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Abstract

Years of growth in wireless communication services and conservative spectrum allo-
cation policies by government regulators have led to spectrum scarcity. On the other
hand, spectrum measurement campaigns have indicated that the actual occupancy
of most licensed frequency bands is quite low. In recent years, Cognitive radio has
emerged as a promising solution to increase spectrum occupancy and tackle spec-
trum scarcity. Cognitive radio enables the unlicensed (secondary) user to establish
a communication link in licensed spectrum on the condition that there is no or
minimal interference to the licensee (primary user).

In this thesis, the two main facets of spectrum sharing in cognitive radio net-
works are investigated; interweave access and underlay access. The former is an
orthogonal scheme, where the secondary user only transmits in white space (idle
primary user spectrum). The latter is a shared scheme in which concurrent pri-
mary and secondary transmission is allowed, subject to any co-channel interference
at the primary being below an acceptable limit. In the first part of the thesis, the

quality of service for a group of secondary users is analysed in an interweave access
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senario. A continuous time Markov model is used to calculate the forced termi-
nation probability, blocking probability and throughput. The impact of spectrum
handoff and channel reservation is investigated and the optimal operating regions
are identified. Spectrum handoff gave the largest throughput improvement. The
analysis was further extended to study the airtime fairness between two secondary
user groups with different traffic statistics. At this juncture, the assumption of or-
thogonality between the primary and secondary transmissions was relaxed leading
to the underlay spectrum access paradigm.

In the second part of the thesis, an underlay sensing and access architecture is
proposed based on the measurements carried out in our laboratory. This architecture
empowers a secondary femtocell to coexist in the downlink channels of a primary
macrocell. The distance dependent and average cell-wide outage probabilities of
the primary macrocell user are derived. Situations where the femtocell sensing and
transmission paths are not co-located can cause a doubling of the primary macrocell
user’s additional outage. The effectiveness of the femtocell transmission is also
investigated and cell sizes between 20 — 50m are possible. As a byproduct of this
analysis, it was shown that the femtocell transmission opportunities can be modelled
by a Log-Skew normal distribution for a shadow fading environment.

The final part of the thesis addresses a fundamental problem in underlay access
network; the quantification of the Signal to Interference plus Noise distribution.

Bounds of the distribution are derived using Steffensen’s inequality. It is shown

v



that the possibility of obtaining trivial bounds can be circumvented by exploiting the
unimodality of the interfering path’s probability density function. The effectiveness
of the bounds is demonstrated on a gamma-gamma wireless fading channel.

This thesis can be very useful in understanding the performance limits of in-
terweave and underlay access modes. Several interesting, accurate and previously
unknown results are presented, which can be beneficial for cognitive radio network
analysis and design. In addition, the concepts of underlay transmission exploiting
duplexing features and integral inequalities to quantify physical layer performance

can motivate further research.
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Chapter 1

Introduction

Reliable and fast wireless data transmission is emerging as a global phenomenon
and becoming a major consideration in our lives such as internet, online shopping,
and social networking. This has caused an exponential increase in the demand for
the radio frequency spectrum. However, conservative spectrum allocation policies
have created a shortage of vacant spectrum bands (channels). The US frequency
allocation given in [1] indicates that there is little room for any new allocation in
the most useful frequency bands (<3GHz) for wireless communications. On the
other hand, recent studies conducted by the Federal Communications Commission
(FCC) in the United States [2] and Ofcom in the United Kingdom [3] have found
that the average utilization in licensed frequency bands is as low as 5%. This is
also indicated by the spectrum measurements carried out in our laboratory within a
range of IMHz to 1Ghz, which show large swathes of inactive spectrum (Fig. 1.1).

Based on these measurements [2], FCC concluded that there are two basic sce-
narios to improve the spectrum efficiency of the licensed bands. In the first scenario,
where the spectrum is fully utilised, the spectrum efficiency can be improved in terms

of bits per second per Hertz (bps/Hz), by using better radio access technologies. In
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Figure 1.1: Spectrum measurements.

the second scenario, where the spectrum usage is relatively low over time, the spec-
trum efficiency can be improved by increasing the access efficiency i.e. allowing
access of unlicensed (secondary) devices to the licensed (primary) frequency bands.

Up until recently, most research has been concentrated on improving spectrum
efficiency in bps/Hz. There has, however, been an increase in research effort di-
rected towards increasing access efficiency through spectrum sharing. One of the
key enabling technologies in this push is cognitive radio (CR), which was originally
proposed by Mitola [4]. CR enables the secondary user (SU) to build transmission
links in vacant PU channels such that there is no/minimum interference to PUs.
Realisation of such an operation requires the CR to have the following function-
alities: spectrum sensing; spectrum access; spectrum allocation and management
among different SUs; and a reconfigurable hardware [4]-[7].

Although various SU transmission modes of SU have been discussed/proposed

in the literature, they can be broadly categorized into two modes: interference



avoidance (white space) mode and the interference management (black and grey

space) mode [5].
1.0.1 Interference Avoidance

The interference avoidance mode is often termed as interweave access. In interweave
access, the SU finds spectrum holes (white space) by sensing the radio frequency
spectrum. The presence of spectrum holes in the PU channels are highlighted in
Fig. 1.2. These spectrum holes are used by the SU for its transmission. This
scheme is often referred to as opportunistic spectrum access (OSA). No concurrent
transmission of the PU and the SU is allowed. The SU must vacate the channel as
soon as the PU reappears, which leads to the forced termination of the SU connection
(if there is no other available channel for the SU). Since the SU has no control over
the resource availability, the transmission of the SU is blocked when the channel
is occupied by the PU. The forced termination and blocking of a SU connection is
shown in Fig. 1.3. The forced termination probability and blocking probability are
the key parameters which determine the throughput of the SU, and thus its viable
existence. The forced termination depends on the traffic behaviour of the PUs and
the SUs (e.g. arrival rates, service time etc.). In the case of multiple SU groups with
different traffic statistics, the forced termination and blocking probabilities lead to

unfairness among the SU groups. The QoS provisioning task becomes difficult.
1.0.2 Interference Management

The interference management mode in a CR can be categorized as overlay and un-

derlay. Both these techniques allow concurrent transmission. The Overlay mode
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refers to a technique in which the SU exploits additional knowledge of the PU trans-
missions. It increases its transmission opportunities by enhancing the PU messages,
and relies on dirty paper coding techniques to mitigate interference at its own re-
ceiver [8]. This access mode has also been studied under the heading of CR enabled
cooperative relaying [9].

The Underlay mode refers to a technique in which the SU can only share the
spectrum, as long as its signal remains below the acceptable interference limit of
the PU. This threshold is the peak or average power that can be tolerated by the
PU receiver [10][11]. This constraint is useful when the signal variation at the PU

receiver is quasi-static, such as Television unit. However, when signal variations



from the PU transmitter to the PU receiver are random, outage probability is a
better measure. Outage at the PU receiver occurs when the Signal Interference plus
Noise Ratio (SINR) falls below a certain threshold (different from the interference
threshold). The spectrum sharing constraint in this scenario is based on the long
term outage or short term outages acceptable to the PU network. The SU transmit
power is a key factor which determines its coexistence in an underlay mode. Due to
the strict transmit power constraint, the coverage area of the secondary network in
an underlay mode is very restricted [8]. Generally, the calculation of SU transmit
power requires the knowledge of PU receiver location and the channel gains between
the SU transmitter-PU receiver and PU transmitter- PU receiver. Since the SU
operates independently of the PU network, these parameters are often unknown
to the SU transmitter and must be estimated. This comes at a cost of increased
signalling overhead.

In recent years, it has been envisaged that the potential of the CR underlay
paradigm can be applied for interference management by the PU itself, such as
femtocells [12][13]. The possibility of a CR empowered femtocell (FC) has also been
considered as a viable solution [14] to increase spectrum availability for cellular
operators. In short, a FC enables the reuse of macrocell (coverage area of primary
base station) frequencies in a cellular network over a small range with the primary
aim of improving indoor coverage [15]. The FC consists of a low power femtocell base
station which is connected to a backbone network by DSL or cable internet. In the
case of multiple FCs, the interference problem becomes two tier [16] i.e, macrocell
to FC (cross-tier) and FC to FC (inner-tier). By introducing additional information
through a sensing phase (similar to a CR), two-tier interference can be avoided in

FC deployments.



In underlay mode it is often necessary to derive the SINR distribution, in order
to calculate practical performance measures such as capacity and SINR outage [17]
[18]. The propagation channel between the PU and the SU is generally subject to
fading which is traditionally modelled by a gamma or lognormal distribution [19].
The cumulative distribution function (CDF) for the SIR is often known in closed
form [11]. However, in the case of SINR, which include the effect of noise, these
models yield integrals for which closed form expressions are not known. Although
integral inequalities [20] have successfully been applied to obtain bounds on capacity

problems [21]-[22], their application to SINR have been almost non-existent.

1.1 Thesis Contributions and Organisation

The motivation and key concepts which instigated this research are highlighted in
the previous section. The thesis deals with aspects of interweave and underlay
based spectrum sharing techniques. The selection of topics are based on research
opportunities; where contributions can be made to an existing body of literature.
In addition, the diverse nature of topics covered here do share a common objective:
to address inefficient utilization of the licensed spectrum by CR enabled secondary
access. This thesis consists of three major parts, and each part is compiled as a
Chapter. In what follows, we present the organisation of the thesis and its main

contributions.

e Chapter 2 provides the necessary background information that will be further
used in this thesis. It highlights the key research areas in CRN and presents

a summary of relevant existing literature.

e Chapter 3 is the first technical part of thesis. Using spectrum spooling as a



base model (originally proposed by Weiss [23]) we analyse and quantify the SU
QoS parameters such as forced termination probability, blocking probability
and throughput in a multiple PU channel scenarios. The effect of horizontal
spectrum handoff and channel reservation is investigated. The impact of spec-
trum sharing among two SU groups is discussed in the light of their traffic

parameters.

Chapter 4 presents a novel access scheme for FC coexistence in the DL channels
of a cellular network. It exploits the interweave aspect of spectrum sharing to
facilitate FC transmissions in an underlay mode. An example of a GSM-like
network is used to illustrate the scheme by exploiting its duplexing features.
The PU’s probability of detection, the distribution functions for interference
power and the signal to interference plus noise ratio (SINR) are derived. The
effect of different parameters on the outage probability of the PU and the
SU are discussed. The analysis relies heavily on the numerical integration

techniques (Gaussian quadratures) to obtain the SINR distributions.

Chapter 5 revisits the SINR distribution, which is a fundamental problem in
many wireless systems, in addition to the underlay scenario considered here.
A unique bounding approach is developed using Steffensen’s inequality. It uses
simple integral manipulations and utilizes the knowledge of the primary and
the interfering paths’ probability density function (PDF). It is shown that if
the interfering path is unimodal, then the possibility of trivial bounds can be
avoided. We demonstrate the effectiveness of the derived bounds in a gamma-
gamma fading environment for medium to high SINR values, which are of

practical interest in wireless systems.



e Chapter 6 concludes the work and indicates possible future research opportu-
nities. These include QoS analysis of variable bandwidth users in interweave
CRN, and the incorporation of fast fading and multiple FCs in the underlay

approach.

1.2 Research Contributions
This work has lead to the following contributions

1. W. Ahmed, J. Gao, and M. Faulkner, “ Comments on “Analysis of Cognitive
Radio Spectrum Access with Optimal Channel Reservation”,” IEEFE Transac-

tions on Wireless Communications., pp. 4488-4491, vol. 8, no. 9, Sept. 2009.

2. W. Ahmed, M. Faulkner, and J. Gao, “Opportunistic Spectrum Access in Cog-
nitive Radio Network,” Chapter 9 in Foundation of Cognitive Radio Systems,

pp. 189-214, 2012, ISBN 978-953-307-643-0.

3. W. Ahmed, M. Faulkner, J. Gao, and S. Saleem, “An Access Architecture
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Chapter 2

Literature Review

The main aim of this Chapter is to provide an overview of the recent developments,
issues and future trends in CRN research, with emphasis on the interweave and un-
derlay spectrum sharing modes. In Section 2.1 we discuss the main functionalities
of the CRN. This is followed by a review of the interweave mode (Section 2.2) and
its performance aspects. Section 2.3 details an underlay spectrum sharing prob-

lem. Section 2.4 discusses the application of the interweave and underlay spectrum

sharing modes to CR enabled FC.

2.1 Basic Functionalities of CR

CR technology is an innovative concept introduced by Mitola [4]. A CR must be
highly adaptive to the needs of the SU and its surrounding radio environment. It
has the potential to dramatically increase the efficiency of spectrum usage. IEEE

1900.1 has the following working definition of a CR [7]:

A type of radio that can sense and autonomously reason about its en-
vironment and adapt accordingly. This radio could employ knowledge
representation, automated reasoning and machine learning mechanisms

in establishing, conducting, or terminating communication or networking

11
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functions with other radios. Cognitive radios can be trained to dynami-

cally and autonomously adjust its operating parameters.

There are four main functionalities in the IEEE definition. The first functionality
requires sensing of the radio frequency environment, which includes detection of
spectrum holes (unused), estimation of channel state information and PU traffic
statistics. In reality, sensing imperfections (misdetection and false alarm) occur
due to channel impairments and limited observation times. The misdetection leads
to interference between the PU and the SU, whereas a false alarm results in lost
opportunities and hence lower spectrum utilization.

The second functionality enables the SU to access a best available channel for
its transmissions based on sensing information. The access modes of the SU are
classified as interweave, underlay, and overlay [24] as described previously in Chapter
1. The third functionality highlights the need for spectrum sharing mechanisms to
achieve fairness among multiple or dissimilar SUs. The final functionality identifies
a reconfigurable hardware architecture which will adapt its operating parameters to
suit the current radio frequency environment.

To understand the system-wide benefits it is pertinent to analyse the access
modes of the SU in PU channels. The next few sections present a literature survey

of coexistence analysis in an interweave and underlay mode.

2.2 Interweave Spectrum Sharing Model

In an interweave mode (often refereed as opportunistic spectrum access (OSA)),

the SU accesses the spectrum in an opportunistic manner. Due to this secondary
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nature, the QoS in the CRN is dependent on the PU traffic parameters. For exam-
ple, in the case when a PU access is unslotted and perfect sensing information is
available at all times, the SU must vacate the channel as soon as the PU reappears
to ensure no/minimum interference to the PU. This phenomena is called the forced
termination. Similarly, the SU is blocked from accessing the channel when it finds
the PU active.

In the existing literature, several authors [23]-[63] have studied the forced termi-
nation and blocking probabilities for one and two groups of SUs. In these papers,
spectrum pooling [23] is used as a base system model. Spectrum pooling refers to
an interweave paradigm which enables the PU network to rent out its idle spectrum
bands to the SU group. It is assumed that the SU group will be able to perform
wideband sensing and during their transmissions will introduce spectral nulls in the
frequency bands where they find the PU active. It is suggested that in order to
accommodate simultaneous SU connections, a wideband PU channel can be divided
into multiple narrowband subchannels for SU access. The Continuous Time Markov
Chain (CTMC) [25] is extensively used in modelling spectrum sharing scenarios
based on interweave access. To simplify mathematical analysis it is commonly as-
sumed that the traffic behaviour of the PU and the SU groups obey a Markov
(memoryless) property i.e. the arrival rates follow a Poisson distribution and the
service rates follow an exponential distribution. In addition, the SU connections are
coordinated through a central entity (centralised secondary network) which ensures
no collision between the SU connections i.e, no concurrent SU connections on the
same frequency band or subchannel. The SU connections have negligible access,
switching delays and perfect sensing information is available to them at all times.

The papers dealing with QoS analysis can be divided into two scenarios: without
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forced termination; with forced termination, described in the following.
2.2.1 Without Forced Termination

The main aim in this type of system model is to understand the blocking probabil-
ity tradeoff between two users with different bandwidth requirements. In [26] while
investigating the blocking probability tradeoff between equal priority users, the au-
thors concluded that the blocking probability of the wideband user is lower bounded
by the blocking probability of the narrowband user. The best probability tradeoff
can only be achieved by changing the arrival rates of both the wideband and the
narrowband user [27]. This fact is used in [28] where it is shown that the optimal
arrival rates which achieve airtime fairness can be derived using the Homo-Egualis
model. Furthermore, the blocking probability in the network can be reduced when
the narrowband users pack the channels 28, Fig. 6] by employing spectrum hand-
off'. The authors in [29] developed an upper bound on the throughput that can be
achieved using spectrum agility with a listen before talk rule?. It was found that a
fixed channel assignment strategy yields better results than spectrum agility under
heavy load conditions.

Although, the above mentioned schemes provide a fair understanding of the
blocking probability and airtime behaviour in a CRN, these analyses are only ap-
plicable to users in open unlicensed networks (e.g. ISM bands in 900MHz, 2.4 GHz
and 5GHz), when the SU group utilizes the unlicensed channels for coordination or

backup (in case the PU channels are fully occupied [28]).

!Spectrum handoff allows the SU connection to move to another vacant frequency channel
during its transmission.

2Spectrum agility refers to the ability of a user to access multiple channels. Please note that
spectrum agility is a stepping stone for spectrum handoff.
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2.2.2 With Forced Termination

Initial investigation carried out in [30], focused on the advantages of primary assisted
SU spectrum sharing; termed controlled spectrum sharing. In controlled spectrum
sharing, the PU network assigns channels to its users (PUs) so as to avoid termi-
nation of SU connections. It is concluded that this approach increases bandwidth
utilization without causing any significant increase in the blocking probability of the
SU connections. No analytical expressions were derived for the forced termination
probability and the throughput. In another controlled spectrum sharing scenario
[31][32], a number of channels are allocated for SU connections by the PU network.
Under saturated condition an incoming PU connection can also occupy the sec-
ondary allocated channels. Although this scheme decreases the forced termination
probability, it comes with a cost of an increased SU blocking probability. To counter
the effect of the forced termination the authors in [33] have proposed and analyzed
random access schemes employing different sensing and backoff mechanisms. How-
ever, the analysis is limited to a single channel and saturated SU traffic conditions.

To avoid this foreseeable termination, spectrum handoff techniques have also
been investigated from the forced termination and blocking probability perspec-
tive. Generally, spectrum handoff techniques can be categorised as either reactive
or proactive. In the reactive approach, the SU moves to another vacant channel
only when the current channel is reoccupied by a PU, whereas in the proactive
approach the SU avoids collision and switches to another vacant channel before a
PU reappears. The channel switching is performed based on the observed statistics

of the PU channels®. To further ensure the continuity of SU transmission, inband

3This thesis only considers reactive spectrum handoff techniques. Some interesting proactive
spectrum handoff strategies are provided in [34]-[37].
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channel reservation (number of channels are reserved exclusively for handoff calls
within the primary channels) and out-of-band channel reservation have also been

suggested [38][39].

2.2.2.1 Reactive Spectrum Handoff

In [38], authors investigated the impact of spectrum handoff and channel reservation
on the forced termination and blocking probabilities. However, the paper presented
an incomplete CTMC analysis. In addition the expressions are derived based on a
false assumption of completion probability from each Markov state. The corrections
on this work is provided in [40][41][42]. The work in [40] forms part of this thesis
and discussed in Chapter 3. Although, the authors in [41] included the queuing
of SU connections, the analysis is limited to only handoff scenario. The investiga-
tions in [41][42] do not address the incomplete Markov analysis and throughput.
The approach presented in [40] (Chapter 3) can be scaled to address the inaccurate
probability analysis in [39]. It has been shown in [43] that an adaptive channel
reservation scheme gives better performance than the fixed reservation policy. This
adaption is based on traffic statistics of the PU. A relatively similar conclusion has
been drawn in [44]. Extending the work in [38]-[43], the authors in [45] showed that
the forced termination probability can be reduced by assigning multiple subchannels
to each SU connection (reducing their transmission time). The forced termination
probability expression derived in this paper is the termination probability seen by
an incoming SU (an incoming SU call may be blocked) rather than the termination
probability on the channel. The throughput in [42]-[45] is defined as the average

completion rate of SU connections which does not include the average duration of
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completed SU connections. In order to address this problem, the duration of com-
pleted SU connections is calculated in [46], however, the analytical results derived
are not very accurate. A more compact and accurate expression of throughput is
derived in [40] (Chapter 3). The authors in [47] consider a PU network which has
three different user classes. The users are admitted into the network based on a
Guarded Threshold channel reservation Policy [48]. One of the classes is treated as
a SU group, while the remaining two have PU status. The results indicate that such
a scheme is only useful when the collision probability between the SU class and the
two PU classes is high.

Based on a simplified system model, the link maintenance probability and the
forced termination probability of delay sensitive SU connections are discussed in [49]-
[52]. Including imperfect sensing, the probability derivations have been carried out in
[50], where authors derive the collision probability rather than the forced termination
probability*. In [51][52] it has been found that reactive spectrum handoff based on
dynamic channel selection is a better strategy than the static strategy, however,
it results in an increased sensing overhead. To decrease this overhead, a handoff
reduction policy is proposed in [53] using connection success rate as a key metric
[54]. Based on our findings [40], the authors in [55] proposed a channel allocation
technique which yields almost similar performance to a spectrum handoff system.

From the perspective that CRN will be able to support multiple SU services, call
admission control is investigated in [56]-[61]. The authors in [56] derived optimal

access probabilities to achieve proportional fairness among two SU groups. These

4Without spectrum handoff the collision probability and forced termination probability is the
same. However in the case of spectrum handoff, the SU connection can collide with the PU multiple
times without being terminated. In essence collision probability calculation is performed on the
basis of a single PU arrival, whereas the forced termination calculation are performed on the basis
of multiple PU arrivals in the SU connection’s life time [40][41]
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results are derived based on a loose definition of throughput without considering
the forced termination. A channel packing scheme which provides 10%- 15% gain
over random channel access has been presented in [57]. The optimal access rates
are derived only for a single wideband channel and three different type of users: one
wideband PU: one wideband SU group; and one narrowband SU group. Although
overall forced termination probability is also shown, it is strictly numerical and does
not provide any insight into the individual forced termination probabilities of the
two SU groups. A fair opportunistic spectrum access scheme with emphasis on two
SU groups has been presented in [58]. Although the effect of collision probability is
included, the results are only valid when the SU groups have the same connection
length. The prioritisation among SU traffic from a physical layer and network in-
tegration perspective have been studied in [59][60]. Moreover, as identified in [61],
these works do not include the effect of spectrum handoff. The probability aspects of
prioritisation between two SU groups have been recently analyzed in [61]. Subchan-
nel reservation policies were investigated to achieve the QoS of the prioritised SU
group. The probability derivations were very similar to those previously presented
by us in [62][63] and now described in Chapter 3.

In the literature summary presented so far, it is assumed that the PU group
follows an ON/OFF process and sensing information is available to the SU group
through a centralised entity at all times. This facilitates the SU in maintaining
orthogonality with the PU transmissions; avoiding interference. However, in the
case when such sensing information is not available, the SU has to perform sensing
before its transmission, the outcome of which is a function of its vicinity to the
PU transmitter and the channel gain. The SU may not be able to detect any PU

transmissions due to its limited receiver sensitivity. Any subsequent SU transmission
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will generate interference at the PU receiver and vice versa, causing an outage.
However, most wireless systems are designed to tolerate a certain amount of outage
to accomodate the unknown variations in signal (due to fading etc.). Therefore it
is possible to relax the orthogonality condition, transforming the interweave mode
to an underlay mode, while still maintaining an acceptable performance. Underlay

networks are discussed in the next section.

2.3 Underlay Spectrum Sharing Model

In a secondary underlay approach the possibility of spectrum sharing depends on
the PU receiver’s acceptable interference limit. The acceptable interference model
was introduced by regulators to enable the reuse of TV spectrum frequencies in
geographical locations, outside the TV coverage zone [2]. Generally, underlay spec-
trum sharing is not confined to TV bands®. For example the coexistence of FCs
in a cellular network [12] can also involve underlay transmissions. Fig. 2.1 shows
the two tier network architecture of a macrocell containing multiple FCs. The PU
transceivers are denoted by PBS and PUE, and FC transceivers are denoted by SBS
and SUE. The corresponding interference paths on the UL and the DL channels
are highlighted in Fig. 2.2 for an FDD cellular network. Additional outage in the
macrocell network (PBS and PUE) can occur due to cross-tier interference, whereas
the outage at FCs can occur due to both cross-tier and inner-tier interference. In
the following we present a literature summary of interference and outage analysis in
a generalised secondary underlay model. We further expand this review to include

interference avoidance and management techniques in a CR enabled FC.

5 Another example of underlay spectrum sharing is Ultra Wide Band (UWB) radios in 3.1 to
10.6 GHz spectrum [64].
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Macrocell coverage area

Femtocell coverage area

Figure 2.1: Existence of multiple femtocells in a macrocell coverage area.
2.3.1 Exclusion Zone Method

One of the most celebrated methods for managing interference in underlay networks
is the exclusion zone method. This exclusion zone (a physical separation) provides
a buffer to the PUE. Any SBS within that exclusion zone is not allowed to access
the channel. The acceptable interference temperature of the PUE determines the
exclusion zone area. For this the modelling of the aggregate interference (the sum
interference from multiple SBSs) remains a key research area in cognitive underlay
networks. The aggregate interference statistics are used to calculate SINR or SIR at
the PUE. Generally, the aggregate interference is based on the random distribution
of the SBSs around the PUE and the lognormal or gamma propagation model. Such

an assumption is suitable to characterise interference in large wireless network [65].
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——— Cross-tier interference paths(dotted: uplink, solid: downlink)

Inner-tier Interference paths(dotted: uplink, solid: downlink)

Figure 2.2: Cross-tier and inner-tier interference scenarios in a FDD cellular network.
FDD eliminates the interference paths between the BSs and between the UEs.

2.3.1.1 Aggregate Interference Modelling

The calculation of aggregate interference statistics is often mathematically intractable.
Various methods, such as moment matching, cummulant matching, and series ap-
proximations are envisaged. For example in [65], the authors presented a cummu-
lant based approach to classify the underlying Gaussian and non-Gaussian nature of
aggregate interference. It is concluded that when the exclusion radius is large, the
aggregate interference tends to a Gaussian distribution, whereas in smaller exclusion
radii the behaviour is skewed (generally non-Gaussian) and governed by the distri-
bution of dominant interferers. Similar observations are also reported in [66][67]. To
address the skewness [68], the authors in [69] modelled the aggregate interference

as a shifted lognormal distribution. The intuitive result which indicates that the
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dominant region from Non-Gaussian interference increases with the exclusion radius
and decreases with the pathloss exponent is derived in [70]. An interesting work in
which multiple SBSs adapt their transmit power based on the received signal from
the PUE is presented in [71]. The interference cummulants are derived to show
that aggregate interference can be modelled by an unconventional truncated-stable
distribution [72]. Taking into account the irregular shape of the exclusion zone in a
shadow fading environment, the results in [73] show that the aggregate interference
can be approximated by a lognormal distribution.

An alternative approach which augments the exclusion zone approach is known
as the Radio Environment Map (REM) [74]. REM is proposed as an integrated
database that characterises information such as geographical features, available ser-
vices, spectral regulations, locations and activities of radios, relevant policies, and
experiences. The results in [75][76] show that under the aggregate interference con-
straint a greater number of SBSs can be operated in the PUE vicinity by including
the REM information. However, REM comes with a cost of increased signalling

overhead [77].

2.3.1.2 Owutage Probability

The modelling of aggregate interference enables the calculation of PUE outage prob-
ability. The outage probability is calculated on the basis of Signal to Interference
Ratio (SIR) or SINR, when both the PBS and the PUE are static. Considering only
a pathloss model the bounds on the exclusion radius are derived in [78]. In addition,
the power scaling of multiple SBSs is derived to meet the PUE outage requirement.
Using a similar pathloss model, the authors in [79][80] showed reduced PUE outage

probability, when the SBSs spread their transmission power over the entire available
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bandwidth (Ultra Wide Band (UWB)).

2.3.1.3 Fading and Density of SBSs

The tradeoff between the density of SBSs and PUE outage probability has been
recently studied in [81]. It was shown that the SBS density can be significantly
increased, when dominant SBSs are suppressed either by sensing or interference
cancellation techniques. Extending these results, the authors in [82] derived ap-
proximate expressions for the PUE outage by classifying the aggregate interference
statistics in terms of SBS density. In a simplified scenario of Rayleigh fading, the
optimal SBS density for maintaining predefined outage probability is calculated in
[83]. The literature dealing with the fundamental effects of fading and SBS density

on the exclusion zone and the outage probability can be found in [84]-[87] .
2.3.2 Interference Avoidance in FC

CR functionalities have been recently proposed to avoid the cross tier and inner-tier
interference on the basis of Received Interference Power (RIP) [88]. This is achieved
by incorporating a sensing phase in the existing FC which can learn about the chan-
nel condition between neighbouring FCs and PUEs [13]. This framework is used in
[89] to avoid interference between a macrocell and a FC in an LTE network [90].
In this scheme, the SBS estimates the UL energy of the PUEs in its proximity. It
allocates the best spectrum resource to the SUE by avoiding channels with strong
UL energy. Similar techniques have also been discussed in [91][92], where the au-
thors propose that the unique interference signature of PUEs can be used to avoid
interference in the DL of 3G and UL of LTE networks, respectively. A distance
dependent path loss channel model was used and no fading or shadowing effects

were taken into consideration in the simulations. The authors in [93] have discussed
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dynamic resource block allocation in FCs of LTE networks based on RIP to the

PUEs in DL channels.

2.3.3 Existence of CR empowered FC

In the current literature, a CR empowered FC (CEFC) has been treated as a device
which has the ability to access both the licensed and the unlicensed band. Generally,
the information about the network state, policies and interference conditions in the
licensed bands is treated from two perspectives: Centralised and Decentralised. In a
centralised approach, this information is fed to the CEFC by a dedicated universal
channel called the cognitive pilot channel [94]. This centralised approach can avoid
cross-tier interference. However, for inner-tier interference avoidance the universal
control channel must carry global scheduling information. In a dense deployment of
CEFCs the increase in the bandwidth of the cognitive pilot channel (due to global
scheduling overhead) can outweigh its benefits [95].

In a decentralised approach, the CEFC collects network information through
localised spectrum sensing. Two possible CEFC architectures have been presented

in the literature so far:

2.3.3.1 Overlay Architecture

In an overlay architecture, the SBS schedules transmission for both the conventional
and other low priority secondary devices [14]. The SBS acts as a conventional fem-
tocell base station when serving the SUE (by connecting the SBS to the IP backhaul
network). To schedule transmissions for the low priority secondary devices, the SBS
must perform sensing to identify the spectrum holes. The signalling information
between the SBS and the low priority secondary devices can be carried out in open

unlicensed networks. Similar CEFC overlay models in both the UL and DL of a
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WiMAX network have been investigated by the authors in [96], assuming that the
PBS is also equipped with CR capabilities (such as sensing and dynamic spectrum
access). Recently authors in [97] proposed that a SBS can increase its transmission
opportunities in a PBS retransmission scenarios (due to collision or interference in
initial transmission). When the PBS retransmits, the knowledge of the initial pri-
mary transmission can be used to mitigate interference at the SUE, provided that
the SUE has decoded the initial transmission properly. Although this scheme can
increase SBS transmission opportunities, it can also cause a significant increase in

the number of PBS retransmissions.

2.3.3.2 Underlay Architecture

In [98] the authors propose to exploit the user level scheduling information or lo-
cation information of the PUE to determine the set of resource blocks (RBs) [90]
that can be used without causing interference. A Time Division Duplex (TDD)
based CEFC scheme operating in UL spectrum was proposed in [99]. UL spectrum
is used because the position of the PUE is unknown and so interference avoidance
could not be guaranteed. The PBS position is known and so interference to the PBS
can be controlled. Their simulations assumed that PBS interference was negligible,
and therefore SBS must be positioned far from the PBS (>1.5km), which is a fairly
restrictive constraint. Very recently in [100], the authors propose that DL control
information (from the PBS) can be used to schedule the SBS and SUE transmission
in both the UL and the DL of the primary network. The authors argue that by
placing multiple antennas and applying beam forming duality, the SUE near the
PBS will be able to transmit in UL by steering a null. However, this conclusion

is oversimplified due to the assumptions in their simulations; the PBS distance is
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known apriori and the Rayleigh fading is independent of the duplex links.

2.4 SINR Bounds

The quantification of SINR statistics is a critical component in determining outage
probability. It is also used in many other applications such as handover calculations
in cellular system, diversity combining systems and capacity calculations. The fading
distributions which characterise signal propagation through a wireless medium do
not yield closed form solutions for the integrals governing the calculation of the
SINR’s CDF or SINR’s PDF. Conditional solutions have been obtained by neglecting
the noise component (in which case SINR reduces to SIR) [71] or by neglecting the
fading component on the primary path [81][82]. These assumption are not always
realistic, but are still used, since a general solution is still an open question.

Integral inequalities are an effective tool to study the bounds on system perfor-
mance. For example in [21], the authors have used Jensen’s inequality to derive the
upper bound on achievable ergodic capacity of dual-hop transmissions in composite
fading channels. The Jensen’s inequality has also been used in [22] to simplify the er-
godic capacity maximisation problem. This simplification is further used to develop
power control and access strategies in wireless systems. Similarly, using Holder’s
inequality the bounds for the moments of the received power are derived in [101],
when the transmitter and receiver are uniformly distributed in a multidimensional
convex space. In [102], the authors used the Cauchy-Schwarz inequality to derive
the bounds on the generalised Marcum-Q function.

In general, the calculation of SINR’s CDF Fx(v) involves the integral of product
functions. This can be visualized by the derivation of the SINR’s CDF given below.

Let ©, and O; denote the signal and interference power respectively, then SINR T
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can be written [19],
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where, E[.] is an expectation operator, fo. (0;,) is the PDF and (Np, b) defines the

support of ©;,. Normally, Ny is the minimum value of ©;, and b = co.
2.4.1 Steffensen’s Inequality

Steffensen’s inequality among others is one of the key tools in calculating bounds on
the integral of product functions. In its simplest form, the Steffensen’s inequality is

given in [103][20, Egs. (2.1) & (2.2)] as
o+

f S(:c)dxﬁ]lS(x)R(m)dxg / S(z)dz (2.4)

zo

T
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where \ = TR(x)dx, S(z) is integrable and monotonically decreasing on (zg,x1),
and R(z) isxomeasurable such that 0 < R(x) < 1 for x € (xp,z1). From the above
equation, it can be seen that the Steffensen’s inequality decouples the integral of
the product functions into integrals of the individual functions. The bounds are
expressed as the integral of function S(z) calculated over length A from the end
points (limits of actual integration problem).

Looking at equations (2.3) and (2.4), one can readily identify the resemblance

between them. Various extensions of Steffensen’s inequality have been proposed in
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[104]-[107] and references therein. For example the extension in [104] generalizes A

CC()-i-)\
by expressing it as the integral limit of an arbitrary function ie., [ H(z)dr =
Zo

folR(x)dx, where 0 < R(z) < H(x). The function H(x) must be multiplied in the
ﬁijpper bound and lower bound integrals. In [105] the authors discuss the sensitivity
of H(z) and show that both the upper and lower bound can become loose bounds.
Although all these extensions generalize the above inequality, the calculation of A
becomes complicated which is a key parameter.

One simple and notable generalisation is provided in [107, Eq. (2.4)], which
states that the bounds can also be expressed in terms of any two subintervals of
length A (whereas in (5.2) subintervals are restricted to end points). However, this
generalisation is useful when the coarser bounds are required or the actual integral
is known in some subinterval. From an application perspective, the approximation
bounds on some special functions such as the Bessel function, Beta function, Euler
function and Zeta function are derived in [108] using Steffensen’s inequality and
the Cebysev functional [20]. Steffensen’s inequality has also been used in [109] and
in [110] to calculate the upper bound on the ergodic capacity of a maximal ratio
combining system with correlated Rician fading channels and dual-hop fixed gain
relay networks with Rayleigh fading respectively. In both these scenarios a negative

exponential is used as R(z). We make use of Steffensen’s inequality in Chapter 5.

2.5 Summary

In this Chapter, we have presented a literature summary spanning various per-
formance aspects of interweave and underlay spectrum sharing in CRN. A critical

review has been performed and areas concerning this thesis have been highlighted.
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Firstly, several key CRN functionalities were abstracted from the IEEE definition.
Secondly, the methods and techniques to manage the forced termination probabil-
ity, the blocking probability and the throughput for a single and multiple SU groups
were explained. Thirdly, a generalised underlay spectrum sharing model was used to
elaborate the aggregate interference and outage probability modelling in an exclu-
sion zone method. The applicability of underlay mode to cognitive empowered FC
was discussed and pros and cons of relevant techniques for interference avoidance
were explained. Finally, the applicability of integral inequalities to the fundamen-
tal problems in communication theory was enumerated. In the next Chapter, we
will start by analysing the fundamental QoS metric of SUs in interweave spectrum

sharing.



Chapter 3

Quality of Service in Interweave
Access

This Chapter aims to quantify the quality of service (QoS) parameters of SU connec-
tions in an interweave spectrum sharing scenario i.e., forced termination probabil-
ity, blocking probability and throughput. These QoS parameters are of paramount
significance in an interweave CRN, as they can effectively determine the feasible
existence of SU group in PU channels. The work presented in this Chapter has
appeared in IEEE Transactions in Wireless Communications [40], 3 IEEE ComSoc
Portfolio Events (ATC, PIMRC and WCNC) [62, 63, 111], 1 international conference
(ISWPC') [112] and 1 regional conference (ETI-CON) [113]. The contents of this
Chapter are also set to appear in a Book titled “Cognitive Radio System”, Intech

Publishers [114]. Specifically, in this Chapter

e Simple closed form expressions for the forced termination probability, blocking
probability and SU throughput are derived for both fixed and exponential
payload lengths. While indicating the tradeoff between the SU access rate
and its connection length (holding time [115]), the optimal mean connection

length which maximizes the throughput is calculated.

30
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e A complete and exact CTMC analyses is presented (compared to [38][41][42]).
The QoS parameter are obtained for spectrally agile single SU group operating
in multichannel PU network. These derivations also include SU spectrum

handoff and channel reservation scenarios.

e Spectrum sharing between two SU groups is investigated in terms of proba-
bility tradeoff gains and airtime fairness. It is shown that compared to non-
termination scenarios [26]-[29],[56] the access rates have very little impact on
airtime fairness. A channel partitioning approach is developed to achieve air-

time fairness.

The remainder of the Chapter is organised as follows. Section 3.1 presents the
system model and key assumptions. Section 3.2 discusses a single channel interweave
access scenario. Section 3.3 extends the discussion to include multiple PU channels
and two SU groups. A single SU group is treated as a special case. The airtime
fairness among the two SU groups is analyzed in Section 3.4. Section 3.5 concludes

the Chapter.

3.1 System Model

In this Chapter, a widely acceptable spectrum pooling model [23, Fig. (3)] is
adopted, in which a vacant wideband PU channel is divided into multiple nar-
rowband subchannels. These narrowband subchannels are used by SU groups for
their opportunistic transmissions. Fig. 3.1 shows the system model, in which there
are K available PU channels k£ € {1,2.., K'}. Each of the PU channels has a fixed
bandwidth W, which is subdivided into N subchannels of bandwidth, W, = W,,/N.

We consider two spectrum sharing scenarios: a single SU group is interweaving the
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K Primary Channels
W oW [ ]
|
N subchannelsiL Primary User
Bandwidth

B
——

Secondary User
Bandwidth

Figure 3.1: Channel arrangements of PU and SU channels, N is an integer > 1

PU channels, denoted by S!; two SU groups interweaving the PU channels, denoted

by S4 and SB.
3.1.1 Traffic Model

1. The service duration of the PU connections are assumed to be exponentially

distributed with a mean ui . The arrival of new connections from the PU

P

group follow a Poisson process with a mean rate rate \,.

2. It is assumed that the PU network is an M/M/m/m loss network, where

channel occupancy only depends on the mean service rate of PU group [25].

3. (a) In the case of a single PU channel and a single SU group, we consider
two types of SU connections, fixed header with fixed payload and fixed
header with exponentially distributed payload. The fixed header duration
is denoted by #Lh7 the fixed payload length is denoted by ﬁ, and the mean
exponential payload length is denoted by A%%e . The Poisson arrival rate

of a single SU group is denoted by Al

(b) In the case of a multichannel PU network only exponential payload lengths

are considered. The mean service durations of S*, S4 and S? are denoted
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by L. L and 2
Y ul ud uB

respectively. Similarly, the Poisson arrival rates are Al

ML and AB.

These models are widely adopted in the literature, see for example ([26]-[61]). The

list of symbols are summarised in Table 4.1.
3.1.2 Basic Definitions and Mathematical Model

For the reader’s convenience the QoS parameters are defined below.

Blocking Probability is defined as the probability that a new SU connection will
be blocked due to unavailability of a vacant subchannel.

Forced Termination Probability is defined as the probability that an ongoing
SU connection is terminated prematurely.

Throughput is defined as the product of the number of completed SU connections
per unit time and the average duration of the completed connections.

CTMC is used to model the spectrum sharing scenario between the PU and SU
groups. CTMC has been extensively used in conventional cellular systems to model
the cell residence time!, call dropping probability and handover probability [116]. In
these scenarios, the birth-death process (often referred to as a loss system) is one of
the commonly used CTMC models. In a CTMC model, the number of connections
from the user groups are represented by states (written as n — tuples), such as
(x1,75), where 1 and xs may represent the number of PU and SU connections. The
transition of one state to another is based on the Markov property [25] which assumes
memoryless arrivals and departures. Under stationarity assumptions, the rate of
transition from and to a state is equal. This fundamental fact is used to calculate

the state probabilities under the constraint that the sum of all state probabilities is

IThe time spent by a users in a macrocell during a connected call.



34

Table 3.1: List of symbols-Chapter 3

Symbol Parameter

Primary

K Number of PU channel

N Number of subchannels/PU channels
Ap Arrival rate of PU group

Lp Service rate of PU group

O PU traffic intensity

Secondary

S1 Single SU group in PU channels
S4 and SP Two SU groups in PU channels
N4 (NP) Number of subchannels of S4 (S5)

AL A4 and AP
[Laes fie and pl

1
9867

04 and 68
P}%‘67 PFAB and PFBB
Ph,, P4 and PR,

1 A B
Pses Pse and pg
1

Nhl
PF(h,e)

Pé(h,e)

Arrival rate of S', S4 and SP

Mean service rate of exponentially distributed payload
S, S4 and SB

Traffic intensity of exponentially distributed payload S*,
S4 and SP

Forced termination probability of exponentially dis-
tributed payload S*, S and S?

Blocking probability of exponentially distributed pay-
load S*, S4 and S®

Throughput exponentially distributed payload S*, S4
and S&

Header length

Forced termination probability
tributed payload and header S*
Blocking probability exponentially distributed payload
and header S!

Payload throughput S*

Header length

Fixed payload service rate of S!

Traffic intensity of fixed payload S?

Forced termination probability with fixed payload and
header S!

Blocking probability with fixed payload S*
Throughput fixed payload S*

exponentially  dis-
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Table 3.2: List of symbols for CTMC
Symbol Parameter
Number of PU connections
Number of SU connections of S' and S4
Phase of SU connections S!
Number of SU connections of SB
Number of terminated SU connections S' and S4
Number of terminated SU connections S?

3 ~n R S o

equal to 1. These state probabilities are further used to calculate the parameters
of interest. Table 3.2 lists the parameters and symbols that have been used in the

CTMCs throughout this Chapter.

3.2 Single PU Channel K =1, with N =1

The system model and assumptions are described in the previous section. We start
our discussion with a simple scenario, in which a single SU group interweaves a
single PU channel. Note that N = 1 refers to a scenario in which the bandwidths
of the PU group and SU group are equal. It is assumed that each SU connection
has two components, a fixed header length ;% and a payload length. Two scenarios

for payload distributions are considered. In the first scenario, the payload length

is fixed #%, whereas in the second scenario, the payload length is exponentially

sf
distributed with a mean service rate pl,. The payload traffic intensity [25] is defined

1

As

1
[

as 0}, = where z € {f, e} for fixed and exponentially distributed payloads.

3.2.1 Fixed Payload Length

When the payload is fixed the total connection length can be expressed by the sum

of the overhead and the payload lengths, i.e.,

— =+ —. (3.1)
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Due to the presence of fixed length SU connections on the channel, the system is
not purely Markovian and it cannot be represented by a simple birth-death process
[25]. Here, an indirect approach is adopted to model this scenario by a CTMC [25].
In this approach, the connection with fixed length is replaced by a continuous group
of Y exponentially distributed connections which are independent and identically
distributed (i.i.d). Note that the total length of these Y i.i.d connections is Erlang
distributed and the individual connection has an average length of ﬁfp It is well
established that as Y — oo, the total length is the same as that of the fixed length

connections ;%

fp

Since the fixed length connection is replaced by a group of Y i.i.d connections,
a Y node CTMC is used to model the number of the arrivals of the connection in
the group, i.e., the ¥ node models the arrival of the y* connection in the group.
These states are referred to as the phases of a fixed SU connection [25]. Fig. 3.2(b)
shows the complete CTMC, where the state is shown as (i, k,y), where, ¢ and k
(€ {0,1}) represents the presence (1) and absence (0) of a SU and PU connection
on the channel, 1 < y <Y represents the y** phase of a SU connection when i = 1
(Fig. 3.2(a)). The total mean departure rate from each phase of the SU connection
is (Y, + Ay), where Vg, is the completion rate of each i.i.d connection and A,

is the termination rate due to the arrival of a PU connection. A set of balance

equations for the CTMC in Fig. 3.2(b) is given as

(

(AL + X,)P(0,0,0) = w1, P(0,1,0) + Yy, P(1,0,Y),
(Yig,+ 2p)P(1,0,1) = ALP(0,0,0),
(Yugp +2)P(1,0,2) = YusP(1,0,1), (3.2)

°)

\ (Y, +2)P(1,0,Y) =Ypus,P(1,0,Y — 1),
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i=1 -- Active SU connection Phase of SU connection when
i=0 -- Inactive SU connection i=1

k=1 -- Active PU connection
k=0 -- Inactive PU connection

(a)

1st Phase 2nd Phase 34 Phase Yt Phase

Distributed
packet length

Forced
Termination

(b)

Figure 3.2: CTMC model of SU connections with fixed payload.

such that

P(0,0,0) + P(0,1,0) + > P(1,0,y) = 1, (3.3)

y=1
where, P(i, k,y) represents the probability of the state (i, k,y). By simple algebraic

manipulation of equations in (3.2), the probability of the y* phase P(1,0,y) in

terms of P(0,0,0) can be written as

Y,uf y-1 )\1
P(1,0,y :( P ) 5 P(0,0,0), y > 1. 3.4
( ) Yivg, + >‘p (Yﬂfp + )‘p) ( ) ( )

Using P(i,k,y), the expressions for the forced termination probability, blocking
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probability and throughput are derived.
¢ Blocking Probability

In Fig. 3.2(b), an incoming SU connection is blocked when the channel is occupied
by a PU or SU connection. The blocking probability P};(h’ f) (Y') in this scenario can

be expressed as
Pp.p(Y)=1-P(0,0,0). (3.5)

Since the arrival of a PU connection is independent of a SU connection, the proba-

bility of a PU connection on the channel P(0,1,0) can be written as

Ap

P(0,1,0) = 5 .
P P

(3.6)

Using (3.2), (3.4) and (3.6), the blocking probability of a SU connection with Erlang-

Y distributed connection length has the following mathematical expression

LA
Pyp(Y) =1~ = : (3.7)

Y,LLf Y
Ap + AL+, — (—p) AL
( g Up)( P Yﬂfp+)\p

Let Pé‘(’u nH= Ylgréo PEl;(h’ f)(Y) and using the following well known identity
e’ = lim (1 + f) : (3.8)
n—00 n

the blocking probability of SU connections with fixed payload length becomes

LA
Pé(h,f) = 1 - PP _Aip . (39)
()‘p + :Up) (Ai +Ap—e Mr Aé)

e Forced termination Probability

Forced termination probability is defined as the probability that an ongoing SU

connection is terminated prematurely. Based on the fact that the sum of forced
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and unforced termination rates equals to the incoming connection rate, the forced

termination probability can be written as

SU forced termination rate

Pkl“(h,f) Y) = (3.10)

SU Connection rate

Y

From Fig. 3.2.1, > P(1,0,y)A\, is the total termination rate of SU connections and
y=1

(1= Pg, 1 (Y))A; is the incoming rate of SU connections. Using (3.10), the forced

termination probability of SU with Erlang-Y distributed connection length can be

written as

y
P(1,0,y)\,
=1

P, (V)= -2 11

using (3.2) and (3.5), P}(h’f) can be expressed as

Y
Phun) = 5= 30 () 312
’ Yy =1 Yiegp + Ap

Note that the geometric series in the above equation is convergent (common ratio

Y;;’:{f)\p < 1), hence (3.12) can be simplified to

Yy + A Yup \"
P} V)=~ _"?°_ (2 _) | 1
F(hJ)( ) Yigp (Y:ufp + Ap (3.13)

Let P}(,% n= Ylgrgo P}(’u f)(Y) be the forced termination probability of SU connec-

tions with fixed payload. Using (3.8), the P}(,%f) can be written as

Ap

R (3.14)
e Throughput

Given the arrival rate A!, the SU connection completion rate is given by (1 —

Pé(h’ f))(l — P}(h’ f))/\i. The average payload duration of the completed SU con-

nections is u% . Therefore, the aggregate payload throughput pi(h’ 5 can be written

sf
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as
Lo =1 —Phy )1 — Pt )02 (3.15)
Ps(h.f) B(h.f) F(h.f))Ysf> -
where, H;f = ;jli is the payload traffic intensity of the SU connections.
sf

3.2.2 Exponential Payload Length

In the following, the forced termination probability, blocking probability and through-
put of the SU connection with a fixed header and exponentially distributed payload

length are calculated.

Figure 3.3: CTMC model of SU connections with fixed header and exponentially
distributed payload.

Fig. 3.3 shows the CTMC of the system. In this figure the states (1,0,y), y =
{1,...Y} represent the phases of fixed header portion, whereas the state (1,0,0)
represents the exponentially distributed payload portion. Similar to the previous
section, the fixed header of length /%h is modelled as a limiting case of Erlang-Y

distribution, and the exponentially distributed payload length is given by /%1 The
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global balance equations of the above system are as follows

(

()\}3 + AP)P(O’ 07 0) = IUPP(Ov 1a O) + M;GP(]‘? 07 0)7
(Y + N,)P(1,0,1) = ALP(0,0,0),
(Yhn + Ap)P(1,0,2) = Y1y, P(1,0,1),

(3.16)

(Y pun + A)P(1,0,Y) = Y P(1,0,Y — 1),
(A + 1) P(1,0,0) = Y 11, P(1,0,Y),

\

¢ Blocking Probability

Solving (3.16) for P(0,0,0) and using (3.5), the blocking probability of the SU

connections can be written as

LpAp
(Ap + 11p)

AN — )\;M;e < Yy, )Y
N Vi,

In the limit let Py, , = Jim Pp,.(Y) be the blocking probability of SU connec-
: o U B(h,

Ppiey(Y) =1— (3.17)

tions with exponentially distributed payload length. It can be shown that

HpAp

Ashlge 22\
(Ap + 1) (/\i + A — PRES “’L>

Phe =1- (3.18)

e Forced Termination Probability

Similar to the previous section, the forced termination probability can be calculated
by using the definition in (3.11). In this scenario the forced termination probability
Pp,(Y) can be written as

Y
Ay 3 P(1,0,y)

1 _ y=0
PF(h,e) (Y) - >\1P(O, 0’ 0) )

(3.19)
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using the balance equations (3.16), the P can be expressed as

Y Y )y)
A e
”(g(mmp " ( o )Y

Y pip, trge + Ap \Y pin + Ay

P}(h,e)(y) = (3.20)

In the limit, let Pry, , = YIE};O Pp,(Y) be the forced termination probability of
SU connections with exponentially distributed payload length. Using (3.8) it can
be shown that

Pl —l—c + Le Z (3.21)
F(h,e) — [1/1 + Ap ) .
:P}(h,O) + P}(o,e) (1 - P}(h,O)) ;

Ap

where, P}(ho) =1—e # and P}(O 0 = A

T4+ Note that compared to (3.14),

P}(h,o) can be considered as the contribution of the fixed header to the forced termi-
nation probability, whereas P}‘(O,e) is the contribution of the remaining exponentially

distributed part.
e Throughput

The total throughput is the product of completion rate and the average length of

completed connections ”i In this scenario, the average length of SU connections is

the sum of fixed header length and the average payload length i.e.

1 1 1

Assume that the payload length of the completed connections is exponentially dis-

tributed. For a given forced termination probability P}(O’e), the average length of

1-pPl
the completed connections is ﬂ11 = (u+(0)) [40]. Therefore, the aggregate payload

se se

throughput pi(h o) can be written as

(]‘ - P}%‘(O,e))

" (3.23)

pi(h,e) =(1- Pé(h,e))(l - Pz«lﬂ(h,e)))\i
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3.2.3 Optimal SU PayLoad Length

In this section, the optimal payload length of SU connections which maximizes the
aggregate payload throughput for a given payload traffic intensity and fixed header

length is investigated. Mathematically, the optimisation problem can be expressed

by
jis: = arg mﬂgm{pim,z)},
As 1 1,1 1 (3:24)
st = =0,, A(pg) >0, —=g¢
Hsz Hh

where, z € {f,e}. By substituting \! = 6. ul, and u_lh = c in (3.15) (3.23), the
critical points of the above optimisation problem can be calculated from

d_
P = 0 (3.25)

e Fixed payload length
From (3.15) (3.25), the optimal fixed payload length p;; of SU connections

must satisfy the following equation.

2

A A “Ap(et )
L e T =, (3.26)

I 1%
M;} 0, f Hs

1

Although, the closed form solution of the above equation doesn’t exist, p

7 can
be calculated by using numerical techniques given in [117] or by using built in

root finder functions in MATLAB.

e Fxponentially distributed payload length
Similar to the fixed payload length, the optimal mean payload length p!* must

satisfy the following equation.

2 (%N (AN 2
o (Mf*> + (ull?") (1 + 9—1> +e M =1, (3.27)
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The roots of the cubic equation (3.27) can be calculated using the standard

techniques described in [117].

Note that the mean optimal payload length H% and #% must always be less than

sf se

the mean inter-arrival length /\ip of PU connections. This can be seen from (3.26)

and (3.27), since the right hand side of both equations is equal to 1.
3.2.4 Numerical Results

In this section, we give some numerical examples of the forced termination proba-
bility, blocking probability and throughput with fixed and exponentially distributed
payload length. In all the examples, A\, = 1, p, = 4 which gives a PU channel
occupancy of 20%. In Monte Carlo simulations the following methods are used to

compute the probabilities and throughput.

Total No. of terminated connections in [0, 7]

Pl = lim
F(h2) ™ 7560 Total No of active connections in [0,T]

Y

~1 . Total No. of blocked connections in [0, 7]
’ T =500 Total No. of connections in [0, 7]

’

Total Payload length of completed connections [0, 7]

~1 T
ps(h,z) - :,1141)1;)10 T ) (328)

where, z € {f, e}.

In Fig. 3.4 the blocking probability Pé(h’z), forced termination probability P}(w)

1

— and
Hsy

are plotted against the fixed and exponentially distributed payload length

- for a given SU payload intensity ¢, = 1. Note that 0], = :‘E is the offered

sz

traffic. In the figure, P}(h ») s an increasing function whereas Pé(h . isa decreasing

function. This is expected, because for the forced termination probability, lower
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Figure 3.4: Left: Forced termination probability PI}“(h,f) or P}(h,e)7 Right: Block-

ing probability Pé(h’ 5 or Pé(h7e) versus SU mean payload length é or ul

{)‘pnup} = {1,4}, O;e or Q;f =1

T given
connection lengths have less chance of collision with PU connections. For the block-
ing probability, due to the fixed payload intensity, smaller connection lengths mean
faster arrival rates and more chances that SU connections are blocked. Also in
: o 1 1 1 1

Fig. 3.4 it is observed that PF(M) and PB(h’e) are lower than PF(h’f) and PB(hJ),
respectively. This is because, for exponentially distributed connections there are
more connections with smaller length than the mean connection length.

Fig. 3.5 shows the throughput curves p{,, 5 OF pi(h o) of the SU connections with

L or ”11 . In both scenarios,
sf

fixed and exponentially distributed payload length "

se

the figure shows that there exists an optimal payload length which maximizes the
throughput. The reason is that the throughput is a function of blocking and forced
termination probabilities, and the duration of the payload. For a given traffic in-

tensity, the higher the payload length, the smaller the blocking probability. For the



46

0.3

Exponentiall

— —Fixed

mulations
=0.2

. - +
(&)
* L.

Si
L
Hh
L
Hh

Payload throughputpl, ; or pl, .

‘0.1 0.4 0.7 1
Mean payload length -+ or -
pl, O WL,

Figure 3.5: Aggregate payload throughput of SU connections pi(h 5 OF p;(hve) versus
mean payload length u% oru% given { Ay, pp} = {1,4}, 05 or 0}, = 1.
sf se

connection itself, since the header is fixed, the larger the payload length, the more
efficient is the transmission per connection. Therefore, in terms of the blocking
probability and transmission efficiency, a larger connection length is more desir-
able. On the other hand, larger connection size results in higher forced termination
probability, hence reduced throughput.

Fig. 3.5 also shows that despite of a higher blocking probability and forced termi-
nation probability as shown in Fig. 3.4, the throughput with the fixed payload length
is higher than that with the exponentially distributed payload length. This is be-
cause the average length of completed connections for the exponentially distributed
payload is substantially less than that of fixed payload (3.15) (3.23). Taking into
account all these factors, the fixed payload is the preferred option.

In Fig. 3.6, the optimal throughput p;z‘h 5 Or piZ‘h o is plotted against the SU
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Figure 3.6: Optimal aggregate payload throughput of SU p, ; or pi(h o) Versus SU
traffic intensity 6}, or 01, given {\,, u1,} = {1,4}.

1

se’

traffic intensity 6}, or 6},. For each value of 6, or 6., the optimal mean payload
length is calculated from (3.26) (3.27). The optimal throughput is a monotonically
increasing function of SU traffic intensity. The figure also shows that there are
2 regions in terms of the rate of increase in throughput. For 0 < 0! < 5 the
throughput increases at a relatively higher rate and there is no significant increase
in throughput for #!, > 5. This behaviour is expected as there is a fundamental
limit in terms of achievable SU throughput for a given PU traffic intensity. In the

above figure, PU occupancy is 20%, which means that a genie SU groups can reach

maximum occupancy of 80%.
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3.3 Multiple PU Channels (K > 1, N > 1) and
Two SU groups

In this section, we first investigate the impact of spectrum sharing between two SU
groups in a CRN with spectrum agility. We refer to this as the “basic system”.
In a basic system, the SU connection can access one of the available PU channels,
however, no spectrum handoff is allowed ( Fig. 3.7). Each of the two SU groups
has different traffic statistics. Second, we also investigate the impact of horizontal
handoff and channel reservation. The single SU group is treated as a special case,
by letting 6 tend to O for one of the SU groups. Such a spectrum sharing scenario
has partially been considered in [56], where the effect of forced termination was
neglected. This section includes the forced termination aspect, and therefore gives
a more realistic result. For mathematical convenience it is assumed that the SU

header length is 0.
3.3.1 Basic System

Fig. 3.8 shows the state transition diagram of a basic system. The states in the model
are given by the number of active connections in the system, i.e., (i, j, k), whereas
1, 7 are the number of active SU connections of S4 and Sp overlaying k active PU
connections. The transition rate from state to state is given by the labels on the
arrows. An example of a forced termination is the corner state (i —[,j —m, k + 1)
from state (i, j, k) (shown as a dashed arrow in Fig. 3.8), where [ and m represent the
number of terminated active connections from S4 and Sp respectively. Following
(38, Eq. (1)], the termination of ¢ = [ + m out of x =i + j SU connections follows

a hypergeometric distribution [118], and can be written as
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\Incoming PU connection

I=1 connection of SA and m=2 connections of SB
are terminated

Figure 3.7: Hlustration of the Basic system.

l+m<=N
VIi=0,1..,.Nand m=0,1..,N

(i+l, j+m,k—1)
i,j,k)

(#,7,k)
i,j,k+1)

(4,j,%)
i—1, j—m.k+1)

Figure 3.8: CTMC for the Basic system.
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N\ (K —k — )N
P = ( ! ) (<( 7 xk)]\?) ) : (3.29)

i

Given ¢ and j in z, the probability of exactly [ and m in ¢ can be written as

P jm) = G)(S)ie) (3.30)
g

Combining (3.29) and (3.30) gives the probability of having exactly [ and m SU

connections terminated from the state (i, 7, k), and can be calculated from

(4,3,k) _ plig) (k)
Pl immpry = Paltjmm Pl qrs1): (3.31)

The termination of [ and m SU connections occurs at the arrival of each PU

connection. Therefore, given the arrival rate of a PU connection Ap, the state

(6,5,k)

(il j—m k1) CAT be written as

transition rate vy
(‘7 lfk) _ (i) "k)

V(E—JZ,j—m,kH) = P(i—Jz,j—m,kH))‘p (3.32)

By substituting (3.29) - (3.31) in (3.32), the state transition rate from (i, j, k) to

(t—1,j —m,k+1) is given as

AW
) \m N (K—k—-1)N
(HJ’) l+m)\i+j—1—m
(i,5,k) . l+m

Vit j—mk+1) = ((K — k:)N) )‘p7

i1+

(3.33)

for 0 < 1+ m < N. Setting j and m to zero, (3.33) is the same as [38, Eq. (1)].

From Fig. 3.8, a set of balance equations of the CTMC model for all 0 <i,7 < KN
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and 0 < k < K can be written as
/\SAP¢(Z - 1,7, k) + (Z + 1)M§§3P¢(Z +1,7, k) + /\sBP¢(Zaj - 17k)
+(j + DpgPy(i, j + 1, k) + (k + 1)y Py (i, j, b + 1)+

Z Z (:—;llc]+mk 1)P¢(i+l,j+m,k—1)5(1+mSN) =

<)‘A +Z:use + )‘B +.]:use + k’,up +IZ: Z /y(zjlkj m,k+1) 6(l +m S N)) P(z,(i,j, k)’

(3.34)
where, Py(i,7,k) = P(i,j,k)p(i, 7, k), ¢(i, 7, k) is one for all valid states and zero for

all non-valid states. Mathematically,
o 1 14+j<(K-k)N,

0 otherwise,

and P(i,j, k) denotes the probability that the system is in the state (i,7j,k). The

state probability must satisfy the following constraint

NK NK K

SN Pyl gk) =1 (3.36)

i=0 j=0 k=0

The set of equations expressed by (3.34) can be written as a multiplication of

state transition matrix ) and state probability vector P
QP =0. (3.37)

Replacing the last row of @), with the constraint in (3.36), the state probabilities
can be solved by

P=0Q, (3.38)

where, e/ = [0, 0, .., 1] and (-)7 is the transpose operator. For the basic system,
the blocking of a new SU connection occurs when all PU channels are fully occupied.
The state (i, j, k) is a blocking state if ¢ + j + Nk = NK. The probabilities of all

blocking states are summed to calculate the blocking probability which is given by

NK NK K

PLE=Y"3"N"6(i+j+ Nk — NK)Py(i, j, k). (3.39)

=0 j=0 k=0
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(4,5,k)

For the given state (i, j, k), Vi g —mok1)

P,(i,j, k) is the termination rate of [ and
m SU connections. From the state (i, j, k), the total termination rate F(i, j, k) can

be written as

NK NK
.. i,k ..
Fi,g. k) = > (Lm0 ) Pelin g, k)y, (3.40)

=0 m=0

where 0 is given as

(3.41)

0 otherwise,

{1 0<l+m<N
dp =

The total connection rate is given by (1 — P4B)(A! + \B). Using (3.10) and
(3.40) the combined forced termination probability PAP of a SU connection can be

written as

E XX (4,5,k) ..
Z Z Z (l + m)/y(i;i,j—m,k—i-l)P(b(Z’j’ k:)éf

(1= PE2)(A + AZ)

(3.42)

Similarly, the individual forced termination probabilities for user groups S4 and S%

can be respectively calculated as

NK NK

M=

K N i o
Z E lﬁy(z l,j— mk+1)P¢<Z7j7k>6f

pA _ =05=0k=01=0m=0 543
& 1 P | 34
and
NKNK K N N (3) o
2y s OkZOlZO Zomfy(i;},jfm,kJrl)P(ﬁ(Z?]’k)df
pp =" 3.44
& (1 PAFE 340
From (3.42),(3.43) and (3.44), it can be shown that
A AB
AB _ s  pA s B

Note that PAP is not the average of Pj. and PE except for the special case where

M= \B,
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3.3.1.1 Special Case-Single SU Group

In this section, the forced termination and blocking probabilities for a single SU
group are treated as a special case of two SU groups. Let Pi, and P} be the forced
termination and blocking probabilities of a single SU group respectively. Setting
j=0,m=0, A =0, uf =0in (3.33) and (3.34), we get the same equations as
in [38, Egs. (1-2)] i.e., vgfl’ﬁ){kﬂ) = ngl)ykﬂ) and Py(7,0,k) = Py(i, k). Under this
condition, the expression in (3.39) for the blocking probability is identical to that
of the single SU group.

Similarly, it can be shown that the forced termination probability in (3.42) can

be simplified to

2 kzo 121 Nl Pelis k)
Pj, = = : 3.46
b 1 PR (340

The term Jlg lfy((ffl)’k 1y P(i, k) in (3.46) is the termination rate of the SU connections

from the s;ate (i, k). By summing over all valid states ¢(i,0, k), we get the total

number of terminated connections per unit time. Note that the forced termination

probability P}, from [38, Eq. (4)] differs from the above, because it describes a rate

rather than a probability.

3.3.2 Basic System with Spectrum Handoff and Channel
Reservation

In this section, we extend the results derived in the previous section to system

with spectrum handoff and channel reservation. As described previously, spectrum

handoff allows an active SU connection to move to another vacant subchannel, rather

being terminated by an incoming PU connection. This phenomena is illustrated in

Fig. 3.9. To further ensure the continuity of existing SU connections, a small number
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of subchannels (marked R) are reserved exclusively for spectrum handoff purpose.
These subchannels improve the forced termination probability at the expense of
increased blocking probability.

In order to quantify the performance using spectrum handoff and channel reser-

vation, the following measures are defined:

Gr(r) P#B(Basic System) — Pr(r)
)=
r PAB(Basic System)

r=0...N, (3.47)

and

PEB(r) — P4P(Basic System)
G = _Be Be =0...N 3.48
5(r) P#B(Basic System) & ’ (3.48)

where, Gr(r) expresses the improvement (fractional reduction) in forced termination
probability of the basic system when r reserved channels are used, and Gg(r) de-
scribes the degradation (fractional increase) in blocking probability with r reserved
channels. Since N is the maximum number of terminations per PU connection, we
only consider r < N. If r > N the complexity of the CTMC increases significantly
as it has to cater for multiple PU arrivals rather than a single arrival. We define
a measure, tradeoff gain L(r), which relates improvement in forced termination

probability to the degradation in terms of the blocking probability as

L(r) = . (3.49)

The condition L(r) >> 1 indicates that the SU network has a greater improvement
in forced termination probability compared to its increase in blocking probability.
Fig. 3.10 shows the state transitions of the CTMC with r reserved channels
0 < r < N. The state diagram for »r = N requires slight modification. In
Fig. 3.10(a), spectrum handoff ensures no termination when a new PU connection

is made. Fig. 3.10(b)-(e) depicts the condition when the total number of vacant
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Incoming SA connection Incoming sB connection

Incomlng PU connection

Blocked
B

Spectrum Handoff

vy

/=1 connection of SA
and m=1 connection

of SB are terminated

Figure 3.9: Illustration of the system with spectrum handoff and channel reservation.
The number of reserved channels r = 2.

sub-channels is less than N. On the arrival of a new PU connection, we have
i+j+ (k+1)N > KN, therefore forced termination occurs. Fig. 3.10(b) allows
new SU connections because the number of free subchannels is greater than r. Con-
trary to Fig. 3.10(b), Figs. 3.10(c)-(e) will allow no new SU connections since the
number of free channels are less than or equal to r. Note that there is a number
of states which have a single arrow to/from state (7, j, k) . These states include the
cases where either forced termination occurs, or a new SU connection is blocked be-
cause there is no vacant subchannel except the reserved subchannels. The condition
Figs. 3.10(d)-(e) also signifies that the SUs are utilising the reserved channels. The
state (7, , k) in Fig. 3.10(e) can also result from other states (i +1,5 —m,k—1). In
these transitions, forced termination occurs.

With spectrum handoff and channel reservation, the forced termination will only
occur when ¢ +j + Nk > (K — 1)N. The arrival of a new PU connection will cause

the existing SU connections to pack themselves in (K — (k+ 1)) N subchannels, i.e.,
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r < N. The states (i—1, j —m, k+1) satisfy packing condition i.e., (i—1)+(j—m) =

Figure 3.10: A CTMC for the system with spectrum handoff and channel reservation
(K —k—1)

Nifor0O<l+m<N.
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the transition of current state (i, j, k) to state (i — [, — m, k + 1) with the packing

condition (i — 1)+ (j —m) = (K —k — 1)N. The rate of this transition is expressed

() ()

(i.4.k) _\lJ\m

"Y(ifl,jfm,kJrl) - Z+] )\P‘
(l + m)

The condition of a valid state ¢,.(i,j,k) for all ¢,57 = {0,..., KN —r} and k =

as

(3.50)

{0,... K} is given as

1 i+j<(K—-kN andi+j<KN-r

(3.51)
0 otherwise.

¢’l"(i7j7 k) = {

Similar to the basic system in the previous section, the set of balance equations
for the CTMC in Fig. 3.10 are shown in Appendix A. Together with the constraint
(3.36), the state probabilities P, (i,j,k) = P(i,7,k)¢.(i,j,k) can be solved using
(3.37) and (3.38). With spectrum handoff and channel reservation, the blocking of
a new SU connection occurs when the number of vacant subchannels is less than or

equal to r. Mathematically,
NK—r NK—r K
PPy = > > > 8(i+j+Nk>KN—r)Py, (i, ], k). (3.52)
=0 j=0 k=0
Using (3.10), the combined forced termination probability with r reserved sub-
channels can be calculated from,

K N N
1 (l+m) > o
AB _ 2: 2:2:}:2: (4,5,k)
PFe (T) - (1 - PéxeB(T)) ()\;4 + )\SB)ry(i—lJ—m,k-l—l)Pd)r(Z?j?k)(sz'

=0 7=0 k=0 =0 m=0
(3.53)

The individual forced termination probabilities for user groups S4 and S? are

K N N
1 L
A _ (Zvjvk) Y
PO = gy o Do 230 3 G Poli 03

(3.54)
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and

K N N
1 m (i
B . (szzk) - s
PF@(T) - (1 _ PgeB(T)) . . E E § , AgBV(i—l,j—m,k—&-l)Per(Z?jJ k)(;fra
(3.55)

where, 04, is defined as

dpp =0((i=1)+(—m)—(K—k—1)N) 6(i+j+Nk > (K—1)N) §(0 < l+m < N).
(3.56)
Note that dy, consists of three conditions, i.e., the packing, termination and a valid

number of dropped SU connections.

3.3.2.1 Special Case-Single SU Group

In the case of a single SU group, we set the respective parameters for Sg in Figs. 3.10(a)-
(e) to 0. Note that the resulting state transition diagrams are different from [38,
Fig. 4]. The latter did not include the proper state transitions for the reserved chan-
nels, which gave over optimistic result. In Figs. 3.10(a)-(e) all five state transition
scenarios are included which gives a complete CTMC analysis.

The state probabilities P, (i, k) are calculated by following the basic system’s
approach(). For a single SU group, the blocking probability with r reserved sub-

channels can be written as

NK—-r K

Ph(r)= > 6(i+ Nk > KN —r)P, (i,k). (3.57)

The above expression states that the blocking of a new SU connection can only
occur when the number of vacant subchannels are less than or equal to r. For a

single SU group, the forced termination probability is given by

NK—r K (i,k) ] .
Z Z 271 Lk+1) P¢,,(Z,k)5f(7’)

Pp(r) = ——*= “(‘1 BN , (3.58)
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where, 6;(r) = 6(i + Nk > (K —1)N) 6(i — (K — k — 1)N —1). Note that §}(r)
refers to two conditions. Firstly, the forced termination occurs only when (i+Nk) >
(K — 1)N. Under this condition VEZfz),k +1) = Ap. Secondly, (2 — ) SU connections
are packed into (K —k —1)N available subchannels and the remaining [ connections

are terminated.

3.3.3 Network Throughput

The network throughput is defined as the products of the connection completion
rate, the average service duration per connection and the data rate. For unit data

rate, the theoretical throughput can be expressed as
pee = (1= Pg)(1 — Pr2)*032 (3.59)

where 070 = (A%0/pu®0) is called traffic intensity [25] and xy € {1, A, B} for single or
two user groups (S4 and Sg), respectively.

For a fixed 6%

20, the throughput p%° reaches a maximum when the SU service rate

(u0) approaches infinity, i.e., p¥o* = xlolm p¥o. A simple proof is given as follows.

58 —00
When p* — oo, we have P2 — 0. :[‘he blocking probability in (3.59) consists of
two parts i.e., Pgd = Pgo(pri) + Pg(sec), where Pg(pri) is the blocking probability
due to the situation in which PUs occupy all the subchannels, and Pp(sec) is the
blocking probability which can be computed from the probability for a given number

of vacant subchannels. It is known that Pj2(sec) is constant for a fixed 679 [25].

Therefore, the maximum achievable throughput p%, can be written as

peet = lim (1= Pge)(1 = Ppe)bse = (1 — Ppe(00))0se

o se’
l"’SE _>OQ

(3.60)

where, Pr’(00) is the blocking probability when Pr2 = 0.
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3.3.4 Numerical Results

In this section we give some numerical examples of P2, Pz2, and the throughput p%
for SUs. In all of the following simulations, we set K = 3, N = 6 and Pp., P52, p¥
are plotted against PU (SU) traffic intensity 6, (6%°). In addition, service rates of the
SU groups are normalised with respect to the PUs rate i.e., 420 = (u%°/u,), where

xo € {1, A, B}. In addition, » = 0 indicates the spectrum handoff only condition

without channel reservation.

3.3.4.1 Single SU Group

In Fig. 3.11, P}, and Pj, are plotted against 6, € [0.5,1.5], for given 6!, = 8 and
fil, = 1. Tt can be calculated that the range of 6, corresponds to the PU channel
occupancy from 16.43% to 43.28%. Compared to systems with spectrum handoff
and channel reservation, the basic system has the lowest blocking and the highest
forced termination probability. Spectrum handoff results in a significant drop in
P}, for a moderate increase in Ph,. The introduction of reserved channels are not
particularly effective in this instance.

Fig. 3.12 shows the impact of 8!, on P}, and P}

for a given 0, = 1 and i}, = 1.

e’

The behaviour of P, is similar to that in Fig. 3.11. For the basic system, Pp,

decreases slightly as 9;6 increases. This is counter intuitive. At high 9;8, due to
NK K

fixed N, the forced termination rate »_ > F(i,0, k) will saturate faster than the
i=0 k=0

connection rate (1 — P5.)\!, implying an increased SU occupancy. Note that Pp is
the probability of termination per occupied channel. With spectrum handoff and
channel reservation Pj, initially decreases slightly, before increasing with 6!,. This
can be explained as follows. At very low 6! values, the existing SU connections

readily find vacant subchannels. As 6! increases the number of occupied channels
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Figure 3.11: Single SU group, Left: Blocking probability, and Right: Forced termi-
nation probability versus PU traffic intensity given 6!, = 8 and i, = 1. Simulation
results are shown with “+7.
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Figure 3.12: Single SU group, Left: Blocking probability, and Right: Forced termi-
nation probability versus SU traffic intensity given 6, = 1 and fi}, = 1. Simulation
results are shown with “+7.
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Figure 3.13: Single SU group, Left: Aggregate throughput, and Right: Probability
tradeoff gain versus SU traffic intensity given p = 1 and !, = 1.

increases, but there is still enough vacant subchannels to handle the arrival of a new
PU connection and the probability of forced termination (for an existing connection)
decreases. Eventually, at high 6}, there are fewer vacant subchannels to accomodate
the displaced subchannels and forced termination probability increases.

The throughput p! and the probability tradeoff gain L(r) are shown in Fig. 3.13

for a given 6, = 1 and !, = 1. At low values of ., the network throughput with

spectrum handoff and channel reservation is higher than the basic system. However,
the same cannot be said for high values of 6.. The curves of tradeoff gain L(r) show

that more reserved channel give less gain in probability tradeoff. Also, for the same

r, the effectiveness of the tradeoff reduces as 6!, increases.
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Figure 3.14: Comparison of single and two SU groups, Left: Aggregate Throughput,
and Right: tradeoff gain versus normalized SU service rate given fp = 1, 6! =12,
04 =6, 08 =6 and r = 0.

3.3.4.2 Two SU Groups

In Fig. 3.14, we compare the throughput and probability tradeoff gain L(r) of two
user groups with a single SU group having the same traffic intensity i.e., 8, =
02 + 68 In this example the abscissa is the SU service rate pZ (ul,) and we assume
that 0, =1, 04 =08 =6,0!, =12, r = 0.

The throughput pZ = p2 + pB and pl, are monotonically increasing functions
of both i) 4B and pl, respectively. When fil, = i = 4B the curves pAP intersect
with single user throughput p!_. This is expected, since at the intersection points
SUs from both S and Sp are arriving at the same rate which is half of that of single
user group S!. The maximum achievable throughputs for both single and two user

ABsx

. . . o 1*
groups are identical i.e., pi.°" = p.r.

For probability tradeoff gain L(0), all the curves exhibit a U-shaped behaviour.
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This can be explained as follows. For relatively low service rates (long service du-
ration), blocking probability increases at a higher rate than the rate of reduction in
forced termination probability, whereas the opposite happens at high service rates
(short service duration). For the given simulation parameters, service rates close to
0.1 for both groups minimise the probability trade-off gain. This example demon-
strates that the SU service duration relative to the PU counterpart has significant
impact on the tradeoff, and the tradeoff is much more effective when the SU service

rates p20 is much larger or smaller than the PUs.

3.4 Airtime Fairness

This section investigates the throughput fairness among two SU groups. For brevity,
we limit our discussion to the spectrum handoff case only i.e., r = 0.
Fairness: We define a fairness scheme in which the fractional throughput loss of

both SU groups (with respect to their offered traffic 02,) is equal, where z € {A, B}

GA _ 9.;46 B pfe
4 QA
g8 ¢ B (3.61)
GB _ ’se Pse
4 652

Based on the above equations, the fair metric is

_G

F=—-t (3.62)
Gy

The scheme is optimally fair when f* = 1. In Fig. 3.15(a), the no constraint sharing
gives an ideal fairness f* = 1, only for p2 = p2. It applies to any values of A%
and B (Fig. 3.15 has M = 12, AP = 20). When p2 = uZ, the two SU groups act
as a single SU group due to the superposition of Poisson arrivals. Mathematically,
PA = PE and P48 is constant for both S4 and SP. As the difference in the service

rates between the SU groups increases, the fairness f deviates from its ideal value.
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Figure 3.15: Left: Fairness F versus SU service rate p4 (u2) given A\ =12, A8 =
20, p, = 1 and A, = 1. Right: Fairness F, versus SU arrival rate A (AZ) given
ph =08, u2 =2, p,=1and \, = 1.

In Fig. 3.15(b), we investigate the fairness F and throughput p for a given
pd = 0.8 and pZ = 2. The fairness curves at low to medium values of arrival rate
A (AB) show that spectrum sharing results in an unfair distribution of channel

resources among the two SU groups. The percentage loss in throughput of S4 (large

connection length) is significantly higher. The arrival rate has less effect on fairness.
3.4.1 Fairness Through Channel Partitioning

In the previous section, the results show that dissimilar SU groups can lead to unfair-
ness. In the following we investigate the potential of a channel partitioning policy
to address unfairness. In essence, we restrict the maximum number of allowable
active connections to N4 and NB for S4 and S? respectively, where 0 < N4 < NK

and 0 < NB < NK. The variation of N4 and NP gives rise to the following 3
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Incoming SA connection

Incoming SB connection

Blocked /

Figure 3.16: Illustration of channel partitioning scenario, K = 3, N = 4, N4 = 4,
NB =38,

conditions. The first condition N4 = NK — N represents a channel partitioning
scenario, the second condition N4 4+ N® > NK is a weaker channel partitioning
scenario, whereas the condition N4 = N = NK is the no constraint scenario de-
scribed in the previous subsection. Here, we only consider the channel partitioning
scenario because it does not require the calculation of state probabilities in which
the transmission of the SU groups overlap. A channel partitioning scenario is shown
in Fig. 3.16, in which an incoming S® connection is allowed to access the channel,
while an incoming S# connection is blocked even though there is a vacant subchan-
nel. In the channel partitioning scenario, the objective is to find a feasible number
of channels {N4, NB} such that the access scheme is optimally fair i.e., f* =~ 1.
Due to integer values of { N4, N2} the optimally fair value of 1 may not always be
possible. From (3.62) it is also obvious that the calculation of { N4, NP} requires

the knowledge of termination and blocking probabilities for both SU groups. In the
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following, we model this channel partitioning scenario as a simple extension of the
CTMC in Section 3.3.3.

The maximum number of allowable connections of S#4 and S? are N4 and N?
ie,i=1{0,...,N4}, j={0,..., NP} and the state probabilities can be solved un-
der the fundamental probability constraint (similar to the section 3.3). The blocking

probabilities and forced termination probabilities are given as follows.

N4A-1 NB K NB K
Pho= % > > 0(i+j+Nk=NEK)Py(i.j.k) + Y > Po(Njk), (3.63)
1=0 j=0 k=0 j=0 k=0
N4 NB-1 K
Pp, = > " 6(i+j+ Nk — NK) Py, (i, j, k +ZZP¢O i, NE k). (3.64)
=0 j=0 Ek=0 j=0 k=0

The combined blocking probability of SU groups P4? seen by PU network is given

as

A B

A A
AB s A
PLE = N AE +>\§PBe + ¥ +)\BPBQ, (3.65)

NA NB K min{N4 N}min{NB N}

L G .
PJ::‘e = PA Z Z Z Z Z )\_A'Y((if}?_m,k-s-l)P% (4, J, k)(;f”

i=0 j=0 k=0
(3.66)
and
1 NA NB K min{N4 N} min{NB N} o
Pg, = (1-PB) >0 )\—Bng}?_m,ml)P%(i,j, k)ofr.
Be/ i—0 j=0 k=0 1=0 m=0 s
(3.67)

3.4.2 Scenario 1 02 #608, p2 4 4B and A} #£ A8

In Fig. 3.17 and Fig. 3.18, the fairness f and throughput p are plotted against u

respectively, for given uZ = + 0.3, 021 = 4 and 2 = 7. In this condition, P{, #
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Figure 3.17: Fairness f versus SU service rate p2 given 64 =

pd +0.3, g, =1 and A\, = 1.
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Figure 3.19: Fairness f versus SU service rate pZ given 04 (02) =6, u2 = 2 +0.3,

tp =1 and A\, = 1.

PE ., and Pj, # PE. The fairness curves at low to medium values of service rate
p2 show that the no constraint scenario results in an unfair distribution of channels
among two SU groups. The percentage loss in throughput of S4 is significantly
higher (due to large PA.). At large values of service rate pZ the fairness improves and
throughput saturates due to the lower termination probability of both SU groups.
On the other hand, the channel partitioning achieves fairness at a cost of the decrease
in aggregate and individual throughput i.e., by assigning more subchannels to S4
than SP. At higher values of p2 (u2) there is almost no difference between the
fairness and throughput in both strategies. The fluctuation in fairness occurs due

to the integer number of subchannels.
: A _ pB A B A B
3.4.3 Scenario 2 0, =0, ., # ., and A\ # A;

Fig. 3.19 shows the fairness f curves plotted against SU service rate u’, given

pB = p2 403, 04 = 6 and #Z = 6. The arrival rate of S4 is higher than S?
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because of the offered traffic is constant for both SU groups. The curves are fairly
similar to the previous figure and indicate that the smaller durations achieve better

fairness.

3.5 Summary

In this Chapter, using a CTMC we have presented the exact solutions to determine
the forced termination and blocking probabilities, and aggregate throughput of a

SU group as well as two SU groups. Specifically,

e For a single PU channel (with only one subchannel) we have derived the opti-
mal exponential and fixed payload lengths which maximize the SU throughput.
The results show that despite higher termination and blocking probabilities,
a fixed payload length provides a better throughput than an exponentially

distributed payload.

e For multiple PU channels (with more than one subchannel) and two SU groups,
three types of systems with were considered; without spectrum handoff (basic
system): with spectrum handoff and channel reservation. For all these systems
the single SU group was treated as a special case. In the former case, the
results show that the blocking and forced termination probabilities increase
with PU traffic intensity, as expected. However, SU traffic intensity has a
different impact on the forced termination probability. The forced termination
probability decreases slightly as SU traffic intensity increases for the basic
system. For the systems with spectrum handoff, forced termination probability
is always less than the basic system. However, there exists an optimal arrival

rate that minimizes the forced termination probability. Spectrum handoff
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(r = 0) is more effective than channel reservation r > 0 in reducing forced
termination probability for a given increase in blocking probability (tradeoff
gain). The tradeoff is much more beneficial when the service rate is either very

high or very low compared with the PU service rate.

e For two SU groups, we found that spectrum sharing can result in unfair channel
occupancy. The problem is most prevalent when the difference between the
two service rates is large. Channel partitioning (where a limit is placed on
the maximum number of active connections of each S4 and S® group) forces

fairness but the throughput penalty might not be worth it.

In the next Chapter we consider underlay networks, where concurrent transmis-

sions are allowed between the PU and the SU.



Chapter 4

Access Architecture for Secondary
Femtocells in Downlink channels

In Chapter 3, the QoS parameters are calculated under the assumption of orthogo-
nality (no interference) between the PU and SU transmissions. Generally, in wireless
systems, the transmission links are bidirectional (full duplex). These bidirectional
links are often identified as Uplink (UL) and Downlink (DL). In the interweave
access mode, interference can be ignored at the PU and SU receivers in both the
UL and DL directions. This simplifies the analysis and the QoS parameters on
the UL and DL can be calculated independently. In this Chapter, the condition of
orthogonality is relaxed and concurrent bidirectional PU and SU transmissions are
considered. Spectrum sharing becomes an underlay issue. The PU transceivers are
identified as PBS and PUE and SUs transceivers are identified as SBS and SUE.
The transmission paths between the PUE and PBS (PUE-PBS) and the PBS-PUE
is called UL and DL respectively.

A cellular network is the prime example of full duplex transmissions, in which
the total coverage area is divided into cells (macrocells) to enable frequency reuse.
Macrocell coverage often degrades in an indoor environment (such as the home or

office) due to additional building penetration losses. Recent studies [12] [15] have

72
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shown that indoor coverage can be improved by adding a femtocell (FC) so the
transmitter-receiver separation is reduced and the signal strength is improved. A
FC can reuse the macrocell frequencies and, while doing so, act as a secondary
network that generates UL and DL interference to the primary macrocell’s PBS or
PUE. To avoid and manage such interference, cognitive empowered femtocell base
stations (here we identify them as SBS) have been recently proposed [89]-[100]. In
these schemes, the FC works in the same mode, and shares the same spectrum as
the macrocell. Transmission is not possible unless both the UL and DL spectra are
essentially clear.

In general, for cellular networks the link gain is concentrated at the PBS, due to
higher mounted antennas, higher gain antennas, spatial diversity, higher transmit
powers and low noise figure receivers. This is evidenced by a recent spectrum anal-
yser measurement shown in Fig. 4.1. These measurements are carried out in our
laboratory (on the ground floor of a six level campus building) with an omni direc-
tional sensing antenna mounted 2 meters above the ground (similar to a FC). The
DL frequencies of the GSM is clearly visible, indicating heavy activity on a num-
ber of channels but no signal is seen in the UL frequencies. UL signal splashes are
rarely seen and only occur when transmission is in close proximity to our Laboratory
(< 50m in this environment). GSM is mainly used for voice traffic in which case
spectrum usage is expected to be almost equal in both links. Clearly transmissions
from the mobile units are getting to the PBS since UL and DL receiver signal levels
are balanced, but the signals are not reaching our sensing antenna. Not having a
"PBS like’ gain mechanisms at one end of the link (transmitter end or receiver end)
has decreased the UL’s signal strength. This explains the lack of UL signal activity

in Fig. 4.1. PUE transmissions are generally not heard. The strong measured DL
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Figure 4.1: Spectrum Measurements of GSM UL and DL

spectrum indicates that any FC transmission at macro PUE power levels will inter-
fere with the PBS, ruling out UL transmission (unless sophisticated power control
methods are applied). The clear UL spectrum indicates that FC transmission in the
DL spectrum will not cause interference to the PUE. However, interference to the
FC from the PBS must be overcome, and this impacts the FC’s coverage area. This
observation is used to develop an access scheme for FCs. The contribution of this

Chapter are as follows:

e We propose to operate the FC in the TDD mode using only the DL spectrum;
there is therefore no interference to the PBS. To contain interference to the
PUE, we exploit the duplex nature of the macrocell transmissions e.g. GSM,
LTE or WiMaX. We measure the presence of the PUE by sensing its transmis-
sions in the UL slot. If the transmissions can not be heard, we reason that the
PUE is far away from the FC, in which case the FC transmissions will cause

negligible interference to the PUE.
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e We include the possibility of co-located sensing and access and decentralised
sensing and access. The latter is applicable to low cost sensor networks, where
sensing is only performed by the fusion node (the SBS in our terminology).
The fusion node then schedules the sensor node transmissions. The weakness
of the scheme is that the sensing and interference paths are de correlated.
The sensing path (PUE to SBS) is no longer the interference path (SUE to
PUE) and therefore some interference to the PUE can be expected. Reduced
interference uses co-located sensing, where the sensing and interference paths

are the same, for example sensing (PUE to SBS) and interfering (SBS to PUE).

e We use this model to answer the following question. What is the cross-tier
interference and outage probability in the case of a uniformly distributed PUE
and FC. To demystify this mathematically intractable problem, a heuristic
approximation is proposed for the distance between a randomly distributed
PUE and FC. It is shown that under lognormal shadowing the interference

power or SNR can be accurately modelled by a Log-Skew Normal Distribution.

The remainder of the Chapter is organised as follows. In Section 4.1 and Section
4.2 we introduce the proposed scheme and system model. The distance dependent
additional outage probabilities for the PUE and the SUE are derived in Section 4.3.
Based on these findings the cell-wide outage probabilities are presented in Section
4.4. The approximation of the cell-wide detection probability under lognormal shad-
owing is shown in Section 4.5. Section 4.6 concludes the Chapter. The results in
Section 4.1-4.3 have been accepted for publication in PIMRC 2011 [119]. The find-
ings in Section 4.1-4.5 are submitted for review in IEEE Transactions on Vehicular

Technology [120]. The approximation presented in Section 4.6 is under review in
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IET Letters [121].

4.1 Proposed Scheme

The proposed scheme in shown in Fig.4.2(a). We consider a simplified GSM network
with one PBS. Underlaying this network is a SBS serving a SUE. In the GSM
network, each of the UL and DL channels are divided into 8 time slots (a TDMA
frame). The TDMA frames of the UL channel are transmitted with a delay of 3
time slots with respect to DL [122][Fig 4.5]. This reduces the complexity of the radio
terminal front end by eliminating the need for duplexing filters. The transmission
from PUE to PBS and vice versa occurs in the same slot number at both the UL
and DL respectively.

In order to exploit the TDD and FDD structure of GSM, the SBS/SUE sense the
DL transmission of the PBS towards the PUE at a particular time slot on frequency
wpr!. If the time slot is active then there is a PUE on that channel in the cell.
Normally this would indicate no transmission opportunity; however, for a TDD FC
this need not be the case. Next the SBS/SUE switches to a corresponding time
slot on the UL channel wy . If the SBS/SUE cannot detect PUE activity, then the
PUE is out of range. Here, we assume that the PUE must always transmit in its
allocated time slot as would be expected in bidirectional (voice) traffic scenarios. The
SBS/SUE is now free to transmit at this particular time slot on the DL frequency
wpr?. This is based on the assumption that if the SBS/SUE cannot detect the

PUE then the SBS/SUE cannot interfere with the PUE (providing its transmission

! This gives an indication of the interference that must be overcome by any secondary transmis-
sion (not considered in this paper). This interference may come from the PUE or other secondary
FCs and can be used to determine modulation and transmission power in the secondary cell.

2For TDD macrocells e.g., some WiMaX and LTE networks, secondary FC transmission occurs
in the section of the macrocell frame dedicated to the DL.
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Figure 4.2: (a) Proposed scheme (b) System model geometry.
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power is less than or equal to the PUE’s transmission power). However, sensing
imperfections and non reciprocal channels can still cause erroneous operation. This
situation is shown in Fig. 4.2(a), where time slot 4 is used by the PBS to transmit
to the PUE. The SBS/SUE first sense time slot 4 on wpy, and than switches to time
slot 4 on wyy to sense its vicinity to the PUE transmission. In Fig. 4.2(a) the
SBS/SUE is not able to detect the PUE at wy so it transmits in the time slot 4 at
wpr- On the other hand, if the SBS/SUE detects the PUE to be present at wyp, it
switches to another DL slot to search for available transmission opportunities.
Here we use a simplified GSM model because UL and DL slots are predefined.
LTE, WiMAX would require the location/knowledge of the appropriate Resource
Block, which are dynamically changing. The resource block map must therefore be

decoded from the DL frame header or otherwise known to the secondary FCs [90].

4.2 System Model and Assumptions

The system model geometry is shown in Fig. 4.2. We consider a simplified GSM
network with a PBS and a single PUE in a cell radius R. Underlaying this network
is a FC consisting of a SBS and a SUE. Throughout this paper we assume the

following.

e The PBS is located at the center of the cell with radius B. The distances

between PBS-PUE, PBS-SBS, PBS-SUE, SBS-PUE and SBS-SUE are denoted

by dp, ds, djy, dps and dgs respectively.

e The COST 231 Walfisch Ikegami (WI) [123] channel model is used to quantify
the propagation loss between PBS-PUE and PBS-SUE. The SISO WLAN

channel model E [124] (applicable to large indoor and outdoor open spaces
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with no line of sight) is used to characterise the propagation loss for the PUE-

SBS and SBS-SUE links.

No fast fading is included implying some sort of local diversity measures have

been applied to eliminate this effect on the receiver.

Lognormal shadow fading is considered for all paths. The power gain between
PBS-PUE, PBS-SUE, PUE-SBS, SBS-PUE and SBS-SUE are denoted by X,
Xy Xps, Yep and X respectively. The standard deviation of the fades between
PBS-PUE, PBS-SUE, PUE-SBS, SBS-PUE and SBS-SUE are denoted by o,

Opbs Opsy Osp and o5 respectively.

We assume that the shadow fading between PUE-SBS and SBS-PUE is cor-
related. The underlying normal distribution of the fades have a correlation

coefficient p (in dB values).

It is assumed that all the UL channels are fully occupied by PUE’s and only

the SBS is sensing and transmitting.

Table 4.1: List of symbols-Chapter 4

Parameter Symbol

d, Distance between the PBS-PUE path
ds Distance between SBS-SUE

dps Distance between PUE-SBS (SBS-PUE)
doy Distance between PBS-SUE

dpy Breakpoint distance

() Probability Density Function

F(.) Cumulative Distribution Function

T PBS transmit Power
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PUE transmit power

SBS transmit power

PBS antenna gain

PBS antenna diversity gain

Noise power+Noise figure

Pathloss coefficients dual slope model

Pathloss coeff. single slope model

Pathloss coeff. COST 231 WI PBS-PUE, PBS-SUE
Cell Radius

Free space loss at 1m

Sensing threshold SBS

Outage threshold

Fading gain between PBS-PUE path

Fading gain between PUE-SBS path

Fading gain between SBS-SUE path

Fading gain between PBS-SUE path

Fading gain between SBS-PUE path

Standard deviation LN fade PBS-PUE path
Standard deviation of the LN fade PUE-SBS path
Standard deviation of the LN fade SBS-SUE path
Standard deviation of the LN fade PBS-SUE path
Standard deviation of the LN fade SBS-PUE path
Correlation coefficient of the LN fades between PUE and SBS
Weights of GMQ [129, Eq. (25.4.33), (k = 1)]
Abcissa of GMQ [129, Eq. (25.4.33), (k =1)]
Number of polynomials of GHQ [129, Eq. (25.4.33), (k = 1)]
Weights of GHQ

Abcissa of GHQ

Number of Polynomial of GHQ

Weights of GMQ [129, Eq. (25.4.33), (k = 0)]
Abcissa of GMQ [129, Eq. (25.4.33), (k = 0)]
Number of polynomials of GHQ [129, Eq. (25.4.33),(k = 0)]
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prat PUE Natural outage probability

P PUE outage probability when the SBS transmits

P PUE outage probability when the SBS stays quiet

P PUE Additional outage probability

P SUE outage probability
) SNR

Tpu PUE SINR when the SBS transmits

PgY SBS Transmission probability

ép Received signal power at PUE when the SBS transmits
(:)p Received signal power at PUE when the SBS stays quiet
6, Interference power at PUE when the SBS transmits

4.3 Distance Dependent Outage Probabilities
The total outage probability experienced by the PUE can be decomposed as

Total Outage Probability = Outage Probability when SBS transmits+ (4.1)

Outage Probability when SBS remains quiet.

Let P denote the total outage probability, P% denotes the natural outage prob-

ability of the PUE and P,,, is the outage probability when the SBS transmits, then

the total outage probability P% can be written as

Pl = Pit By + (1= P P2t (42)

out — out

where, P! is the probability that SBS transmits i.e., PUE transmissions are received
below the sensing threshold. Similarly, the additional outage probability of PUE due

to the SBS transmissions is:

PPU ]Dtsmupout - Ptswupnat (43)

out — out *
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The probability P, is calculated from the SINR at the PUE i.e. P, = Fy (€out)-
The variable €,,; indicates the PUE outage threshold FY,,u (€out) Which must be met
for a successful reception, and Tpu is given as

Op

- P (4.4)
Or + Ny

pu

where, ép is the signal power from the primary path, ©; is the interference power
due to SBS transmissions and Nj is the noise power plus the noise figure of the PUE.
In order to calculate PP it is necessary to derive the distribution of P, 6, Op

out»

and the probability P4

out *

SBS Transmission Probability P!

We use signal to noise ratio (SNR) as the sensing criterion for P2*. The SBS

transmission is only allowed when the received SNR & falls below a certain threshold

€s. The instantaneous received SNR is given by

o — _TouXn

"~ NoLe(dys)’ o)

where, T}, is the transmit power of PUE and X, is the fading gain. The path loss
L.(d) is dependent on the distance d. In the literature, single exponent models are
often used to characterise L.(d), however, measurements have shown that in outdoor-

indoor communication dual exponent models provide a better pathloss prediction

[124], which is included in the WLAN-E model.

Le(d) =

{ ALy d<dy, (46)

i Lod™ d > dy,
where, Ly is the free space loss at 1m, dp, is the break point distance after which

the loss exponent increases, ko is the pathloss exponent before dp, , and k; is the
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pathloss exponent after dy,. The PDF of a lognormal fade Ly with scaling constant

u and standard deviation o (in dB) is given as

(1010850 (%))2

202 . (4.7)

10 -
——c
In(10)v27oly

Given €, the SBS transmission probability is P = Fg(¢ < €). From (4.5), (4.7)

fLF(lf;:qu) =

and [68], the transmission probability is

Tp u

V20,6

101logy (—GSN()LE(%) )

1
[P =Fo(d = e)] =5 | L+erd

where, erf(.) is Gaussian error function [68].
Interference Power © I

The SBS will only transmit and generate interference to the PUE when the sensed
SNR from the PUE is ® < ¢,. In a co-located system, the sensing and the interfering
path are the same and hence the pathloss and shadow fading is identical. However, in
decentralised sensing, the sensing path PUE-SBS is not the same as the interfering
path SUE-PUE, because of the different locations. The pathloss is likely to be
similar,® but depending on the separation SBS-SUE, the shadow fading (X, and
Y,p) could be different. Generally, X, and Y}, are correlated and their correlation
coefficient p is inversely proportional to the separation distance SBS-SUE [125]. The
distribution (CDF and PDF) of the fade Y, for given fade probability of X, can

be found from their joint PDF which is given in [126] as

100
f psyLsp x S?ys 7 = 49
X Yo (s Yoy ) (In (10))2272sYspopsTspr/ 1 — p? (4.9)

1 (( 10log1 g (zps) ) 2+ ( 10log1g (y¥sp) ) 2_2p( 10log1 g (zps) ) ( 10log10(ysp) ))

6_2(1,,)2) ops osp ops osp

3A FC has much smaller coverage area than the macrocell
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where, p is the correlation coefficient (between dB fade values).
The probability that fade Y;, < y,, given that the SBS/SUE is transmitting

e€sNoLe(dps) \ -
<Xps S %) 1S

esNoLe(dps)
Ysp G

€sNoLe(ds
FXp57YSp (%7 Sp;p) =

The closed form of the double integral in (4.10) is unknown. By proper substitution,

F (s, Ysps p) A ps Ay (4.10)
0

this integral can be transformed into a bivariate normal CDF [126]. Substituting

€s e( ps)
Ty = L0iog1o( =06 ) 1y = 100810Wsp) ) (4.10) gives
Ops ) Osp :
—2pzlzz+12)
ESN()L (d
FXps,Ysp ( G1 y Yspy P ) / / o 1 _ dl’ld{EQ. (411)

—00 —0O0

Various approximations to solve the bivariate normal CDF have been summarised
in [126] and the comparative analysis of these approximations has been performed
n [127]. Note that one can also use built in MATLAB functions to numerically
calculate the bivariate CDF (double integral), however, it will compromise the ana-
lytical tractability of the problem. Here, we opt for the Drezner-Wesolowsky (DW)
approximation [128]. The DW method converts the above double integral to a sin-
gle integral which can be efficiently solved by numerical integration techniques. The

simple DW approximations is given as

T9 T1 72pz1932+a:2) o
- 2(1— p2) ]_ 1 ( 2—2x1x2r+x2>
dridzs = Q(11)Q(x — 2(1-r7) \ "1 *dr
// or/1—p2 Qz)Q(ez) 27T/\/1—r2 ’
o oo 0

(4.12)

where, Q(z) = % <1 + erf (\%)) In [128], the above approximation is further mod-

ified to cater for divergence at p = 1 (integral in (4.12)). Here, this shortcoming is
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avoided by using the Gauss Moment Quadrature (GMQ)?*. The above approxima-
tion is first converted into standard form by substituting » = ¢p and then calculating
weights w,,, and abscissa t,,, from [129, Eq. (25.4.33) with k£ = 0 |. The final result
is given below

%2 (x%—thmlxlxg-Hc%)
2(1—p2tm1 )

Ny B
Fxpo v (%aysm}) = Q(z1)Q(a2) + 3 =

— 242
mi=l 271'\/1 Pt

(4.13)

As no SBS/SUE transmission occurs for & > ¢, the above CDF becomes a
truncated distribution. To calculate the distribution FXps,Ysp <%, Ysp; p) (the
distribution of fade from SBS-PUE when ¢ < ¢), the distribution in (4.13) needs

to be normalised [68] i.e.,

€sNoLe(dps) .
sNoLe(ds Fx,. Yo (—G s Ysp; p)
£ ( & )7 sp;p) = . (414)

oo G e
f f J (@pss Ysp) dTpsdysp
0 0
The integral in the denominator is the marginal CDF Fx  (z,) = Q(z1). The
interference power ©; can be calculated from the following equation

Yo/ P < ¢
Le(dps)

where Ty, is the SBS transmit power. Differentiating (4.14) and subsequently ap-

O, =Ty (4.15)

plying linear transformation, the PDF of the interference power is given as

1 2 2
7ﬁ (l‘l 72ptm1111‘2+12)
2(1—p t,n1

N,
. . T pwm, (10ptm, x1—10z2 e
fé] (9[) = fLF <9], %ﬁi)s),gsp> -+ Z 1( 171 2)

N 3
mi=1 27rln(l[))Q(a:l)G]Usp(l—thgnl)Q
(4.16)
Le(dps)f
1010g, (0L pe) ) 10log (%}j”)
h — L d zy = :
where, > and T o
ps sp

4In wireless communication theory, Gaussian Quadrature methods [129] such as Gauss Hermite
quadrature, Gauss moment quadrature, and Gauss-Legendre quadrature are widely acceptable to
obtain solutions of complex integration problem. For example, they are recently been used in
[130][131][132][133] to approximate the integrals involving gamma, lognormal and bivariate lognor-
mal distributions.
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Signal Power ép

The signal power ép from the primary path (PBS-PUE) is given as
éP = G2prL1_ui1 (dp), (4.17)

where, Gy = TGy, Tpp is the transmit power or the Effective Isotropic Radiated
Power (EIRP) of the PBS, and G, is the PBS antenna gain. It is assumed that only
NLOS conditions exists between PBS and PUE. The pathloss L,,;(d,) is calculated

from the COST 231 WI model and can be written in generalised form as

d n
Lyi(d)=1L1 | — | . 4.1
@ =1 (55) (119
The value of the parameters for the calculation of L; are summarised in Table 4.3.

4.3.1 Additional Outage Probability of the PUE P

out

The SINR T,, in (4.4) is a ratio of random variables. The CDF of the ratio can be

calculated from:

o0

Pt = Py, 0u)) = [ Fop (6t fo, (65) i (4.19)

No
where, ©;, = O; + Ny. A closed form of the integral is not known. Here, we apply

the Gaussian Hermite quadrature (GHQ) [129, Eq. (25.4.46)] to approximate these

integrals. The final outage probability expressions are given in (4.20), where wj, and
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ty, are the weights and abscissa of GHQ.

FYpu (Upu) =
N, 10logy (ﬁpu(emgémﬁ”‘”th““(%) +N0)> —10l0g,0 (-5 )
hz::l 2“’7’% 1+ erf T5 +
% % PWHWmq (ptmlxl—th)e2(1_’)2’%1)(11%%1“%)
Pt 2mv/2Q(1) (1-p%t3,, )
10l0g 10 (iﬁpu(elnﬁgl@mthmm(%) +No)> ~10logyo (7,7 )
1+ erf

V20pp

(4.20)

The natural outage probability of the PUE (without interference ) is given as

10 10 6out]\fOL’wi(dp)>
1 £10 ( G
Pt — — | 1 +erf :

out 2 \/§O-pp

Substituting (4.8), (4.20) and (4.21) in (4.3) gives the additional outage probability

(4.21)

of the PUE caused by the SBS transmission.
4.3.2 QOutage Probability of the SUE

The DL transmission from the PBS interferes with the SBS transmission to the SUE.
Outage occurs at the SUE, when its SINR, T,,, is less than a certain threshold.

We assume the same threshold for the primary and secondary networks (€y), i.e.,

Pt = Fy_, (€out), where

stXssLe_l(dss) 653

T,, = o )
GoXpy Ly (dp) + No - 03,

(4.22)

Given, the outage probability of the SUE, the effectiveness E}b of the SBS transmis-
sions (defined as the combined probability of transmission and successful reception

at the SUE) can be written as:

EY = P(1— Pi). (4.23)

out
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The CDF of T4, can be calculated by appropriately replacing the PDF’s and

CDF’s in (4.19). The SUE outage probability in terms of GHQ and is given as

log(10) V255U Go
o V2opptptin (W) T
10logq (Usu(e wi(dpp) +No) [ —10logyo (ﬁcll)s))

Np,
_Wh_
hgl NG 1+ erf N

(4.24)

4.3.3 Numerical Results

In this section, we give some numerical examples that illustrate the outage proba-
bility of both the SUE and PUE. The system parameters are summarized in Table
4.2 and the parameters for the calculation of the path loss, Ly, are given in Table
4.3.3. In all the figures, the solid lines and the line markers represent analytical
results and Monte Carlo simulation results, respectively. These parameters are cho-
sen such that without any secondary interference the outage probability at the cell
edges is approximately 0.1. In order to keep the FC coverage in line with WLAN
systems, the transmit power of the SBS is T, = 16dBm which is 13dB below the
PUE transmit power.

Fig. 4.3(a)-(b) shows the additional PUE outage probability, induced by the
SBS, versus its distance from the SBS. This outage probability is plotted for 2
different PBS-PUE separation distances and 3 correlation factors. The additional
outage curves have similar behaviour; there is no additional outage at short ranges
(<100m), since the signal strength is strong and sensing is perfect. The effectiveness
of the SBS is 0 in that zone. At greater separations, outage increases due to sensing
errors and then reduces again as the interfering SBS signal becomes weaker. The

effectiveness of the SBS transmission is at its highest for its given distance with the
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Table 4.2: Simulation parameters

Notation Value
pr 10W
Tou 0.8W
Ta 40mW

Gpp(dB) 10dB

Gl (dB) 7dB

Ny (dBm) —112 dBm

(Tap, Ops; Tss) | (6dB,6dB,6dB)
s O (12dB,12dB)
(ko,k1) (2,4)

dyp 10m

n 2
Lo(dB) 41dB
€s(dB) 10dB
€out(AB) 10dB

R 4km

Table 4.3: COST-231 parameters for calculation of I,

Height of PBS Hpgs 18m
Height of the Roof Hroor 12m
Height of PUE Hpyg 1.5m
Buildings width incl Streets Hg_p 40m
Incident angle to PUE w 90°
DL Carrier frequency fa 925.2MHz
UL Carrier frequency fu 880.2MHz

Table 4.4: Natural outage probability of PUE P2,
dy Dot

0.5km | 0.00255
3.5km | 0.0819
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Figure 4.3: Additional outage probability of PUE induced by SBS transmission for
different values of d, and ¢, given T,,, = 0.8, Ty, = 40mWW. Markers on solid line
represent Monte-carlo simulation results.

PBS and the SUE. As expected the plots in Fig. 4.3 indicate the greater outage
susceptibility at the cell edge, d, = 3.5km. However, when we compare the results
to the natural outage Table 4.4 (without secondary network) we see that the SBS
outage contribution is still negligible, even when the correlation between the sensing
and interfering paths is zero, and a conservative sensing SNR threshold of €, = 10dB.
Since the sensing can be performed for a complete slot, it should be possible to detect
the PUE signal well below this level [134]. Reducing €, to 0dB (Fig. 4.3(c)-(d))
suppresses the additional outage by almost an order of magnitude.

The figure also shows the impact of correlation on P”,. The corresponding cor-

out*

relation values of lognormal shadowing for p = 0.5 and p = 0.95 (dB correlation) are
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Figure 4.4: Effectiveness of SBS transmission versus SBS-SUE distance, given d,s =
700m T}, = 0.8, Ty, = 40mW, Markers represent Monte Carlo simulation results.

0.2159 and 0.8684 (linear correlation) respectively. At closer distances the correla-
tion provides a significant outage cushion to PUE. When the correlation increases
from p = 0 and p = 0.95, the additional outage drops by a factor greater than 3. As
correlation directly represents the separation between secondary sensing and trans-
mit antenna [125], it is beneficial that transmit and receive antenna are as close as
possible and preferably on the same node.

The effectiveness of the SBS transmission is plotted in Fig. 4.4 for the worst inter-
ference scenario of Fig. 4.3 (d,s = 700m). Effectiveness is defined as the probability
that a slot position will lead to a successful secondary transmission. It includes the
probability of the slot availability and the probability of successful transmission if
its available (see (4.23)). The maximum effectiveness occurs at minimal SBS-SUE

distance and quickly decays with distance limiting the secondary cell size to about
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a 25m to 50m range. The maximum effectiveness at d; = 0 is set by the transmis-
sion opportunities which is determined by the sensing threshold. Dropping sensing
threshold from 10dB to 0dB reduces the transmission opportunities by a factor of 5.
Clearly this is undesirable. The additional drop in the effectiveness with SBS-SUE
distance is caused by outage, which is primarily due to dominant PBS interference.
When the FC is close to the PBS, the interference is strong, limiting the secondary
coverage zone to 20m for an effectiveness of 0.5. The coverage increases to 50m for

the edge of the cell.

4.4 Cell-Wide Outage Probability

From a network design perspective, it is often desirable to know the cell-wide outage
probability; the average outage probability for a fully loaded cell, when the PUE
and FC are randomly distributed. These parameters are mathematically tractable
in the UL spectrum [16][135]. However, in the DL spectrum these parameters are
only known when the location of the PUE is fixed [81]. In this thesis, we aim to
address this shortcoming and assume that both the PUE and FC are wuniformly
distributed within the PBS coverage area.

Let Poutc be the outage probability when the SBS transmits, and f’wta denote
the cell-wide outage probability without SBS transmission then P!, can be written

as

. = P Pous. + (1= P2) P, (4.25)

oute

where, P2" is the probability that the SBS transmits. The additional outage prob-

txe

ability of the PUE due to the SBS transmission is:

Py =P Py, + (1 — P ) Pow, — Pl (4.26)

oute outc*
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Remark 1. Note that, unlike the distance dependent case (4.3), P, is not a scaled

version of P?% due to randomness of the PUE and the FC.

oute

In order to calculate P} , it is necessary to know P, Poutc, Py, and Ppat - In
what follows we first demystify the problem of finding P}. Secondly, we calculate
the distribution of the distances between the interfering entities (SBS-PUE and
PBS-SUE). Thirdly, based on the signal power statistics from the primary path, we

calculate Poutc and poutc.
SBS Transmission Probability P!

Similar to the distance dependent case, we use Signal to Noise Ratio (SNR) as the
sensing criterion and determine the detection probability of PUE from the CDF of

the received SNR at the SBS. The instantaneous received SNR is given by

5 — _TnXos
NoLe(Dps)

(4.27)
A capital letter is used for D,s to indicate that it now represents a set of values.
To simplify the mathematical analysis, only single slope pathloss model is used.
i.e., Le(Dys) = LoD}, The probability density function (PDF) of distance between
uniformly scattered points in a circle radius R(m) is given in [136, Eq. (10.8)] as,
2dps 1 [ dps dps dys

2 ——1/1 - 4.28

TR? ( o8 (23 R AR? (4.28)

where, 0 < d,; < 2R and the mean is E[D,s] = 0.9054R. A similar expression for

pos (dp87 R) =

the PDF has also been derived in [137]. For a given distance d,s, the probability
that the SBS may not be able to hear the PUE is given in (4.8). Averaging the

above probability over d,s (4.28) gives Fg_ (o) i.e.,

(2R)

Fo,.(¢c) = /

0

Nod*_ 6,
Fx,, ( 0 Gp5¢ ) F oy (dpsy R)ddys (4.29)
1
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where, G; = % The above integral doesn’t have any closed form solution. In
the last section of this Chapter, we will show that the distribution of &, can be
approximated by Log-Skew Normal Distribution. However, in order to maintain
the continuity of the discussion we approximate this integral by the GMQ [129, Eq.
(25.4.33) with £ = 1 ]. The upper limit of the above integral is normalised to 1, by
introducing a new variable d,, = 2Rt. Applying GMQ gives

Nimg Notk,_(2R)*¢..
SU moz=1 meFXps (UOG—l) A(tm0>
[P = Fo.(¢c)] =

N , (4.30)
Z Wiy A (tmo )

mo=1

where, A(tn,) = 2 (7 —2sin™ (tm,) — 2tmor/1 — t2,,), N is the number of poly-

nomials used for approximation, w,,, and t,,, are the weights and abscissa of GMQ),
their values are given in [129, Table 25.8] or can be calculated by the expressions in

(129, Eq. (25.4.33) ]. In the following, we will derive the distribution of the distances

D, at which interference power will be generated by the SBS.

4.4.1 Distribution of Interference Generating Distances Dps,
and Interference Power O,

It is evident from (4.8) that the fade is dependent on the mean signal power which in

turn is related to the distance d,,. As such the interference contributing distances dps

Nodgses

are those for which the fade z,, < e

. Given Fx,, (wps), the PDF of interference

contributing distances is

Y AN
fD';75 (dps) = EFXPS G pos (dps), (4.31)
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where, the normalisation factor C represents the probability that the SBS cannot
detect the PUE (when averaged over the whole cell), i.e., C' = Fg_(€5). The inter-
ference power to the PUE becomes;

.. Y.,/ ® <
@] :G—Sp/._es

= Gyl (4.32)
d,

Y

where, G3 = ié’ The CDF and PDF of ©; cannot be completely calculated,
because combining the bivariate CDF approximation in (4.13) with (4.31) yields
definite integrals for which a closed form is unknown (product of exponential and
two Gauss error function with finite integral limits). Using the same procedure as

in (4.29) and substituting d,, = 2Rt, the CDF Fg, (8;) is given as

1

Y esNo(12R)* Or (t2R)"
Fe,. (916> = /tFXps,Ysp ( G G A(t)dt. (4.33)

0

After applying GMQ and performing appropriate scaling, the final expressions of
the CDF and PDF of the interference power is given below, where w,,, (t,,,) are the

weights (abscissa) for [129, Eq. (25.4.33) with k=1,

_%(z%—thmlzlzg-ﬁ-Z%)
. Ny Wino A(tme) M PWimq € 2(1ip2t$"1)
Fo, () = % “252 | QUoQees) + 3 e |
mo= mi=
(4.34)
Npm,
for (0r) = 2 = (Qen i, (s - % o)
O \7le) a2y Tl P (tmy2R)07 70
Non s (Aemmeed) (4.35)

Zl pwiny (10ptm, 21—1025 e
mi=1 27 ln(lo)é[Usp(l_thgnl)% ’

k
10log;q (LSNO“G”IQ =2 )

Ops

tmo 2R)F
10logy, (7< =2 G3) fe )

Osp

where, 11 = , Tg =
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4.4.2 Distribution of D,

Since the distances d,s, d,, and d, are correlated, a change in the PDF distribution
of dys (4.31) also changes the distributions of both d, and ds. In the following, we
derive the distribution of the distances f Dp(dp), for which the SBS cannot detect the
PUE (the SBS transmits), and the distances fp_ (d,), for which the SBS can detect
the PUE (the SBS does not transmit).
Remark 2. The distribution of D, fﬁs(ds) is same as po(cip).

The separation d,s between PUE and SBS is given by the cosine rule. The

location of the PUE is given by d,Zw, (polar representation), and the location of

the SBS is given by dsZw; i.e.

dps = \/dz% + d2 — 2d,d; cos(w, — w;), (4.36)

where, w, — w, is an angle between the SBS and the PUE (Fig. 4.2(b)).

4.4.2.1 fbp(cip), for which the SBS cannot detect the PUE

Here, the probability that the SBS is going to transmit from distance d, is given

N()dlgse5

by Fx,, (G—1> Due to circular symmetry of the problem the angle distributions

do not change. Since the SBS is uniformly(independently) placed, the change in

distance distribution of the PBS-PUE fbp(cip), is same as the change in distance

distribution of the PUE-SBS path, fD;)s (dps). This change is the scaling factor
Nod® e

&Fx,. <G—1> from (4.31), and gives after substituting for d,

k
2

1 . €sNo <d§ + d? — 2d,d, cos(w, — w8)>
Fo(e) ™ G

fi, (. dy, ) = fp,(dy).

(4.37)
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The above equation is a joint function of dp and dy and w = w, — w,. To find
the distribution of fﬁp(dp) over a whole cell, the variables d; and @ need to be
marginalised. The angles @, and @, are uniformly distributed ans so the distribution
of @w can be calculated from the convolving the PDF R.Vs [68]. The PDF of d, and
w is given as

2d

fp.(ds) = Tz fro(w) = {M,—%r <w<2m. (4.38)

472

The PDF fp5 (d ) can be calculated by solving the following integrals.

27
f dp? ds, w)fW( )st (ds)dw dds

;f . (4.39)
I fs, (dy, dy, @) frr(@) fp.(d)dw dd, dd,

fbp (dp> =

2

R
!
RR
H
The denominator is a scaling factor which represents the average probability of dis-
tance d,, over which the SBS cannot detect the PUE. The solution of the above inte-

Nm3 Nm4 N7VL3 7Nm4
grals do not exist. Applying GMQ’s and simplifying the notation, > > = > |

m3 Mg ma3,maq
the final expression is given below,
i, (dp) = (4.40)
k
Nimg Ny esNo(d2+(Rtm 27261. Rim, cos(2mtm, 2
Z 4wm3wm4(1 - th)FXps ( 0< . ( 4) Glp - . ) fD ( )
m3,mq
N

2 2 N\’
esNo( (Rtms ) +(Rtm, ) —2R2tm, tms cos(2mtm,)
Z 8wm3wm4wm5(1 _ th)FXp5 ( (( 5) ( 4) = 4°ms 3 ) )

(m3,m4,m5)

where, w,,, (t,,,) are the weights (abscissa) for [129, Eq. (25.4.33) with k£ = 0 |, w,,

(tm,) and wy,, (t.,.) are the weights (abscissa) for [129, Eq. (25.4.33) with k=1 |.

4.4.2.2  fp (d,), for which the SBS can detect the PUE

The distribution of po(cfp) can be calculated by replacing Fx,, <N0d es> by 1 —

Fy, (%) in (4.37).
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4.4.3 Outage Probability of the PUE When the SBS Trans-
mits P,

Denoting épc as the PUE’s received signal power from the PBS when the SBS

transmits, the SINR Tpuc and poutc is given as

Oy
@IC + No @mc

G X, (10*315,7)7 )
s Poutc = FTPUC (Eout)' (441)

buc

Applying the similar procedure as in (4.29) and using GMQ, the CDF of épc is:

Ope (Rtmg )"
) Ning Ruw 10log;, (0(21—032))
Fy, (6p) = Tms 1+ erf N
P

ms

Fo,(Btg).  (442)

Assuming é)pc and ©;_ to be independent because they include independent shadow
fading gains®. A procedure similar to (4.19) is adopted to express the integral in

terms of GHQ. Using (4.35), the CDF of T,,, is given as

N‘"L N
2 In(10)
. wm2whA(tm2) Q(zl) .. > \/igspth+#m
mmm;gﬂw ) Fy (G, (€10 2+ Ny ) )+
2
le 7ﬁ(z%72pzltmlthuml>
Z 2pwm1(ptm1z1—thum1)e !
2
2 V2muZ,,
. In(10) Gsnbh L i
Fépc (Upuc <€ e ( pitmh 2) +N0 )

(4.43)

where, pmn, = \/2(1 = p*t2,)), ftm, = 10logy, <(tmf23R)k> '

5This has been verified based on simulation analysis which was carried out over all the relevant
range of system parameters. The results indicated that the correlations between ©,,_ and ©y, is in
the order of 10~2 and thus can be neglected.
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4.4.4 Outage Probability of the PUE When the SBS Stays
Quiet P,

When the SBS does not transmit, the outage probability ]Boutc can be calculated

from the SNR Tpuc.

o, GX,(107°D,) .

(4.44)

Tpuc - NO NO s Loute — F’Y‘puc (Ed),

where, épc is the received power at the PUE from the PBS, and f)p is the set of
distances when the SBS is not transmitting. The distribution of fp (d ) 1s obtained
by changing Fx (.) in (4.40) to 1 — Fx,,(.) in po(dp). The probability P, is

calculated by replacing G with % in the error function (4.42).

4.4.5 Natural Outage Probability of the PUE, P

out

Similar to the previous scenario, the natural outage can be calculated from the SNR

at the PUE. The natural outage is

10logq(10%Gy) t
lp+——1—25)20 10log; g
e(p V2opp )2Bpp <1 + erf ( gl;) Puc | lp))

nat nat _ pp
[Prl = Prya (une!)] = ST —  (4.45)
10log1gupd 1010g10(10 Gy)
*2( i )ﬁppJFﬁQ 10log; v
e V20pp PP <1 + erf (M + lp — Bpp))
\/5‘71717
2R? ’
e _ 10nlog;; R—10log;,(10°G4) In(10)v/20pp
where, Gy = 32, [ , Bpp = ——0n

20pp

The additional outage probability is calculated based on equations (4.26) (4.45)

and the outage probability derivations in the previous sections.
4.4.6 Numerical Results

In this section, we give some numerical examples of detection probability Py, In-

terference power Oy , and the additional outage probability P} of the PUE. In
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Figure 4.5: Detection probability P; of PUE for different values of R and sensing
threshold e, given T, = 0.8W, and & = 3.5. The SBS transmission probability on
the right hand axis.

simulations the antenna gains of the PUE and SBS are assumed to be 1 and the

factors GG1, G5 are calculated as follows

o Tpu o st
Gl - LO a(G3) -

I, (4.46)
The values of the quadrature variables are taken as { Ny s Ninys Ningy Ningy Ny Nins } =
20 and Ny = 16. The values of the system parameters are summarised in Table 4.2
and Table 4.3.3 unless mentioned otherwise. Although some of the values in Table
4.2 are mentioned in dB, they are transformed to linear scale prior to numerical
evaluation. Fig. 4.5 shows the detection probability of the PUE versus the sensing
threshold, as calculated from (4.29). The marker '+’ represent the simulation values
which clearly agree with the derived results. The detection probability reduces as

the cell size R is increased, indicating a higher probability that the SBS is outside

the transmission range of the PUE. For a normal macrocell radius of 1000 — 2000m
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Figure 4.6: CDF of interference power for different values of R and p, given k = 3.5,
Ty = 100mW, and ¢, = 10dB.

and e, = 10dB, the SBS can only detect 5 — 17% of the PUE transmissions. When
the PUE is not detected the SBS has a transmission opportunity and its probability
is shown on the right hand axis. The curve shows the trade off between the sensing
threshold and the transmission opportunity. Lower sensing thresholds treat inter-
ference in a more conservative way, reducing the transmission opportunities. It is
particularly so for small cells, the effectiveness of the secondary FC reduces to 20%
for a sensing threshold of €, = 0dB in a cell of radius R = 500m.

Note. In order to investigate the impact of UL sensing, we include the scenario
€s = oo termed as Basic Access Scheme (BAS). In BAS, the SBS is always
transmitting in the DL channel. The scheme with a finite sensing threshold is
referred as Probabilistic Access Scheme (PAS).

Fig. 4.6 shows the CDF of the interference power to the PUE, given Ty, =
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Figure 4.7: Additional outage probability of PUE as a function of SBS transmit
power given R = 2000m, k = 3.5, and €,,;, = 10dB.

100mW. The effect of correlation between the sensing and interference paths is
shown by the dashed lines. The effect of correlation is more dominant in small cells,
where higher interference powers occur. A 100% correlation between the paths
places a hard limit on the interference power; in this case 0.86e — 15W (approxi-
mately —110dBm), which is 2dB above the noise floor (Vg in Table 4.2). 20% of
transmissions would exceed this power level if there was no correlation between the
paths for a cell size of R = 500m. This drops to 5% for a 1000m cell and is negligible
for cell sizes of 2000m or greater.

Fig. 4.7 plots the additional outage probability caused by the presence of a
secondary cell. The top line shows the natural outage probability P4’ without SBS

transmission is 2%, averaged over the cell. It is primarily caused by shadow fading

on the PBS-PUE path, The second line shows the additional outage caused by the
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Figure 4.8: Additional outage probability of PUE for different cell radius, given
k= 3.5, Ty = 100mW, e, = 10dB, and ¢,,; = 10dB.

SBS without using any sensing mechanism. The additional outage is minimal, 0.5%,
at the normal operating wireless LAN power of 20dbm (0.1W). Sensing drops this to
0.14% even when the sensing and interference paths are uncorrelated. Correlation
almost halves this figure to 0.07% outage increase. Lower sensing thresholds (e, =
0dB) give even lower outage increases, but are not recommended because of the
lower transmission opportunities for the SBS (Fig. 4.5). In all the above cases the
additional outage is negligible compared to the natural outage and would not be
noticed. But we must emphasise that it is only for one secondary cell. Multiple
secondary FCs would be expected in a macrocell. We can expect the additional
outage to increase by the number of such secondary cells (first order approximation).
As an example, if it was deemed acceptable to allow the natural outage to increase

by a factor of 2 (to 4% in this example), then 4 FCs can be accommodated without
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any sensing Ty, = 20dBm, and with sensing this would increase to 14 for p = 0, and
28 for p = 1. Any further increase in FC numbers would require a reduction in their
transmission powers. At Ty, = 10dBm, (¢, = 10dB) the number of FCs without
sensing can be increased to 13 and with sensing to 100 for p = 0 or 250 for p = 1.
Fig. 4.8 shows the PUE outage probability with respect to cell radius R. The
PUE additional outage caused by the BAS scheme is significantly high, emphasising
the need of sensing for cell radii < 1500m. In the case of PAS, we notice that the peak
of the additional outage occurs when the macrocell radius is between 1000 — 2000m.
Smaller cells are more likely to sense the PUE (because of strong signal levels) while
in larger cells, the PUE is more likely to be out of range, resulting in lower outages
in both cases. Again we see that correlation approximately halves the additional
outage. Note that the curve for a correlation of p = 0.5 is almost midway between
rho = 0 and p = 1, indicating an approximate linear relationship between p and

P

oute*

4.5 An Approximate Distribution of Distance Be-
tween Uniformly Distributed Points

The calculation of the PDF fg_ (¢.) and the CDF Fg_ (®.) lacks mathematical
tractability due to the presence of inverse trigonometric and circular symmetric
functions in fp,, (d,s). For example, when the fading power is lognormal, the closed
form solution cannot be obtained. The problem also exists for rectangular spatial
distribution in [139], though it is not a very good model for the single cell geometry.
In the following, we present an approximate distribution of fp , (d,s) so that the

ratio distribution in (4.27) can be quantified. Although the resulting distribution
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Figure 4.9: Ideal and approximated probability density function of the distance
between uniformly distributed points in a circle with unit radius

has a closed form it is still mathematically inconvenient. We apply further simplifi-
cations and show that the Skew Normal Distribution can approximate fg,(¢.) where
the cell SNR is measured in dB (i.e. fgas (¢98)). To the best of our knowledge such

an approximation has not been presented before.
4.5.1 Heuristic Approximation (HA).

Fig. 4.9(a) shows the plot of fp,, (dps) for R = 1. It can be seen that the profile
(slope) of the distribution changes around R. The left portion of the distribution
follows a parabolic (quarter circle) curve, whereas the right portion nearly follows
a straight line with a negative slope. Using these observations, the PDF is ap-

proximated as parabolic in the left portion, whereas in the right portion instead of
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employing a straight line approximation, we opted for a form md + bd*,

a (QFCZPS — dZs) 0 S dps S R7

(4.47)
a (mdps + bd;s) R <dy,s <2R,

pos (dps) = {

where, 7 (= 0.9E[D]) is the mode of the fp,, (dps) and @ is a normalisation constant
such that the integral of the PDF is equal to 1. The values of m and b are calculated
such that the transition from the left portion to the right portion is continuous at

R and the PDF reaches zero at 2R (fp,,(2R) = 0). The values of these variables

—b(2R)* h— (2R)(2R7—R?) _ 1

@R) 7T @RR-RER> VT g B, R, R - The value of s
3 2 s+1

are: m =
is calculated such that the mean absolute difference between the curves (E||fp(d) —
fp(d)]]) is minimized. We found the minimum error to be 0.0171 (2.1% of the PDF
maximum) for s = 0.5. The values of m, b and a for s = 0.5 are: b = 2.1501R"?,
m = —1.5203R, a = 1.2167R~3. The approximated PDF curve for s = 0.5 is shown
in Fig. 4.9(b). The transmission probability over the cell is P = Fg,(€5). Similar

to (4.19), the CDF can be calculated by solving the integral in (4.29),

2R
DF LoNy \ &
Fy.(¢) = / Fx ( ¢T—> Iy () ddps. (4.48)

0

If we use the Heuristic Approximation (HA) in (4.47), the above integral can be split
into two sub integrals with limits 0 to R and R to 2R respectively. Using a similar
procedure, the CDF or the PDF can be obtained for other fading distributions

e.g., gamma distribution. The following closed form CDF Fg_(¢.) is calculated by
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algebraic manipulation and using the integral identity [149, Eq. (1.5.2.3)]

—2081log1g¢c

afe‘;lg% (6—61(61+2IO)J <_10\1/0§10¢c _ lo) —e Vi ] <_10\1/0§10¢c — B - lo ) _

20ps 20p

3081logigdc

ae * gk (6 36 1(4lo+3p1) J <101Ogl_0‘ch _ lO) — e VZops ] (1010g10¢c _ 3/31 _

6 \/50';)5 \/70-175

oo [ —ePiCots) g <10\1[L0¢ y ) 4 @h=B1)B1 ] (1010g10¢c +l
amePigh 2051108106 20ps

4 - 101 . 101 .

e YVos (J( \;)g;;w lo — 51) - ( ;g;w +1 - Bl

TR g CICE S (—““"g“"* —lo) + eI (1t 4 g, ) +
abe 16 g2k V20ps

3 e_% <J <1010g10¢c g %> _J <1010g10¢c 351>>

\/io'ps 0 4 f Ops
(4.49)

The PDF in dB ¢9% scale is shown below

fégB(ﬁbgB) =
2
ao 79%6512_25@?3{]( q;d — b= lo) - 0.5aﬁog%€9541 e J (\/@w = lo)
V20ps 20ps

0.5aBymgk e’ -2 (J (fg — b+ ll) - J< >>

2 38pedB dB
0.5a80bg 3 e T~ % (J(%%_%mh)ﬁ(gﬁ_%_zo)),

(4.50)
h _ _ In(10) 10logy0(g/R") _ 10logyp((2R)*/g)
where, J(.) = 1+erf(.), fo = S5t o= — 5, b= —p5, b1 =
In(10)v/20 Tpu
(13k ,and g = 5=

4.5.2 Central Moment Matching- Skew Normal Distribu-
tion

Although, the above equation represents a fairly accurate closed form solution, it

is still inconvenient for further analysis. In the following, we first derive 2 key

properties of fgan (¢98) and use them as a basis for moment matching to obtain a

mathematically tractable PDF.

Remark 3. The following properties can also be derived from the original distribu-

tion (4.28). Here, we use HA due to the ease of analysis and demonstration.
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Property 1. The PDF fg,,(¢ap) is always unimodal.

From (4.27), ®%% = X 5+Dgyg, where X5 = 101log;o X,s and Dyp = —10k log;o D,s.
An alternate method of calculating fs,, (¢4p) requires the convolution of the PDF
fx,5(xap) and fDdB(ddB) [68]. From [141], it is well known that the convolution of
log-concave unimodal functions is also unimodal. Since fx,,(z45) (Gaussian dis-

tribution) is unimodal and log-concave [68], the unimodality can be established by

d*log(fp, 5 (dap))

proving the log-concavity of fDdB(ddB), ie., ad < 0, where
(
0.4330R2.560'112dd3 _10k10g102R < ddB S
- 2
d*1og(fp.y(dag)) k2 (2.15R1-5—1.52Re0‘uidd3) —10klog,(R)
dd> B 0-23d4p
s — 080k T —10klogyy R < dgp < +o0
k2 (171.6298Re 2 >

(4.51)
Since the second derivative is negative on both the intervals, the Property 1 is
proved.
Property 2. The PDF fgus(¢2?) is skewed.
This can be visualised by the fact that the third central moments of the sum of
two independent random variables (Xy5 + Dgp) follow the superposition law [68].
Since the third central moment of Xy = 0, the skewness, £;5, of fcpng<¢(ciB ) can be
simplified as

¢, — (332126 +107.454(1n R) +79.1966(1n R)* — 108.095(In R 452)
T (3911.05 + B202 x 10—+ + 0.527864(In R) — 1.08075(In R)2)"®’ '

In(10)
10k °

where § = Traditionally, the gamma distribution is widely used in approxi-
mating distributions with Moment matching such as composite fading and lognormal
fading [142][143]. However, the problem of using gamma distribution is that it does

not strictly follow unimodality [144]. To account for both unimodality and skewness

we choose the Skew Normal distribution (SND). From [145, Eq. (3)], the PDF and



109

the CDF of SND S,4 is given as
(Snd - Csnd)2

1 B 2 2 SndQ®snd — asndgsnd
fSn (Snd; Qsnd s Csnda Xsnd) - € Xsnd (1 =+ erf ( ,
’ \ 27TX \/§Xsnd

(4.53)

Ssnd — Csnd Snd — Csnd
and (Snd; Qlsnd Csnda Xsnd) = Q <—> —2T (—, O-/snd) s
Xsnd Xsnd

where, T(.,.) is the Owen’s T function [145], (s is the location parameter, ygng is
the scale parameter, and ag,q indicates the right(> 0) or left skewness (< 0). The

mean [lg,q, variance og,q, and skewness &,q of the SND is given as

2 Qlgp
Hsnd = Csnd + Xsndésnd \/;7 where 5snd - —d (454)

\% ]‘+a§nd,

_%> gdz(‘l_”) <55“d\/%)3
O (1_

Us2nd - Xgnd <1 2

whereas, the mean and the variance of ®?7 are:

Tp) 0.244238 — 1.00011 In(R) (4.55)

=101
HdB 0logy (LONO 3 )
., 0391105 527864 x 107°(InR)  1.08075 x 10~*(In R)?
B2 32 32

Note that the maximum allowable value of skewness £g,q is 0.995 [145], with slight
abuse of notation we write £ = min{0.995, £;5}. For small R, the terms containing

In(R) in 045 and &;p can be ignored. Equating the above with (4.54) gives,

&5 §aB
Osnd = y  Osnd = ’ 4.56
d \/0.3622 + 0.6366533 d \/0.3622 — 0.3634533 ( )

Xend = /03 + 17575903535, Ganat = ftas — 0.7979Xenadna.

If agng = 0 and only pgp and o4p are matched, the SND distribution in (4.53)

becomes the normal distribution (ND). The PDF and the CDF fg_(¢.) and Fg_(¢.)
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Figure 4.10: Detection probability Py, = 1 — P = 1 — Fp (¢.) versus sensing
threshold for different cell radii R. Monte Carlo simulations are shown by the
marker 7.

can be calculated from fgss(¢2”) by simple random variable transformation (Log-

Skew Normal Distribution).
Numerical Results

Fig. 4.10 shows the detection probability P;, = 1 — P = 1 — Fy_(¢.), of the
PUE for different values of sensing threshold, €, and cell radius, R. The simulation
parameters are 1, = 0.8, Ly = 10%, o =6dB, £k = 3.5 and Ny = 107 W. For
these parameter values and R = 1000m, the PDF curves are shown in Fig. 4.11(a).
Both the PDF and the CDF curves highlight that the difference between the Monte
Ccarlo and heuristic approximation based result is very small. The Skew Normal
Distribution (SND) provides a better fit than Normal Distribution (ND). To test
the goodness of fit, we apply the Kolmogorov-Smirnov (KS) method [68, Eq. (9.71)]
to the three distributions. Similar to [146], the sole purpose here is to establish

convergence (rather than the hypothesis (hyp) acceptance or rejection). For the
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Figure 4.11: Left: PDF of SNR, Right: Absolute maximum error for KS method.
Monte Carlo simulations are shown by the marker “*’.

sample size Sz, the KS measures the maximum absolute error U,,,, between the
hypothesised distribution Fj,, (hyp € {HA,SND,ND}) and the Monte Carlo (sim)
distribution Fj;,,. This error is compared to a critical error U,.; for the given
significance level S;, [68, Eq. (9.73)]. If U < Uy, the term 1 — S, gives the
probability that the simulation results are within the tolerance region on both side
of the hypothetical curve i.e. Fym — Upar < Fsim < Fryp + Upae [68], where the
tolerance is £U,,.;;. For example, for the significance level of S, = 0.001, the critical
error is Ug.; = 0.02. If the maximum absolute error is U,,,, = 0.019, then 99.99%
of the Montecarlo CDF values are within the hypothesised distribution’s range of
+0.02 (since 0.019 < 0.02).

Fig. 4.11(b) shows U,,4, and U, for the three hypothesised distribution where
Ui+ = 0.02 is calculated for a sample size Sz = 10,000 and the significance level
St = 0.001. The simulations are averaged over 10 runs. The heuristic approximation

gives the lowest maximum error, well below the critical level U,,.;;. The Skew Normal
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Distribution (SND) remains under the Up.;; = 0.02 in the measurement range of the
fading standard deviation. The ND stays above the critical error U,,;;, for o < 12dB,
however as o increases the ND improves and converges to the SND approximation.
The maximum absolute error of 0.02 represents a 2% of full scale difference between
the CDF's, Fg_(¢.). Note this is consistent with the curves in (Fig. 4.10) where the
discrepancies between Monte Carlo simulations and the SND generally occur below

2 x 1072 on the log scale of detection probability.

4.6 Summary

In this Chapter, we have presented a sensing and access scheme which exploits the
duplexing structure of the cellular networks. In essence, it enables secondary FCs
(SBS and SUE) to use sensing information from the UL channel to transmit in
the corresponding DL channel. This is hypothesised by the spectrum measurement
carried out in our lab, indicating strong DL signals and very weak ( non-existent)
UL signals. We have presented an example of a GSM network which provides this
sensing and access flexibility. This scheme can be generalised to next generation
networks like LTE, provided the resource block map is known or can be decoded.
In a location aware scenario, we have derived expressions for interference power
and outage probability of the PUE that considers distance dependent path loss,
shadow fading and correlation between the sensing and the interfering paths. We
use correlation to examine the scenarios in which the sensing and transmissions
are not necessarily confined to the same node. The PUE is most susceptible to
interference at a distance of between 0.5 — 1km from the FC. Correlation can halve
the additional PUE outage caused by the SBS. As the PUE-SBS distance increases

(> 1.5km) pathloss becomes dominant and the correlation gain fades away. We
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found that this DL access scheme is more suitable for home/office or other indoor
applications, where the intended range of FC is less than < 50m. The FC range
drops to 20m when operated close to the PBS (< 0.5km) because of DL interference
from the macrocell. Therefore, to increase the FC range, the SBS needs to transmit
with more power which is possible considering the low interference susceptibility of
the PUE near the PBS.

In a cell-wide scenario, we quantified the expected interference and outage prob-
ability for a randomly placed PUE and SBS. The additional PUE outage is low
compared to the natural outage of the macrocell, indicating the potential for mul-
tiple FC activity. The results indicate that the sensing requirement can be relaxed
in the case of a single FC with cell radii > 1500m. Conservative setting of the
sensing threshold (0dB) reduces SBS transmission opportunities and in the case of
small cells makes the FC as good as useless (always off). To quantify the SBS trans-
mission opportunities in a shadow fading environment, a heuristic approximation
is presented for the distance distribution between two uniformly scattered points.
The resulting unwieldily expression for the transmission opportunity is simplified
to a Skew Normal Distribution using central moment matching. This hypothesis is
verified through the Kolmogorov- Smirnov goodness of fit test with an error of less
than 2%.

Fast fading is not considered in the above analysis, its affect can be marginalised
by diversity measures such as: sensing in multiple TDMA frames (time diversity); us-
ing multiple antennas (space diversity); transmitting (coding) over multiple frames;
aggregating channels (wide band transmission) or frequency hopping (hopping pat-

tern must be known).



Chapter 5

On Generalised SINR Bounds: A
Steffensen’s Inequality Approach

In the previous Chapter, we learned that the integral leading up to the CDF or the
PDF of the SINR is mathematically intractable. This shortcoming was addressed
by using Gaussian quadratures (Section 4.1-Section 4.5). However, their application
depends on the integral form [129] and their accuracy is a function of the number
of polynomials. A different approach that removes these dependencies relies on
integral inequalities. Although not as accurate as quadratures, integral inequalities
establish a bounding region by exploiting the properties of the integrand functions.
This region establishes the variation in the actual outcome and can be further used
to study system performance.

In general, the CDF (or the PDF) calculation of arithmetically involved random
variables requires a solution to an integral of product functions. Integral inequalities
decouple the integral of product functions to the integrals of individual functions, by
exploiting the convexity, monotonicity etc. of the integrands. Specifically, the SINR
is a ratio of random variables (2.1) and its CDF involves the integral calculated

over the product of numerator CDF and denominator PDF (2.3). For reader’s
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convenience, the CDF expressions is given below
b
Fy(v) = /F@p (Vi) fo,, (Bin) by, (5.1)
No

where, T represents SINR, Fx(v) is the SINR’s CDF !, ©,, denote the received power
from the primary path, ©;, is the interference plus noise power (0; +Ny), Fe, (.) is
the CDF of ©,, and fe,, (6in) is the PDF of 6;,,. Generally, the solution of the above
integral is unknown for commonly used fading models such as gamma and lognormal
distributions. One may be tempted to solve this problem by integral inequalities
such as Cauchy-Schwarz-Buniakowsky inequality, CebySev inequality, Minkowski
inequality, and Holder’s inequality etc., due to inherent similarities in the functional
form. However, these inequalities express both the individual integrals (numerator
CDF Fg, (v0;,) and the denominator PDF fg, (0:,)) over the same integration
limits as the original integral(5.1). Since, one of the individual integrals involves a
CDF, the end results are often intractable.

Fortunately, Steffensen’s inequality provides us with a form in which the integral
of one individual function defines the integral limit of the other integral. By careful
selection of the individual function, the problem described in the previous paragraph

can be averted. In particular, the contributions of this Chapter are as follows.

o We apply Steffensen’s inequality to derive generalised bounds for the SINR’s
CDF by assuming that the fading on the signal path (PBS-PUE) and the

interfering path (SBS-PUE) are independent, and the mode? of their PDF’s

!The first and second order statistics of the SINR using negative moments of random variables
are provided in [148].

2The mode is the defined as the value of a random variable at which its PDF attains a maximum
value [68]. In practice, it is equivalent to finding a maximum of a function. Mode is a key property
of any probability density function. It is well known for commonly used distribution, such as
Lognormal, Gamma, and Gaussian distributions. For the cases in which the mode is not known,
one can approximate it using series expansion.
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are known.

e We show that if the interfering path’s PDF is unimodal (the majority of fading
distribution are unimodal [150]), then the possibility of trivial bounds can be

avoided.

e We apply these derivations to gamma-gamma fading channels and present
previously unknown bounds. Furthermore, the effects of the interfering path’s

scale and shape parameters on these bounds are investigated.

5.1 Steffensen’s Inequality

In its simplest form, the Steffensen’s inequality is given as [20, Egs. (2.1) & (2.2)]

1 x1 To+A

/ S(x)da < / S(z)R(x)dx < / S(x)dx (5.2)

r1—A o To

where \ = TR(x)dx, S(x) is integrable and monotonically decreasing in (zg, 1),
and R(z) isxomeasurable such that 0 < R(x) < 1 for x € (xp,21). From the above
equation, it can be seen that Steffensen’s inequality decouples the integral of the
product functions into integrals of the individual functions. The bounds are ex-

pressed as the integral of function S(z) calculated over length A from the end points

(limits of the actual integration problem).
Notation

We use the following notation to identify the bounds, €} (y), where y € {L, U} refers
to the lower and upper bound respectively. Since this paper investigates multiple
lower and upper bounds, we use z € {1,2,3,4} to identify the particular bound.

The variable b is the upper integration limit.
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The remainder of the Chapter is organised as follows. In Section 5.2 we derive the
bounds over the support of the interfering path’s PDF. Section 5.3 is dedicated to
unimodal distributions. Based on these derivations, the bounds on gamma-gamma
fading are given in Section 5.4. The results showing the tightness of the bounds are
given in Section 5.5. Section 5.6 outlines the conclusion. The findings of this Chapter
will be submitted for review in IEEE Transactions on Wireless Communications

147).

5.2 Lower and Upper bounds of CDF, When ©,,
has Bounded Support [Ny, b)

Applying the Steffensen inequality to (5.1) such that, zo = Ny, 1 = b, © = 0,
S(x) =1—Fg, (V0in), R(x) = fefno_(im)’ where f§ = max{fe,, (0in)}. By simple
algebraic manipulation, the following bounds on CDF are obtained.

No+ (f5,)7"

b
Q; . fém / F@p (’Uem) d9m S FT(U) S f*m / F@p (Ué’m) d‘gzn
b—(f5,)""

No

(5.3)

5.2.1 Lower and Upper bounds of CDF, When ©;, has Semi-
Infinite Support [Ny, co)

In (5.3), if b approaches oo, the CDF has following bounds.

N0+(fcf)m)71 b
QL fo,, / Fo, (v0;,) db;, < Fy(v) < fo.. blim / Fo, (V0;y) db;y,
—00
No b*(fém)_l

(5.4)
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The upper bound in the above equation can be simplified using the identities;

Fo, (00) =1 and f§ > 0, which gives

Fr(v) <1 (5.5)

In the above equation, we note that the upper bound on the CDF is too trivial. To

overcome this shortcoming, equation (5.1) is integrated by parts. Denoting 3

- dF@p (Uem)

C’(@m):/fgm (0in)d0;in, and D (v;,) = 10 : (5.6)

the CDF can be written as
b

Fr(v) = C (b) Fo, (vb) — Fo, (VNg) C' (Ny) — / D (v0i) C (0:)d0; (5.7

No

Applying Steffensen’s principle such that S(z) = C(b) — C (0;,), R(x) = %,

where ¢.(v) = max (D (v6;,)) (for notational convenience we drop v in g.(v)) the

limits on the underlined term are
No+A

b b
1. [ COdbn <~ [ €D WO < ~a. [ ClOBL  (53)
b—X\ No No

b

Where )\0 = f %f”l)dgzn _ F@;;(Ub) - F@p(UNO)

. Combining the above equation with

No qc qc
(5.7) gives:
b
Q2 :C(b) Fo,(b) = Fo, (VNy) C (No) — qe [ C(0;n)dbin, < Fx(v) < C(b) Fo,(vb)
No+Xo P
—F@p (UNO) C (No) — (qc f C (Om)dém
No
(5.9)
As b approaches infinity, the above bounds simplifies to
No+Xo
Q2 : Fo, (UNy) < Fr(v) < C(00) — Fg, (UNy) C(No) —qe [ C (0in)dbin,
No
(5.10)

3The indefinite integral of PDF fg,, (6;,) may not be equal to the CDF Fg,, (6;y), e.g., lognor-
mal distribution. The equality condition only hold when C (6;,) = 0.
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after applying the following:
b

blim —qe / C (0in)dby, = —C(00) + C(00) Fe, (vNy), and (5.11)
—00
b—Xo

C(OO)F@p (UN()) — F@p (UN()) C (No) = F@p (UNQ.)
Following the definition of SINR (4.41), the lower bound in Q2 is a fairly trivial

bound as it represents SNR.

5.3 CDF bounds- When fq, (6;,) is Unimodal

An alternate to the above that generally leads to a tighter upper bound involves
splitting the PDF fo. (6;,) (in (5.1)) into multiple subintervals. Since the major-
ity of fading distributions are unimodal, we choose 2 subintervals separated at the
distribution mode. This leads to monotonically increasing and monotonically de-
creasing profiles of fg, (0;,). In the following, we derive the CDF bounds. The PDF
bounds are given in Appendix B.

5.3.1 Lower and Upper bounds of CDF, When 0,, has Bounded
Support [Ny, b)

We split the integral in (5.1) to sub integrals such

Iy

.

Y

"oz, b
F’r(’U) = /F@p (U9m) f@m (Hm) d@m + / F@p (U9m) f@m (Om) d@m (512)
N

*
0 Gin
A\ 7

NV

Iz

Applying Steffensen inequality such that R(z) = Fg, (v0;,) is same in both I; and
I, and S(x) = f§. — fe,,(0m) in I and S(x) = fe,, (0in) in I3, the following bounds

are obtained on I; and I5.

Fo,, (No + A1) — Fe,, (No) < I < Fo,, (03,) — Fe,, (0;, — A1) (5.13)
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b
/ fou, (0) dBy < Iy < Fo,, (65 + As) — Fo,, (65,) (5.14)

b—X2

*
in

b
where, Ay = [ Fo, (00;,) d0in, Ao = [ Fo, (v0;y,) db;,. Combining I; and I gives
No

*
ein

b
Q: Fo,, (No+\i) — Fe,, (No)+ [ fo., (i) db;y, < Iy < Fg
b-As

(05, + A2) —

Fo,, (65, — M)
(5.15)

*
in>

Alternatively, the bounds on 5 can be obtained from (5.9) by replacing Ny with 6

and than combining with (5.13). The bound on (5.1) now becomes:

Qp : Fo,, (No+ A1) — Fo,, (No) + C (b) Fe, (b) — Fo, (v8},) C (6;,) —
b
g [ C(bin)dbiy < I < Fo,, (0;,) — Fo,, (05, — \1) + C (b) Fo, (b)—
b—As (5.16)
07+
Fep (U@;ﬂ C (0:(11) — (e f C (em)deln

*
ein

Fo,(vb)  Fe, (v0;,)
qc qc

b
where \3 = [ —D(Zfi")dﬁm =

*
ein

5.3.2 Lower and Upper bounds of CDF, When ©;, has Semi-
Infinite Support [Ny, co)

As b approaches infinity in Q3 (5.15), the bounds reduce to

Q% : Fe,, (No+ M) = Fe,, (No) < Fx(v) £ 1— Fe,, (6, — M) (5.17)
This is because for v > 0, the factor Ay will approach oo (since Fg, (v0;,) is an
increasing function of 6;,,) and the integral in the lower bound of I, approaches 0.

b
lim [ fou, (6u) dBin =0 (5.18)

{b,)\g}%oo
b—X2
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Similarly, applying the limit } (5.16) and using the result in (5.11) gives:
V%t Fo,, (No + A1) = Fe,, (No) — Fo, (v07,) C (0;,) + C(00) Fo, (v0;,) < Fx(v)
0F,+As
< Fe,, (03,) — Fo,, (05, — M) + C (00) — Fo, (v0;,) C(07,) —a. [ C (0in)dbis,

*
9in

(5.19)
5.4 Gamma-Gamma fading

In this section, we derive SINR’s CDF bound when the signal powers on both the
primary and the interfering paths are gamma distributed i.e., gamma-gamma fading.
The gamma distribution is a Pearson-III type distribution, often used in modelling

composite fading channels [131][143] and is given by

0 gt e >0 5.20
f@z< :mmamﬁx) — Y m or x — ( . )
0z
Fo, (8,:ma, By) = M (5.21)
T 9 €T x F(mx)

where x € {i,p}, i represents the interference path and p represents the primary
path, m, is the shape parameters and £, is the scale parameter, v(m,,y) and I'(m,,)
are lower incomplete and complete gamma functions respectively [129]. Both func-
tions are a special form of the generalised incomplete gamma function and are defined
in [151]

Y1
F(mz7y07y1) = / tm:Eil eit dt (522)

Yo

’Y(mxa yl) - F(mm Oa y1)7 F(mmyo) = F(mx>y07 00)7 F<mx) = F(mx> 07 OO)

The SINR’s PDF can be calculated by differentiating (5.1) with respect to v i.e.,

b

fr(v) = /dF@pd—g}em)f@m (0in) dBiy, (5.23)

No
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Substituting (5.20) in (B.1) and subsequently applying integral identity in [149, Eq.

(3.383.4)], the SINR’s PDF becomes*

Ng mpt+mit+1
M Lem; B, + Biv\ 2 mptmi—1  (Bp+B;v)No
Jr(v) =—m i ( £ ) Ny 2 e 2B 5.24
() Bp F(mp)ﬂi ' Bpli ° ( )
V) N
Wit mem (M)
2 ) 2 ﬁpﬁz

where, W(_(.) is Whittaker function [149]. The gamma-gamma SINR’s CDF can be
obtained by integrating the above expression, however, to the authors’ knowledge
the integral is not known except for some special case m, = 1 [140, Eq. (1.13.2.1)].
In what follows we apply the bounds of the previous section directly to the CDF of
gamma-gamma SINR. The mode and the maximum value of the gamma distribution
is given in [150].

. ef(mifl
6 = No+ (ms — 1) fi. = (s — 118,

T m; > 1 (5.25)

Applying (5.4), the bounds Q! are

*—1 *—1 *—1
1 (vfg_ +’L}N0> N (”fg, +1JNO> N (Ufe‘ +11N0)
fgm ’Y<mpvm/3p +Nol' mw%,mT BpI’ H‘mpv%:,mT

) - o Gmp) -
FT(U) S 1
(5.26)
Similarly, the bound Q2 can be calculated by using the following equations,
_ Ue_(mp_1)<mp - 1)mp_1 A\ — ﬁpr(mp)(l - 7<mp7 NOU/ﬁp)) 597
qc = ) 0 — —(mp—1) — 1)1 ( )
By (my) ve~ M= (m, )me
o (mp) (1= (myp,Nov/Bp
, (my, 250) (1= y(my, Nov/ By))y (i, ZepimpliplomeNon e )
QO ———— < Fy(v) < —
[(my) I (m)
(5.28)

Ue_(mp_]-) (mp _ 1>mp_16i,y <1 + ms, Bpr(mp)(l_W(mvaOU/ﬁp)))

vie” P (mp—1)"P !
B (mp)L ()

4The distribution in (5.24) can also be calculated using Jacobian transformation ([11] see Ap-
pendix) or Mellin Transformation [152].




123

The lower bound in (5.26) and upper bound in (5.28) can be combined to calculate

the complete bound on the CDF of SINR.
5.4.1 Unimodal

It is well known that gamma distribution is unimodal [150] for m; > 1. Since the

mode of the gamma distribution is known, the bounds are given as follows.

- 0 R oo IO G o
Q> Tmy V| s EARCT - AT < FPy(v) <
1 : 051 (o B ) i (m 38) (g 30, 5
by e B = o - Bilmy) T ATy
(5.29)

* *
Gz‘n'y mp}vem 7N0'Y (mpijO> Bpr 1+mp,UND 7091-”
4 . 1 Bp Bp Bp Bp
Qi+ v [ my, +

o0 T T(my) BiT(my) B v (mp)
B OE) ) < st (1205
s - e Bl )

Uef(mp—l)(mp_l)mpfl

et (a7 (mems =1+ 32) = B0 (mo+ L — Lo — 1+ )
+ (No — 63,)T (mi’mz‘ —1,m; — 1+ %))

(5.30)

where, Xy = e (1 _ M)

ve~ (Mp=1) (m, —1)™ L(myp)
5.5 Numerical Results

In this section we present some numerical results using the bounds derived in the
previous Sections. The actual CDF curves in these examples are verified by Monte
Carlo simulation and numerical integration of (5.1) using Gaussian quadratures

[129]. For brevity only Monte Carlo results are shown. Without loss of generality,
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Figure 5.1: Bounds in symmetrical fading conditions 3; = 2, 8, = 100, m, = m; =
2.5, Ny = 1.

©p
we can write T = 9711’ in which case the scale parameters, 3; and 3, are normalised
No

by Ny.

Fig. 5.1 plots the CDF bounds under symmetrical fading conditions i.e., when
the shape parameters of fading on the primary path and interfering path are equal
m, = m; = 2.5 (corresponding to Rician fading with a K, = K; = 3.4365 [153]).
In this scenario E[©;] = 5 and E[O,] = 250, thus representing a weak interference
channel. In general, the lower bounds Q! (L) and Q2 (L) are strongest at small CDF
values, whereas for the CDF values greater than 0.1 the upper bounds are strongest.
The best lower bound is Q! (L), though its upper bound Q! (U) is trivial.

Considering the upper bounds, at these signal strengths, Q% (U) provides tightest
upper bound (Q2_(U), Q3_(U) which is only matched by Q2 (U) at large (0.98) CDF

values). This can be explained as follows. At small to medium v values, A\; will
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Figure 5.2: Bounds in asymmetrical fading conditions g; = 2, 3, = 100, m,, = 2.5,
m; = 4, NO =1.

be insignificant (as the channel on the primary path is strong). Although Ay > A3,
0F +X3
C(60:n) is an increasing function and the integral [ C(6;,) in Q% (U) yields a
07
No+Xo
larger area compared to [ C(6;,) in Q2 (U), and thus a tighter bound. However,
N
’ No+Xo
at large v values, A3 approaches 0 and the effect of [ C(6;,) is comparable to
No

that of Fg,, (0}, — A1). This behaviour is also obvious from the Q2 (U) (which is a
subset of Q! (U)). The comparable behaviour doesn’t hold if the interfering channel
is too weak, where Q! (U) crosses Q2 (U). at large values of SINR. However, the
difference between the two is very small.

Fig. 5.2 plots the CDF bounds in asymmetrical fading conditions i.e., m, = 2.5,
m; = 4 (corresponding to Rician K factor K, = 3.4365, K; = 6.5). The profile of
the curves are fairly similar to the previous figure. However, it is interesting to note

that the difference between QL (L) and Q! (L) is decreased to an extent they are
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almost equal. The change in 2 is insignificant. Unlike the upper bounds there
is no comparable correspondence between the expressions for Q! (L) and Q2 (L),
however, the variation is established by considering the impact of m; on their indi-
vidual behaviour. The decrease in QL (L) value can be understood by the fact that
maximum of the interfering PDF f; (5.25) is a monotonically decreasing function
of m; (m; > 1). Although the integration limit in (5.4) increases with m;( Ny +
1/fs. ), the multiplication of f; =~ with this integral compensates this increase. The

increase in Q2 (L) can be visualized by substituting Fe, (0:,) = C(6;,) in (5.19)

noat r
O%(L) = Fo,, (No + A1) + Fe, (v0;,) (1 — Fe,,(07,))
NoH(mi=Bi 7 (16,0)d0, N
= Sy (mi, / % + Fo, (v(No + (mi — 1)53:)) (1 - w>
No

(5.31)

For a given primary path parameters and (;, it is obvious that 77 is increasing

function of m;, whereas T5 represents a trade off at large values of m; (as y(m, m—1)

is an increasing function of m). In this scenario, since (; has not changed and m; is

considerably small, Q2 (L) increases. This is also indicated by 7} = Q2_ in Fig. 5.2

and Fig. 5.3. In Fig. 5.3, the bounds Q2 (L) and Q. (L) cross over validating the
above hypothesis.

The bounds Q2 (L,U) and Q2 (L) are the worst bounds in all scenarios. This

is because, contrary to other bounds, Q2 (L, U) variation is only determined by the

area spanned by Fg (v0;,) from 0 to 67, whereas the bound Q2 (L) completely

mr

ignores the interferer.
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Figure 5.3: Bounds in asymmetrical fading conditions- Impact of Interfering path’s
shape parameter, §; = 2, 3, = 100, m, = 2.5, m; = 6, Ny = 1.

5.6 Summary

In this Chapter, assuming the knowledge of the mode of the primary and interfering
PDF's we have presented 4 generalised bounds on the SINR’s CDF using Steffensen’s
inequality. Specifically, 2 bounds are obtained by applying Steffensen’s inequality
directly, while the remaining 2 bounds are obtained by segregating the unimodal
PDF. The bounds derived in this paper are not only applicable to SINR but they
also lend themselves to the calculation of other product/ratio distribution. In the
case of gamma-gamma fading, we found that these bounds are sensitive to the shape
parameters of the interfering path’s PDF. The lower bounds at small SINR values
are tighter than their corresponding upper bounds, however, at medium-large SINR
values the upper bounds are fairly accurate. Exploiting the unimodal property of the

interfering PDF results in a tighter upper bound, though its lower bound counterpart
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is only suitable for large values of m; (m; > 5). QL (L) and Q2 (U) are the best
lower and upper bound on SINR respectively for practical values of m;. Importantly

all the bounds obtained in this paper honor the fundamental probability axioms.



Chapter 6

Conclusion and Further Research

In this thesis, we focused on two spectrum sharing techniques for cognitive radio net-
works; namely interweave access and underlay access. In the interweave approach,
the widely acknowledged spectrum pooling model was adopted and the secondary
user QoS parameters were derived. These parameters included, forced termina-
tion probability, blocking probability and throughput. In the underlay approach,
a sensing and access architecture was proposed. The scheme is suitable for femto-
cell deployment in the downlink spectrum of cellular networks. The femto - macro
coexistence was analyzed using SINR as a performance metric. The mathematical
intractability of deriving the victim receiver’s SINR probability distribution in a fad-
ing channel environment was addressed using Gaussian quadratures and Steffensen’s
inequality.

Chapter 3, used a continuous time Markov chain model to calculate the QoS of
a secondary network operating in both a single channel and a multichannel primary
network. The Montecarlo simulations vindicate the theoretical results which showed
that for a single channel the throughput can be increased by employing fixed connec-

tion lengths (slot times) rather than exponentially distributed connection lengths.

129
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In a multichannel primary network it is possible to avoid forced termination by us-
ing spectrum handoff, where active secondary users can switch channels upon the
arrival of a primary connection. Additional connection continuity can be assured
by incorporating reserved channels. However as the number of reserved channels,
7, increases, the tradeoff gain (the ratio of the reduction in forced termination to
the increase in blocking probability) reduces rapidly. In general, r = 0 gives the
best compromise. Two groups of secondary users with different traffic statistics was
also considered. It was shown that the airtime fairness between the groups was
governed by the difference between their average connection length. Limiting the
active connections from the dominant user group can result in fairness, however, it
is not recommended for large connection lengths.

Chapter 4 considered the underlay problem, which allows concurrent transmis-
sion in both the primary (macrocell) and secondary (femtocell) network. Laboratory
measurements indicated that secondary operation in the downlink spectrum is less
likely to cause interference to the primary network. Therefore, a TDD secondary
network operating in downlink spectrum was considered. Transmissions in the sec-
ondary network are inhibited if the primary user is detected in the uplink. The
outage probability of both the primary and secondary networks were derived. It
was shown that correlation between the sensing and interfering paths reduces the
additional primary outage by a factor of 2, emphasising the benefit of co-located
sensing and access nodes. Sensing from the secondary base station and transmitting
from the secondary terminal is therefore not recommended; each should sense prior
to its transmission. Although, sensing is necessary for the existence of multiple
femtocells within a macrocell, a conservative sensing threshold can debilitate the

effectiveness of the femtocell transmissions. On average, the sensing can be relaxed



131

in the case of a single femtocell opperating in a large Macro cell. For WLAN like
transmit powers, the results indicate that this scheme is applicable to applications
in which the intended femtocell range is less than 50m and this reduces further in
close proximity of the macrocell base station.

The equations for SINR distribution derived in the previous Chapter require nu-
merical solutions. In Chapter 5, we use bounding technique to avoid the numerical
solutions. A Steffensen’s inequality approach is devised to calculate the generalized
bound on SINR’s CDF. These bounds are also applicable to various open prob-
lems in wireless communication theory. It has been shown that the upper bounds
can be significantly improved by applying Steffensen’s inequality separately on the
increasing and the decreasing profile of the interfering path’s PDF. A similar pro-
cedure removes the triviality on the lower bounds. For the gamma-gamma fading
scenario, the bounds are more sensitive to the shape of interfering path’s PDF. The
results show that the upper bounds are more accurate than their corresponding
lower bounds. The accuracy of the upper bounds is between 1% — 15% for medium

to high SINR values.
6.1 Future Work
Interweave access

In this thesis, the QoS parameters were calculated under a fixed bandwidth require-
ment using Markovian assumptions. Various applications, such as Internet browsing

and video chat also exhibit non-Markovian behaviour due to self similarity.

e In future work, it is possible to analyze the impact of self similarity on the

QoS parameters.
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e We can extend the results to include many PU groups and SU groups with
variable bandwidth requirements. In these scenarios it will be interesting to

investigate the optimal packing order.
Underlay access

e For an underlay system, the results can be easily extended to study the cell-
wide FC user performance, for which the majority of the derivations are al-
ready given in this thesis. Fast fading can also be incorporated into the anal-

ysis. This is still an open research problem.

e Since it is expected that multiple FCs will exist in a macrocell coverage area,
the modelling of aggregate interference distribution in cross-tier and inner-tier
will be a key research area. The cooperation among FCs and adaptive sensing

threshold policies can also be considered to improve FC effectiveness.



Appendix A

Global balance equations

This Appendix presents the global balance equations for state transition diagrams

in Figs. 3.10(a)-(e).

e Fig. 3.10(a): i+j+ Nk < (K —-1)N
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Appendix B
Bounds of fy(v)

Differentiating the equation (5.1) with respect of v, the PDF problem of SINR is

given as

b
dF, Uein
Fr(o) = [ o g (01 a0 (B.1)

No
Similar to Section 5.4, we split the integral in two subintegrals as in (5.12).

I

A

~
*

[ dF ([ T dFg, (v0;,
fr(v) = / %f@m (01 By + / % fou (0o) 0w (B.2)
NO 0:71

J/

-~

I

We use the same S(x) and limits as in Section 5.4, this gives R(x) = R Ta—

where, ¢, = max{%}. The bounds are on I] and I} are

qPF@m (NO + >‘4) - qu@m (NO) <IL < qu@m (0;1) - QPF@m (9:71 - )‘4) <B3)
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where \, = + f —— in) db;, and \s = +

dp No dp

leads to (B.5).

@ Fo,, (No+ M) — qpFe,, (No) < fr(v) < g le,, (05, +Xs) — ¢ Fe,, (0, — A1)
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It is important to note that for any given v the above integrals and expressions are

often known. From (B.5), the relaxed upper bound is:

fr(v) < g (B.6)
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