this model is further refined.

0: satellite interface(Primary Mode)
1: over the BS(Cog Mode)
2: D2D Closest content holder(Cog Mode)

3: Terrestrial PU operation
4: Terrestrial SU operation (Cog Mode)
5: Satellite PU operation

Figure 3.1: System model. There are different operation modes based on the attached

entity (satellite, BS, other device).

First, let us briefly introduce the network structure. There is one satellite, one BS,
PUs, SUs and hybrid users (HUs) and we investigate the area of the BS cell as shown
in Figure 3.1. The network is composed of two links, namely satellite and terrestrial.
The standard PU and SU operations are shown with labels 3, 4 and 5 in Figure 3.1.

In this network we mainly focus on the HUs. When they retrieve content from the
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satellite as shown by the label 0 in Figure 3.1, they are in PU mode. When they
retrieve content through the terrestrial frequencies either from the BS or from some
HU device via D2D communication shown by labels 1 and 2 respectively, they are in
SU mode. When a PU appears during the content retrieval, it preempts the terrestrial
frequency immediately. The purpose of such a network is to transmit contents with

better throughput and energy efficiency.

The key assumption is that we consider a receiver-driven chunk-based content-
oriented system where the content is stored and identified as uniquely identifiable
chunks (segments) [32]. These chunks are transported at chunk level with built-in
network storage for caching. We do not make any assumptions on specific naming or
content-based routing mechanisms employed in content-oriented operation [33]. We

assume necessary mechanisms are already employed in the network nodes.

We focus on multimedia content retrieval in our system. HUs may request stan-
dard quality or high quality contents. To enable flexibility, layered content structure is
used. Each content has base and enhancement parts as shown in Figure 3.2. Detailed

information is given in Chapter 5.

4 N e Increase quality
Enhancement e Increase frame-rate
\ e Increase resolution

a

Base @ @ Main content for
viewability

& 4

_ AN

Figure 3.2: Layered content abstraction entailing base and enhancement layers.

This network relies on on four main premises for achieving higher capacity with

higher efficiency as noted in Chapter 1, which are
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e Cognitive radios for spectral efficiency: Dynamic spectrum access provides better
spectral efficiency converging to the full utilization of frequency resources [34].

e Hybrid satellite and terrestrial network for multi-scale operation: The coverage
scale for satellite networks are much larger compared to macro or small cells.
They provide wider coverage and utilize solar power to operate [35].

e D2D for proximity-based operation and resource optimization: The D2D content
transmission improves frequency reuse and exploits the physical layer advantages
and lower power consumption due to proximity.

e Layered content at the application layer: The layered coding of multimedia con-
tent provides multi-quality content transmission and representation according to

network and device conditions [36].

Rendering these fundamental elements, in the following chapters we investigate
this system analytically and experimentally (using simulations) in different settings

and provide insight into performance focusing on key metrics such as energy efficiency.
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4. ANALYTICAL SYSTEM MODEL

In this chapter, we develop an analysis of the system in question using Markovian
analysis. Our motivation is to analyze satellite integrated cognitive radio networks for

energy efficiency when content dissemination for mobile devices is the primary use-case.

For providing mobile content delivery with longer battery lifetime and smaller
form-factor devices, and minimizing environmental and operational costs, we need to
attain energy efficiency in our network, i.e. minimize the energy consumption per

successfully transmitted content bits.

4.1. System Model

In our system model, we assume that there are two main segments in our network,
namely satellite and terrestrial. The frequencies that are used by satellite and terrestrial
parts are mutually exclusive. We assume that there is one satellite at frequency level
fsar with bandwidth W, while the terrestrial system is at frequency level f;.,. with
bandwidth Wy,,.. In the analyzed topology, there is one cell covered by a BS although

the analysis can be extended for larger multi-cell topologies.

On the user side, there are some users that have cognitive abilities and some that
do not have such abilities (PUs). The users with no cognitive abilities and no oppor-
tunistic channel access are PUs while SUs can operate “cognitively” and access the
medium opportunistically. Satellite frequencies cannot be accessed opportunistically

and are solely dedicated to satellite operation.
In our model, there are three types of users:
(i) PUs that can be served over satellite or terrestrial frequencies by satellite or BS,

respectively.

(ii) SUs that can opportunistically access the terrestrial frequencies. They are served
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by the BS.

(iii) HUs that can be in one of two modes: SU or PU operation. We mainly focus on
this user type since they facilitate the promise of the system for higher efficiency
via cognitive and D2D expansion. When they are in PU mode, they can be served
by satellite frequencies over the satellite. When they are in SU mode, they can
opportunistically access terrestrial frequencies that are served by either terrestrial
BS or another content holder HU. PU mode operating at satellite frequencies is
useful for the additional frequency introduction apart from the terrestrial frequen-
cies whereas SU mode is useful due to spectral efficiency and D2D operation with
lower power consumption. The mode selection is done according to a preference
configuration, satellite channel state and terrestrial channel state that is to be

explained in Section 4.6.3.

We assume that our system has no control over baseline PUs and SUs. Our system
has a priori knowledge about PU traffic, SU traffic and HU traffic models. Although this
is a strong assumption, it can be realized via central sensing and monitoring capabilities
of BS. The resource allocation is done centrally by the BS. It allocates resources to HUs
taking frequency state into account. That is, the central entity can detect PU and SU
arrivals and departures without failure and it can allocate resources to HUs knowing
the PU and SU activities. We do not focus on the sensing errors since our main goal
is to analyze potential performance improvement in a such an integrated sytem. The
signaling operation/overhead from BS to satellite and HU devices are ignored for the

sake of brevity.

4.2. Content Model

In this section, we describe the content model and content availability in the
network. A content is assumed to be a self-contained chunk of video. An entire content
is assumed to be at the same place, i.e. it is not allowed that some portion is in the
satellite and the rest in an HU device. This is related to the fundamental property
of being “self-contained”. For each content holder (satellite, BS or an HU device), a

probability of content availability is assigned. For instance, PY,, = 0.5 means that a
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content can be found at the satellite with probability 0.5.

For tractability, we ignore base and enhancement content differentiation in our
analytical course and assume all contents are of base type. It is integrated into simula-
tion based investigation described in Chapter 5. Contents are uniformly assumed to be
base type. We also assume that all contents have identical popularity i.e. popularity
distribution is not employed in the analysis. This approach is adopted since we aim to
provide a general analytical model such that the outcome of analysis is expected to be

independent of popularity distribution.

4.3. Traffic Model

The video request of any user type corresponds to an arrival for the system
service. The video service given to a user type is named as departure. The arrival of
any type of users is Poisson. The service to any user type is exponentially distributed.
Our system is modeled with CTMC. To be able to satisfy the markov property, that
is the state transitions depends only on the current state not the previous states, HU
data retrieval from a content holder is not changed in case of PU interruption. That
is, HU does not continue content retrieval from another content holder. HU continues
content retrieval from the same content holder via an idle channel. If no idle channel
exists, it is dropped. The system has no buffer for dropped requests for future service
retrials. PUs have priority over other SUs or HUs in SU mode. Due to priority of PU
preemption is allowed. When the system is full and a new user PU comes, a user with
low priority will be discarded. No overlay is allowed. One frequency can be used by

only one user at a time.

4.4. Assumptions and Parameters

For the analytical analysis, we consider non-time slotted scheme. We ignore
transmission, sensing errors and waiting times for the sake of simplicity. We consider
the region of a BS. We assume that all the regions have the same arrival and service

rates for each user type. Therefore, concentrating on one of the regions does not result



in the loss of generality.

The parameters for analitical analysis are given at Table 4.1 and Table 4.2.

Table 4.1: Analytical parameters.

Parameter | Value Explanation

Ny, 3 Total number of satellite frequencies

Ny,.. b} Total number of terrestrial frequencies

gt 0.09 2= | Arrival rate of primary users at satellite link

e 0.25 2= | Arrival rate of primary users at terrestrial link

Nt 0.25 2= | Arrival rate of secondary users at terrestrial link

AHU 0.16 === | Arrival rate of hybrid users at the system

Pplotal 144 W | Total transmission power of satellite

Plotal 30 W Total transmission power of base station

peh 48 W Per channel transmission power of the satellite

P 6 W Per channel transmission power of the base station

P 80 mW | Transmission power of a hybrid user device

dsat 300 km | Distance from satellite to earth

dps % m Mean distance to the base station of a primary
user, secondary user and/or hybrid user

dpap 50 m Mean distance between receiver and sender hybrid
user devices

20



Table 4.2: Analytical parameters.
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Parameter | Value Explanation

Wier 2 MHz Bandwidth of terrestrial link

Weat 36 MHz Bandwidth of satellite link

Jsat 20 GHz Frequency of satelite link

fter 700 MHz Frequency of terrestrial link

Gt 2.5-10% Gain of the satellite

Gpg 4.107° Gain of the base station

G gev(HU) 6-1072 Gain of a hybrid user

G dev(PUser) 11-1072 Gain of a primary user requesting service at ter-
restrial link

Nt le 18 Watt Noise at satellite link

Nier 1.585¢ 190 | Noise at terrestrial link

s(PUS,vb) 25 Mbits Mean base content size requested by a primary
user at satellite link

s(PUt,vb) 25 Mbits Mean base content size requested by a primary
user at terrestrial link

s(S U, Up) 25 Mbits Mean base content size requested by a secondary
user at terrestrial link

s(H ﬁ, Up) 25 Mbits Mean base content size requested by a hybrid user

The Friis transmission equation for PU, SU and HU content retrievals from the

satellite, the BS and HU device are shown below in equations 4.1, 4.2, 4.3, 4.4, 4.5

and 4.6, respectively. Using these equations and parameter values, we can calculate
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received power P in Watts.

P x Gy x GP x 2

rec — sat 4.1
PUsat (47T X fsat X dsat>2 ( )
prec o PE% X GBS X GdeU(PUter) X 02 (4 2)
PUter *— (47‘{' X fte'r X dBS)2 .
SUter "= (47-( X fte'r X st) .
Prec(sat) — Pscz?t X Gsat X Gdev(HU) X 02 (44)
Hu (A7 X foms X dynt)?
pree(BS) _ Py x Gps X Gaeyu) X ¢ (4.5)
HU : (471' X fter X dBS) .
rec Ptx X G ev X G = X ’
PHU(D) o dev dev(HU) dev(HU) ¢ (46)

(47T X fter X dD2D)2

Since we do not want to distinguish among higher and lower frequencies in terms
of capacity, our analytical investigation does not track which frequency is used by which
user at each instant of time and we use the mean transmission frequency value for each
case during calculations. The frequency dispersion around the respective mean values
is very small and thus such simplification does not affect the results in a discernible

way.

The Shannon capacities under Additive White Gaussian Noise (AWGN) are
shown below. Using these formulae, we calculate the channel capacities for content

retrieval in bits per second.

PTBC
b = Wiloga(1 (ﬁ)) where x € {sat, ter} (4.7)
PT@C
CL = Wier X loga(1 + (—ottee— 4.8
ter X 092< + (Néer % Wter)) ( )
rec(sat)
Ci = Waar X loga(1 + (=2 —)) (4.9)

Ngat X Wsat
rec(x)

P
Chy = Wier X loga(1 + (W)) where z € {BS, D} (4.10)
0 er

By dividing the channel capacities by average content size, we get the service rates us
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of different user types.

x
PU

Wpy = —————— where x € {sat, ter} (4.11)

ro s(PU?, )
Cter

ter SU

psy = —— (4.12)
v s(SU, v)
T I:ZU

Wy = ——=—— where x € {sat, BS, D} (4.13)
HU s(HU, vy)

which are used for the analytical model.

4.5. State Diagram

The state in our model represents the number of satellite frequencies used by PUs,
the number of terrestrial frequencies used by PUs, the number of terrestrial frequencies
used by SUs, the number of satellite frequencies used by HUs, the number of terrestrial
frequencies used by HUs retrieving content from the BS and the number of terrestrial

frequencies used by HUs retrieving content from an HU device.

ssat  ster ter
tpustPU» LU

-sat ;BS ;D
YHu>'HU - YHU

Figure 4.1: State.

The system does not get into a state and become stuck there. For reaching a
state, there is always a path starting from the initial state and by each arrival of PU,
SU and/or HU reaching the state with the corresponding number of users active at
corresponding frequencies. Since the service durations are finite, the departure rates
are finite which implies that there is a path for departure for each type of user. Hence,

the system does not get stuck in some state.

The number of idle frequencies can be calculated according to the state com-
ponents. The function idle**(z) is defined to be the number of idle frequencies at

the satellite link at some state x and idle'"(z) is defined to be the number of idle
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frequencies at terrestrial link at state x.

idle*™ (2) = Ny, — i3 () — i35 () (4.14)

idle' (x) := Ny, — ipp(2) = isp (@) — iy (r) — iy () (4.15)

1, if 0 is true

1(9) = (416)

0, otherwise.
Note that Equation 4.16 is used in state transitions.

4.6. State Transitions

To establish our model, we also describe state transitions in the system. A state
transition can be triggered by one of six different events, namely a PU arrival, a PU

departure, an SU arrival, an SU departure, an HU arrival and an HU departure.

4.6.1. PU Transitions

First let us investigate how the system changes due to PU service requests and

completions at the satellite link. Assume that State 1 in Figure 4.2 is a valid state.

sat ‘ter  ster
ipy — Lipy, ISy

;sat  ster jter

ter ster
tpustpUstsU

PUs'SU

it + 1,4

-sat BS ;D
o tgustHu

(3)

rsat

-sat -BS ;D
YHu 'HU-YHU

:BS :D
‘o tgustHu

(2)

Figure 4.2: PU transitions at the satellite link.

PU transitions at the satellite link are labeled with p? where x € {1,2,3,4}. The
corresponding values are shown in the Table 4.3 with the corresponding type. At the
satellite link, only PUs and HUs in PU mode can be active. Therefore, PUs can arrive
to the satellite link only when there are idle satellite frequencies in the system which

can be seen at p! and p! transition label values. Since no SU is active at the satellite
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link in our system model, no preemption occurs.

Table 4.3: PU transitions at the satellite link.

Variable | Value Type

P A L (idieset (1)>0) Arrival

p: (150 (1) + Dppyaes(1)>0) | Departure
pd a5t (1) st Departure
p;l )\?%1 ((idlesat(3)>0)A(i55%% (1)>0)) Arrival

Now let us investigate how the system changes due to PU service requests and

completions at the terrestrial link. Assume that State 1 in Figure 4.3 is a valid state.

ssat  ster ter rsat  ster ter ssat  ster ‘ter
ipry iy + iy — 1 ipry tpr + LS ipry iy L isy

rsat

-sat ;BS -BS ;D
U e tro — 1

)
Hus ey — Liigy

-sat BS ;D
YHU»YHUYHU

(3)

rsat  ster ‘ter ssat  ster ter ssat  ster ster

ipusipy T LSy YPU>tPU ST iprsipy — LSy
Z'sat iBS iD ,L'sat ’iBS ,L'D isat iBS Z'D
HU»"HU» "HU HU»"HU» "HU HU»"HU» "HU

(2) (6)

ssat  ster ter rsat  ster ster
-1, ipryipy — Litgy +1

E rsat  ster ‘ter
UPU>tPU tsu -1

'pUstPU sy

-sat ;BS :D
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(7)
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9)

-sat :BS -D
iy tgo + Ligu

(®)

Figure 4.3: PU transitions at the terrestrial link.

PU arrival transitions at the terrestrial link are labeled with pf = where x €

{1,2,...,14} and PU departure transitions at the terrestrial link are labeled with 12
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where 2 € {1,2}. The corresponding transition values are shown in Table 4.4. p;
and pfm are the labels of the transitions where PU arrives to an idle frequency. pfm
and p?m are the labels of the transitions where PU arrives at an SU occupied frequency
and SU is moved to an idle channel. p; —and p;° are the labels of the transitions
where PU arrives at an SU occupied frequency and SU is dropped due to the lack of
idle frequency at the terrestrial link. p; —and p;! are the labels of the transitions
where PU arrives at an HU occupied frequency retrieving content from the BS and
HU is moved to an idle channel. p; —and p;? are the labels of the transitions where
PU arrives at an HU occupied frequency retrieving content from the BS and HU is

dropped due to the lack of idle frequency at the terrestrial link.

Table 4.4: PU transitions at the terrestrial link.

Variable | Value
1 ter  ddle’*"(1)
Plarr B Ny (0 L Vi, —i855.(1)>0)
2 ter it (1)
Pta APy thefi]it;{](l) 1((ther =55 (1))>0)A(idleter(1)>0))
3 ter ,L‘ter (1)
Ptarr MU thefgi%(l) 1((me =53 (1))>0)A(ddleter (1)==0))
p4 \ter igi—(l)l tor .
tarr PUNy,_ —itsf, (1) ~ (N, —i50 (1)) >0)A(idleter (1)>0))
2 At@?" Zg%(l) Y ]_ iter ; t
ptur’r pPU the'r 77};5(1) ((the'r _ZPU(I))>O)/\(7“dle er(l)::()))
6 ter i 1)
Plars PU N, (1) L (N, —i855 (1) >0)A et (1) >0))
7 ter i?IU(l) 1 ) )
Ptarr PUN;,_ —iter (1)~ (N, =55 (1)) >0)A(idleter (1)==0))
8 ter idlete’"(ﬁ)
Pty N0 Ry, 57 (67 (N, i85, (9)>0)A 855 (1)>0)
9 ter iy (6)
Dtarr /\PU thefgz‘ﬁgg(e) 1((ther —i887(6)>0) A(idleter (6)>0)A(its7 (1)>0))
10 ter i (7)
Ptar. APl thefgi%(ﬂ 1((ther*itpez’}(7)>0)A(idlet”‘(7)== INGESG (D) >0)A (S5 (1)<T))
11 ter i22.(6)
Ptar, AP th:Efiﬁ-f{f(G) Ly, —ite (6)>0) Alidleter (6)>0)A(itsr, (1)>0))
12 ter iB? (8)
Ptar, Ary th:i]i%(s) 1((me —itS%(8)>0) A(idleter (8)==0)A(i%s%; (1)>0)A(i 57, (1)<T))
13 ter i, (6)
Ptorr /\PU th::‘t;g(e) 1((ther —i88T(6)>0) A(idleter (6)>0)A(its7 (1)>0))
14 ter ihy(9)
Plars Abu theffi%(g) Ly, —itsy, (9)>0)Alidleter (9)==0)Aitsy, (1)>0)A(B,, (1)<T))
Phey (150 (1) 4+ D)pist L idreter (10
Pl it (1) ity
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p§ and p;? are the labels of the transitions where PU arrives at an HU occupied
frequency retrieving content from another HU device and HU is moved to an idle
channel. p] and p;* are the labels of the transitions where PU arrives at an HU
occupied frequency retrieving content from another HU device and HU is dropped due

to the lack of idle frequency at the terrestrial link.

4.6.2. SU Transitions

Now we can continue our investigation of the system changes due to the SU service

requests and completions. Assume that the State 1 in Figure 4.4 is a valid state.

ssat  ster ter
ipys 1Py by 1 1

Z‘sat Z‘BS iD
HU>"HU>» "HU

(2)

ssat  ster ,ter
tpustPU» LU

-sat ;BS ;D
YHuH'HU - YHU

ssat  ster ter
Tpuipus sy — 1

-sat BS ;D
o tgustau

(3)

Figure 4.4: SU transitions.

SU transitions at the terrestrial link are labeled with s¥ where z € {1,2,3,4}.
The corresponding values are shown in the Table 4.5 with the corresponding type. At
the terrestrial link SUs can arrive only when idle frequencies exist in the system which

can be seen at s! and s} transition label values.

Table 4.5: SU transitions.

Variable | Value Type

h N§U L (idieter (1)>0) Arrival

s7 (755 (1) 4+ 1)t L iateter 1y>0) | Departure
5; il (L) s Departure
th Nt L(idieter (3)>0)&(itgy (1)>0)) Arrival
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4.6.3. HU Transitions

The investigation of the system changes due to the HU service requests and

completions is given below. Assume that the State 1 in Figure 4.5 is a valid state.

csat  ster ter

;sat  ster  ster E
tpUstPU> YU

csat  ster ster K
tpU>tPU> tSU

tpustpUstsy

‘sat ;BS D
YU UHD s tro T 1

(4)

~sat -BS ;D
iy — Liges tho

(5)

-sat ;BS -D
s tao + gy

(3)

;sat  ster ster

;sat  ster ster
Yputpuytsu

tpUstpUstSU

‘sat  ;BS D
s tao — Liitgo

(6)

ssat  ster ster
YpUstPU tSU

~sat -BS ;D
iy + L g0 thy

(2)

-sat ;BS ;D
YHU,'HU YHU

(1)

csat  ster ter
tputPU ST

-sat ;BS D
U0 UHo s tao — 1

(7)

Figure 4.5: HU transitions.

To be able to understand HU arrival transitions, we need to understand prefer-
ence coefficient and content availability parameters as shown in Table 4.6. The resource
allocation is done according to a scheme in which each system component is assigned a
preference coefficient to be chosen for content retrieval. In other words, the preference
coefficients determine the likelihood of whether satellite, BS or device will be selected
for content fetch operation. Additionally, this scheme has to take the content avail-
abilities into account. Satellite, BS and HU devices have caches. The probability of
finding a content at some of these system components is proportional to the cache size

of the component.
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Now let us define Ry () , Rps(x) , Rpap(z) and R(x) for some state x as follows:

Rt () = Tgqq - idle*™ () (4.17)
Rps(x) :=rpg - idle' (z) (4.18)
Rpop () = Tgey - idle'" (z) (4.19)
R(z) := Reat(x) + Rps(z) + Rpap(x) (4.20)

Let us give an example to describe how HU arrival transitions are computed.
Assume that ry; = 1, 755 = 2, T'ger = 10, idle*™(z) = 2, idle’* (x) = 3 for some state
x, Py, = 0.5, P3g = 0.1 and P}, = 0.2. Then each arrived HU content request is

sat dev

Rsat(@)Ply 1x2x0.5
R(z) = Ix2+2x3+10x3’

Rps(@)Phe _ 2x3x0.1
R(z) — Ix2+2x3+10x3’

Rpap (x)Py,,
R(x)

= %. Note that with probability % the satellite link is chosen

chosen to use satellite link with probability use terrestrial

link retrieving content from the BS with probability use

terrestrial link retrieving content from another HU device with probability

for the content retrieval but the content is not found at the satellite so the content

retrieval does not occur and the system state does not change.

Table 4.6: Content availability and preference coefficient parameters.

Cache Size Content Availability || Preference Coefficient
Cachegq | 32 Gbits PY., | 0.427 Toat | 1
Cachepg | 8 Gbits Py | 0.107 rBs | 2
Cachepe, | 200 Mbits || Py, | 0.206 Tagew | 10

HU arrival transitions at the satellite link are labeled with A — where z €
{1,2} while arrival transitions at the terrestrial link are labeled with hf  where
r € {1,2,3,4}. The corresponding values are shown in the Table 4.7. Labels h;(m
and h?m correspond to the transitions where HU arrives at a satellite link retrieving
content from the satellite. h; —and h} —are the labels of the transitions where HU

arrives at a terrestrial link retrieving content from the BS. h7 —and hy are the labels
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of the transitions for D2D transmission where HU arrives at a terrestrial link retrieving

content from another HU device.

Table 4.7: HU arrival transitions.

Variable | Value

Sars i ™5 Ly >0)

- A0 =205 (i (15000 (R(5)50))
lars Ao 2585551 (r) o)
. /\HU%W@»O)
B Ay E5BEE 1 (i ()50 (R©)50)
- Mo 22 i (1) s oar(r)>0)

HU departure transitions at the satellite link are labeled with A7, where z €

{1,2} while departure transitions at the terrestrial link are labeled with hi,,. Where

1

Sdept and

x € {1,2,3,4}. The corresponding values are shown in the Table 4.8. Labels h

h? 4epe COTTESPON tO the transitions where HU that retrieves content from the satellite

departs from some satellite link and that link becomes idle. h%dept and h}  are the

tdept
labels of the transitions where HU that retrieves content from the BS departs from
some terrestrial link and that link becomes idle. hfdept and hfdem are the labels of the
transitions where HU that retrieves content from another HU device departs from some

terrestrial link and that link becomes idle.
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Table 4.8: HU departure transitions.

Variable | Value
idem ZﬁltU( Wiy

hgdept 50 (2) g Lidieser (1)>0)
%dept iy (D

h?dept ZHU(l)
. o (3t 1(1dlet”(1)>0)
?depi Ho D ugu Liderer 1)>0)

4.7. Balance Equations

To be able to find the steady state probabilities of each state, we have to write
down the balance equations of our system for each valid state. For simplicity the state

(x) at figure y will be denoted as SY. Now, let us start constructing a balance equation

as follows:
7
LHSpy = m(sa2y(ph + 02+ > _pj, +17,,) (4.21)
=1
LHSsy := m(gi2(s{ + s7) (4.22)
LHSpy = mgazy(hl, + 22: hi. +hi, + Z hi, ) (4.23)
=1
RHSpy; = m(sa2)(p2) + 7T(S4~2)(p;1) (4.24)
RHSpy = i( T(sa9) Do) + Z (543, ptw )+ msaa (e, ) (4.25)
=0
RHSgy = 7T(S§.4)(8§) + 7T(S§.4)(S;1) (4.26)

1

1
RHSpy =Y (wisap)hit?) + msasyhl,  +mspnhl,  + Y (wsiayhil?,)  (4.27)

i=0 i=0

LHSpy + LHSgy + LHSyy = RHS}y, + RHSL, + RHSsy + RHSyy  (4.28)
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For each state we derive the balance equation and solve the resulting set of balance

equations. Finally, we find the steady state probabilities of being at each state.

4.8. Performance Metrics

4.8.1. Throughput

The throughput of some user type at some link is defined to be the rate at

which the number of content requests of that user type at the corresponding link are

completed. Now, let us give the definitions of throughput as follows.

Thi, = Z iy (x) Wy me where y € {sat, ter} (4.29)
zeS

Thter il Z ter te{}’ﬂx (430)
z€S

qr, = Zz’%U(x),uﬁ’qu where y € {sat, BS, D} (4.31)
xeS

Then the total throughput of HUs is

Thyy = Thigh + Thig + Thiy, (4.32)

4.8.2. Energy Efficiency

The energy consumption per each successfully sent bit (EPB) in the system for
HUs is used to show the energy efficiency in Joule per bit (Jpb). For each state the total
power consumed by system components is calculated in the nominator of Equation 4.33.
The average service rate for the mean base content for each state is calculated in the
denominator of Equation 4.33.

sat Pch p pt;t
EPBHU ::Z (ZHU< ) sat ( ) +lHU( ) de’U) Ty (433)

zes S(HUv Ub)(lfﬁ%( )Nfﬁ?ltj + Z ( )NHU + ZHU( )NEU)
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4.9. Performance Evaluation without Caching in the System

Initially we have investigated our system as if there is no cache mechanism in
system components: the satellite, the BS and HU devices. We analyze the effects of
two main system parameters, namely mode selection and PU traffic activity, on system

performance represented with throughput and energy efficiency.

We adopt one additional approach for evaluating our analytical model. In addi-
tion to our analytical results (baseline analysis), we also simulate the analytical model
to generate simulation results which are basically experimental results for simulated
analytical model. We set the preference coefficients as in Table 4.6 as the default

setting.

4.9.1. Effect of Mode Preference: Satellite, BS or D2D

For the HU resource allocation analysis, different preference coefficients for differ-
ent content holders are investigated. From Figure 4.6(a) we see that with larger satellite
preference coefficient, the throughput of HUs retrieving content from the satellite in-
crease while the throughput of HUs retrieving content from the BS or another HU
device decreases. The probability that a content can be found at some device is higher
than the probability that it can be found at the BS. Additionally, the preference coef-
ficient of D2D is higher. Since the contribution of the D2D is higher than the BS, the
preference shifting towards the satellite leads to bigger decrease in D2D mechanism
as can be seen by Figure 4.6(a). The total analytical throughput is verified by the
corresponding simulation. As the satellite link has the lowest channel capacity, the
increased satellite preference leads to more energy consumption for the same amount
of information transmission. This result can be seen at Figure 4.6(b). The results for
the analysis and its simulation follow the same trend. However, the baseline analytical

results have higher values. Thus they serve as upper bound for our system.
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Figure 4.6: Effect of increasing satellite preference parameter.

From Figure 4.7(a) we see that with increasing BS preference coefficient, the
throughput of HUs retrieving content from the BS is increased while the throughput
of HUs through the D2D mechanism is reduced. The reason is since the content
retrieval mode at the terrestrial link is provided by either BS or some HU device
as the default preference coefficient for the D2D is 10 and BS preference coefficient
increases up to 10, their contributions at the throughput become closer. The satellite
link is not affected. We were expecting to see that both the satellite and D2D activity
is suppressed. However, it has a higher content availability probability compared to
other system components therefore it is favorable. Besides, satellite is already given a
low preference coefficient value and there are less number of frequencies in the satellite
channel, so it is less preferred by new requests. Therefore its usage is not affected as
the D2D mechanism. The overall throughput of the analytical analysis for the system
has the same trend with and similar values for the corresponding simulation as shown
in Figure 4.7(a). Energy efficiency results of the analysis and simulation converge to

each other with increased BS preference coefficient as shown in Figure 4.7(b).
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Figure 4.7: Effect of increasing BS preference parameter.

With increasing D2D preference, the throughput of HUs retrieving content from
another HU device increases while the throughput of HUs retrieving content from the
satellite or BS decreases as seen in Figure 4.8(a). Note that the decrease in the BS is
higher than the decrease in the satellite. The reason is that the content availability of
the satellite is four times higher than the other one even though its preference coefficient
is half of the BS. Additionally, the D2D mechanism and the BS share the terrestrial link.
However, the overall throughput increases. As the D2D mechanism has small service
duration, the terrestrial frequencies can be idle for longer time and new requests can be
served successfully. Additionally, the analytical and simulation results are consistent
with each other. The energy consumption per successfully sent bit is reduced as seen
in Figure 4.8(b). The reason is that the D2D mechanism consumes less energy for
the same amount of information transmission compared to other mechanisms. The

analytical and corresponding simulation results again follow the same trend for the

energy consumption per successfully sent bit over the system.
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Figure 4.8: Effect of increasing D2D preference parameter.

4.9.2. Effect of PU Traffic Activity (Changing A\&¥)

Increasing Aisf; leads to higher preference of the satellite link as there will be
more PUs at the terrestrial link. This is seen in Figure 4.9(a). Note that the terrestrial
link will be much more occupied by the PUs and can serve less HUs. More of the
HU requests will be tried to be served by the satellite link but the service capacity of
the satellite link is low. Hence, the overall throughput of the system decreases. The
resource allocation preference shift towards the satellite leads to decreased energy ef-
ficiency of HUs as shown in Figure 4.9(b). This is caused by the satellite link having
the lowest channel capacity in the system. For the same amount of information, more
power is consumed at the satellite link due to channel characteristics. Note that the
baseline analytical and corresponding simulation results follow the same pattern. Ana-
lytical results have greater values than the corresponding simulation as in the previous

experiments.
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Figure 4.9: Effect of increasing PU arrival rate at terrestrial link.

4.10. Analytical Results with Integrated Caching Mechanism

Caching is essential for content-centric operation [37]. In this section, we investi-
gate the effect of caching on our system. We integrate a streamlined caching mechanism
into our network to see how the system will behave in a much more realistic situation

in our analysis. We set the preference coefficients all equal to one as the default setting.

4.10.1. Effect of Mode Preference: Satellite, BS or D2D

For the HU resource allocation analysis, different preference coefficients for dif-
ferent content holders are to be investigated. These configurations are evaluated in

terms of throughput and energy efficiency metrics.

From Figure 4.10(a) we see that with increasing satellite preference coefficient, the
throughput of HUs retrieving content from the satellite is increased while the through-
put of HUs retrieving content from the BS or another HU device is decreased. The
decrease at D2D mechanism is steeper compared to the decrease at the BS usage. As
the satellite link has the lowest channel capacity, the increased satellite preference leads

to more energy consumption for the same amount of successful information transmis-
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sion. This phenomenon can be seen at Figure 4.10(b). Both instances follow the same

trend pattern.
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Figure 4.10: Effect of increasing satellite preference parameter.

From Figure 4.11(a) we see that with increasing BS preference coefficient, the
throughput of HUs retrieving content from the BS is increased while the throughput
of HUs retrieving content from the satellite or using D2D mechanism is decreased as
expected. However, the overall throughput is decreased. At the satellite link although
the channel characteristics do not allow high content transmission rate, its preference
decrease leads to smaller throughput since the cache size of the satellite is the largest
among all system components. Additionally, the D2D mechanism is less preferred due
to increased BS preference coefficient. This situation also has a negative affect on the
overall throughput. Since the content availability of the BS is the lowest among all
system components, the overall throughput is again decreased. On the energy efficiency
dimension, the perfomance is improved due to decrease in the satellite usage. Note that

the decrease in the analytical analysis is steeper than the corresponding simulation.
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Figure 4.11: Effect of increasing BS preference parameter.

Increasing D2D preference coefficient increases the throughput of HUs retriev-
ing content from another HU device while the throughput of HUs retrieving content
from the satellite or BS is decreased as seen in Figure 4.12(a). The overall through-
put increases since offloading content retrieval towards the D2D mechanism makes
the channel have many more idle frequencies which can be used by newly arrived HU
content requests leading to higher throughput for HUs. The energy consumption per
successfully sent bit is reduced as seen in Figure 4.12(b). The D2D mechanism con-
sumes less energy for the same amount of information transmission compared to other
mechanisms. Therefore, we observe less energy consumption for the same amount of
successfully transmitted bits. This is in line with expectations since D2D transmission

utilizes spatial locality for more efficient communications.
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Figure 4.12: Effect of increasing D2D preference parameter.
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The concept of caching and in-network storage are paramount for content-centric

operation. Therefore, the caching characteristics and operation are important research

questions.

In this analysis, we focus on the most fundamental attribute of such a

capability which is cache size. With increasing cache capacities of HU devices, the

probability of finding content at an HU device is increased. Moreover, the throughput

of HUs retrieving content from another HU device and overall throughput of HUs both

improve as shown in Figure 4.13(a). Increased HU device capacity reduces the energy

consumption per successfully sent bit due to throughput increase by D2D usage as

shown in 4.13(b). Although the decrease is marginal for analytical results, it is more

evident in the simulation.
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Figure 4.13: Effect of increasing HU device cache size.

4.10.3. Effect of PU Traffic Activity (Changing \&Y))

Increasing A&} leads to preference shifting to the satellite link as there will be
more PUs at the terrestrial link. The contribution of other mechanisms decreases but
the overall throughput is not affected. This is evident in Figure 4.14(a). The resource
allocation preference shift towards the satellite leads to decreased energy efficiency of
HUs as shown in Figure 4.14(b). The reason is that the satellite link has the lowest
channel capacity in the system. For the same amount of information, more power is

consumed at the satellite link due to channel characteristics.
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Figure 4.14: Effect of increasing PU arrival rate at terrestrial link.

The experimental results indicate the advantages of D2D communications for

exploiting locality and CR paradigm for spectral capacity. Moreover, the satellite

segment provides one more degree of freedom for maintaining communications despite

the fact that it may deteriorate energy efficiency in some situations.
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5. SIMULATION BASED INVESTIGATION

The simulation based investigation considers the system in analytical evaluation
but with more practical aspects such as traffic model, layered content, and content
quality. To reiterate, we assume that there are two main segments in the network,
namely satellite and terrestrial. We assume that there is one satellite at frequency
level fg. with bandwidth W,,,. The terrestrial system is at frequency level f;.,. with
bandwidth W.,.. There is one BS and we investigate the area of that BS cell although

the simulation can be extended to larger topologies.

In this model, there are three types of users, namely PUs, SUs and HUs as
explained in Section 4.1. The resource allocation is done centrally by the BS. It allocates
resources to HUs taking frequency state into account. That is, the central entity can
detect the PU, SU and HU arrivals and departures and it can allocate resources to
HUs accordingly. Moreover, the central controller has knowledge on the active HUs.
No spectral overlay is allowed (a frequency cannot be used by two different users at
the same time). For the resource allocation to new HU content requests, currently
active HUs are not allowed to be used by the controller since each HU has a single RF

front-end.

5.1. Content Model

A content is assumed to be a self-contained chunk of video. Each content re-

quested by an HU in our system has the following features.

(i) Identifier: a unique id for content
(ii) Content holder(s): the entities where the content is available
(iii) Size: the size of the content for doing necessary operations such as cache replace-
ment

Popularity rank: used for popularity related simulations

~—

(iv

(v) Priority: value which is identical for all base and enhancement contents (the
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popularity of base contents are higher than enhancement counterparts)

The contents can be cached at the satellite, the BS and/or HU device(s). As in
Section 4.2, an entire content is assumed to be at the same place. i.e. It is not allowed
that some portion is in the satellite while the rest is in an HU device. There is also the
“universal source” concept which is a s a logical shorthand representation for chunk
stores/servers outside of our network but in the rest of Internet. It corresponds to the
case where the content can not be found in the local nodes. The cache mechanism
works as an in-network storage mechanism in network anchoring points. If requested
content is not found anywhere and retrieved from the universal source via the satellite
link, it is cached at the satellite. If requested content is not found anywhere and
retrieved from the universal source via terrestrial link through the BS, it is cached at

the BS as long as all the content is retrieved via the BS.

At the end user side, if the requested content is successfully retrieved by some
HU, it is cached at that HU device. For the cache operation, Least Recently Used
(LRU) replacement algorithm is used. If there is enough storage in the cache for the
arrived content, it is readily inserted into the cache. Otherwise the least recently used
content is discarded. The algorithm continues evicting least recently used contents

until there is enough space in the cache for the recently arrived content.

For the simulation based investigation, we integrate layered content concept into
the system for our analysis at the application layer. Each content is either of type base
or enhancement. The base contents are composed of the standard components of a
content whereas enhancement contents have extra components for high quality service.
Being of type base or enhancement defines the priority of a content. Base contents
have higher priority over enhancement contents. How this characteristic affects the

resource allocation is studied in the Section 5.4.

The content identifier is required to uniquely define each content in the system.
Base contents have odd identifiers whereas enhancement contents have even identifiers.

When base content has identifier x, then x+1 is the identifier of the corresponding
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enhancement content.

Content sizes are determined according to exponential distribution with mean
content size specified as a parameter. PU and SU content requests are only of type
base whereas HU content requests can be of type base or enhancement. Mean base
content size parameter in our system is higher compared to mean enhancement content

size parameter.

Some contents are frequently requested while some others are rarely requested.
This phenomenon can be modeled via popularity ranking. For this purpose, Zipf
distribution is used. The cumulative distribution function (CDF) of zipf distribution is
CDF(k,s) = %i where k is the popularity rank of the base content, s is the exponent
characterizing the distribution and V is the total number of base contents. During
each HU content request generation a random number from [0, 1] interval is chosen,
say y. The value of k such that randomly chosen number y falls between CDF(k—1, s)
and CDF(k,s) gives the popularity rank of HU base content request among all base
contents. Hence, the base content with popularity rank k is requested. Enhancement
content request generation is handled in a different way. HU users are said to be either
low or high quality (HQ) consumer. The ratio of HQ HUs is a system parameter.
After each successfully retrieved base content, receiver generates enhancement content
request if the receiver is a HQ HU. Otherwise no enhancement content request is

generated. Some number of most popular contents are cached at the satellite and the

BS as long as the cache capacity is not exceeded.
5.2. Traffic Model

Initially we generate PU traffic streams at the satellite link and at the terrestrial
link as Poisson arrival process with mean arrival rate Apy,,, and Apy,,, respectively.
As SUs are assumed to be active at terrestrial link, we generate SU traffic at terrestrial

link as Poisson arrival process with mean arrival rate Agy,., .

When an HU out of Ny HUs arrives to the system, it requests some content
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according to a popularity model of contents as shown in Section 5.1. The arrival process

of HUs are again Poisson with mean arrival rate Agy.

Due to the PU appearance, HU content retrievals can be interrupted. HU can
continue content retrieval from another content holder. For instance, HU starts content
retrieval from the BS at some terrestrial frequency. However, once a PU appears at
that frequency, HU preempts the frequency and continues content retrieval from the

satellite.

5.3. Assumptions and Parameters

In the simulations as in the case of the analytical work, we consider non-time
slotted scheme. We ignore the transmission errors, sensing errors and waiting times
for the sake of simplicity. We consider the coverage of a BS, again as in the analytical
model in Chapter 4. We assume that all the regions have the same arrival and service
rates for all user types. Therefore, concentrating on one of the regions does not result
in the loss of generality. We ignore content transmission retrials in case of unsuccessful

transmissions as in the case of analytical analysis.



Table 5.1: Simulation parameters.
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Parameter | Value Explanation

T 1200 sec Total simulation time

st 0.15 weer Arrival rate of PUs at satellite link

Py 0.8 user Arrival rate of PUs at terrestrial link

Py 0.5 ur Arrival rate of SUs at terrestrial link

AHT 0.3 == Arrival rate of HUs at the system

Woat 36 MHz Bandwidth of satellite link

Wier 2 MHz Bandwidth of terrestrial link

fsat 20 GHz Frequency of satellite link

frer 700 MHz Frequency of terrestrial link

s(H U, Up) 25 Mbits Mean base content size requested by an HU

s(H U, Ve) 5 Mbits Mean enhancement content size requested by an
HU

S(PUAS7 Up) 25 Mbits Mean base content size requested by a PU at satel-
lite link

s(P[j ) 25 Mbits Mean base content size requested by a PU at ter-
restrial link

s(S (7, Up) 25 Mbits Mean base content size requested by a SU at ter-
restrial link

Cachegy 32 Gbits Satellite cache size

Cachepg 8 Gbits Base station cache size

Cachepe, 200 Mbits Hybrid device cache size

M 600 m The diameter of the BS cell

Nt 10180t Noise at satellite link

N 1.5- 107191l | Noise at terrestrial link

dps % m Mean distance to the base station of a primary
user, secondary user

dsqt (LEO) 300 km Distance from satellite to earth
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Table 5.2: Simulation parameters without unit.

Parameter | Value Explanation

V 1000 Total number of contents

Ny... 5 Total number of satellite frequencies

Ny,., 10 Total number of terrestrial frequencies

Tsat 1 Resource allocation preference coefficient for con-

tent retrieval from the satellite

rBS 2 Resource allocation preference coefficient for con-

tent retrieval from the BS

T dew 10 Resource allocation preference coefficient for con-

tent retrieval from an HU device

Szipf 1 Zipf distribution parameter

b 5) @ base contents will be located at the satel-

lite and BS unless size exceeds corresponding cache

size

Tenh 0.5 The rate of HUs that request both base and en-

hancement contents

T colocated 1 The rate at which base and corresponding en-

hancement contents are colocated at the same

cache
U 1 Universal source existence indicator
CHU 920 HU increase factor
Gat 2.5-10* | Gain of the satellite
Gps 4-107° | Gain of the base station
G gev(HU) 6-10"2 | Gain of a hybrid user
G dev(PUer) 11-1072 | Gain of a primary user requesting service at ter-

restrial link

By the use of Friis and Shannon’s formulae, we get the received power strength of
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users that retrieve content from content holders and the channel capacities respectively.
The parameters for the simulation are listed in Table 5.1 and Table 5.2. For the PUs and
SUs, we do not focus on their specific physical locations and generate traffic according
to the traffic model. To calculate transmission rate, we take the half of the radius as
the distance to the BS for PUs retrieving content from the BS and SUs. In case of
PUs retrieving content from the satellite, the transmission distance is d.;. The traffic

variability of PUs and SUs are achieved by exponentially distributed content sizes.

Note that Ngyy = Ny,,, + 2Ny, + cgy. The number of HUs in the system is
bounded with a lower bound by Ny, and Ny, for arrivals being Poisson process.
However, the system does not have Markovian property due to service interruptions
and continuations in different links and/or frequencies. This requirement is relaxed
in the simulation framework since we are not bound by tractability as in analytical

approach.

5.4. Resource Allocation

The resource allocation is done such that an arrival or departure event triggers

system change. At each change, current link state is updated accordingly.

5.4.1. PU Arrival at the Satellite Link

If there is at least an idle frequency at the satellite link, PU is allocated to one
such idle satellite frequency randomly. The satellite link state is updated. If no idle
frequency exists, PU is blocked. Then, the satellite link state is not changed.

5.4.2. PU Arrival at the Terrestrial Link

If no idle frequency exists at the terrestrial link, PU is blocked. If at least one
frequency exists that has no PU activity, PU is allocated to one of those frequencies
randomly. The terrestrial link state is updated. That frequency can be idle, have

SU or HU in SU mode activity. If that frequency is idle then no preemption occurs.
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Otherwise, SU or HU in SU mode retrieving content from the BS or another HU
device is preempted. For the preempted user, a new event is created with the arrival
time equal to the PU arrival time at the terrestrial link. Through the new event, the
preempted user will try to get the rest of the content. The rest of the content is not
necessarily taken through the same link and from the same content holder. For each

new generated event, the process starts from the scratch.

5.4.3. SU Arrival at the Terrestrial Link

If at least one idle frequency is found at the terrestrial link, SU is allocated to
one of the idle terrestrial frequencies randomly. The terrestrial link state is updated.
If no idle frequency exists and the event corresponds to a new SU arrival, then SU is
blocked. If no idle frequency exists and the event belongs to a preempted SU, then SU

is dropped. The terrestrial link state is not changed in either case.

5.4.4. HU Arrival

If an HU finds the content in its own cache, it does not search it somewhere else.
The terrestrial link state is not changed. For the LRU algorithm to work properly, the

contents in the local cache of the HU device is reordered.

If the content is not found at the receiver HU device itself, the central controller,
namely the BS, runs the following procedure: Look at the current content holders.
If the content is found at some content holder, the corresponding idle frequencies are
taken to be candidate for content retrieval. The likelihood of choosing some candidate
is determined by its preference coefficient as in the case of analytical work. For the
satellite, different preference coefficients of the BS and HU device(s) are to be inves-
tigated. For instance, how is the system affected if the D2D preference coefficient is
taken to be high? If the content is found at the satellite, the idle frequencies at the
satellite link are taken to be candidate for content retrieval from the satellite. Note
that not all of the idle frequencies at the satellite link are taken to be candidates. As

the satellite link is accessed by either PU or HU in PU mode in case of high HU activ-
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ity, PUs will be blocked. To solve this problem, some idle frequencies at the satellite
link are released from being candidate. If the content is found at the BS, the idle
frequencies at the terrestrial link are taken to be candidate for content retrieval from
the BS. If the content is found at an HU device, the idle frequencies at the terrestrial

link are taken to be candidate for content retrieval through D2D mechanism.

Let us give an example. Say Ny, is 5 and Ny, is 10. There are three idle
frequencies at the satellite link, say the third, fourth and fifth frequencies, four idle
frequencies at the terrestrial link, say first, second, seventh and ninth frequencies. The
busy frequencies are marked with zero and idle channels are marked with one as shown
in Figures 5.1 and 5.2. Now assume that r,,; = 1, rgs = 2 and r4., = 3. The probability

of getting content from the satellite is given as follows:

Tsat + 1dle® (x) 1-3

Tsat * 1dles®(x) + rpg - idleter(z) + Tgep - tdleter (z) T 1-3+2-4+13-4 (5-1)
where x is the current state. The probability of getting content from the BS is
| TBS - ?dleter(x) | _ 24 (5.2)
Tsat - 1dles®(x) 4+ rpg - idlete (x) 4 rgey - idlet™(x)  1-34+2-4+3-4
The probability of getting content from the satellite is
Tdev - 1dle™ () 3.4 (5.3)

Tsat - 1dle’?(x) + rpg - idlet (T) + 7 gey - tdlet®r (x) T 1-312-4+3-4

001 |1]|1

Figure 5.1: Satellite link state x.

111]0{0j0(0|1/0|1]0

Figure 5.2: Terrestrial link state x.

No candidate for content retrieval can happen due to two reasons. First, the
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requested content can not be found at a content holder. Second, no idle frequency is
available at some link. For instance, content is available at the satellite but the satellite
link is fully busy. There are idle frequencies at the terrestrial link but content can not
be found at the BS or any HU device. In this case, no candidate frequency for the

content retrieval exists.

When no candidate is found, the operation is as follows. If content retrieval from
the universal source is allowed, the central controller will try to retrieve the content
to the satellite or the BS cache from the universal source. The idle frequencies at the
satellite link are taken to be candidate for content retrieval from the satellite. Note
that some idle frequencies at the satellite link are released from being candidate. The
idle frequencies at the terrestrial link are taken to be candidate for content retrieval
from the BS. The chance of choosing some candidate is determined by its preference
coefficient as explained before. If the base content retrieval fails due to all candidate
frequencies being busy, it will apply the replacement procedure. The replacement
can be applied only to terrestrial frequencies that are used for enhancement content
retrievals from the BS or another HU device. If there exists terrestrial frequencies
that are used for enhancement content retrievals from the BS or another HU device,
then the replacement will occur. If there do not exist terrestrial frequencies that are
used for enhancement content retrievals from the BS or another HU device, then HU
base content request is either blocked if content request is new or dropped if content
transmission was preempted before. If enhancement content retrieval fails due to all
candidate frequencies being busy, it will be either blocked if content request is new or

dropped if content transmission was preempted before.

If the content retrieval from the universal source is not allowed and content is
of type base, it will use the replacement procedure. If the content retrieval from the
universal source is not allowed and content is of type enhancement, it will be either
blocked if content request is new or dropped if content transmission was preempted

before.
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5.4.5. Departure

When any type of user departs the system, we idle the used frequency. The

corresponding link state is updated.

5.5. Energy Consumption Model

The content retrieval is an energy consuming procedure. For energy efficiency,
our aim is to minimize the energy consumed per each successfully sent bit over the

system.

Table 5.3: Energy model parameters.

Parameter | Value Parameter | Value
Pod 240 W &5 . Prec™ x L x 0.5
Brs 60 W B3 o Prec™ x 2 x 0.2
l
P @ st Pit, x 7 x 0.3
pg: Pes” B 3 x (Ppee™ % 0.5)
BS T D,sw(s—>t) dev :
pi 80 mW EF s> | 3% (5 x Pg, x0.3)
sa t
Pyec e By uise | Biuesy
P |4 208 -
Pyl i B o —
Paer | e By G
. h H E?"ec Erec Et;c
Péd‘ée % Euidie) min{ EU%5) 2w(t>’ w(t))
Py %:5 < tdev > b5 sec
<85 > 20 < 4% > sec

To be able to investigate energy consumptions, first let us build energy consump-
tion model for each HU device and the BS. Since the satellite can get the energy from

the solar power for communications, we ignore the energy consumption of the satellite.
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Since the energy consumption entails the transmission, idling and sleeping powers,
receive energy of HU devices retrieving content from the satellite link or the terrestrial
link, HU device mode switching and frequency switching energies, wakeup energies for

content transmission or retrieval are required as parameter shown in Table 5.3.

5.5.1. HU Device Energy States

For the energy model, we consider the radio frequency (RF) front-end energy,
rather than the overall HU device energy consumption such as processing or other
activities. Each HU device starts in the sleep state. The sleeping energy consumption
is P;éfp X Atgjeep shown as the loop of the State 1 in Figure 5.3. It wakes up to receive or
transmit content shown by the transitions from State 1 to State 2, 3 or 4 in Figure 5.3.
The relevant energy consumption is given on the transition arrow. For instance, if the
HU device wakes up to receive content from the satellite, it will consume B energy
for the wakeup as shown on the transition arrow from State 1 to State 2. Content
transmission power is higher compared to content retrieval power and content retrieval
power via the satellite link is higher compared to the content retrieval power via the
terrestrial link. Let us give an example of the energy consumption during content
transmission or retrieval. For instance, if the HU device wakes up to receive content
from the satellite it consumes P;e¢™" x At?% energy shown as the loop of the State 2 in
Figure 5.3. After the content transmission or retrieval, HU device transits to idle state
shown by the transitions from State 2, 3 or 4 to 5 in Figure 5.3. At State 5, the HU
device consumes Pjgff x At; g energy for idling. The HU device looks up for the timeout
duration. If the time expires, it goes back to the sleep state as shown from State 5 to
State 1 in Figure 5.3. If the content transmission or retrieval starts before the time
expires, the RF switches either frequency or mode for content transmission or retrieval
which corresponds to transitions from the State 5 to State 2, 3 or 4 shown in Figure 5.3.
Mode switching means the previous transmission or retrieval of a content was at some
link but the new one is at another link. For instance, the previous retrieval of a content

was at the terrestrial link but the new one is at the satellite link. Frequency switching

means previous and new links are the same but content will be transferred through a
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new frequency. The mode switching energy is higher compared to frequency switching
energy. For instance, HU device is idling and a new content is to be received by the
HU device from the terrestrial link. The previous link was the satellite link. This

corresponds to the transition from State 5 to 2 via the transition arrow having energy

rec

D sw(t—>s)" If a new content request arrives while HU RF frontend is

consumption F
sleeping but the request is blocked, RF transits from the sleep state to the idle state

which corresponds to state transition from State 1 to State 5 shown in Figure 5.3.

E’w(idle)

N

Precs‘” x AtSa

dev rec
rec

rec rec —
E’w(s) ED,sw(s) D,sw(t—>s)
sleep t t
PP X At e, Ptz x Atter

t
EDm,sw(s—>t) >
Euww g
B

Figure 5.3: HU device energy states.

5.5.2. BS Energy States

We consider the sleep, idling and transmission energy consumptions for BS energy
consumption calculation. We ignore the costs of wakeup and switching since it is usually
in active mode for continuous operation such controlling network modes and cognitive

operation support.
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sleep .
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Figure 5.4: BS energy states.

Initially the BS is in the sleep state. The sleeping energy consumption is P;lgep X
Atgsieep shown as the loop of the State 1 in Figure 5.4. When at some terrestrial
frequency the BS starts a content transmission, it will transit to transmission state.
During content transmission, the BS consumes P&y x At energy per each terrestrial
frequency. We consider the transmissions where the receiver is an HU device for the
calculations. Before the content transmission ends, if another transmission starts at
some other frequency, the BS stays at the transmission state. If all the frequencies
become idle the BS transits to the idle state. The BS will consume P]gdée X Atidre
energy for idling shown in Figure 5.4. The BS will look up for the timeout duration. If
the time expires, it goes back to the sleep state. If content transmission starts before

the time expires, the BS transits to transmission state.
5.6. Quality Model

For performance investigation, we also consider a compact content quality model
corresponding to the quality experienced by the users (benefit) for layered content
operation (base and enhancement layers). In our quality model, we denote the quality
indicator value by Q. For each generated HU base content request, we assign a quality
indicator value and take their average in the end. If the base content is blocked or
dropped then it has quality value zero. If it is served then it has quality value one. After
each base content request we investigate the contribution of corresponding enhancement
content. If there is no enhancement content generated then current quality indicator
value of the base content remains the same. Otherwise, we look at the enhancement

content. If it is blocked then current quality indicator value remains the same. If
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it is dropped the quality indicator will be added the rate of content size that has
been transmitted successfully. For instance, if 40% of the enhancement content is
transmitted properly, value 0.4 will be added to current quality indicator value of the
corresponding base content. If it is served, then one will be added to current quality
indicator value of the corresponding base content. Note that if the base content is
dropped it has no positive contribution to the quality. However, the enhancement

content has a contribution even if it is dropped.

5.7. Experimental Results

In the simulations, we investigate the performance metrics throughput, energy
consumption per successfully sent bit (EPS), i.e. energy efficiency, drop and block
rates of HUs and quality. For each case,10 simulations are run and their average is
taken as the final result. We perform experiments for different network densities, mode

preferences, PU traffic activity, content size, and content popularity characteristics.

5.7.1. Network Density

For different network densities (normal versus sparse), we see that energy con-
sumption per successfully sent bit for HUs is higher in normal networks as shown in
Figure 5.5 compared to sparse networks. In normal networks there are more HU de-
vices so the probability of finding content at an HU device increases. As D2D activity
increases, since HU devices consume the least transmission energy in the system the
energy efficiency is improved. Due to increased D2D activity, energy consumption of
HU devices is higher in normal networks as shown in Figure 5.5. In normal networks
since there are more HU devices the probability of finding content at some HU device
increases and D2D is much more preferred. So, the BS will consume less energy in

normal networks compared to sparse networks as shown in Figure 5.5.
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Figure 5.5: Effect of network density on the performance metrics.
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The dropping and blocking probability of content requests of HUs is lower in

normal networks as shown in Figure 5.6. Since D2D is much more preferred and D2D

activities take shorter time , the probability of a new arrived or previously interrupted

content request of some HU finding idle frequency in the system increases. As less

dropping and blocking occurs in the system, the quality indicator has greater value in

normal networks. The average D2D distance is higher in sparse networks since there

are less devices throughout the system and the probability of finding a device storing

requested content in close proximity is lower.

The density of the network has a positive effect on D2D operation. Although the

case for dense and very dense networks is expected to be different due to the increased

interference and communication overhead, experimental results in our current settings

indicate the advantage of D2D using spatial proximity for system performance.
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Figure 5.6: Effect of network density.

5.7.2. Effect of Mode Preference: Satellite, BS or D2D

If we introduce the satellite as a part of our system, the throughput is increased as
shown in Figure 5.7(a). The satellite channel capacity is typically lower than terrestrial
channel capacities. Therefore, services take longer durations compared to terrestrial
parts. However, a channel becomes a candidate for new services after it becomes idle.
Making satellite preference higher makes the satellite channel saturated by services.
So, the system does not improve any further in terms of the throughput. When the
satellite preference coefficient is zero, only BS and HU devices can provide content
delivery. Hence, introducing the satellite as a part of our system, some of the services
will be provided by the satellite but will not result in energy consumption. Hence, there
is improvement in energy efficiency as shown in Figure 5.7(a). Note that increasing
satellite preference makes the satellite channel saturated by services. So, the system

does not improve any further in terms of energy efficiency. Increased satellite preference
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coeflicient means that the ratio of content retrievals of HUs from the satellite increases

which have long service durations. Hence, content-retrieving HU devices stay in receive

state instead of sleeping or idling states for longer periods of time and the HU energy

consumption increases. Increased satellite preference coefficient leads to decreased BS

preference for HU content retrievals. Hence, the energy consumption of the BS for HUs

is decreased as given in Figure 5.7(b).
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Figure 5.7: Effect of increasing satellite preference parameter.

When we simulate our system with no satellite activity for HUs, we see that the

dropping and blocking probabilities of HUs are higher as shown in Figure 5.8(a). When

there is no satellite in the system, in case all the terrestrial frequencies are busy there is

no satellite frequency option. Therefore, a new content request is blocked. Moreover, in

case a PU appears at some terrestrial frequency if there is no idle terrestrial frequency,

then the service cannot be continued at the satellite link. Hence, dropping occurs.

With the introduction of the satellite into the system, there is an improvement in the

content quality as shown in Figure 5.8(b).

BS Energy for HUs(kJ)
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Figure 5.8: Effect of increasing satellite preference parameter.

When BS preference coefficient is zero, throughput is low as shown in Fig-
ure 5.9(a). With introducing the BS into our system, throughput is improved since the
satellite preference is decreased and some of the services taken through the satellite are
shifted to the BS mode. The BS is better in terms of potential channel capacity com-
pared to the satellite. Hence, with shorter service durations the system is capable of
serving higher number of HUs. Increasing BS preference coefficient to a further extent
has negative effect in terms of throughput since this time D2D activity is suppressed.
For the energy consumption we ignore the satellite since it can utilize the solar power
for communications. As BS preference increases, D2D preference decreases leading to
a negative effect on the energy efficiency as shown in Figure 5.9(a). The reason is that
D2D mechanism provides better channel capacity with less energy consumption. When
BS preference coefficient is zero, total energy consumed by the HU devices is low as
shown in Figure 5.9(b). BS preference increase leads to increased energy consumption

of the BS for HUs as shown in Figure 5.9(b).
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Figure 5.9: Effect of increasing BS preference parameter.

Increasing BS preference coefficient leads to longer content retrieval durations
at the terrestrial link and hence the probability of PU arrival during content trans-
mission is increased. Hence the dropping probability of HUs increases as shown in
Figure 5.10(a). The blocking probability of HUs is higher when BS activity is not
allowed for HUs. The satellite and D2D preferences are higher. The satellite link has
higher impact and hence due to longer service durations at the satellite link, the prob-
ability of finding idle frequency at the satellite link at some instant of time is lower
compared to the terrestrial link. So, the blocking probability is higher in case no BS
allowed for HU activity as shown in Figure 5.10(a). When BS is not active, HU block
rate is high. Thereof the quality indicator has very low value. When BS becomes
active there is a leap in the quality indicator value as shown in Figure 5.10(b). As

the dropping rate increases with further increase in the BS preference coefficient value

from one to ten the quality indicator value decreases given in Figure 5.10(b).
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Figure 5.10: Effect of increasing BS preference parameter.

An increase in D2D preference leads to shorter content transmission durations of
HUs. Hence more requests can be served by the system successfully and the throughput
improves as shown in Figure 5.11(a). The increase in the D2D preference coefficient
leads to less energy consumption per successfully sent bit over the system. The reason
is that the D2D mechanism activity is increased and devices consume less energy com-
pared to other system components. Hence the energy efficiency improves as shown in
Figure 5.11(a). As D2D is more preferred, energy consumption of BS decreases whereas
energy consumption of HU devices increase as can be seen from Figure 5.11(b). In other

words, the energy consumption is offloaded to HUs, i.e. end-devices.
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Figure 5.11: Effect of increasing D2D preference parameter.

Increasing D2D preference coefficient leads to shorter content retrieval durations
and hence the probability of PU arrival during content transmission is decreased. Then
the dropping probability of HUs decreases as shown in Figure 5.12(a). Increasing D2D
preference coefficient makes transmission durations of HUs shorter which makes the
system having less number of busy channels at an arbitrary instant of time. Conse-
quently, the probability of blocking of HUs decreases as shown in Figure 5.12(a). With
increasing D2D preference coefficient, there is a decrease in dropping and blocking
rates. This characteristic provides an improvement in the content quality as shown
in Figure 5.12(b). From Figure 5.12(a) we can see that there is a local maximum in
blocking rate of HUs. Thereof, there is a local minimum for the quality indicator at

D2D preference coefficient five as can be seen in Figure 5.12(b).
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Figure 5.12: Effect of increasing D2D preference parameter.

5.7.3. Effect of PU Traffic Activity at Terrestrial Link (Changing A\&¥

When the arrival rate of PUs at the terrestrial link increases, the resource alloca-
tion will prefer more of the satellite frequencies. Since the satellite link has lower chan-
nel rate, the content retrievals take longer time in the satellite channel and therefore
the overall throughput of HUs decreases as shown in Figure 5.13(a). As the resource
allocation will prefer more of the satellite frequencies with increase in the arrival rate
of PUs at the terrestrial link, the energy efficiency improves as shown in Figure 5.13(a).
However, as the throughput is decreasing this is not a favorable situation. The energy
consumption of HU devices and the BS decrease as shown in Figure 5.13(b). The re-
source allocation preference shifts to the satellite mode. Therefore, the BS and D2D

modes are less used and the energy consumption of HU devices and the BS decrease.
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Figure 5.13: Effect of increasing PU arrival rate at terrestrial link.

The dropping and blocking probability of content requests of HUs increases as
the arrival rate of PUs at the terrestrial link increases as shown in Figure 5.14(a).
The dropping of HUs occurs only in the terrestrial link since HUs are in SU mode in
the terrestrial link. As more and more PUs arrive at the terrestrial link, the forced
termination of HUs increases which means higher dropping rate. The blocking of HUs
occurs for the new content request arrivals. At each instant of time, less idle terrestrial
frequencies will be available. The new content requests will prefer the satellite link.
The satellite link has also less idle frequencies and therefore the blocking probability
of HUs increases. The quality is decreasing with the increase in the PU arrival rate at
the terrestrial link as shown in Figure 5.14(b). As the PU arrival rate at the terrestrial
link increases, more content requests are blocked and more dropping occurs in the

terrestrial link. Hence, the overall quality reduces.
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Figure 5.14: Effect of increasing PU arrival rate at terrestrial link.

5.7.4. Effect of Content Size

With increasing average content size, the overall throughput of the system is de-
creased given in Figure 5.15(a). Due to the increased average content size, the service
durations become longer. Hence, both the satellite and terrestrial frequencies are in
busy state for a longer amount of time. The number of new arrived requests being
rejected due to channels being busy increases. Hence the throughput is negatively
affected. Additionally, the cache size of all system components is fixed. Hence the
satellite, the BS and HU devices all can store less amount of content. The new ar-
rived requests trying to be served via the universal source due to not being found at
a cache of system components makes the system much more busy. The throughput is
therefore even lower. Also, the energy efficiency is improved that can be seen in the
Figure 5.15(a). However, the decrease in the system throughput makes the improve-
ment in the energy efficiency practically useless. With increasing average content size,
the energy consumption of both the BS and the HU devices decreas as shown in Fig-
ure 5.15(b). The cache size of the BS and HU devices is fixed in the system. When the

average content size is increased, they can store less content and hence they can serve



68

less HU content requests. Also, HU devices can receive less service. Hence both the

BS and HU devices consume less energy with increased average content size as shown

in Figure 5.15(b).
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Figure 5.15: Effect of increasing average content size.

We vary average content size for investigating the effect of content size distribu-
tion. Increased content size means longer service durations. Longer service duration
leads to higher probability of PU appearance at a frequency at the terrestrial link.
Keeping other parameters fixed the change on the content size leads to an increase in
dropping probability as shown in Figure 5.16(a). Additionally, longer service duration
leads to less number of idle frequencies in the system at any instant of time. Hence,
the blocking probability of new content request arrivals of HUs to the system increases
as shown in Figure 5.16(a). When content size increases, blocking rate increases very
rapidly. Thereof, there is a steep decrease in the quality indicator value as given in

Figure 5.16(Db).
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Figure 5.16: Effect of increasing average content size.

5.7.5. Effect of Content Popularity Characteristics

For the content popularity modeling, the Zipf distribution is used as explained in
Section 5.1. The Zipf parameter is used to change the popularity distribution among
all contents throughout the system. Zipf parameter having value zero means all the
contents have the same popularity. With the increase in Zipf parameter, the popularity
differentiation is increased. As the popularity differentiation is increased, more popular
contents will be requested widely and hence they will be cached in more HU devices.
As shown in Figure 5.17(a), the throughput of HUs is increased. The energy efficiency
is also improved as shown in Figure 5.17(a) because as more and more HU devices
cache popular contents, the probability of finding those contents at closer HU devices
increases. Hence, the content transmission via D2D takes shorter time for the same
amount of information. i.e. energy efficiency is improved. The energy consumption of
HU devices reduces due to the same reason as shown in Figure 5.17(b). As shown in
Figure 5.17(b) the energy consumption of the BS reduces since the content availability

at HU devices increases.
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Figure 5.17: Effect of increasing Zipf parameter a value (changing popularity charac-

teristics).

With increasing Zipf parameter, popular contents are cached at more HU devices
and the probability of finding content at some close device increases which leads to
shorter content retrieval durations and hence the probability of PU arrival during
content transmission is decreased. Hence the dropping rate of HUs decreases as shown
in Figure 5.18(a). The shorter content retrieval durations makes the system having
less number of busy channels at an arbitrary instant of time. So, the rate of HUs being
blocked decreases as shown in Figure 5.18(a). When we increase the zipf parameter, the
quality indicator increases as given in Figure 5.18(b). As explained above the dropping
and blocking rates reduce with the increasing zipf parameter. Hence, the quality is

improved.
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6. CONCLUSIONS

Most of the CRN resource allocation schemes have focused on throughput or ca-
pacity improvement with PU coexistence constraints. However, the energy consumed
for content transmission is also a key emerging factor in CRN performance. Although
a multitude of works on the energy consumption exist in the literature, the analysis of
trade-offs due to various factors are worth research since the reduced energy consump-
tion resulting in poor network performance is not desirable. Additionally, most of the
works dwell on on terrestrial CRNs only. The satellite segment integration together
with D2D extension in the resource allocation literature is not evident. Moreover, there
is the content dimension which is becoming the dominant and challenging traffic com-
ponent in wireless networks. This phenomenon promotes a content-centric operation

mode for wireless networks.

In this thesis, we have investigated the satellite integrated CRN with D2D com-
munications and content-centric operation from the performance perspective. This
research is done in two-folds. Firstly, the system is modelled via CTMC. We laid out
an analytical model for the system and performed numerical runs for various param-
eters such as mode preference for content retrieval from different content holders. As
the preference shifts to the BS (infrastructure-based transmission) or D2D, the energy
efficiency is improved. The improvement of D2D is higher than the BS counterpart
due to better channel capacity and less energy consumption of D2D mechanism. The
preference shift towards the satellite leads to decreased energy efficiency. However,
due to higher cache capacity content availability is the highest among all the content
holders for this case. Additionally, the network throughput is increased. Taking all
of these into account the network managers should take the preference ratio according
to the system requirements. If energy consumption is tolerable, preference shift to the
satellite is acceptable. If energy efficiency is the main determinant of the network,
preference shift to D2D mechanism is to be chosen. We also simulated this analytical
model to investigate the behavior against a simulated analysis. This effort rendered us

the capabilities of our model and provided insight for its operation.
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Secondly, extensive simulations are done in a simulation environment developed
for this system and the energy consumption of HU devices and the BS are modeled
extensively. For this latter setup, The increase in D2D preference leads to improved
energy efficiency. When the contents are modeled according to a popularity model, the
energy efficiency improves as the popularity differentiation is increased. The reason is
that if few contents are extremely popular than other contents, then they are available

at more content holders and hence they can be retrieved with less energy consumption.

For future work, the layered content concept and content popularity is to be
modeled by CTMC. In the simulations, dependency between contents affecting their
utility can be integrated. “Universal source” concept which represents the other content
holders out of our network scope can be added to the analytical model. In network
layout, overlay mechanism for D2D can be investigated in terms of energy efficiency.
The multicast nature of satellite can be used for further improvements due to satellite

integration into the CRN.
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