N*® d’ordre: 201XIMTA00XX

Sous le sceau de I’Université Bretagne Loire

IMT Atlantique
Bretagne-Pays de la Loire

en accréditation conjointe avec I’Ecole Doctorale MathSTIC

Spectrum-Efficient Cognitive MIMO Relay
Systems: A Practical Design Perspective

These de Doctorat

Mention: Télécommunications et Informatique

Présentée par Zakaria EL MOUTAOUAKKIL

Département: Signal & Communications
Laboratoire: Lab-STICC Pole: CACS

Directeur de these: Prof. Samir SAOUDI

Soutenue le XX Septembre 2018

Jury:

M. Gilles Burel, Professeur, UBO (Président)

M. Mohamed-Slim Alouini, Professeur, KAUST, KSA (Rapporteur)

Mme Ghaya Rekaya-Ben Othman, Professeur, Télécom ParisTech (Rapporteur)
M. Samir Saoudi, Professeur, IMT Atlantique (Directeur de these)

M. Halim Yanikomeroglu, Professeur, Carleton University, Canada (Encadrant)

M. Kamel Tourki, Docteur, Huawei Technologies (Encadrant)






To
To
To
To
To

my beloved parents: Malika and Mohammed,

my grandparents,

my wife Ibtissam,

my brother El Mehdi and sister Fatima Ezzahra,
all my famaly.






Abstract

Cognitive multiple-input multiple-output (MIMO) relaying inherits the spectrum usage
efficiency from both cognitive radio and MIMO relay systems, thereby bearing promising
gains in terms of data rate and reliability for future wireless and mobile communications.
In this dissertation, we design and evaluate practical transmitter and receiver schemes for
cognitive MIMO relay systems that can readily be implemented at a lower cost. First,
we reduce the multiplexing loss due the half-duplex operation in non-orthogonal amplify-
and-forward (NAF) MIMO relay broadband transmissions with automatic repeat request
(ARQ). Different from existing research works, the proposed relaying protocol requires
only one packet duration to operate over frequency-selective block-fading relay channels.
Further, we propose an iterative receiver design for this class of protocols considering which
results in significant enhancement of the end-to-end transmission performance. Second, we
shed more light on the impact of the interference channel acquisition scenario on the perfor-
mance of practical cognitive underlay single-input multiple-output (SIMO) relay systems.
We evaluate two transmit power scenarios for our cognitive SIMO relay system based on its
capability of acquiring complete or partial interference channel state information (I-CSI) in
terms of the exact and asymptotic outage performance. Our results reveal that partial I-CSI
acquisition by the secondary system is most favored than its spectrum-consuming coun-
terpart. Third, we capitalize on our second contribution to design a practical transmitter
scheme for our cognitive MIMO decode-and-forward relaying system. Herein, we propose
to lower the complexity of our transmitter by making use of two transmit-antenna-selection
(TAS) criteria alongside with maximum-ratio-combining (MRC) at the receiver side. We
extend the operating mode of the proposed TAS strategies into an incremental relaying
setup where MRC is carried jointly over both relaying hops. The end-to-end transmission
outage performance of our cognitive MIMO relay system is also evaluated although shown

to entail an involved derivation roadmap. Our results pertaining to the signal-to-noise

v



ratio (SNR)-driven and signal-to-interference-plus-noise ratio (SINR)-driven TAS strategies
show the optimality of the former against the detrimental effect of mutual interference on

the secondary system transmission.

Keywords: Cognitive radio, MIMO, relaying, amplify-and-forward, broadband transmission,

TAS, MRC, statistical I-CSI, instantaneous I-CSI, SNR, SINR, diversity gain, coding gain.
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Chapter 1

Introduction

The mobile business shift from voice to multimedia to data-centric applications and services
have led to a growing stress on the wireless spectrum medium. Seemingly, the scarcity of
this natural resource will pose a big challenge onto rethinking the traditional way it is
used, still far from being optimal. Meanwhile, more research efforts should also be paid
to optimally leveraging all forms of diversity in the wireless medium to guarentee a high
quality-of-service (QoS) in return of the occupied spectrum. In this regard, cognitive radio
has been introduced as an intelligent radio interface that aims to accomodate as many users
as possible with a fair QoS delivery. However, serving a huge number of users is not the
only challenge but also serving them through the wireless medium with the highest possible
QoS. Several technologies can be used to ensure a high wireless transmission QoS. Among
these, cooperative multiple-input multiple-output (MIMO) relaying figures prominently as a
practical cost-effective means to achieve low-latency high-reliability wireless communications
for 5G and beyond wireless networks. Designing practical transmitter and receiver schemes
that can both reap the available MIMO relay system diversities and operate in a cognitive

manner has received much attention recently, and is the stimulating topic of this dissertation.

1.1 From MIMO to Virtual MIMO

1.1.1 MIMO Advantages

The use of multiple collocated antennas at both ends of a point-to-point wireless link, known

as MIMO, is viewed as a revolutionary solution to wireless communication challenges caused
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by fading, multipath fading and limited spectrum and energy resources. Arguably [1], it
signicantly improves the spectrum and energy efficiencies as well as the reliability of the
wireless link through spatial multiplexing and diversity gains. In the following, we briefly
describe these gains.

Spatial Multiplexing Gain: Interstingly, MIMO systems offer a linear (in the minimum
number of the transmit and receive antennas) increase in capacity for no additional power
or bandwidth expenditure. The corresponding gain is realized by simultaneously transmit-
ting independent data streams within the same frequency band. Under certain conditions,
such as rich scattering in the propagation environment and sufficient spacing between the
antennas at both ends in order to achieve independent MIMO routes, the receiver can sep-
arate the data streams. Therefore, higher data rates can be attained via large-scale MIMO
systems.

Spatial Diversity Gain: Contrary to spatial multiplexing which requires multiple anten-
nas at both MIMO channel ends, spatial diversity can be realized even if the transmitter
or receiver is equipped with a single antenna. Diversity techniques are used primarly to
mitigate the fading and multipath fading phenomena. In a MIMO system, we distinguish
between three forms of spatial diversity that can be collected: receive diversity, transmit

diversity and the combination of the two.

e Receive diversity can be obtained through single-input multiple-output (SIMO) chan-
nels by means of coherent combining of the received replicas of the same transmitted
signal so as the resultant signal exhibits a considerably reduced amplitude variation
compared to the received signal at each receive antenna. Receive diversity is quatified
by the number of independent fading branches in a wireless channel, known as the

diversity order.

e Transmit diversity on the other hand can be reaped in a multiple-input single-output
(MISO) channel given that a suitable precoding (i.e. pre-processing at the transmitter
side) design is required for its extraction at the receiver. Similar to receive diversity,
the achievable transmit diversity order may reach the number of the transmit antennas
under the condition of independent MISO channel links. In general MIMO systems,
the spatial diversity we obtain is a combination of the receive and transmit diversities

described above. As a result, the achievable diversity order may reach the product of
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the transmit and receive antenna numbers given that the channel between each pair

of input and output antennas fades independently from the others.

Besides the above cited advantages, MIMO technology is efficient in co-channel interference
reduction and avoidance. By means of beamforming, the antennas at either the transmitter
or receiver can constructively direct their beams (i.e. signal energy) towards some targeted
users without interfering on the others. Consequently, farther users from the base satation
would benifit from a larger network coverage by cleverly using the availabe amount of total

energy to the base station.

1.1.2 Cooperative Diversity in Virtual MIMO Systems

If MIMO technology provides such significant performance gains, due to cost, complexity
or other constraints the deployment of multiple antennas at user terminals in a network
can be prohibitive. As an alternative, cooperative relaying has been suggested as enabler
of spatial diversity in the face of the aformentioned limitations. The basic idea behind this
concept stems from the broadcast nature of the wireless environment where the transmitted
signal by a source can be overheard by as many receiving nodes as there might exist. Some
of these nodes can play the role of relays that cooperate with the source in order to form a
virtual MIMO leading to either transmit or receive diversity generation. Importantly, the
cooperative diversity gain resulting from relaying can be laveraged into a multiplexing gain

as we address a more balanced tradeoff between the two.

1.1.3 Coupling MIMO with Temporal and Frequency Diversities

Despite the resulting diversities a MIMO system has to offer, there also exists other types
of diversity that can be coupled with traditional or virtual MIMO systems. For instance,
the use of temporal and frequency diversites with MIMO have led to the invention of space-
time and space-frequency codes (see [2] and references therein). Also, the joint design of
automatic-repeat-request (ARQ) retransmission protocols with MIMO results in a substan-
tial increase in the transmission reliability [3] by exploring the ARQ delay, i.e. the number
of ARQ rounds, into a diversity gain. Cooprative MIMO relaying with ARQ could bring
interesting enhancements to eventually both diversity and multiplexing gains. In some situ-
ations, relays may act as packet retransmitters giving rise to a generalization of the classical

ARQ mechanisms. This provides a substantial increase in the diversity gain compared to
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conventional ARQ especially over a long-term quasi-static ARQ channel.In general, it is
quite difficult to exploit all forms of diversity simultaneously due to conflicting system de-
mands and constraints. Nevertheless, a combination of some of these forms may be sufficient

to attain our design objectives in terms of latency, reliability and converage.

1.2 Towards a Balanced Latency-Reliability Tradeoff

1.2.1 Relaying Protocols

In [4], a unified perforamance evaluation framework where different relaying protocols were
introduced for relay-aided wireless networks. These protocols can straitforwardly be ex-
tended to the MIMO multi-relay cooperation case. They can be classified into three half-
duplex protocols named as protocol I, protocol II and protocol III yielding homologous
system models as in the traditional MIMO, SIMO and MISO schemes, respectively. In
protocol I, the first relaying slot is dedicated to the source node to broadcast its single while
the relay and the destination are listening. During the second relaying slot, both the relay
and source nodes transmit to the destination node. Protocols I and II are alike in the first
time slot, but only the relay which engages in the second relaying-hop transmission to the
destination node. Protocol 111 is essentially similar to protocol I except that the destination
node does not receive from the source during the first time-slot. Note that protocol I real-
izes maximum degrees of broadcasting and receive collision because of the non-orthogonal
multiple-access (NOMA) it results in during the second relaying slot. Herein, we distin-
guish between two famous types of signal precessiong at the relay: decode-and-forward
(DF) where the relay attempts to decode the received signal replica then forwards it to the
destination and amplify-and-forward (AF) where the relay only transmits a normalized-to-
the-symbol-energy version of the received signal to the destination node. Inrrespective of
the signal precessiong used in both cooperation phases at each node, any half-duplex relay-
ing protocol must fall within one of the three categories we have just described. Full-duplex

relaying is beyond the scope in our study.

1.2.2 Low-Latency Cooperative MIMO Relaying with ARQ

In cooperative MIMO relaying, the reliability is gained at the expense of an increased latency

due to the half-duplex constraint at the relay nodes. Different methods have been proposed
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to recover this loss. For instance, successive relaying using repetition coding has been
introduced in [52] for frequency-flat fading relay channels. In [53], relay selection methods
have also been proposed for cooperative communication with decode-and-forward relaying.
A prominent alternative to reducing the throughput loss in half-duplex cooperative ralaying
is the combination of both ARQ and relaying. This approach would significantly reduce
the half-duplex multiplexing loss by activating ARQ for rare erroneously decoded data
packets, when they occur. Approaches targeting the joint design of ARQ and relaying in
one common protocol have received more interest (see for instance [54]-[56]). Motivated by
the above suggestion, we investigate spectrum-efficient cooperative transmission techniques

where both ARQ and relaying are jointly designed.

e In chapter 2, we focus on single-carrier multiple-input multiple-output (MIMO) broad-
band cooperative transmissions with amplify-and-forward (AF) relaying. Most of the
research work that has been carried out in this area has focused on frequency-flat fad-
ing channels. Relaying techniques for frequency-selective fading channels have recently
been investigated by some authors (see for instance [51, 57, 58] ). Among our contribu-
tions in this thesis manuscript, we design spectrum-efficient relaying protocols where
the multiplexing loss due to the half-duplex transmission constraint is reduced while
providing interesting outage performance. We introduce two new relay ARQ protocols
where the total time required for transmitting one data packet is significantly reduced
compared with conventional relaying methods. We also evaluate both the outage error
probability and average throughput performance of the proposed schemes, and show

that they outperform classical cooperative MIMO relaying schemes.

1.2.3 Receiver Design of the MIMO-ARQ Relay Channel

It is crutial in MIMO wireless communication systems to design receiver schemes that re-
cover the information sent by the transmitter with the lowest probability of error. The op-
timal receiver implements either the maximum a-posteriori (MAP) or maximum-likelihood
(ML) criterions. In which case, its computational complexity gets involved as our MIMO
system gets large. Therefore, we mostly resort to sub-optimal receivers that guarentee
close-to-optimal perforamnce results but with lower complexity. Pertaining to our pro-
posed spectrum-efficient MIMO relay ARQ with slot-mapping reversal (SMR) transmission

strategy in chapter 2, our contribution in chapter 3 can be summerized as follows.
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e In chapter 3, we investigate practical turbo receiver design that addresses the above
considerations while alleviating the computational load that may arise when the number
of ARQ rounds increases. Inspired by the concept of turbo packet combining, initially
introduced by Ait-Idir et al. [39] and then extended in [40] for broadband MIMO ARQ
systems in the presence of cochannel interference, we propose to perform signal-level
subpacket combining at the destination node jointly over both time slots and multiple
ARQ rounds. Then, we introduce a recursive over-the-ARQ-rounds implementation of
this combining strategy, that considerably reduces its computational complexity. Com-
pared with conventional ARQ-based cooperative relaying protocols, the proposed turbo
receiver scheme is assessed in terms of the average throughput and its superiority is

quite remarkable over the entire signal-to-noise ratio (SNR) region.

1.3 Cognitive Radio: Towards an Optimal Spectrum-
Efficiency

In response to the ever-growing stress put on the wireless spectrum medium as a result of
the huge demand on high big data rates, cognitive radio (CR) has been evolving as a set of
rules to cope with the wireless spectrum under-utilization phenomenon [11]. Many concepts
have been derived from the original idea of cognitive radio [66], drawing three active research
lines under the names of spectrum interweave, spectrum owverlay, and spectrum underlay

67, 68).

e The interweave principle relies on the idea of opportunistic communication within the
vaccant spectrum holes in the licenced spectrum band at a given time and location.
They can be exploited by cognitive users for their communication by means of op-
portunistic frequency reuse. To be realized, the interweave technique relies also on
monitoring the overall spectrum band to detect the spectrum frequencies being unused

eventhough licenced and then reusing them as long as they are free.

e In the overlay concept, to tackle the issue of spectrum under-utilization, the cogni-
tive users may share the spectrum band with the legitimate licenced users but from
a win-win perspective. Assuming that the noncognitive user’s message and/or code-
book is known to the cognitive transmitter, the latter can be allowed to interfere

with the noncognitive transmitter by making an approriate choice of the power split.
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Therefore, any increase in the noncognitive user’s signal-to-noise power ratio (SNR)
due to the assistance from cognitive relaying can be exactly offset by the decrease in
the noncognitive user’s SNR due to the interference caused by the remainder of the
cognitive user’s transmit power used for its own communication. This guarantees that
the noncognitive user’s rate remains unchanged while the cognitive user allocates part

of its power for its own transmissions [67].

In this dissertation, we focus on the underlay spectrum-sharing concept as a means to allow
secondary (unlicensed) users to share the same spectrum band with the primary (licensed)
users. This concept has the potential of enabling the secondary users to blindly access the
primary system spectrum band without any prior monitoring of its occupancy. However, as
far as the interference issue is concerned, the secondary user’s transmit power must be kept
under a certain threshold that is predetermined by the primary system, so as to legitimately

maintain its QoS.

1.3.1 Approaches for Improved Spectrum Sharing Performance

To strike a balance in the dilemma of minimizing the engendered interference on the primary
system and ensuring additional degrees of freedom in targeting its own QoS, the secondary
system can adopt several proactive approaches. In general, these approaches rely on a better
combination of the available forms of diversity in time, frequency and space domains. For
instance, the authors in [69, 70] have suggested repetition time diversity schemes using a
type-1I hybrid-ARQ protocol to improve the secondary link reliability. Alternatively, the
authors in [73] exploited the frequency diversity among the primary and secondary users
to maximize the secondary system capacity subject to the interference constraint imposed
by the primary system. Also, MIMO transmissions using transmit/receive beamforming
techniques have been adopted in [71, 72] to achieve high secondary system transmission
rates, while minimizing the interference at the primary receiver. From a different angle,
the authors in [80] conducted an asymptotic outage analysis, and demonstrated that a
cooperative diversity order of K 4+ 1 (where K refers to the number of the assisting relays)
can be achieved if the secondary source node adapts its transmit power to a proportional
interference constraint, i.e. scaling with the primary system transmit power. Otherwise,
if the interference constraint is independently fixed, the outage probability will saturate in

the high SNR regime, implying that the achievable diversity order will be equal to zero
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[80]. This is the case whether the secondary source node is acquiring complete or partial
interference CSI (I-CSI) knowledge.

1.3.2 Cognitive Cooperative Relaying

Recently, it was shown that introducing relays in cognitive networks can boost the sec-
ondary outage performance especially when the deployment of multiple antennas at the
source node is costly or infeasible [9]-[14], [81, 84, 85, 87, 88]. Therein, attention has been
paid to express the outage probability of an underlay secondary system where the direct
link is assisted by a set of K regenerative DF relaying nodes, yet the problem is still open
when it comes to the proposed setup (in which the primary and secondary receivers are
equipped with multiple antennas) and communication model (that is enabling spectrally-
efficient communications). In particular, a closed-form expression of the outage probability
had been derived under complete [74] or partial [75] I-CSI knowledge at the secondary
transmitter while the secondary direct link undergoes a slow-fading quasi-static variations.
Alternatively, [87] investigated selective-and-incremental regenerative DF relaying for the
secondary system under a fixed interference constraint and for two I-CSI acquisition sce-
narios at the level of the secondary source node. However, in the first relaying hop worst
case, i.e. when neither the destination node nor any of the relaying node have met their
SNR thresholds during the first hop, the source node, instead of retransmitting the same
information, it resets the cycle of retransmissions and proceeds with a new attempt. This
implies that a significant loss in terms of spectrum efficiency may occur for low secondary
system SNR ratios. In another contribution, the authors in [88] considered a selective
cooperation framework for a spectrum sensing cognitive radio network. Considering that
all nodes are equipped with only one antenna, they derived the secondary system out-
age probability expression while a selective-and-incremental relaying scheme referred to as
ACK-based selective cooperation has been adopted to assist the secondary direct link. How-
ever, the provided DMT is based on the assumption of a relaxed transmit power constraint,
i.e. the cognitive radio interference channel variance is neglected compared to those of
the secondary channels. In [89], the authors attained almost the same conclusions and,
considering unlimited transmit power at the secondary nodes, they derived the asymptotic
outage probability as a function of some interference threshold. Under such assumptions,
the obtained results reduce to those found in non-cognitive radio systems. Although rele-

vant for preserving high spectrally-efficient communications, none of the previous research
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works has considered selective-and-incremental regenerative DF relaying [90, 91] for SIMO
secondary systems, where both the primary and secondary destination nodes are equipped

with multiple receive antennas.

1.3.3 Spectrum-Highly- Efficient Cognitive SIMO Relaying

Our motivating point in our next contribution is therefore to study the impact of the
deployment of multiple relays and receive antennas at the primary and secondary destina-
tion nodes on the overall secondary system transmission reliability and spectrum efficiency.
Specifically, we are keen on quantifying the secondary system perforamnce by providing
closed-form and asymptotic expressions of the end-to-end outage probability of the SIMO

relay-aided secondary link.

o Qur contribution in Chapter 3 is organized as follows. Firstly, we present an outage-
constrained transmit power model for the secondary system transmitting nodes. Then,
two I-CSI acquisition scenarios are considered for the secondary system at the level
of the source node and relays based on either complete or partial knowledge of the
cognitive radio interference channel. According to each I-CSI scenario, we provide the
CDF of the instantaneous received SNR at each secondary receiving node during both
relaying hops. Interestingly, the recursive structure of the derived expressions makes
them very compact and tractable when used to subsequently derive the end-to-end sec-
ondary system outage probability in its closed-form expression. Note that without these
easy-to-manipulate expressions, it is too difficult to take further steps in our analytical
derivations. Furthermore, we provide the asymptotic analysis of the secondary system
outage probability. As a consequence, we derive the DMT under either a fized or pro-

portional, i.e. relaxes with the primary system QoS, outage interference constraint.

It turns out on the one hand that equipping the primary receiver with multiple antennas
leads to a relaxed secondary system transmit power. This gives rise to better opportunities
for the secondary system to transmit alongside with the primary system using the latter
spectrum band, as opposed to being obliged to keep silent in the single antenna case. On the
other hand, our analytical and simulation results show the positive impact of cooperative
relaying and equipping the secondary destination node with multiple antennas on the overall
secondary system outage performance. Interestingly, for a moderately loaded cognitive

radio system with three receive antennas at the primary and secondary receivers, and four
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assisting relays, it is well argued that the secondary system outage performance is amply
enhanced with only a partial (i.e., statistical) I-CSI acquisition of the underlying cognitive
radio interference. As opposed to being severely degraded in the single receive antenna
case, the secondary system QoS can now be maintained above a certain acceptable level.
cooperative MIMO relaying is admitted as a major breakthrough in the enhancement of
the secondary system spectrum-energy efficiency. From an operator point of view, the use
of relays may not be optional in situations where extending network coverage and/or the

deployment of collocated antennas is costly or infeasible.

1.4 Cognitive MIMO Relaying: Practical Challenges and So-

lutions

As pointed out earlier, MIMO relaying can serve the secondary system in different ways.
One approach is the design of cooperative beamforming or space-time block coding (STBC)
schemes that sort out the dilemma of coexistence on the same spectrum [13]-[15]. Inevitably,
this approach requires large feedback overhead and additional complexity to compute the
beamforming and precoding matrices. Besides, its performance is proportional to the num-
ber of radio-frequency (RF) chains that whenever increased it becomes costly to implement
especially at the user equipment side. Another approach, simple and less expensive yet real-
izes a good tradeoff among performance, cost and complexity, is TAS. In its simplest form,
only the RF chain causing less interference on the primary system and enabling greater
secondary system performance is selected. TAS has been adopted in the LTE uplink (Rel.
8/9) and we adopt it herein as a promising technology candidate for beyond 5G massive-
oriented MIMO systems [16]. If the MRC is applied at the receiver side, the technique is
referred to as TAS/MRC!.

'If selection combining is instead applied at the receiver side, the technique is referred to as TAS/SC.
According to [17], TAS/MRC performs better than TAS/SC at the expanse of an increased complexity which
does not pose a real burden if the MRC is implemented at the base station level.
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1.4.1 Cross-interference Mitigation in Cognitive MIMO Relaying with
TAS/MRC

In practical cognitive spectrum-sharing, the interference between the primary and secondary
systems is mutual. Cross-interference mitigation using TAS/MRC has received much inter-
est in cognitive MIMO systems whether with [17]-[20] or without the use of relaying [21]-[23].
In these works, the SNR-driven TAS/MRC strategy takes up the largest part. Besides its
simplicity, it preserves, under certain ordinary conditions, the independence between the
signal and interference components in the selected MRC-combined SINR ratio. This inde-
pendence does not always hold as it relies on the TAS strategy being opted for. Indeed, it
is not preserved in the SINR-driven TAS. Having a clear understanding on the impact of
TAS on the post-processed received SINR is of great importance in the secondary system
outage/capacity performance analysis. In this dissertation, we comprehensively address this
challenge not only in cognitive point-to-point MIMO secondary systems, but more generally
in MIMO DF relay-aided ones.

1.4.2 Point-to-Point Cognitive MIMO Systems with TAS/MRC

The outage/capacity performance of point-to-point cognitive MIMO systems using an SNR-
driven TAS/MRC have been analyzed in [21] and [22] considering both instantaneous and
mean-valued interference constraints. Pertaining to the latter, i.e. when the secondary
transmitter acquires only partial CSI about its interference channel, the outage performance
analysis bears resemblance with earlier works on non-cognitive MIMO systems with CCI
where the SNR and SINR-driven TAS strategies have initially been introduced [25], [24].
Yet, to derive the outage probability for the SINR-driven TAS, the authors assumed that
the per-antenna received SINRs are independent [25]. This assumption is controversial and
does only lead to an approximate outage analysis. Note that in the single receive antenna
case, the SINR-driven TAS reduces to its SNR-driven counterpart [23].

In this disseration, we conduct a comprehensive and accurate outage performance anal-
ysis of cognitive MIMO incremental DF relaying for both, the SNR and SINR-driven
TAS/MRC strategies. For practicality reasons, we assume that the secondary system can
only acquire a partial state information about its engendered interference on the primary

System.
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e [n this context, chapter j enriches the aforementioned related works not using relays
with the following novel contributions. Firstly, we derive an accurate outage analy-
sis for the SINR-driven TAS besides putting the prior works on the SNR-driven TAS
within the same framework. Herein, we shed more light on the assumption under which
the results in [25]-[27] were obtained, and demonstrate that it only leads to an approz-
imate outage analysis. As a preliminary step, we secondly derive new closed-form
expressions of the CDF and PDF expressions of the MRC-combined SINR resulting
from the SINR-driven TAS. Then, we validate our results by monte-carlo simulations
and interestingly show that the controversial assumption of independence among the
per-transmit-antenna received SINRs gets more credibility as a large-scale received
antenna array is deployed at the secondary receiver. The first-hop system outage per-
formance is finally compared for both TAS/MRC strategies showing the optimality
of the SINR-driven TAS/MRC under various secondary system settings and power

adaptation scenarios.

1.4.3 Cognitive MIMO Relaying with TAS/MRC

Very recently, cognitive MIMO relaying with TAS has received a substantial interest. In
particular, Yeoh and al. [17] derived new expressions of the outage probability of cogni-
tive MIMO dual-hop DF relaying using TAS/MRC and TAS/SC. Once again, the authors
consider an SNR-driven TAS strategy and neglects the AWGN effect at the relay and des-
tination nodes so as to facilitate the outage analysis. [20] investigates the outage and error-
rate performance of dual-hop AF relaying in underlay MIMO systems using an SNR-driven
TAS/SC. Herein, the authors neglects the primary system interference on the secondary sys-
tem. In [26] and [27], AbdelNabi and al. partially elaborate on the SINR-driven TAS/MRC
strategy in MIMO multi-hop relaying in a Poisson field of interferers but based on the same
aforementioned assumption in related works not using relays. Former works have therefore
not thoroughly examined the SINR-driven TAS/MRC strategy despite its optimality, and
focused mainly on dual-hop relaying under the widely used SNR-driven TAS/MRC.

o The end-to-end outage analysis of the proposed cognitive MIMO relay system is also
addressed in chapter 4 and shown to entail a different derivation roadmap for each
TAS/MRC strategy. Compared to the related works using relays, our findings are
new and can be summarized as follows. Firstly, we evaluate the secondary system

outage performance using an SNR-driven TAS. In this case, we show that the arisen
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four system wvariables are jointly correlated, and proceed with their quad-variate joint
PDF derivation. We deduce new results on the type of correlating the MRC' combining
engenders among the variables of the newly established virtual cognitive MIMO system.
Secondly, we extend the SINR-driven TAS to a relaying-adapted strategy where the
combined SINR is jointly mazimized over both relaying hops. Despite the complexity
of deriving the end-to-end outage probability, we further express it in a more insightful
mathematical expression. Thirdly, in the single receive antenna case, we manage
to accurately evaluate our derived expressions for the newly introduced SINR-driven
TAS/MRC by numerical integration and get more intuition into their general exact
derivation. Finally, we compare our findings for both TAS strategies under an adaptive
power allocation policy and different system settings, and confirm their accuracy by
monte-carlo simulations revealing the outperformance of the SINR-driven TAS/MRC

over its SNR-driven counterpart.



Chapter 2

Single-Carrier MIMO-ISI Relay
ARQ Transmissions

2.1 Introduction

Firstly, this chapter investigates throughput-efficient relay ARQ protocols for single-carrier
MIMO systems with amplify-and-forward relaying. We focus on reducing the multiplexing
loss due to the half-duplex operation at the relay. Compared to the conventional relaying
techniques, the proposed mechanisms require only one time slot duration for transmitting
the entire data packet at each ARQ round. Secondly, we design a practical turbo receiver
at the destination side based on soft sub-packet combining. It allows the destination node
to perform signal-level combining over both relaying time slots and multiple ARQ rounds
jointly in the frequency domain (FD) using MMSE filtering. Its computational load is
then smoothly relaxed via a recursive implementation alleviating the memory requirements
when the number of ARQ rounds increases. Simulation results show that the proposed
transmission strategy along with turbo subpacket combining at the destination side achieves
significant average throughput performance gain compared with conventional ARQ-oriented

cooperative relaying, especially in situations where the relay node is close to the source node.

14
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Figure 2.1: Multi-antenna Relay ARQ system.

2.2 Relay ARQ Sub-Packet Transmission Model

2.2.1 MIMO Relay ARQ System Model

We consider a cyclic-prefix (CP)-aided single-carrier (SC) block transmission between a
source node S and a destination node D assisted by two relay nodes R; and Ro. These
nodes are equipped with Ng, Np, N, and Np, antennas, respectively, and thereby con-
stitute the MIMO relay ARQ system model depicted in Fig. 2.1. The link connecting
each pair of nodes {4, B} where A € {S,R1,Ro} and B € {Ry, Ry, D} is regarded, at the
kth transmission, as a point-to-point quasi-static frequency selective fading MIMO channel
having Lap independent paths, and constant (time-invariant) over a duration of % e N*
channel uses (cu)s. Each of these paths [ € {1,---,Lap} is characterized by its flat fading
MIMO channel matrix Hf‘B(k) € CNe*Na with independent identically distributed (i.i.d)
entries drawn from zero-mean and 1/L 4g-variance circularly symmetric complex Gaussian
distributions. Also, the link {A — B} is characterized by the channel energy E 45 capturing
the effects of path loss and shadowing. To ensure high reliability and throughput-efficient
transmission, we assume that node S uses a slots mapping reversal (SMR) re-transmission
strategy, in which R; performs the simple but crucial task of amplify-and-forward, while Ro
attempts to opportunistically decode the transmitted packet either by node S or node R
and forward it to node D. Both relays act in a half-duplex relaying mode, and both are

triggereded according to the proposed ARQ mechanism with SMR strategy.

2.2.2 Relay ARQ with SMR Strategy

In general, each packet transmission k € {1,--- , K}, within a maximum of KX ARQ rounds,
is supposed to span two consecutive time slots (TS)s. Prior to the first transmission, the
source node S proceeds by encoding the packet of information bits b with the aid of a space

time bit interleaved coded modulation (STBICM) encoder []. Then, given that X is the
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constellation set, the resultant symbol packet!
X 2 [xq, -+ ,xp_1] € XNs¥T (2.1)

is passed through a sub-packet splitter will successively generate two Ng X % equally sized
small packets z; = [ZL(), e ,ZLT/Q_l] and zg = [ZQ,(), ‘e ,ZQ,T/Q_l] based on x. T is the
total number of channel uses in the symbol packet x. The splitting rule is basically given
by

—1
, (2.2)
—1

IN
IN

Z1 = Xt , 0<t
0<t

nlN NN

IN
IN

Zot = Xot+1

and is illustrated in general for the kth transmission in Fig. 7?7 and Fig. 2.2 for K = 4.
Accordingly, it is clear that node S reverses the sub-packet splitting order as a function of the
ARQ round index parity. Precisely, sub-packets z; and zy are mapped (i.e., transmitted)
onto the first and the second time slots, respectively, for k odd, and the inverse for k
even. This approach, in contrast to conventional ARQ-based cooperative relaying [,[7]]
where the symbol packet x is transmitted as such at each ARQ round, introduces a sort
of correlation between the well know ARQ mechanism and the AF and/or DF relaying
protocols. Consequently, a substantial gain in the transmission performance is attained.
It is worth noting that the considered Relay ARQ strategy follows the Chase-type ARQ
mechanism. That is, when a negative acknowledgment (NACK) is sent back to S at round
k in the case of packet decoding failure at node D, the source node does not intervene in
changing the STBICM function, providing instead the sub-packet splitter with the same
symbol packet x upon transmission at round k 4+ 1. The default relaying mode within the
K ARQ rounds is the AF performed by node R;, yet once successful packet decoding is
detected at Ro, R; will remain silent during the remaining ARQ rounds and Ry keeps on
forwarding z; and 25 to node D. Importantly, the sub-packet transmission ordering adopted

by S and Ry are inversed as illustrated in Fig. ?? at round k = 3 and k = 4. 2

'Due to the infinitely deep space-time interleaving, space and time independence between the elements
of x is justified.

2The relay ARQ system undergoes independent channel realizations at each ARQ round, reffering to
a short-term quasi-static fading dynamic of the relay ARQ channel under focus. Since no channel state
information (CSI) about channel 1 (i.e., S — R link) and channel 3 (i.e., S — D link) is available at the
level of node S, the symbol vectors {x; € XNsxV.p—0,...,T— 1} in (2.1) may be chosen to have equally
powered entries, hence satisfying E[xy x| = diag {0y ¢ T1, v}, V', 87 € {0,--- , T —1}.
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2.2.3 Sub-Packet ARQ Transmission Model

During the first TS of ARQ round k, node S appends to z; (here we assume that k is odd,
but later on we generalize our formulation despite k parity) a cyclic prefix (CP) symbol
word of length L., = max{Lsp, Lsr,,Lsr,, Lr,p; Lr,p} to avoid inter block interference
(IBI), then broadcasts the resulting symbol packet simultaneously to R, Re, and D. After
removing the CP portion at the level of node R; and Rj, the received sequences (or block)
ygfl) and ygz) of base-band signal vectors at channel use t =0, --- , % — 1 can be expressed

as

e ~Lsr, - SR( : (k)
YRl Esg, Z Z 7(t—l)mod% + DRt
L‘SRQ SR( ) k)
yR2 + = VEsg, Z1,(t—l)mod T RIS
(k)

Next, yp, is amplified to have unit average energy per each entry, which results in a sequence

?g? that is made of signal vectors ?g?t = fyyg?t, where v = 1/,/NsEgsgr, + No. Also, the
1,(k)

destination node D performs CP removal at first, then passes the received sequence y;

of signal vectors®

LSD 1
1,(k) SD<k> L,(k)
Ypi = Z Hil 20— tymodZ T D¢ - (2.3)
fort = 0,--- ,g — 1, to the receiver although it remains unprocessed until the end of

the second slot. Note that the exponent ¢ € {1,2} in yib(k) denotes the TS index since

the {S — D} link is involved in transmission over two consecutive time slots. For the
second TS, node R; forwards ?g? to node D while node S is transmitting zs. Hence,
the destination node will see during the second slot a superposition of two transmitted

blocks ?%? and zo after deleting the CP portion of length L., being added to both of them.

The relay node node R is regarded .The received sequence y%(k) made of signal vectors
{yQD(IZc )= 0, - 5 — 1} at the level of node D can therefore be expressed as
2,(k) bepn (k) bt ) (k)
) SRD / SD Tes
yD,t = 7 ESRERD Z H Zy L(t— l)modT + ESD Z H (t l)modT + nDt )
=0 =0

3For the sake of simplicity, we assume that the noise at the respective receiving node B € {R, D} follows
a Gaussian distribution N (Onpx1, NoIng).
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Figure 2.2: Source node transmitter scheme.

where the channel matrix HISRD(k) is computed, for [ = 0,---,Lgrp — 1 with Lggrp =

Lsr+ Lrp —1, as the two-dimensional convolution of channel matrices HZRD ® and HfR( )

Lrp—1
res,(k) RD(k) (k) 2,(k)
np, " =7VERD Z H, R(t—DmodZ T D,

2,(k)

is the residual additive noise in y7;',” whose conditional covariance matrix, given that node

D has perfect knowledge of channel 2 (i.e., R — D link), is expressed as

Pt (*) (0H
> HPTHPT | (2.4)
1=0

Erp
o_ = Ny |Inp + P
w50 |{mpp®) = N0 N TR TN

To ensure spatial and temporal noise whitening at the destination node D during the second
TS, we rather consider the outputs y7; ( ) = Fy2 5) 6f the whitening filter F = L™, where

L results from the following Cholesky factorlzatlon

O | fmpor}, = NoLLT.

The resulting sequence ?%(k) = {§2 () 0,---, 2 — 1} is then passed to the receiver,

which in turn builds up the augmented size signal vector

L,(k)
(k) y
equ _ Dt 2Npx1
Dt [ ~2 (k) e C'p (2.5)
Dt
fort=20,---, % — 1, corresponding to reception over two consecutive time slots. Equation
(2.5) can be re-written explicitly as
w et *)
equ®) equ(® equ'k
Ypi = Z H™ 24 hmoaZ t0p, (2.6)

=0
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Figure 2.3: Building blocks of the proposed turbo receiver.

. . (k) .
where the equivalent channel matrix Hleq" € C?Npx2Ns has been carefully introduced as

a k-parity dependent matrix having the following form

/ — -

A-l(k) 0Ns><ND

equ(®) ==
e = | - kodd
B ¢ 2
- " )
equ(k) 0N5><ND Al
H" = , k even
(k) (k)
gl Bl

In fact, the splitting rule described earlier now becomes transparent to node D as no matter

node S has to send firslty sub-packet z; or zs, the issue is translated into perceiveing
. . . (k) . .

differently the equivalent channel matrix H;?" "~ at each ARQ round k. The intermediate

channel matrices Al(k), Bl(k), and Ql(k) are defined as

N QR op ¢ LA ; 0<I<Lsp—1

AP = 0x, ; Lsp <1

B;" = yVEsrErpFH P 1 0 <1< Lpp — 1 (2.8)
B = 0n, v ; Lsrp <1 |
O — VEFEY  0<i<Iop-1

C™ = 0y ns ; Lsp <1
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From (2.6), it is quit straitforward to infer that the two-slots transmission strategy used
by node S allows us to come up with a virtual point-to-point 2Np x 2Ng MIMO system.
Both ends of this system form a quasi-static frequency selective fading MIMO channel
having Leq, = max {Lsrp, Lsp} independent paths, and time-invariant over a duration of
% channel uses. The virtual channel input symbol vector at channel use t =0, - - -, % —1is
expressed as
e
t

z 2 [Zl,t ] ' e XQNSXI, (29)

Z£2NS)

. .. . . . (k) . .. .
while the additive white Gaussian noise vector n%j,  is explicitely given by

L,(k)
(k) n
equ s Dt
D7t - Tes’(k) NN(OQNDX2ND7NOI2ND)'
Fnj,

In the sequel, we will refer to zgi) € X as being virtually the transmitted symbol by node S

T

from antenna i = 1,--- ,2Ng at channel use t =0, - - - — 1, and no longer look at (2.1).

» 2
. (k) . .. .. . .
Once signal vector y7, is constructed, it is then used jointly with all the previously
. . (k=1) €)) . .
received signals y%)y .-+ ,y5; kept in memory, to form the 2Npk x 1 equivalent

received signal vector?

(1) (1) (1)
equ equ equ
YDt Legu—1 H, np,y
: = : Z(t—l)mod% + : B (210)
(k) =0 (k) (k)
equ equ equ
Dt H, npy
N————
—31’1:,16 I:Ilequ,k ﬁg]f:,k:
fort=0,---, % — 1, which will serve to decode the transmitted packet of information bits

b. If the decoding outcome is erroneous and k < K, node D send a NACK feedback to S
in order to start another ARQ round k + 1. However, a positive acknowledgment (ACK)

may be sent to S by node D if successful decoding is detected, in which case node S should

. . . . _equ,k . Frequ.k
“An obvious practical issue related to constructing signal vector y3%" and channel matrix H;""* at

round k, is that they are built upon those received and kept in memory at round k£ — 1. Therefore, the
demand in terms of storage memory size gradually increases with the ARQ delay, i.e., number of ARQ
rounds. This issue is addressed in Section 2.4.3, and smoothly relaxed to keeping in memory only fixed and
small size signal vectors and channel matrices at each ARQ round.



CHAPTER 2. SINGLE-CARRIER MIMO-ISI RELAY ARQ TRANSMISSIONS 21

move on to the next symbol packet. The one-bit ACK-NACK acknowledgement message is
assumed error free. We say that our system presents an error when the ARQ round K is

reached, i.e. £k = K, and the decoding outcome is still erroneous.

2.3 Outage Probability and Average Throughput

In this section, we investigate both the outage probability and average throughput as two

meaningful performance limits of the relay ARQ system under focus.

2.3.1 Owutage Probability

Pertaining to (2.10) for k = 1, the outage probability at a given signal-to-noise ratio (SNR)

p, denoted by P, refers to the probability half of the information rate Z between the

transmitted block z = clmn (z;) and the received block y clmn (yglf;’l) is below

o<t<Z-1 o<t<Z—1

equ,l _
a target rate R,

Pout (p, R) = Pr {;I (z; y ot Hﬁ?qu’l} 7p) < 73} : (2.11)

The factor % comes from the fact that one channel use of the equivalent received signal
model (2.6) corresponds to two temporal channel uses. It is a contrived hypothesis, as most
papers consider, to assume Gaussian channel inputs, i.e. the elements of z follow a Gaussian
distribution, for calculating the mutual information rate Z. Rather, the more accurate and
realistic one consists of constraining the inputs to be from a specific constellation alphabet.
The only weakness of this method is the computational complexity required to evaluate
the constrained information rate. It increases dramatically as O(4/¥INs(Lew=1)) for high
constellation orders and large MIMO systems with moderate-to-large channel memories,
where |X| is the constellation order. Therefore, we resort to the first assumption as an
alternative that in any way still gives a valid approximation of the real outage probability
especially for high loaded transmission scenarios [59, 60]. Information rates for quasi-static
frequency selective fading MIMO channels have been addressed in [2, 61]. To extend these
results towards expressing the outage probability for our ARQ relay system, we use the
renewal theory [62, 64] as well as the observation that allows us to view the presented
Chase-type ARQ mechanism, with a maximum number of rounds K, as a repetition coding

scheme over K parallel sub-virtual channels [63, p. 194]. Accordingly, given the equivalent
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MIMO-ARQ channel model (2.10), (2.11) can be re-written as

1

Pout (K7P7R) =Pr {2[(1 (Z; Xequ,K ’{I:I?qu’K} ap> < Rajb -"7AK—1}7 (212)

where A}, represents the event that an ACK feedback is sent to the source node S at round k.
Though it is quiet complicated to obtain the analytical expression of the outage probablity,

in subsection 2.3.3 we carry out extensive Monte-Carlo simulations to estimate (2.12).

2.3.2 Average System Throughput

It follows from [64] that the average throughput formula corresponding to the transmission
over the equivalent MIMO-ARQ channel (2.10) is given by

n= Eﬂ’ (2.13)
where R is a random reward associated either with Rbits/s/Hz when successful packet
decoding is detected within the K ARQ rounds or with 0 otherwise, while I stands for
the random inter-renewal time or simply the random number of ARQ rounds consumed
to transmit one packet. In an outage probabilistic sense, R takes the values R and 0
with probabilities 1 — P57(K, p, R) and P5;(K, p, R), respectively. Thus, E[R] = R(1 —

Po+(K,p,R)). We underline that the outage probability P (K, p,R), unlike (2.12), does
not capture the effect of rate dificiency caused by multiple re-transmissions since we do
not divide the mutual information rate Z by K similarly to (2.12). Obviously, the entire

throughput 7 is influenced by this effect through E [K]. Therefore, we have

P (K, p,R) = Pr {;I (zy” Hﬂfq’“”{} p) <RB, ...,BKl}, (2.14)

where the events {Bj} are similarly defined as {Ax} in (2.12). It is then apparent that
(2.14) can be used as a lower bound on the packet error rate (PER) of the relay ARQ
system under consideration. Following the same procedure in [3], the explicit formula of
E [K] can be expressed as

K
E[IC} = Zpﬁ(k - 1ap7R)7
k=1
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Figure 2.4: Outage probability versus SNR for lgg = 0.3, Ng = Ngp = Np = 2, Lgg =
LRD = LSD = 3, and xk = 3.

with P5—=(0,p,R) = 1, which leads to the following compact form of the average system

out
throughput,
R(l B Pf(KapaR))

out

n= :
S P (k—1,p,R)

(2.15)

2.3.3 Simulation Results

Monte-Carlo simulations are conducted to evaluate the outage probability (2.12) and av-
erage throughput (2.13) performances. Our main purpose in this section is to show that
the proposed protocol offers high outage probability and throughput performance compared
with the so-called Protocol IT [4] where the source broadcasts to both the relay and the des-
tination during the first slot while only the relay node transmits to the destination during
the second slot. Therefore, for the sake of fair comparison, we assume a maximum number
of ARQ rounds K = 2 (since Protocol II requires two rounds per each symbol packet trans-
mission). We also provide performance of conventional MIMO-ARQ transmission where

relaying is not used. In all figures, Protocol II is referred to as “reference protocol”.
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Figure 2.5: Average throughput versus SNR for lgg = 0.3, Ng = Ng = Np =2, Lgg =
LRD = LSD = 3, and xk = 3.

All nodes have the same number of antennas, Ng = Nr = Np = 2. Channel (1),
channel (2), and channel (3) have the same length i.e., Lgp = Lsg = Lrp = 3, with equal
power profiles, but unbalanced in terms of shadowing and path loss effect. Without loss
of generality, we consider a normalized configuration in which the relay node R is located
between node S and node D such that lsg +Irp = lsp = 1, where [ 4 denotes the distance
between node A € {S, R} and node B € {R, D}. Channel energy E4p is also considered to
be Eap = I}, where k is the parameter characterizing the path loss exponent. The SNR

in all figures corresponds to that of the direct link and is defined as

EspEy
Ny

SNR = (2.16)

where E} presents, in the absence of the relay node R, the received energy at node D per
useful bit per receive antenna. In the following, we focus on two particular scenarios where

the relay node is either close to the source S or the destination D.
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Figure 2.6: Outage probability versus SNR for lgg = 0.7, Ng = Np = Np = 2, Lgr =
LRD = LSD = 3, and kK = 3.

2.3.3.1 Scenario 1: Relay close to Source (Igp = 0.3)

Figure 2.4 shows that both relay ARQ communication schemes (i.e., with and without
SMR) provide superior outage probability performance in comparison to Protocol II. The
SNR gap is about 2.5 dB at 10 'outage probability. More interestingly, both mapping
techniques achieve high SNR gains starting from the first round due to relay diversity
captured by the proposed sub-packet transmission strategy. Also, note that the proposed
technique outperforms Protocol II in terms of average throughput as it can be seen from
Fig. 2.5. While the latter suffers from the half-duplex constraint leading to throughput
saturation at 1bit/s/Hz for SNR values greater than —1.5 dB, relay ARQ achieves this
throughput value at only —3.5 dB SNR.

2.3.3.2 Scenario 2: Relay close to Destination (lgg = 0.7)

From Fig. 2.6, we see that relay ARQ with SMR provides a relay diversity gain about 2 dB
along with an ARQ gain of about 0.7 dB that appear at the first and the second rounds,



CHAPTER 2. SINGLE-CARRIER MIMO-ISI RELAY ARQ TRANSMISSIONS 26

—=e— Relay ARQ with SMR K=2
1.8 | —¥%— Relay ARQ K=2

—+8— Relay ARQ K=1

—O6— Reference Protocol
—A— Direct Transmission K=2
—— Direct Transmission K=1

-
[=2]
T

-
H
T

-
N
T

-

0.8

Average Throughput (bit/s/Hz)

-1
SNR(dB)

Figure 2.7: Average throughput versus SNR for lgg = 0.7, Ng = Ngp = Np =2, Lgp =
LRD = LSD = 3, and kK = 3.
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respectively. Thus, a sum of 2.7 dB at 10~ 2outage probability is attained. The relay node
location is therefore a determinant factor that greatly influences these gains.

Average throughput curves are reported in Fig. 2.7. We observe that the proposed relay
ARQ protocol without SMR suffers from throughput loss due to the long distance between
the source and the relay. Conventional relaying provides better throughput performance
for the region of low SNR values (typically for SNR < —2 dB). Surprisingly, relay ARQ
with SMR achieves better throughput performance compared with conventional relaying for
the entire SNR region. This improvement is due to the fact that the destination node D
leverages the ARQ gain at the second round K = 2 in enhancing the average throughput.

2.4 Turbo Packet Combining Receiver Design

In this section, we derive a low complexity recursive over the ARQ rounds turbo receiver.
Our main scope is on the design of a soft sub-packet combiner allowing for a joint-over-
antenna equlization of the virtual 2Npk x 2Ng MIMO ARQ channel (2.10), and signal-level
sub-packet combining (referring to the combining strategy illustrated in (2.5) and (2.10)).
Both tasks are jointly realized in the frequency domain using the MMSE filtering criterion.

The building blocks that constitute the proposed receiver scheme are shown in Fig. 2.3.

2.4.1 Brief Description of the Concept

The processing of each received sequence yg“’k of signal vectors {y%];f’k t=0,---,T/2 - 1},
resulting from the joint sub-packet combination over both time slots and multiple ARQ
rounds, relies on exchanging (in an iterative fashion) extrinsic information about coded

and interleaved bits between the soft sub-packet combiner and the SISO decoder. First of

all, assuming that node D has perfect knowledge of round 1,--- ,k — 1 equivalent CSls,
the soft sub-packet combiner produces a soft estimate Z(k) about z based upon ygﬁ"’“, the
NgT x 1 conditional mean signal vector Z = clmn (z;) where
o<t<Z-—1
7.
7 2 : e C2Nsx1,
_(2Ng)
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and the diagonal NgT x NgT conditional covariance matrix 0" delivered by the soft

z
mapper. In the following subsections we will elaborate more on how Z(k) is produced based
upon y59“* 'z and C-')(Ek). The (2Ngt + i)th element in z and the (2Ngt + i,2Ngt + i)th
(k) -
z

t=0,---,T/2—1as

element in ©." are respectively evaluated by the soft-mapper for ¢ = 1,--- ,2Ng, and

7 = pen 7Py (214)")

2.17)
k i i _(®)]? (
91(',t) =D sex |Z’2P£) (Z|A§ )> - ’Zg)

where the conditional probability function Pgi) <Z|A§i)> is measured as the probability that
symbol z € X had been virtually transmitted by node S at channel use ¢ from antenna 1,

given the vector Agi) e Rlog2(1¥Dx1 of 4 priori LLRs about coded bits corresponding to the

transmission of zgi). We return back to the soft sub-packet combiner output, and assume

that Z(k) has been produced. Then, the soft de-mapper, also benefiting from the a priori
LLRs in AEZ), resorts to the (2Ngt + i)th component in 7" to extract the corresponding
vector of extrinsic LLRs St(l) e Rlog2(1¥Dx1 hefore being re-grouped as

[gél)T,... N ,g(llfl,... ’g(;fls)w € RIxIom(X)NsT
2

de-interleaved, and given to the SISO decoder. The updated extrinsic LLRs to be provided
to the interleaver are formed by substracting the a-posteriori LLRs at the output of the
SISO decoder from the a-priori LLRs at its input. Then, the soft-mapper, depending on
the constellation set and a-priori information received from the interleaver, computes the
conditional probabilities Pgi) <Z|A§i)) and fed the soft sub-packet combiner with z and ('-)(Zk).
This completes one iteration, and the same processing is repeated for a preset numberiof
iterations before hard-decision being taken by the SISO decoder. The result is a reliable
estimate b of the transmitted packet of information bits. The estimated packet is checked,
then an ACK/NACK feedback is sent back to node S. If it incidentally moves up to
round k + 1, the soft sub-packet combiner and soft-demapper in their initial iteration will
benefit from the output of the soft-mapper and interleaver in the last iteration of round k,

respectively, as input in the current iteration.
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2.4.2 Soft Sub-Packet Combiner Derivation

Pertaining to (2.10), the corresponding NpkT x NgT sub-packet ARQ transmission model

is given by
Xequ,k _ Eeq%kg + Qequ,k7 (2.18)
where
z= clmn (z)
o<t<Z-1
ko equ,k
ye clmn (y5,") | (2.19)
0<t<Z-1
n®** = clmn (2%4")
\ o<t<L

and H°?* is a block circulant matrix whose first NpkT x 2Ng block column is equal to

equ,kT —equkT
He H

T
o Hp U 02N5><2NDk(T/2—Lequ):| - (2.20)
Therefore, it can be block-diagonalized in the Fourier basis as
Hewk = U¥/2,2NDké(k)UT/2,2Nska (2.21)

where A®) e CNDFTXNsT jg g block diagonal matrix holding on its diagonal the 2Npk x2Ng

matrices éék), e ,ég%_l that can be computed for t =0,--- ,7/2 -1 as

Lequ_

1

k — Amrtl

AP = E H;* ’kexp{—JT}- (2:22)
1=0

As we may also be interested in expressing the memoryless single round & sub-packet trans-

mission model, we similarly to (2.18) get from (2.6) the following NpT' x NgT model

(k) (k) (k)
Xequ — Eequ Z _"_ Qequ , (2‘23)
where
(k) equ(®)
y“ = clmn (yp; )
t N
-T2 , (2.24)
equ(k) - equ(’“)
n =clmn(n}, )

T
o<t<ZL
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oW

and H®? is a block circulant matrix whose first NpT x 2Ng block column is equal to
(k)T OR T
Hy"™ SH 1 OoNgxaN (T2 Legu) |- (2.25)

It can be block diagonalized in the Fourier basis to T*) as H®%* in (2.21). By applying
the DFT to both sides of (2.23) and (2.18), we respectively obtain the following single and

multi-round frequency domain (FD) sub-packet ARQ transmission models

(*) (k)

y = XWgp 4 (2.26)
k

X;‘J%k _ é(k)zf 4 Q;‘]U ) (2.27)

By solving the optimization problem in the MMSE filtering sense related to (2.27), we obtain
a soft estimate chk) about z; according to the following joint forward-backward filtering and
signal-level sub-packet combining structure

~(k equ =
2 — pysmh _ gz, (2.28)

where the forward filter ®*) = diag{q)ék),-~- ,@gﬂc/)Q_l}, and backward filter ¥*) =
diag {\I’((]k), . v k)

T/2—1} are expressed, for t =0,---,7/2 — 1, as

H H
®f = A0 {Ly, + AP C AP
c,' =N éﬁ’”’l + ARTAW : (2.29)
h— @MIAW 2 3 T/21 g0 A0

(%)

In (2.29), the diagonal matrix éék) has been introduced as the time average of ©", whose

(2Ngt + i,2Ngt + i)th diagonal element is computed as

T/2 1

o) = Z 6.

For the purpose of reducing the computational load of the proposed receiver, notice that
inverting channel matrices {C; 1} in (2.29) incurs, thanks to the matrix inversion lemma

[42], only a computational complexity order that is cubic against 2Ng, instead of 2Npk
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[41]. This is a critical solved issue in our analysis since the complexity order would have
been increasing with the ARQ delay. Once the soft sub-packet combiner constructs the soft
(k)

symbol vector z b it takes its DFT inverse to get the equalized time domain vector Z(k).

The rest goes with what we have already described in the previous subsection.

2.4.3 Recursive Implementation

To get some intuition behind the recursion process, we re-express the matrix product
H
APTAM iy (2.29) as

INCNCI g )

After some manipulations, we introduce the following recursive variables Egk) = Lgk_l) +

H —
1 (with DY = Oangean) and F5 = gt x @y ien g —
024 x1) within the equations of (2.29). Therefore, one may re-write (2.28) in a new structure

as

~(k = (k) ~equ(k) = (k) —
7 = 0y Gy, (2.30)

In particular, the previous backward-forward filters have now been adjusted to k) =

. = (k = (k i~ . T (k T (k .
diag {®(", -, &), |} and B0 = diag { ¥, .-, &P, |1 with

= (k k) ~—

8" = L {1y, -1c;" |

C: = Ny @)&k)’l +1® . (2.31)
@gk) @(1@ B ZT/2 I(I)(k: F(k)

Importantly, implementing these recursions will enable us to avoid storing in memory equiv-
alent received signals and channel frequency responses whose size gradually increase with
the ARQ delay. Instead, the soft sub-packet combiner now requires to keep in memory
at round k (in the case of packet decoding failure) only two variables j,q“( ' € €2Ns and
LEM € C2Ns of fixed size. Furthermore, the computational cost of the proposed recursive
implementation is much more reduced compared with the direct implementation of (2.28),
since the operations in (2.31) involve only small and fixed channel matrix additions and

multiplications.
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Figure 2.8: Average Throughput versus SNR for lgr = 0.3.

2.5 Simulation Results and Remarks

We focus on the average throughput as a meaningful performance measure influenced by
the packet error rate (PER) and the system latency £ according to

_ .(1-PER)
E—Siﬁ )

(2.32)
where £ is computed as the average of the ARQ system delay over a sufficiently large
number of packet transmissions, and S is the spectral efficiency. Specifically, we assess
the proposed turbo receiver scheme in terms of the average throughput via Monte-Carlo
simulations in comparison to turbo reception in the context of the so-called “AF cooperative
relaying” (CR - AF) and “Selective DF cooperative relaying” (CR - Selective DF') protocols
[7]. These protocols suggest that node S broadcasts the whole packet x at once to both
R and D nodes during the first TS, while only node R transmits during the second TS.
We infer then that in this context each packet transmission will span four time slots (or
two ARQ rounds). The system parameters are shown in Table 1. In all figures, the SNR

corresponds to that of the direct link and is defined as
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Table I
Simulation Settings
Parameter ‘ Description
T 516
Ng, Np 2
Np 3
Lsgr, Lrp, Lsp 3
Encoding 1-Rate Convolutional Encoder (25,23)s
Interleaver size 1040 (including tail bits)
Modulation QPSK
Decoding Algorithm Max-log-Map
De-mapping Approximation Max-log-Map
Number of iterations 3
Filtering FD unconditional MMSE
K 2
K 3
dsr 0.3, 0.6
SNR — ZspEb (2.33)
No

where in general Fap = [, with & the path loss exponent and l4p the distance between
node A and node B. For the sake of simplicity, we consider a normalized configuration in
which node S is located between node R and node D such that isp = lsg +Irp = 1. Ej
denotes, in the absence of the relay node, the received energy at the destination node D per
useful bit per receive antenna.

The simulations are conducted with distinction between two scenarios. In scenario 1, the
relay is closer to the source, while in scenario 2, the relay is closer to the destination. From
Fig. 2.8 and Fig. 2.9, we observe that the proposed transmission strategy along with turbo
sub-packet combining at the destination node lead to a better average throughput over the
entire SNR region compared with turbo reception in the context of conventional ARQ-based
relaying protocols. Clearly, when the latters saturate at the value of 1bit/s/Hz for SNR
ratios greater than 2 dB due to the half-duplex constraint, the Relay ARQ with SMR scheme
continues to increase in average throughput until it achieves the full rate transmission of
2bit/s/Hz. Interestingly, the superiority of the proposed relaying and receiver schemes do
not rely on the distance between the source and the relay node. Though CR - AF performs
better than selective DF when the relay node R approaches node D (Fig. 2.9) and the
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Figure 2.9: Average Throughput versus SNR for lgr = 0.6.

opposite when node R approaches node S (Fig. 2.8), the relay ARQ with SMR attains the
highest average throughput despite of the relay node position in between the two S and D
nodes. This is justified by the fact that node D succeeds in leveraging the available relaying
and ARQ diversities via the proposed turbo sub-packet combining strategy in enhancing

the average throughput.



Chapter 3

Cognitive SIMO Relaying: An
Exact Outage Analysis

3.1 Introduction

In a spectrum-sharing underlay environment, we carry out a comprehensive outage anal-
ysis for a secondary (unlicensed) system operating under strict primary (licensed) system
outage constraints. We focus on single-user single-input multiple-output (SIMO) secondary
communications where the direct link is being assisted by a set of single-antenna decode-and-
forward (DF) relay nodes acting in a half-duplex selective-and-incremental relaying mode.
We propose two transmit power scenarios for the secondary system based on complete or
partial knowledge of the cognitive interference channel. For both scenarios, the cumulative
distribution functions (CDF) of the received signal-to-noise ratio (SNR) at the secondary
receiving nodes are devised in recursive and tractable closed-form expressions. These statis-
tics are then used to derive the exact end-to-end secondary system outage probability.
Also, we investigate the asymptotic outage analysis of the secondary network, and derive
the achievable diversity-and-multiplexing tradeoff (DMT) under an interference constraint
that is either fixed or proportional to the primary system QoS. Finally, the analytical and
simulation results are compared and interestingly shown to perfectly match, while revealing
that with a moderate number of primary and secondary receive antennas, the secondary
system average spectral efficiency is amply enhanced as opposed to being severely degraded

in the single receive antenna case.

35
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Figure 3.1: SIMO Relay-aided Underlay Cognitive Radio System Model.

3.2 Framework Description

3.2.1 Proposed System Model

Our cognitive radio setup consists of a secondary single-antenna transmitter S-Tx and an
Ns-antenna receiver S-Rx, both nodes are sharing the same spectrum band with a primary
single-antenna transmitter P-Tx and an Ny-antenna receiver P-Rx. For a spectrally-efficient
secondary system transmission, a cluster C = {Rk k=1,... ,K} of K single-antenna relay
nodes operating in a half-duplex decode-and-forward selective relaying mode is supposed to
assist S-Tx in its transmission towards S-Rx. In a cellular system, a typical communication
scenario may arise in the uplink with the primary and secondary base-stations are equipped
with multiple receive antennas. A schematic description of the proposed cognitive radio
system model is depicted in Fig. 3.1'. We denote by indices s, p and k € {1,...,K} the
secondary, the primary and the k' relay nodes, respectively. Then, we refer to h,,, hg,

hgy, hg, hig and hy;, as the frequency-flat fading mutually-independent SIMO quasi-static

'Herein, we consider a cognitive radio channel where the interference caused by the primary system on the
secondary system receiving nodes is negligible, thereby referring to a “Z” topology of the proposed cognitive
radio channel model. Investigating the impact of the primary system interference on the secondary system
outage performance is left for a forthcoming contribution. However, if an “X” topology of the proposed
cognitive radio channel model is adopted, our results will still hold as insightful lower/upper bounds on the
secondary system outage performance.
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channel vectors connecting P-Tx with P-Rx, S-Tx with S-Rx, S-Tx with P-Rx, S-Tx with
Ry, R with S-Rx and Ry with P-Rx, respectively. The components of h,, € CVo*! with a €
{s,p,k} and b € {s,p,k} are assumed to be independent identically distributed (i.i.d) and
drawn from a zero-mean and Ay,-variance circularly symmetric complex (CSC) Gaussian
distribution. Note that when index b equals to k, we have N, = 1, and thus hg, reduces to
a one component channel vector. Also, since the relays are forming a cluster of K co-located
relays, we can in fact assume that Agc = Agr, Akp = Arp and A = A Vk € {1,..., K} . For

the ease of presentation, we consider the random variable change,
Zab = hgbhaba (31)

leading to the definition of z,, as a random variable that is drawn from a Gamma distribu-

tion with shape and scale parameters N, and A, respectively.

3.2.2 Secondary System Transmit Power Model

Prior to each secondary system transmission, the transmitting nodes S-Tx and Ry for
k € {1,...,K} have to keep their transmit power under a maximum Pgpax and Py ax,
respectively, while transmitting simultaneously with P-Tx. In other words, the interference
caused by the secondary system at the level of the primary receiver must be limited so as
not to violate the QoS of the primary system. From an outage probability perspective,
Py max (and similarly Py ax) can be derived as the solution to the following optimization
problem,
maximize Pg

subject to OP,(Ps) < e, (3.2)
and Py < Pq

where OP, denotes the outage probability of the primary system, ¢, is an outage threshold
that is defined by the primary system to maintain its QoS, and Py is a practical power limit
that should not be exceeded by S-Tx. In resolving the above optimization problem, we
distinguish between two transmit power scenarios: the first one when complete I-CSI about
the link connecting S-Tx with P-Rx can perfectly be estimated by S-Tx prior to sending its
symbol packet to S-Rx, and the second one when S-Tx can only acquire the second order
statistic of the underlying interference channel. The same reasoning applies to a relay Ry

where k € {1,...,K} if it is selected to transmit alongside with P-Tx.
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Proposition 1: If complete I-CSI about the interference channel hgj, is acquired at S-Tx,

then Py ax is given by,

PoAoT L (Ny,2) — No®p -
pApp¥  (Np, €p) 0 p’PS}7 (3.3)

Ps.max = min {
Pp2sp

where @, is the received SNR threshold below which the primary system falls in outage.

I x € R — 5 !(a,x) € R is the inverse function of

For a given real number a € R, 7~
the regularized lower incomplete Gamma function ¥ : (a,x) € R? — 7 (a,x) € R [95, Eq.
8.350.1] with respect to x. Ny denotes the variance of the additive noise at the primary
receiver P-Rx and at the secondary receiver S-Rx as well, that is modeled as a zero-mean
CSC Gaussian variable. The outage probability of the primary system, that is simply
the CDF of the received signal to interference plus noise at the primary receiver, can be

expressed as,

(3.4)

D, (Pgzg N
OPp(Ps):’Y<Np, p( _Zp+ 0))7

PpApp
where the quantity Pgzg, reflects the residual interference caused by S-Tx. Given zg,, OP)
is an increasing function of Pg, therefore the maximum transmit power Py is achieved when
OP,(Ps) = ep,. Solving this equation, S-Tx can finally adapt its transmit power according to
(3.3). Note that in (3.4) we did not integrate OP, over the PDF of 2y, because the quantity
P zgp is regarded as a constant by P-Tx that is equaling to (PpAppy ™ (Np, ep) — No®p) /Pp.
In the special case of Py is clipped to Ps, we know that Py already satisfies the condition
OP,(Ps) < ep. Even though sometimes advantageous to achieve good outage performance
results, acquiring complete I-CSI prior to each secondary system transmission is recognized
as a spectrum-consuming strategy, especially if the cognitive interference channel undergoes
fast fading variations. A more practical scenario indeed would consist of assuming that S-
Tx can only acquire the second order statistic of the interference channel components.
In section 3.5, we analyze the impact of both I-CSI estimation scenarios on the overall
secondary system outage performance.

Proposition 2: If S-Tx has only a partial I-CSI knowledge about hg, measured by the

second order statistic, Agp, of its components, Pg max can consequently be derived as,

(3.5)
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where Opax denotes the greatest root of the following 2/V,-degree polynomial,

— Np—1 .
)\ P i1 N @ N 11 —192 ) )
P(a) — (5p _ 1)042NP + PpApp Z Z 12 + ( O) (Oz - 1)12 aNp—lg'
i1=0 iz _0 11 B 12 P App

(3.6)

Kindly refer to Appendix 3.6.1. It is worth noting here that Py ax should obviously be
positive, i.e. the conditions PpAppy 1 (Np,ep) — ®pNg > 0 and Opax — 1 > 0 must be
satisfied in Proposition 1 and Proposition 2, respectively. Interestingly, the satisfaction of
both conditions depends only on the primary system settings. That is, the secondary system
should keep silent with no transmission opportunity if the primary system settings are not

favorable.

3.3 Relaying Protocol and Received SNR Statistics

3.3.1 Scenario 1 - Complete I-CSI Acquisition

In this subsection, we consider the first scenario for which the secondary system transmitting
nodes S-Tx and Ry for k € {1,...,K} are being capable of acquiring perfect CSI about
their interference channels, and therefore, transmitting with an adaptive maximum transmit
power Pg ax (3.3) for S-Tx and similarly derived Py .y for Rx. During the first-hop of
the proposed communication protocol, S-Tx broadcasts its symbol packet while all receiving
nodes S-Rx, P-Rx, and Ry for k € {1,...,K} listen to the transmitted symbol packet. In the
case the instantaneous received signal-to-noise (SNR) ratio at S-Rx is greater than a certain
threshold ®g, the transmitter S-Tx will move on to another symbol packet. Otherwise, one
relay among the relays that have succeeded to meet their SNR thresholds will be selected

to forward the received symbol packet. The ruling on the best relay selection criterion is
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based on the best second-hop received SNR, and is therefore given by?,

r= arg max{Pyax2ks}, (3.7)
k|RkES
where Pi_nax is the adaptive maximum transmit power of the relay Ry within S, the subset
including all relays that have met their SNR thresholds during the first-hop, thus its cardinal
|S] € {0,...,K}. Pxmax can be derived similarly to (3.3) as,

Py T L (Ny, £p) — No®p -
pAppY  (NVps €p) 0 p7PS}. (3.8)

Pk—max = min {
(I)pzkp

Occasionally, the communication scheme between S-Tx and S-Rx may span two hops. Dur-
ing the first-hop, S-Rx receives the transmitted symbol packet from S-Tx, while during the
second-hop, S-Rx receives from R, (index r refers to the selected relay) what it successfully
decoded during the first-hop. In the particular case of |[S| = 0, the secondary transmitter
S-Tx will retransmit during the second-hop the same symbol packet that has been trans-
mitted during the first-hop. Therefore, at the end of the second-hop, the receiver S-Rx will

sum up the two instantaneous received SNRs during both hops,

N
’Ys(sl) = min {(1)7 No} zs(sl) (3.9)
Zsp
and either _
. I P .
s = min y —, N Zrs , if [S|#0 (3.10)
rp
or B
I Py .
72 = min {(2), N} 2 otherwise, (3.11)
Zsp 0

where I = (PpA\pp7 ! (Np, p) / (®pNo)) — 1, before it decides whether the secondary system
falls in outage or not. Note that the exponent i € {1,2} in zs(é) and ZS(B has been added

2We note here that the proposed relaying scheme is suboptimal. It can be improved by considering
the secondary source node as an additional candidate for transmission in the second relaying hop even
though one or more relays are eligible to forward the received symbol packet. Despite, for energy-efficient
communications [93], [94] where the secondary source node might be power-limited, one may give more
privilege to relays to forward the decoded packet during the second hop unless no relay has successfully
decoded the received symbol packet during the first relaying hop. In this perspective, increasing the number
of relays to K + 1 will result in the same diversity gain that is achieved by our system when considering an
optimal relaying scheme, but with a minimum power consumption at the level of the secondary source node.
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to zs and zg, to differentiate between the first and the second hops since all the cognitive
radio channel links experience a quasi-static change from one hop to another. The CDF

(1 2
S

of the instantaneous received SNRs ~ss’, s , and g for k € {1,..., K} can generally be

given by,

I Py
F(2) = Py, [mind — =2 4 2, < 12
sb(2) ob [mm { o No } Zsh z] (3.12)

INy /Py

P (Np—1) ,—x/As
= / Prob |:Jf\);zsb < Z:| XpN—ede‘f'
0 Asp ()

+o00
I (No—1) g—x/Aop
/ Prop |:Zsb < Z:| e dx
X

A T(Np)
_ INO — ZNO
P Ps)\sp PS)\sb
_ m IN, 1
R <Iib) F(Npme’?f (Ifsb +E)>

N, Ny+m
— AN T (V) m! (Iib N Aip> g

where index b should be set to s or k depending at which node S-Rx or Ry the received
SNR is computed, I'(n, x) is the upper incomplete Gamma function [95, Eq. 8.352.2], while
~(n,x) = v(n,x)/y(n) and T'(n,x) = I'(n,x)/T'(n) stand for the regularized lower and upper
incomplete Gamma functions, respectively. Let us now consider that |S| € {1,...,K}, i.e.
|S| relays are now eligible candidates to forward the decoded symbol packet within the
second-hop.

Lemma 1: According to the proposed best relay selection method (3.7), the conditional
CDF of the instantaneous received SNR ~y5 at S-Rx during the second-hop can be expressed

as,

S| L gu M@Ns+Np—2)

_z 5 1 v—u(Ns+Np—1)
FI.S‘|3| (Z) = Ze PsArs Z gu,v <I)\rs )\rp> s (313)

u=0 v=0

where &,y foru e {0,...,|S|} and v € {0,...,u(2Ns; + N, — 2)} is a multiplicative constant
that is explicitly derived in the proof of this lemma. Kindly refer to Appendix 3.6.2.
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3.3.2 Scenario 2 - Partial I-CSI Acquisition

Herein, we consider that S-Tx and Ry for k € {1,...,K} can only acquire the second order
statistics Asp and A.p, respectively, of their interference channels components. Consequently,
the CDF of the received SNR at S-Rx and Ry during the first-hop can simply be expressed

as,

ZN()
Fu(2) =7 ( Ny, —0 ) 3.14
o(2) 7( ] ASpps_m) (3.14)

where index b should either be replaced by s or k indices depending on the receiving node S-
Rx or Ry, and Pg ax is given by (3.5). The ruling on the best relay selection now relaxes to
the best squared modules sum of the second hop channel gains. Hence, it can be formulated
as,

r= arg max{zys}. (3.15)
k‘RkGS

Lemma 2: Under partial I-CSI acquisition, and given that (3.15) is applied in the case
of |S| # 0, the conditional CDF of the received SNR at S-Rx during the second-hop is given
by,

S| oy M)
Frjis) (2) =Y € rePrmax Z Euv?, (3.16)
u=0 v=0
where &,y for u € {0,...,|S|} and v € {0,...,u(Ng — 1)} are recursively computed as,
Euo = <8|> (=) ,v=20
) Ilnlin{v,stl} (3.17)

Z (1 = v 4 1) Euyn , 1 <v<u(Ng—1).

Eu v = n! ()\rSPr-max/NO)n

vy
n=1

Kindly refer to Appendix 3.6.3.

3.4 Exact and Asymptotic Outage Analysis

3.4.1 Outage Probability

Using the total probability law, the end-to-end outage probability of the proposed SIMO

relay-aided cognitive radio system at a given p = P;/Np and transmission rate Ry is be
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given by,

K
OP; (p,Rs) = OPY (p, Re) + Y ( )OPS Rs) (3.18)

k=1
where the first term OPgl) (p, Rs) measures the probability of the event occurring when the
secondary receiver S-Rx fails to meet its SNR threshold ®; = 2™ — 1 and Cbs =2%Rs _ 1
during the first and second hops, respectively, given that no relay within the cluster C
has succeeded to meet its instantaneous SNR threshold & during the first-hop. Also,
each term OPglz (p, Rs) of the summation in (3.18) corresponds to the probability of the
complementary event occurring when |S| =k > 1, yet the sum ’ys(sl ) + Vs Of the received
SNRs at S-Rx during the first and second hops is still inferior to ®s. Therefore, they can

respectively be expressed as,
OPY) (9, Ry) = Prop (1) < @0 9d) + 92 < boyya < bsre v < b)), (319)
9 .
OP;k) (p:Rs) = Prob (75(51) < (1)8775(;) + 7rs|k < (I)Sv
Ys1 = d)s’ N (bSa Ysk+1 < (i)Sa Y5k < (I)s) . (320)
It is noteworthy that due to the clustered structure of the relay nodes within C, what it

matters in the derivation of OP( ) % (P, Rs) is the cardinal |S| =k, and not the indices of the
relays belonging to the subset S.

Scenario 1

To derive OPS) (p, Rs) with respect to scenario 1, we proceed by conditioning the probability
(3.19) on %(Sz ) and averaging over its probability distribution function, then we invoke the

result via the integration by parts. As a result, (3.20) can be rewritten as,

b,

OP( ) (P, R /Prob “Ys(s) < min {CDS,CI)S — z} Vst < <i>s, ce YK < <i>s> fss(2)dz, (3.21)
i q

= — / P Pon (fys(s) < P — Z,Ys1 < <i>s, ce YK < Cﬁs) Fis(z)dz, (3.22)

(bs (o8 7)1 (Z)
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where Fy(.) (resp fss(.)) refers to the CDF (resp. PDF) of 75(52 ) whose expression is given

by (3.12) before index b being replaced by s. Once again, by conditioning 'ys(i ) and sk for
ke{l,...,K} on zgrl)), the resulting variables become mutually independent, therefore inte-
grating over the PDF of zs(ll)) becomes more tractable. This leads to writing the probability

P1(z) in a compact formula as,

pr1 () (5 ) () o ()

e=0
I (& 1 “1 (g P I ((Ds=2) | b, 1
r (NP’ o (IAS + Asp>> gl (‘bs - Z) r (Np P, ( Do T Do T Asp>> (3.23)
: N, B ! p : Np+ AN
b, 1 p p! (I)\ ) Dy— by 1 pTP
(IAS Asp) p=0 : <( D\ssZ) ot A5p>

before its derivative being replaced into (3.22). After some manipulations, one can rewrite

the first probability as

oPWM (p,Ry) = Pl(cbscbsHNil 'y(N IS ) (”*133) Fl(u)+, (3.24)

where the intermediate functions Fi(u) and Fa(u,v) with u € {0,...,Ny— 1} and v €
{0,..., Np + u— 1} have carefully been introduced and subsequently shown to be given by,

efpizs B I - K 0 1
Fi(w) = ———x7 (Npy | (1 —e »= Io,o(u7Ns—170,0)—ﬁ

(PAss) PAsp Np) Asp
K stl N, “+p
(K e 1 [y
X Z (=1) <e> P Z T | o Zpe(u,p,0,1)+
e=0 p=0 ss

TNy +p) Npip:l(;.) [

dge 1
( - +> Ig,e(uvp*1707Np+p*q+1)+ (325)

I)\sr )\sp

szg,e<u7 p, 07 Np + P—q + 1)
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_1<g+i) K
Fy(u, v) e 7\ 3ss X 7<N No ) (1 epfs> .. (0, Ny —1,N, +u—v,0)
2 ) = T T N N ’ TN - st SS - ) - ) -
(I)\ss)v_Np )\sss P p)‘Sp by 0 ’ P

Xsp

K s*1 — e <K) e ;(I(/I\):s—i_?;\ssi—i_)\ip) I Np+p
Z Z )p+V—Np+1 <> ID\Sb (u) P, Np +u—v, 1)

F(Np SP e=0 p=0 P Asp

N+p1

X T

Pee 1
pI)\SS + — 2:[)\gq (u,p—l,Np+u—V,Np+p—q+1)
I)\sr Asp

Xsp !

b\'—'

—G—Npl%j,e(u,p,Np +u—v,N,+p—q+ 1)} . (3.26)
sp

In both functions, the integral Ié;’e(no, ny,ng,n3), where § € {0,1},d € R** n; e NU{-1}

and ng, ng, n3, e € N, can be expressed in its general form as,

I3 o(ng,n1,n2,n3) = dz

¥ ni e 1
5dg Dy 210 —0z ( Ars T)
@nl e P>\ss / @ — 2z e PArs  PAss

(=12)™ n L doage D))

€2

€3

-~

*763(12,63 (Ilo, n,ng, 113)
(3.27)

After writing (&g — z)™ for n; € N in the form of a binomial expansion (in the particular
case of nj = —1, the same integral resolution methodology applies), we then carry out for

v € {0,...,n1} the partial fraction expansion of the following euclidean polynomial division,

Zhotv R(z2)

== ng
(z+e2)n2 (Z+63)n3 =Q,(2)+ (Z+€2)n2 (z+eg) —i—;; G+o) s, (3.28)

where @, (z) and R(z) refers to its v-degree polynomial quotient and remainder, respec-
tively, while the coefficients Gis for i € {2,3} and s € {1,n;} are derived by differentiation

as,

2
(n; —s)! dz z+e)" (2 +e3)™ (3:29)

o — d(“i‘s){( (2 + )™ R(2) }'

z=—¢6;



CHAPTER 3. COGNITIVE SIMO RELAYING: AN EXACT OUTAGE ANALYSIS 46

Next, expression (3.28) is replaced into (3.27). Therefore, given that a = § (p)\ss pfrs> ,
ey =d,and e3 = — ((i)s + b )‘SSe + D‘“) the integral Jg ., (no,n1,n2,1n3) can now be rewrit-
ten as,

)
ni S 3 n;
a ny vV &H—V g az
e S () ISR I CYCED » wresc s P
v=0 b o, i=2 s=1 !
(3.30)

which, after being invoked with the help of [95, Eq. 2.323] and [96, Eq. 1.3.2.23], leads to

the following closed-form expression

‘782 e3 (u n, n2, 113)

Qu—i—l((i)s) - Qu—&-l(d)s - (I)s)+
3 P
-1 1 °
log(z+e)+——+ -+ n}] ,ifa=0
iz; [ (2 +e) (1—n5) (= +e)" g g, (3.31)
np :
ny NV L (—1)*Q®M (= )]
_, [ %
VZO ( v > ( ) =0 ak+1 ¢s._¢)s
3 s ®s
[Z (—a) Gise T (1 —s,—a(z +¢)) ,ifa#0
(lizz =1 @ $.—d,

where Q,1(z) refers to the v+ 1-degree polynomial resulting from the indefinite integral of
Q,(2), and Q,(,k)(z) its k' derivative. At this stage, we conclude with the derivation of the
first term of the end-to-end outage probability, OPél) (p, Rs) . As for the second probability
terms, Ong) (p, Rs), they can similarly to (3.22) be expressed as,

Py
d
P (R =~ [ Bl
dy—d (3.32)

Py ('Vs(s) < (i)s — 2,1 = <i)sa-- Sy Vsk = (i)sa'YSk—f—l < (i)sa---y'YSK < <I>s> dZ,

Pa(z)

where Flq (2) refers to the CDF of 7,5 conditioned on [S| =k € {1,...,K}. Its expression
is given by (3.13). After deriving P2(z) in its closed-form expression similarly to Pi(z) in
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(3.22), and taking its derivative, the result is substituted into (3.32) before ending up with

the following closed-form expression of the second outage probability terms,

k u(2Ns+Np—2)

_ Bk I
PnR=Y S s (o (v, L)
sp
b KK O\ N 1
1—e Pisr Im v,Ng—1,u(Ny + Ny —1) —v,0) + ————X
( > <pAss> pue o (¥ s (N + Ne = 1) ) AT (N)
K . No—1
Z(_l)e (K_k>efl’<§:s q)slitkh”ip) Z %
e=0 ¢ p=0 p: (]:)\SS)p
I Np+p 1
(5) Tl 3y (700N + No = 1) = 1) +T (N ) x
Np+p-1 :
1 /T\1 Ps(e+k) 1 1
S (= P [ 28T 0 2 ) 7L (vp—1,u(Ny + Ny — 1) — v,
ng q! <p> ( ( Do ) PRmend (Np + e =)
Np—l—p—q—i—l)—l—NpIiArS’e_i_k(v,p—l,u(Np+NS—l)—V,Np+p—q+l)>]}.
rp

(3.33)
As evidence of both expressions (3.24) and (3.33), the derived closed-form of expression
of the end-to-end outage probability (3.18) is valid for any value K, Ps, Ny, and channel
statistics \yp with a € {s,p,k} and b € {s,p,k}. Consequently, it can be used to evaluate
the outage performance of a wide range of SIMO relay-aided underlay cognitive radio system

models.

Scenario 2

Contrary to scenario 1, the received SNRs 'ys(sl ) and sk at node S-Rx and Ry, respectively,

are always independent because now S-Tx transmits with a constant power, which is no
longer depending on the interference channel instantaneous variations. Therefore, applying
the same derivation strategy used in scenario 1 (with minor complexity), the secondary

system end-to-end outage probability can be expressed as,
o
OP, (p,Ry) = — | (@)}K / % [P (b — 2)] B () dz-

by — Dy
5, (3.34)

S () [ ()] [ ()] [ e ()] e 10

k=1 F
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where the CDFs Fy,(.) and Fyg (.) for index b € {s,1} and k € {1,...,K} are given by
(3.14) and (3.16), respectively. Both integrals in (3.34) can further be developed using usual

integral manipulations. Finally, they can respectively be expressed as

by

d [ . N BNy [No/Psmax]™® _ _#sNo
— F (@ - Z>i| F z dZ = — (N, + € AssPs-max
. / dz U2 A7° w (2) T AP T (Ng) AN
Dg— Py
Ns 1 Ns—l i 3 Ns* s .
Z NO/PS max Z NS '— 1 (—1) ?S 1-i é;l-‘ri—}—l _ (@S _ (I)S>n+l+1
n!\L i n+i+1

= i=0
(3.35)

and

b

Ns by — B . .
[ el (o)) o= e 2 (7)o

by —d

k u(Ns—1)

)it k Euy _—
Sty () : o

u=0 v=0 ulNo — No

rsPr—lnax Assps—max

Dy
[F (1 + v + 1’ < ()\rs]%)]:f?nax B Assl:])\b[‘?max)):| @ P :
T (3.36)

3.4.2 Diversity-and-Multiplexing Tradeoff

In this section, we study the outage behavior of our SIMO relay-aided cognitive radio sys-
tem in the high SNR regime assuming a general case where Py scales with f_’p as I_’p = oPV
with o € R*" and v € RT. Interestingly, two particular cases appear to be of great impact
on the diversity-multiplexing tradeoff characterizing the secondary system communications
in the high SNR regime: 1) when P, and Py are independently fixed (i.e., v = 0), and
2) when P}, grows proportionally with Py implying that v > 0. Intuitively, the latter case
will relax the outage constraints imposed by the primary system on the secondary sys-
tem transmit power, because for high values of Ps, P, becomes high and so do the terms
I = (PpApp¥ ' (Npyep)/(No®p)) — 1 and II = PpApp(Omax — 1)/(No®p) in (3.3) and (3.5),

respectively.
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3.4.3 Fixed Outage Constraint

To derive the outage probability floor for high Ps values, we rewrite (3.3) and (3.5) as
Psmax = INo/zsp and Pgmax = IINy/Agp, respectively. Then, we just follow the same steps
(with minor complexity) used in the previous section to derive OPg (p, Rs) with respect to
both transmit power scenarios. As a result, when scenario 1 is adopted, the end-to-end

outage probability floor occurring when Py — 400 can be given by,

TV, )

i [0 @A)
FOTE)re s 0 ) ()
(L)t k=0 1=0 [F (Np) /\%"T

K=k Ne=1 ) ( 1y (Kjk)F(N +p)

A )P IHTN FNe=T) [_pD‘SS ( (J+k) + Asp>

(O,p—l,l(Np+Ns—1)—i,Np+p+1)

OP; (00, Rs) = P1(Ds — @) —

K
5353
e=0 v=0
(3.37)

1(Ns—
i=0 j=0 p=0

0
XIIM ik

+N, Ims (0D I(Np + N = 1) =1, Np +p + 1)} .

where the coefficients Vi; for 1 € {0,...,k} and i € {0,...,1(Ns— 1)} are recursively ex-

pressed as,
Vio =1 ,1i=0
1 min{i,Ns—1} 1 Ns—1—n
N n=1
Ne—=1-m\I'(Np+ Ny —1-—m) 1<i<I(Ng—1)
\ m=0 nem ! - S

In the case of the secondary system transmitting nodes act under scenario 2, the end-to-end

outage probability floor can simply be deduced from (3.34) by replacing Py, max by ILNg/App.

3.4.4 Proportional Outage Constraint

In general, if v > 0, the secondary system outage probability will decay as Py — +o0,
because the outage constraint OP,, < &, will relax for both transmit power scenarios as P,

increases. Recently, several contributions (see for instance [75] and [87]) have adopted a new
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definition of the diversity gain in a secondary system that consists of measuring the slope of
the outage probability floor as a decaying function of 1/Ag, or 1/A,,. While this definition
leads to the same results obtained in a non-cognitive relay-aided system, because when
Asp =+ 0 and Ay, — 0 we are no longer operating under an underlay cognitive paradigm,
these results still do not reflect to which extent the secondary system is affected by the
primary system outage constraint in the high SNR regime. Hence, we keep the traditional
definition of the diversity gain as it is, but with the relationship Pp = oP? with ¢ > 0
and v > 0 in mind. In fact, we can express the achievable diversity gain by the secondary

system at a given rate Ry as,

log OPs (p, Rs
d=— lim ogO—(pT\’,)‘

p—r-+oo logs p (3:38)

If the outage probability reflects the percentage of the fading channel realizations our system
can not support at a certain rate, the outage capacity indeed, brings to our attention the
system rate that our system can support at a certain outage percentage. Therefore, looking
at the two performance metrics may lead to a better understanding of the tradeoff by
which are governed. The achievable multiplexing gain can be expressed at a given outage

percentage p as [1],
r= lim OCy(p)

p—+oo logy p (3:39)

where OC,(p) denotes the p% outage capacity at a given SNR value p, and is associated
with the outage probability via this formula, OPg (p, OC,(p)) = p/100. We also look at the
average spectral efficiency defined as g = Rs (1 — OPg (p, Rs)) as a meaningful performance
metric to measure the impact of cooperative relaying and the deployment of multiple anten-

nas at the primary and secondary receivers on the secondary system outage performance.

Theorem 1

In an underlay cognitive radio system where, (i) the secondary network is assisted by a
number of K single-antenna co-located relays acting in a half-duplex decode-and-forward
incremental relaying mode, (ii) the secondary transmitting nodes adapts their transmit
power to a proportional primary system outage constraint where the primary transmit
power f_’p scales with the secondary transmit power limit Py as I_’p = oP? with o,v € R*t,

(iii) the secondary receiver is equipped with Ny antennas, and (iv) all the cognitive radio
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Figure 3.2: End-to-end outage probability of the secondary system for both transmit power
scenarios and under several system settings. The analytical expressions of the derived outage
probability (3.18) are compared to those found by Monte Carlo simulations, for k = 4,
P, =20dB, dss = dsp = dpp = 2dsy = 1, dyp = 0.9, N, = 4, and Rs = R, = 2bits/s/Hz.

channel links undergo a frequency-flat Rayleigh fading variations, the diversity-multiplexing

tradeoff by which the secondary communications are governed is given by,
d(r) = (2N; + K — 1) (min(v, 1) —r)*. (3.40)

Kindly refer to Appendix 3.6.4.

3.5 Simulation Results and Remarks

In this section, we provide our results of the end-to-end outage probability derivation with
respect to both I-CSI acquisition scenarios. Depending on each scenario, much emphasis
will be put on analyzing the impact of the number of the assisting relay nodes K and receive
antennas N, and Ng. We carry out this analysis for a quiet strict primary system outage

constraint e, = 0.001.
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3.5.1 Network Geometry

If we take into account large-scale variations of the cognitive radio channel, the second-
order statistics of the link connecting each pair of nodes in our system can be expressed
as \ap = d;b” where d,}, refers to the local distance between the transmitting and receiving
nodes whose indices are a € {s,p,k} and b € {s,p,k}, respectively. The environment
parameter x denotes the path-loss exponent, and is set to 4 as a practical value. For the
sake of simplicity, we consider, without loss of generality, a normalized linear configuration
in which the cluster C is located between the secondary transmitter S-Tx and the secondary
receiver S-Rx such that dg + dys = dss = dsp = dppp = 1. Despite of the relay location in
between S-Tx and S-Rx, to obtain a good outage performance results one may suggest to
choose the farthest possible position of the cluster C from P-Rx so as not to severely interfere
with its own reception. In fact, if 0 < d;, < 1, we can choose d, = 0.9 as a comprehensive
value. After carrying several analytical simulations, we have realized that the optimum
cluster location leading to the minimum secondary system outage performance is centered
around the conventional position ds, = 0.5. In the sequel, we keep these cognitive radio

system settings unchanged, and conduct our analytical and simulation results analysis.

3.5.2 Simulation Results and Remarks

In Fig. (3.2) and (3.3), the end-to-end outage probability expressions (3.18) of the proposed
SIMO relay-aided cognitive radio system are depicted for both I-CSI acquisition scenarios
and for several secondary system settings. In both figures, we have considered that 15p
is fixed at the value of 20dB (i.e., v = 0), and consequently independent of Py which is
growing up in the x-axis. Therefore, the end-to-end outage probability saturates at its floor
values. Clearly, the outage floor values decrease with an increasing number of Ny and K.
For instance, from a system configuration where Ny = 2 and K = 2 to another one where
Ny = 4 and K = 4, the end-to-end outage probability decreases from the value of 3.1072 to
3.10~%. This suggests that in an underlay cognitive radio system, the secondary transmitter
may greatly gain from the assistance of relays and the deployment of multiple antennas at
the secondary and primary receivers. Furthermore, it is quiet remarkable for a moderate
number of K and Ny (for instance, Ny = 3 and K = 4) that, instead of acquiring complete
I-CSI by the secondary transmitting nodes, partial I-CSI knowledge is quiet sufficient to

achieve similar (for low values of p) if not better (for high values of p) outage performances.
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Figure 3.3: End-to-end outage probability of the secondary system for both transmit power
scenarios and under several system settings. The analytical expressions of the derived outage
probability (3.18) are compared to those found by Monte Carlo simulations, for xk = 4,
P, =20dB, dss = dsp = dpp = 2dsy = 1, dyp = 0.9, N, = 4, and Rs = R, = 2bits/s/Hz.
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Figure 3.4: End-to-end outage probability floor of the secondary system for both transmit
power scenarios and under several system settings, for k = 4, po =20dB, dss = dsp = dpp =
2dgy =1, dvp = 0.9, and Rs = R}, = 2bits/s/Hz. The analytical expressions corresponding
to the presented results are given by (3.37) and (3.34) where in the latter equation Py,_pax
should be replaced by IINy/App.

Therefore, S-Tx could simply resort to the distance and path-loss of the cognitive interfer-
ence channel to calculate its second order statistic instead of consuming more spectrum to
acquire perfect I-CSI. This is shown clearly in Fig. (3.4) where the outage probability floor
significantly improves with an increasing number of Ny, Ny, and K. The same remarks hold
true even when Pp < 20dB and N, < 4, but with the curves will be translating up.
Apparently, when multiple receive antennas /V;, are deployed at the level of the primary
receiver, the interference constraint imposed on the secondary system transmit power will
considerably be relaxed giving more degrees of freedom to the secondary system in acquiring
a better outage performance. As observed in Fig. (3.4), poor outage performance results are
obtained in the case of N, = 1, but tend to quickly improve when N}, increases. Therefore,
deploying more than one antenna at the primary system receiver is viewed as an obligation

to attain spectrally-efficient secondary transmissions. Further results demonstrating the
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Figure 3.5: End-to-end outage probability of the secondary system for both transmit power
scenarios and under several system settings. The analytical expressions of the derived outage
probability (3.18) are compared to those found asymptotically for Ny = 4, N, = K = 4,
and Rs = Ry, = 2bits/s/Hz.

substantial gains that can be reaped, in terms of the average spectral efficiency, via co-
operative relaying and the deployment of multiple antennas at the primary and secondary
receivers are shown in Fig. (3.6).

In the general case, when f’p and Py are associated with the relationship P_’p = oPY
where o,v € R*T, the end-to-end outage probability will decay as p increases. The same
reasoning applies to the p% outage capacity of the proposed SIMO relay-aided cognitive
radio system, that is supposed to proportionally increase with p. As depicted in Fig (3.5),
we observe that the slope of the outage probability reflects well the achievable diversity
gain of d(0) = (2Ns + K — 1) min(v, 1) derived in theorem 1, a result that is valid for both
transmit power scenarios. Another important performance metric to look at the achievable
multiplexing gain by our cognitive radio system is the outage capacity. In Fig. (3.7), the
10% outage capacity is depicted versus p. Again, our results show that the multiplexing
gain of r = min(v, 1) is achieved by the secondary system under the primary system outage

constraint.
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Figure 3.6: Secondary system average spectral efficiency in bits/s/Hz vs the number of the
assisting relays K, for for k = 4, P, = 20dB, dss = dsp = dpp = 2dsy = 1, dyp = 0.9, and
Rs =R, = 2bits/s/Hz.
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Figure 3.7: 19% outage capacity of the secondary system versus p = Ps/Np. Tt is assumed
that kK = 4, P, = PY, dss = dsp = dpp = 2dsy = 1, dyp = 0.9, Ny = Ny = 4, and K = 4.
The curves are depicted for different values of v leading to different achievable multiplexing

gains.
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Figure 3.8: The DMT tradeoff (3.40).

The achievable DMT of the secondary system is presented in Fig. (3.8) for v = 0.5 and
v = 1 and various values of Ng. It turns out that the interference constraint imposed on the
secondary system transmit power has been translated into a DMT bottleneck (typically for
v < 1). In the particular case of P, = Py, i.e. ¢ = v = 1, the DMT of a non-cognitive
radio transmission will be attained by the proposed cognitive radio system in the high SNR

regime.

3.6 Appendix

3.6.1 Proof of Proposition 2

Different from the first transmit power adaptation scenario, neither P-Tx nor S-Tx can now
acquire complete I-CSI about the interference channel hg,. Consequently, one may derive

of the primary system OP}, as,
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p D, (Pex + No)\ xVe=Dex/2
OP, = P, (pzpp <<1>p>: /7<Np, p (Pox+ °)>X T
PsZsp + No Pp)\pp )‘SppF(NP)
(3.41)

ZPpNo. Np—1

— = ip i . .
! e Porop _ Z-1|<¢pNO>li<?l> I'(iz + Np) _
F(Np) (’I)}E)’P;)‘Sp + 1) ’ i1=0 - Pp)\pp ia=0 12 <¢PNO + _No )2
P\PP

Pp)\pp Py )\sp

where the second line is deduced from the fact that when the first argument of the normalized
lower incomplete Gamma function, 7 (n,x) = v (n,x) /I'(n), is a positive integer, the latter

can be rewritten in its serial form as [95, Eq. 8.352.1],

n—1 3
X
_ R x
¥(n,x)=1—c¢ g T (3.42)
i=0
After some manipulations, it turns out that the first constraint of our optimization problem

(3.2), OPy(Ps) < gy, is equivalent to the following inequality,

DN, .
0 N,—1 i

~Fpee L (iy 4+ Ny) [ ®pNo \" , .
P — — 12N € P -p 1)z gVe—i2 >
(@) =(ep = a4 ' (Np) Z Z ip!(iy —i)! (Pp)\pp o= e =Y

i1=0 iz=0

where a = (<I>pPs/\sp/P_’p)\pp) +1. For high values of o, i.e. @ — +00, the above 2N, —degree
polynomial P (.) tends continuously to —oo. In resolving the inequality P(a) > 0, we
therefore have to find the greatest root of P (.) (there exists at least one, that is zero),
Omax, leading to the exact knowledge of the maximum transmit power Pg . the secondary

transmitter can attain.

3.6.2 Proof of Lemma 1

Irrespective of the relay indices belonging to the subset S, we will clearly see in the fol-
lowing that, due to the clustered structure of the relays, the conditional CDF Fig s ()
of the received SNR ~7ys at S-Rx during the second-hop, in the case of |S| # 0, de-

pends only on the cardinal |S|. In fact, we can without loss of generality consider that
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S = {Rl, s Risi—a, R|3‘} . Therefore, the conditional CDF, Fys|(.), can be expressed as

S| I P,
Fig Pop |min ks < 2
Isi = H b [ { Zkp No} . ]
‘S| INO/ps 15 40 : (343)
= H / P.op <]szks < Z> fzkp (X) dx + / P.op (szs < Z> fzkp (X) dx|
k=1 0 INO/PS

where f,,_(.) refers to the probability distribution function (PDF) of 2, which follows a
Gamma distribution with shape N, and scale A.,. Using the serial representation of the

lower incomplete Gamma function, (3.43) can be rewritten as,

o _ IN(] —= ZNO
Frs||3| (Z) = |:1 v (Npa PS>\rp> r <N57 Ps>\rs>

_ m INg 1
R G B W Crnd)
|
( ) m=0 m:

)\gpF N, (I; +)\L>Np+m
TS rp

In a preliminary step towards a more tractable formula of the outage probability of the

IS|

(3.44)

proposed SIMO relay-aided cognitive radio system, we would like to decouple the variable
z in (3.44) from the rest of the terms. So, we begin by substituting the upper incomplete
Gamma functions by their serial expressions. Then, the result is treated as a binomial

whose expansion is given by,

S| zNgu

S| INy \]" e Pohe
Frs||S\ (Z) = Z ( u - Npa lssAr R ! uW(NatNp—1)
N e

Tss /\rp
u

Ns—le+Np+m—1 n
Sy (L
ml \ Dy A

m=0 n=Ng—1-m

(3.45)

where the coefficients ¢y, , form € {0,..., Ny — 1} andn € {Ng—1—m,..., Ng+Ny,+m—1}

can be expressed as,
min{n,m}

Pmn= >, (7 <—£p>m_s Bunns. (3.46)

s=0
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In turn, the coefficients By w in (3.46) for w € {Ng—1 —m,..., Ny + N, — 2} are given by

( INg

T (N, “ P ST\ W NstL
Brw = ( p+rIn]\)[e NP <150> , Ng—1-m<w<Ng+ N, -1

0% <Np, P@?;,) Arp’ s

INg\ ™
Bm,w=<P°> ,w=N,+ N, —2
S

Bmw =0 , otherwise

(3.47)

Furthermore, the double summation in (3.45) can further be developed and rewritten as,

N.—1 Ne+Np+m—1 2N+ Np—2

Pumn [ 2 1\" (= 1\
Y X ) - X oles,) om

m=0 n=Ng—1-m i=0

where the coefficients D; for i € {0,...,2Ns + N, — 2} are given by,

Ng—1
SD ,Ns_ - M
Di= Y. mT'lm L,0<i<N,—2
m=Ng—1—i
Ng—1 )
D, = spm'vl , Ne g <i<N,+N,—1 . (3.49)
m:
m=0
Nl Ym,Ns+N,—14+m
D, = Z Tvp y Ns+ Ny —2<i<2N,+ N, —2
\ mzl—(Ni“"Np_l)

Consequently, the conditional CDF F s (.) can finally be expressed as,

IS| _ zNou u(2Ns+Np—2) P 1 v—u(Ng+Np—1)
FrsHS| (Z) = Ze PsArs Z guN <1)\ —+ X > , (350)
u=0 v=0 s P

where the terms &, for u € {0,...,[S|} and v € {0,...,u(2Ns + N, — 2)} are recursively
computed with the help of [95, Eq. 0.314] as,
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_ ulNg
(_1)uNs <|S) e Pshwp |:F (Np + Ns — 1):|u v =0
Euy = u ) pApiNeE N [T (NG) T () ’
wv 1 min{2Ns+Np—2,v}
m z (Wu —V+ W) Dvgu,vfw , 1 <v< U(QNS + Np — 2)

w=1

(3.51)

3.6.3 Proof of Lemma 2

In the case of the relay nodes can only acquire a partial I-CSI about their interference

channels, the conditional CDF, Fiq s/ (.), can easily be shown to be equal to

Frgs)(2) = [v <N ZNO)F', (3.52)

Sy
)\rsPr—maX

which, after writing the regularized lower incomplete Gamma function in its serial form,

can be treated as a binomial and shown to be given by,

u

F, o~ (9 1 e 50 ! 3.53
= — u - >\rSPr—Inax v . .
I‘SHS| (Z) uzo ( u ) ( ) e ‘; V' ()\TSPr_maX/NO)V < ( )

Ay

Since [Z\(ﬁso_l) sz"] to the u'™ power is also a u(Ns—1)-degree polynomial, the coefficients
of the resulting polynomial, &,+, can be expressed with the help of [95, Eq. 0.314] as a
recursion similarly to (3.50). Finally, Flqs|(.) can be rewritten in a compact formula as
(3.17).

3.6.4 Proof of theorem 1

Let us begin by considering the first scenario for which the secondary system transmitting
nodes are able to acquire complete I-CSI about their interference channels. In this case, the

probability P;(z) expressed in (3.23) can be approximated for Ps — 400 by



CHAPTER 3. COGNITIVE SIMO RELAYING: AN EXACT OUTAGE ANALYSIS 63

( . Ns
((I)S - Z) )\éVP+NS+K
Pre(2) = X

. K
b, >
~ (N, + N, +K) ,0<v<1
N = 0(Ns+K p s ’
NAGT (V) (6Aee) ™ PECHH (fAsr

Pi’o(z)f"v’M<No>Ns (q)SNO>K L l<w

NS!PéVSJrK Ass Ast
N,
. S . K
7;00( ) ((I)S_Z> No st N. §No @ Ny
z ~ T — AT 1 I )
! NS!PéVS—i_K Ass 7 P /\sp Ast

,uv=1

. K

D VACR RS A ENy

+ °P 2 P<N +NS+K,>
F (NP) (5)\33)]\[5 §>\sr P >\Sp

(3.54)
exploiting the fact that when n € N*, a € R**, and x — +00, we have ¥ (n, 2) ~ (2)" /n!,
_ A\
[(n2) ~ 1, and(l —ef§> ~ ()" In (3.54), € equals to oAppy H(Np,ep)/(@pNy).
Similarly, the CDF Fi(.) expressed in (3.12) can be approximated for Py — +o0 by,

4 ZNS )\]\l:f)s
FOO ~ i T (N, NS ’ 0 1
s () NIT' (Np) (g)\SS)NS Pé’Ns (Np + Ns) <v<
Ns N Ns
Fsoso(z) ~ ﬁ ()\0> : 1 <o
F2(z) M No\ ™ _ N &Ny : (3.55)
N ——— -0 S4Vo
=9~y |Ua) T\ |
v =
1 )\évs N, )
+ pN,F<Np+Ns,€O>
I'(Np) (€)™ Aep

Combining (3.54) and (3.55), one may re-write the first term of the end-to-end secondary
system outage probability for high values of Py as,

o
PN (R~ — [ (PR (), (356)

$.— D
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resulting in the following compact expressions of the first outage probability terms,

2N, +K : K
0P (p R = % o o
(N T () (€ > s pLENTHO \ oA
, O<v <1
I'(Np + Ns +K)T' (N, + Ny) stl
T(V,) () Ns <I> — z dz,
SS @b .
Dy
No N, . No-1
OPgl) (P, Rs) = (N PQNH_K < ) ( > / P (CDS — z) dz , 1<w
by—b
N, No\ £No 1 AN
OP(I) (paRS) ~ ——S < 0> 7 (N ; > +
S (Nb')Q PgNerK )\ss p Asp 1’\ ( ) (gAss)Ns
§N0>] <N0>NS< §N0> i’sNo 1
F<N + N, 20 7 (N, &0 NI
P )\sp Ass P )\sp Asr )\é\rf)pr (Np) ,v=1
. K N
)\é\éerNerK b, < £N0> ‘ N1
I'( Ny, + N+ K, / 2V b, — 2 dz
() \ s P Ap /| ( )
by— D,
(3.57)

Following the same steps used to derive the above asymptotic expressions, we similarly
approximate OPSB (p, Rs) for high values of Pj as,
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.

Ong) (P,Rs) ~

N,  ANK-kp (N FNAK-K) 6\ "
NIT (V) (er) ™ prERANeril) | Eh,
]k <I>S ,O0<v<l1

/ 2V <(I> — z)NS_l dz

ONE (0

N,IPK- k+Ns+st Ars

(i)SNO K_k @ Nt , 1 <w.
(%) / S (6 -2)

[ (Np + Ng) A
NI (Np) (EAes) ™

OP) (p. Ra) ~

@) N Ny |
OPs,k (pv RS) N ‘PK k+Ns+st [ )\7 (Np, )\rp ) + N ‘F (N ) X
A Ns - K-k
p EN DN 1
(f)\rS)NSF <N + NS’ >] |:( > ( P> )‘SPO> ( )‘Sro) + F(Np) X 5 v = 1
)

Np+Ne+K—1 / s

ANp+Ns b N, . Nt
LR s F<Np+J\fs+K—k,E °> / zNS<<I>S—z> dz
)\ Nop

\ Cbs_(ps

(3.58)
It is quiet important to note that the term that decays slowly in the overall summation
(3.18) is the second one KOPSI) (p,Rs) . Thus, we conclude our analysis with the follow-
ing asymptotic formula of the end-to-end outage probability of the secondary system with

respect to scenario 1,
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KN, )\Ns—i-K—lF (N + N, +K— 1) 1 K-1
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KN, 1 N0>NS< 5N0> 1 /\IIC\{)S
OP 7R N —— 7 ov | o | M ) +
s (p S) NS!PE—H-QNS Ng! <)\rs 7 P )‘rp NI (NP) (éh/\rS)NS
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: (Np - NS’ )\I”p (T:i) v (Np7 ASI?) ()\S?) * F(Np) p(§>\ss)NS » U= 1

1\ %! ENO\ | - NN -1 (=)
(N, +N,+K—1 P2Ns+K-1 s —
{ <§/\5r> < pH A ’Asp> s Z i Ns+1+i
(3.59)

i=0
We point out that normalizing both SNR thresholds as & = & = 2% — 1 where R =
rlog, (1 + p) " log, (p) , and r refers to the secondary system achievable multiplexing-

, 1 <w.

gain, is essential because of the incremental nature of the proposed relaying scheme in which
S-Tx might attain its target rate Ry during the first relaying phase; therefore, refrains from
transmitting during the second relaying phase. In which case, the secondary system will
operate at full rate, that is, the multiplexing gain r = 1 is achieved. After replacing P, by
p"in (3.59), we deduce that the diversity-and-multiplexing tradeoff governing the secondary

communications is given by,
d(r) = (2Ns + K — 1) (min(v,1) — )", (3.60)

where (.)" stands for max {.,0}. At this stage we conclude with the proof of theorem 1
with respect to scenario 1. Regarding the asymptotic analysis of the end-to-end outage
probability in the case of scenario 2. We follow the same derivation steps used to derive
(3.59). Thus, for brevity, we just provide our asymptotic results in this case, which can be

expressed as,

, 0<vu<l1
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KN, A \ 0
OP, (p.R) & —— o (32 )
s s ( !)2 P;}(K_1+2NS) ArsC
. Ng Aep K-1
(Assc) (Asrg‘) , 0<v<1
Ng—1 i
P2NAK-1 Z Ns—1\ (1)
s < i JNy+1+i
KN, No\ ™| 1 [N\ ™™
oror)~ st (32) [ (5)
K— Ns—1 i
No\ GRNHRL 3 Ne—1\ (=1
Ast ° — i ) Ng+1+i
KN, 1 Aep s
OF: (7o) = (NPT [(Amx {c’N°}> ]
Ng K-1
[(/\lss max{)‘zp,No}> (%Srmax{)‘zp,]\fo}) ] ,v=1

No—1 :
HN-HK-1 Z (Ns - 1) (—1)" ‘
— i Ng+1+4i

where ( = (0App(Ofax — 1)) / (P No), and Oj,, is the greatest root of the following poly-

nomial,

i 2

Ny—1
1 — (N, + i) : .
P(a) = (g, — 1)a*™ + P (= 1)t N 3.62
(@) =(ep— 1) F(Np)g::o o ( ) (3.62)

Clearly, the diversity-multiplexing tradeoff (3.60) is also achieved when scenario 2 is

adopted. At this stage, we conclude with the proof of Theorem 1.



Chapter 4

TAS Strategies for Cognitive
MIMO Relaying

4.1 Introduction

Different transmit-antenna-selection (TAS) criteria have different statistical impacts on the
received signal-to-interference-plus-noise (SINR) in cognitive multiple-input multiple-output
(MIMO) relaying. If maximum-ratio-combining (MRC) is applied at the receiver, these im-
pacts are not always trivial after the SINR is being post-processed by the MRC combiner.
In this paper, we elaborate more on the difference TAS strategies induce in terms of the
outage performance with a special inclination towards the so-called SINR-driven TAS strat-
egy. Our cognitive MIMO relay setup consists of three multi-antenna secondary nodes: a
transmitter, a receiver and a decode-and-forward (DF) relay node acting in a half-duplex
incremental mode, whereas the primary transmitter and receiver nodes are equipped with
a single antenna. The more realistic channel-state-information (CSI) scenario of acquiring
only a partial CSI about the interfering channels on the primary system is adopted by the
secondary transmitting nodes. In this context, our contributions are twofold. Firstly, we
target the direct-link (i.e. first hop) secondary system outage performance and derive new
accurate statistics of the received SINR with respect to the SINR-driven TAS strategy while
putting previous works on the SNR-driven one within the same framework. Secondly, both
TAS strategies are extended to operate during the second hop and the corresponding MRC-
combined SINRs are neatly expressed prior to addressing the end-to-end outage performance

of the newly built virtual cognitive MIMO setup. Here, we also derive a comprehensive yet

68
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insightful mathematical framework that serves in the accurate overall secondary system
outage analysis. Our analytical results for both relaying hops are confirmed by monte-carlo
simulations and compared for both TAS strategies while always revealing the superior-
ity and optimality of the SINR-driven TAS. Before concluding, we discuss implementation
prospects of both TAS strategies in future large-scale cognitive MIMO relay systems.

4.2 Framework Description

4.2.1 System Model

Our cognitive MIMO relay system consists of a secondary s;-antenna transmitter (S-Tx)
and an s,-antenna receiver (S-Rx), both nodes share the same spectrum band with a pri-
mary single-antenna transmitter (P-Tx) and receiver (P-Rx). To ensure a highly reliable
and spectrally efficient secondary system transmission, a single r.-antenna relay node (Re)
operating in a half-duplex decode-and-forward incremental relaying mode is supposed to
assist S-Tx in its transmission towards S-Rx. As shown in the table above, hﬁ?b denotes
the coefficient of the frequency-flat fading channel connecting the kth transmit antenna at
node of index a € {p, s,r} with the ith receive antenna at node of index b € {p, s,r}. All
channel coefficients in our cognitive MIMO relay system are assumed to be mutually inde-
pendent and drawn from a zero-mean \gp-variance circularly symmetric complex Gaussian
distribution. That is, hﬁ?b ~ CN (0, \gp) - In a vector-wise form, the single-input multiple-
output (SIMO) channel vector connecting the kth transmit antenna at node of index a with
its respective receiving node of index b can be expressed as

i,a—b
hl,k

Ryt = : € cm! (4.1)

i,a—b
hn,k

where n = r. if b = r whereas n = s, if b = s. The exponent ¢ € {1,2} in (4.1) is appended
to hﬁ_ﬂ’ as long as the link {a — b} is involved in transmission over two consecutive relaying
hops. Implicitly, we consider that our cognitive MIMO relay channel undergoes a quasi-
static fading change from one relaying hop to another.

In the following, subscripts 7" and H denote transpose and Hermitian transpose, respec-

tively. The cumulative distribution function (CDF) and probability distribution function
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Table 4.1: The coefficients of the frequency-flat quasi-static fading channels connecting the
kth transmit antenna at node of index a with the Ith receive antenna at node of index b.

Receiving Nodes —
P-Rx S-Rx Re
Transmitting Nodes
gNodes L (h—p) | b=s) | (b=1)
P-Tx (a = p) hﬁ’ff” hfjs hfzr
STx (a=») M| h | hig
Re (a=7) hi P hi® —

(PDF) of a random vector X are denoted by Fx(.) and fx(.), respectively. |z| is the

H 4 is the Frobenius norm of the column

modulus of the complex number z while ||z]| = z
vector z. P (.), E'(.) and Var (.) denote the probability, expectation and variance operators,

respectively.

4.2.2 Power Allocation for S-Tx and R

Irrespective of the TAS criterion used by S-Tx and Re, both nodes have to keep their
transmit power P under a maximum Ps and P, respectively, while transmitting alongside
with P-Tx. Specifically, the interference caused by the secondary system at the level of the
primary receiver must be limited so as not to violate its QoS. From an outage probability

perspective, Py and similarly P, can be derived as the solution to the following system

maximize P

opp < € . 4.2
subject to Pr o P (4.2)
PSP

In (4.2), op, denotes the outage probability of the primary system, €, is an outage
threshold that is defined by the primary system to maintain its QoS, and P is a practical
power maximum that neither S-Tx nor Re can exceed. For the sake of simplicity and without
loss of generality, we consider that P equals the primary system transmit power P,. The
interference channel coefficients hy* " for k € {1,...,s;} and h} * for k € {1,...,r.} are
assumed to be completely known to P-Rx, yet S-Tx and R can only acquire their second
order statistics Agp and A.p, respectively. This scenario is more practical as it does not
burden the primary system with feeding the secondary system with instantaneous channel

estimates prior to each secondary system transmission. To resolve (4.2), it suffices to derive
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the primary system outage probability as

+o0

@y (Pz+Ng) 5= N, -1
opy / <1 - p‘ppx—pp 0 ) e *Asp de—1— ¢ Pfxp?, (% + 1) (4.3)
)\Sp p)\pp

where @, denotes the received SINR threshold below which the primary system falls in
outage and Ny is the additive white Gaussian noise at the level of P-Rx and S-Rx. It
follows then that the solution P to (4.2) is given by

N,
P, = min {QO Pp} (4.4)
Asp
where
_ ®pNg
Q= L [Ty (4.5)

Ny | (1—¢p)

is interpreted as the maximum tolerated interference from S-Tx at P-Rx. The quantity Q;
must strictly be positive, i.e. the condition e P*» > (1 —¢,) in (4.5) must be satisfied.
This means that S-Tx may stand idle with no transmission opportunity if the primary
system settings are not favorable. Likewise, P, is given by (4.4) where )y, is replaced by
Arp-

4.2.2.1 Fixed Interference Threshold (Q; = Q;)

In situations where the primary system fixes the interference threshold @; at a constant Q;
regardless of ®,, Ay, €, and P, in (4.5), the primary system is viewed to be more selfish

towards the secondary system. As a result,

P, = min {Q;NO : Pp} (4.6)

sp

will not improve as the primary system QoS improves. Even if we operate at high primary
system SNR ratios, i.e. P,/Ny — 400, Q,; will be regarded as a constant that must not be
exceeded anyway. This power allocation method leads to severe performance degradation

of the secondary system.
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4.2.2.2 Adaptive Interference Threshold

In the opposite case, when the primary system adapts Q; (4.5) according to ®,, \pp, €p
and P,, the interference constraint put on P will be relaxed as P, increases. Thus, more
degrees of freedom will be given to S-Tx to transmit at a high Ps. Nevertheless, due to the
spectrum sharing compromise of limiting Ps (4.4), the secondary system performance will
still be impacted. In what follows, we are more interested in scenarios where the secondary

system adapts its transmit power to the primary system QoS.

4.3 TAS/MRC Strategies for Cognitive MIMO DF Relaying

4.3.1 Relaying Protocol and MRC-Combined SINRs

We adopt an incremental DF relaying protocol that spans one hop or at most two relaying
hops if necessary. During the first hop, S-Tx broadcasts its symbol packet through the
selected transmit antenna k € {1,...,s;} while all receiving nodes S-Rx, P-Rx and Re are

listening. In the case of the received MRC combiner output SINR at S-Rx,

2
Ps hi,s%s

S§—S __

V&

) (4.7)

2
’hlaS—%?th,p—)s
k

s

Pp + Ny
is greater than a certain threshold ®,, the transmitter S-Tx will move on to the next symbol
packet. Otherwise, S-Rx checks if Re has correctly decoded its received symbol packet, i.e.
the received MRC combiner output SINR at Re,
S—rT PS HhZ_WHQ
Te = " 2 ) (4'8>
hi%r hP—T
P, + No

B

is greater than a threshold ®,. If so, Re will be asked to retransmit, through its selected
transmit antenna k € {1,...,r.}, during the second hop, the same symbol packet that was
transmitted by S-Tx during the first hop. At the end of the second hop, the MRC combiner
treats the two received replicas of the transmitted symbol packet as if it was sent in one
shot and received by 2 x s, antennas. Therefore, the second-hop MRC combiner output
SINR at S-Rx is given by,
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2
Py |[h* 7% + P ||y

S,r—S
? = . 4.9
’yk7k ‘hl,s—>SHh1,p~>s hr%sHhZ,p%s 2 ( )
k +hy,
+ No

p s—s||2 r—sl|2

[ I [

In the worst case of Re has not been able to decode its received symbol packet, i.e.
1" < @, the secondary receiver S-Rx asks S-Tx to repeat during the second hop the same

operation of the first hop probably via a new selected transmit antenna k € {1,...,s;}. In

which case, the MRC combiner output SINR at S-Rx is rather given by,

2 2
P ([ + )
Tr = : (4.10)

2
‘hiwﬁ“’sH hl,p—»s+hi,5*>SHh2,p~>s

+ No

by

e Pl

Finally, S-Rx checks if the SINR in (4.9) or (4.10) is greater than ® prior to deciding
if the decoding outcome is positive or negative. In the positive case, S-Tx moves on to the
next symbol packet while, in the negative case, the protocol starts again until successful

decoding is achieved by S-Rx.

4.3.2 Per-Hop SNR-driven TAS/MRC

The SNR-driven TAS has been widely adopted [21]-[23] as a simple strategy that reduces
to picking up the transmit antenna leading to the maximum received SNR at the MRC
combiner output. Accordingly, the selected transmit antenna at S-Tx, §; for the relaying
hop i € {1, 2}, is given by

1,5—>S
h’k

2}. (4.11)

$; = arg max ‘
ke{l,...,st}

During the second hop, if Re is chosen for retransmission by S-Rx, it similarly to (4.11)

selects its transmit antenna as

. 2
o= argkegéfre}{||h2_>s]\ } (4.12)
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Clearly, the SNR-driven TAS/MRC strategy in (4.11) and (4.12) is not optimal in the
sense that it does not take into account the interference caused by the primary system. How-
ever, it is regarded as a suboptimal solution realizing a reasonable performance/complexity
tradeoft.

4.3.3 Per-Hop SINR-driven TAS/MRC

Despite not new as such, herein we introduce an extended SINR-based TAS/MRC for both
relaying hops to optimally leverage the enabled MIMO Relaying and TAS/MRC diversity
gains. Conventionally, during the first hop, the antenna k leading to the highest received
SINR ~;7% (4.7) at S-Rx is selected as follows [25]-[27]

5 =arg max {7y °}. (4.13)
ke ,...,St}

Instead of being performed disjointly from the first hop, like in (4.11) for i = 2 and

(4.12), the antenna selection criterion during the second hop is based on the equivalent

received SINR at S-Rx resulted from the combination of both received replicas of the same

transmitted symbol packet. As a result, the selected antenna r at Re or sy at S-Rx are

given by
. S, r—8
—a a 4.14
i=arg max {751,k } (4.14)
and
. S,5—S
So = ar ma; , 4.15
2 =arg, max {'ysl,k } (4.15)

respectively. It is worth noting here that when the number of receive antennas at S-Rx
equals to one [23], i.e. s, = 1, we have §; = $; yet the following equalities # = 7 and §3 = $
does not hold true unless the primary system interference on Re and S-Rx is impractically

neglected.

4.4 First-Hop Outage Probability

The probability that the direct link of our cognitive MIMO secondary system fails in outage
during the first relaying hop equals the CDF of 47 at a certain threshold ®,. The selected
transmit antenna k at S-Tx corresponds to $; (4.11) or §; (4.13) depending on the adopted
TAS/MRC strategy.
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4.4.1 Received SINR Statistics for the SNR-driven TAS/MRC
4.4.1.1 Fﬁ?s (.) Derivation

If antenna k at S-Tx is selected according to (4.11) meaning that k = 1, we have

1
5 P,Z% + Ny

where

hklé,sas 2
1

1
Xs.l_‘

(4.17)

and

2
h},S—>SHh1,p~>s
S1

1 _
$1 ’

4.18)
1,5—s 2 (
b

To evaluate Fys—s (.) in the context of a conventional SIMO system with co-channel
interference, Shah and al. [29] demonstrated a-priori that X,i and Z,i are independent
because basically h,lc"g%sand h'P7% are independent and the latter entries are independent
and identically distributed complex Gaussian variables. Since both conditions also apply
on h*7% and RYP7% for k = § (4.11), we deduce that X! and Z! are independent.
Furthermore, because F (hl’p_“) =0, Zsl1 is an Exponential variable with parameter A,
whereas the CDF and PDF of X 511 are given by

_ z \*
X;(x):v(s%s) U(x) (4.19)
and
sexsrl o z O\t 7 1.90
= Ass Y —_— .
i (@) = e (s ) UG, (4.20)

respectively, where 7 (n, z)=v(n,x)/I'(n) with I'(n) = (n — 1)! for an integer n is the reg-
ularized lower incomplete Gamma [95, Eq. 8.352.1] and U(.) is the unit step function. It
follows by conditioning By (.) on Z3, that (4.16) develops to

+o00

B _ v (Ppz + No)\* ¢ e
Fysos (v) = /'y (sr, P o dz. (4.21)
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Lemma 1: At an early stage of our analysis, we introduce a simple yet tractable expan-

sion of 7(I, z) to the power of k as follows

o)k = Y Y e (4.22)

0<iy <k
0<ig<iy(I-1)

where the coefficients wzl'?,liz fori; €{0,...,k} and io € {0,...,4; (I — 1)} with [,k € N* are

governed by the following recursion

k,l k ; ,
wil,o = <Zl> (_]‘)Zl 5 19 = 0
min(ig,l—1) . . . . . (423)
1 (1311 — g + i3) ]
kl 311 — 12 +13) gy
Vit iy = in Z T¢il,i2_i3 1<
i3=1 :

See Appendix 4.7.1. By replacing (4.22) into (4.21), and using [95, 3.382.4], the CDF of the
when adopting an SNR-based TAS/MRC scheme is given by

S—S

first-hop received SINR ~§,

S v (75" N
el pips 11,22 Ps)ss . ry 071 0
Fos—s () = —— E - F(m—i—l, + >U7 4.924
- " Aps 0<iq <sy <M + 1 )ZZ—H Pidss  PpAps ™) )
0<in<iy(sp—1) \ FsAss Aps

where I (n,x) is the upper incomplete Gamma function [95, 8.352.2] for an integer n and

real x.
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4.4.1.2 fﬁ?s (.) Derivation

An important consequence of deriving sz?s (.) (4.24) is that it can serve for calculating
the PDF of v{7°, as fvifs () = 8F7§?s (7) /O~y. From (4.21), we deduce that

400 si—1 __z
B _ v (Fpz+No)\™ " 0 _ v (Ppz+ No)\ e *vs
Frgpe (V) = 50 / gl <sr, T P gy )\ %

No k,l vPp

StePPAPS Z /l/}ilviQ (Ps)\ss

r (ST) )\ps 0<ip<s¢—1 (77Pp(i1+1) L)z2+ST
S

)iz-‘rsr—l

0<ig<iq (sp—1) PsAss Ap
: yNo (i1 +1)  Np
I Uy). 4.25
(ZQ + S, Ps)\ss + Pp)\ps (7) ( )

4.4.2 Baseline Outage Probability for the SNR-driven TAS/MRC

We deduce from (4.24) that the first-hop outage probability when our cognitive MIMO sys-
tem adopts an SNR-driven TAS/MRC strategy equals op} ,,,, = By (®5). In particular,

if the secondary system is allowed to regulate its transmit power P, in an adaptive manner
PP

as described in subsection 4.2.2.2, opiysmﬂ will converge to a floor, opF, 81 snr» fOr {f — 400

that is given by

5¢,8 D i2
1 T s y
1 - wihiz (n/\ss) r (12 + 1)
Ost,snr - . % 1
Z & 1 2+
0<iqy <s¢ (7:73\9‘: )\pg>

(4.26)

0<in<iy(sr—1)

where 7 is deduced from (4.4) and (4.5) for % — 400 as

By { PpAsp \ (1 —¢p)

4.4.3 Received SINR Statistics for the SINR-driven TAS/MRC

4.4.3.1 Fﬁ?‘“ (.) Derivation

Herein, if antenna §; at S-Tx is rather selected according to (4.13), the CDF of the received
MRC combiner output SINR is given by

F =P PG, 4.28
751_’3(7)— m<’7 (4.28)
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where the variables X 511 and Zsll are constructed such as

P.X} P.X}
N L @
PpZ§1 + Ny ke{l,....;s¢} Pka + No
| — N—_————

,YS—>9 ,Y}z—)s

S1

Contrary to the SNR-based TAS strategy, X 51.1 and Zzsl.1 are now dependent variables
whose PDFs are not known although X ,i and Z,L for a given k € {1,...,s}, are inde-
pendent and their PDFs are known to follow Gamma and Exponential distributions, re-
spectively. Under the assumption of independent per-transmit-antenna received SINRs (i.e.
Y% s, ° are mutually independent), the CDF of 75 7% (4.29) was derived in [25] and
later in [26] and [27] as

F»Y;}*)s ('y) = F,Yzas (fy)st (4.30)

1

where Foyes (1) for a given k € {1,...,s:} is deduced from (4.24) by letting s; = 1 before
being replaced into (4.30).

A deeper look into v§7% (4.29) especially Z] as in the middle of (4.32), we realize that
this assumption can not hold true in our case of study because of the interference channel
h1P7$ appearing across the denominator of all 72 %s. Indeed, the correlation between the
received SINRs is a direct outcome of applying the MRC at S-Rx despite the interference
channel h'"P7% is being independent of the SIMO channels h,lg’s_m. Therefore, the equality

(4.30) should consistently be rewritten as

F’V“SS';}S (")/) =~ szﬂs (’y)st (431)

and it becomes worth investigating whether (4.31) holds as a tight approximation or not.
To the best of the authors knowledge, an exact derivation of (4.28) has not been addressed
yet in the literature. To proceed with its accurate derivation, we rewrite the variable Z,% in
the right-hand side of (4.29) as

h1,8—>5 hl p—S 1
k Y,
Zr = ‘ = _—ky 4.32
k Hh178_>5 2 X]% ( )
k
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where Y1 = |hp " n'»|? /v, vV = ||B'¢|” and X} = ||hL*7|”. Note that X}
and the newly introduced variable Ykl are still dependent variables following Gamma and
Exponential distributions, respectively. However, to get rid of the maximum operator in
(4.29) after being plug into (4.28), it suffices to condition the variable Z} on V because
the latter appears to be the cause of dependence between the received SINRs, ;7% =
P.X}/ (P,ZL + No) for k € {1,...,s;}. Therefore, (4.28) can now precisely be expressed as

+o0 st
P, X}
Pao )= [P <y ] )i (4:33)
)\ Poro+ N

where the PDF of the Gamma variable V' is given by

v

e Pps

UsTfl

fv(v) = WU(U)-

(4.34)

The difference between (4.30) and (4.33) lies in the exponent s; that is now correctly ap-
pearing inside the integral.

Because the following quadratic inequality

hl,p_mH hl,s%shl,sﬁsth,p—w
k k

1,5—s1|2
gk < R (4.35)

holds true in general for any arbitrary channel vectors h}f%s and h1P7% #£ 0, we prove in
Appendix XX that the joint PDF of X} and Y}!|v, fxiyipo (), coincides with the McKay’s

bivariate Gamma distribution [37] that is given by

Sp—2 —<%
r—1Y " e Ass
fXé,YkHv (2, y) = ( )\S’T)(s ) Uz —y) (4.36)

for a number of receive antennas s, > 2. It is apparent from (4.36) that X} and Y;! are

jointly independent from V. Hence, the probability inside (4.33), after carefully defining our
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integration regions, can be rewritten as

wNo

sr 26 ﬁdd
U<fy)// A?Q (s —1) v
0

J1(7)

P (’Yi%

plS(Pp'U"‘NO) x >

(& —y)"2e N
4.
" / / AT (sr = 1) dude (437)

¥Ng —’yNoz—Q—PSzQ
Ps yPpv

\72 (77’”)

It can be shown with the help of [95, 3.351.1] that the first term 7; (7) of the right-hand

side of (4.37) is the regularized lower incomplete Gamma function,

N,
jl (7) :7 <8T7 ;)\0 > 3 (438)

while the first integral in the second term J2 (7, v) can further be developed as

plS(va+N0)

xsrfle—ﬁ P, v sp—1
T2 (7, v) = / EN <7va (Ps (Pyv + No) — ZL'>> dr. (4.39)

7Ng
Ps

After making the change of variable t = - (FP,v+ No) — z, (4.39) can be evaluated by
expanding the resulting binomial inside the integral and using [95, 3.351.1] as

o) = L ;( )(Pwk

y

Iy
X € Padas s+ k,— (440
(PpU)ST_l K ' PS)\SS ( )
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Once we replace (4.38) and (4.40) into (4.37), raised to the power of s, the result can be

treated as a binomial whose expansion can be expressed as

St_f ’)/NO st ot St \__ ’}/N() si—l
v<7) —7<nr,Ps)\ss) +; I v nT’Ps)\ss

Ngl

L e P <PSASS)Z£_1 ) > ﬁ (ST X 1) (o)t
v
T (Sr)l v kl ’

0<k,....k;<sp—1i=1

P (viﬁs

!
S 2 Ppol —vPyv
x (Pyv + No)'er=DXiz ki o2 T <s 4k, P ) 4.41
( p O) Z_lfy T 7 PS>\53 ( )

where we pulled out to the right the terms containing the variable v. Prior to carrying the
integration over v as in (4.33), the product of the lower incomplete Gamma functions in the

last line of (4.41) is evaluated with the help of [95, 8.354.1] as

L oo S kitlsetn

_'}’PPU s '}/va i=1
k; = " (k.o k) | — 4.42
I (50 + ke 020 ) = 3 Ay Gy (222 (1.42)

i=1 n=0
where the coefficients Aj” (.,...,.) for an integer n > 0 are given by
n n—m;j n—mi—--—mjp_z 1
AU k) = (1" 30 30 3 e (4.43)
m1=0 m2=0 my_1=0 [Tizi ma!
1

X

(ki + sr +my) (k:l + 8 +n — Zi;i mi)

Finally, by replacing (4.42) into (4.41), we obtain a closed-form expression of the CDF

S—S

of v§,7° (4.44) in terms of the Tricomi confluent hypergeometric function ¢ (., ., .) [38] which

is implemented in famous mathematical softwares such as Mathematica thereby can serve
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for accurately evaluating (4.44).

_ ¥No \* 1 T (5t
F s—s e s
Yo (V) =7 <s Pskss> e <P Apg) >

st—1 ls
_ vNo > (=) Nl (57« - 1)
X Spy T e PsAss E | |
7 < PSASS r (Sr)l

0<ky,....k;<sp—11i=1

51kZA (v, k) (220 T Z+Zk‘¢—|—sr—|—n
’ ’ PS)\SS

i=1

Ny [(vPl 1
. S+ 1 1,20 . 4.44
xU <l+;k s+, (I4+1) +n+ P, <P5A55+Aps>> (4.44)

4.4.3.2 f%j-l_’s (.) Derivation

To proceed with the PDF derivation of the received SINR, ¢ 7, it follows from (4.33) that

+00
far )= [ P (o <a)" 0T )4 DT de (145)
0
where D7 is evaluated as
o [ ANy o —le™ Fercs
b= oy <S’"’ P5/\58> (PSASS)S T (s) 0

and
pls (Ppv+No)

DI (7.0) = 2 / o le e (P 2 (Pyo+ No) — T (4.47)
200 C Oy AesT (sp) \yPpv \ Ps rY )= - '

1Ng
Ps
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Using the general Leibniz rule for partial derivative of integrals and identical steps used to
derive Ja (v) (4.40), DJ 2 (v) can be expressed as

_7Ng -1 __aNo_
757'_16 PsAss (*1)87‘ e AssbPs
DT> (y,v) = - 5 *
() T AT
5 sr—k
P £y (Pyo + No)™ L
X <8T> < s ss) e ;\Yssps ( pv+ s zl ’7 <57‘ +k - 17_ pvry) . (448)
pr N Y (Fpo)™ Foss

Adding DT (v,v) to DJ 1 (v) and replacing the result into (4.45), it follows from applying
the same approach used to derive sz?s (.) that the PDF of ;7% is given by

ot (PN;\O )sr 7 re P No \ ¥ ! j
sAss _ ’Y 0 Sy Sp — 1 i
s—s — Ny, . . -1
f'751 (f)/) F (Sr _ 1) F (57') v < r PSA55> Oggsr ( i > < j ) ( )
0<j<sr—j
Py)\ps I (sr +i 4 §) o  YPpps
F 1 . .
><< N, (sr+i—1)2 1 s S 1+ 958, + 1 Por. +
Sr
o <%> i (st - 1> (—1)>r o 6_%< vNo )Si_l_l
Ny ———
F (S’f' - 1) PSASSA;?E =1 l 1" (Sr)l—‘rl fy r PSASS
l
5 sp—1 k+
> (DI et S kst

0<k<sp
0<ky, . iy <sp—1

(I4+1)sp+n—1 l
—7No '
) )

=1

i=1

l

N )P, 1

xu<l+k+2ki—|—s7«+nsr(l+2)—|—n+1 ;(W+A>) (4.49)
i—1 D s/\ss ps

where oF] (.,.;.;.) is the Gauss hypergeometric function [95, 9.142] resulting from [95, Eq.
6.455.2]. Together with U (.,.,.), both can accurately be evaluated using Mathematica for

instance.

4.4.4 Baseline Outage Probability for the SINR-driven TAS/MRC

The first-hop outage probability of our cognitive MIMO system when an SINR-driven
TAS/MRC strategy is adopted, opismr, can finally be deduced from (4.44) as Op;smr =
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F.s—s (®,) . In particular, if the secondary system transmit power allocation is adapted to
S1
the primary system QoS as is the case in 4.2.2.2, opi siny coOnverges for % — 400 to an

outage probability floor opF1 Pertaining to (4.33), we have

s,sinr*

+o0

Fslsmr = / P (77X,12 < <I>5Yklv> Stfv (v) dv (4.50)
0

where 7 is given by (4.27). The conditional probability inside the integral in (4.50) now
reduces from (4.37) to

sr=1 7 25 Lo Res P v sr—1
) / < — x) dx
) J I (sy) n

— )" mvd 6_2’\”:5"] <7W(I)S> (4.51)

where the last line (4.51) follows from [95, 3.383.2] with I _ 1 (.) is the modified Bessel
function of the first kind. Similar to the derivation approach of op; sinr» (4.51) can also be

expressed as

S — Dsv sp—1 k
2 —1)" e nhss Ssp— 1 Nss dv
P (nX,% < @sYklv) = ED7e P )I‘(s ) Z ( . > <¢) v> v (sr —1—/{;,—?7)\ ) . (4.52)

k=0

After, raising (4.52) to the power of s¢, and then substituted into (4.50), we finally obtain

a closed-form expression of opF S siny that is explicitly given by

_ Psvsy

1 . (_1)Stsr e NAss 5t St ST’ — éi kz
Fssmr_ F(S )st Z I Z H ) =t
r =1 0<k1,...k;<sp—1i=1
—eN\"* T(1+1)s +n)
ZA (1, ... k) <77A> RSN CE= (4.53)
(m ’\PS)

4.5 Second Hop Outage Probability

In this section, we are keen on the exact derivation of the end-to-end second-hop outage

probability of the proposed cognitive MIMO relaying system. Using the total probability
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law, it is given by [90, Eq. 7-§]

qg:PQ@*<¢gﬁf”<¢Qow”<¢g+

| —
As A
P (17 < @iy < @) P17 > @) (4.54)
—————
Ay 1-A

where the transmit antenna indices at S-Tx and the relay Re are selected depending on the
TAS/MRC strategy being utilized.

4.5.1 Derivation of A,

Due to the independence between the random channel vectors hy* 7 and hi™" for k €
{1,...,s}, the TAS criterion used by S-Tx does not impact the derivation of A; in (4.54).
Therefore, A; can be deduced from (4.24) as A} = Fryos (®s) after making the following

change of parameters Ags = A\gr, Apr = Aps, 8¢ = 1 and s, = 7.

4.5.2 Derivation of A;

The probability As in (4.54) can be viewed as a particular case of Ag since Az = Ag
when re = s, Aps = Ags and Ay = Agp. The latter equality implies that P, = P, (4.4).
Therefore, we proceed with the derivation of A according to both TAS/MRC strategies for
an arbitrary 7, Ars and A,p,. Then, we deduce A3z from the final expression of Ay by making

the aforementioned change of parameters.

4.5.3 Derivation of A, for the SNR-driven TAS Strategy

According to (4.11) and (4.12), Ay = Ay can be expressed as

: P.X} P.X! + P.X;
dyp=P |t o, " o 4.55
? <g%+% Y PRZ%+No o ° (4.55)

where X 511 (4.17) and X, = th_“Hz are independent but not identically distributed vari-
ables. The CDF of X, is given by (4.19) where s; and A, are being replaced by r. and A,
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respectively. On the contrary, Z} (4.18) and

2
1,5— H
‘h )S sH hl,p%s h:ﬁs h2,p%s

(4.56)

317 o 15—}8 N 2
(el R 1|
are dependent yet identically distributed Asp-mean Exponential variables. Given the dis-
tribution of the marginals, it is not necessarily true to deduce that the joint PDF of Z!
and Z.2 ; follows a bivariate Exponential distribution. Indeed, this implication does not

1,5—s

hold true in our case. However, conditioned on h’ and h}7°, the generating complex

Gaussian variables of Z8~11,
hl S—)S h17p~)5

4.57
th s%sH ’ ( )

and Z2

S1, 7
h1.73—>5h1,p—>s +hr—>sh2,p—>s
T

Vuhl P

appear to arise from nonsingular linear combinations of independent Gaussian variables.

(4.58)

Therefore, they jointly follow a bivariate complex Gaussian distribution. As a result, the
joint PDF of Z 8-11 and ZS-QM; conditioned on X ;1 = x1 and X, = x4 is a bivariate Exponential

that can be expressed as

_ _(z1429)
e /\Ps(lfp%) 2px\/217
I 4.
o,z Jonen 072 = 33—y o <Ap5(1 pz)> U(z1)U (22) (4.59)

where p? is the conditional correlation coefficient between Z; and Zg 4+ conditioned on

X 511 = x1 and X; = x9, and Iy (.) is the zeroth-order modified Bessel function of the first

kind whose series expansion equals

+oo (1, 2\
T<
Iy(z) = (4i'2) . (4.60)
i=0 ’

(]

Lemma 2: The conditional correlation coefficient between Z 511 and ZSZM- is given by

(4.61)
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while its averaged variant p?> = F [X 8.11 / (X 511 + Xf)] can be expressed as'

ST ¢st_LST
2 the 11,12 .
p° = —=—T(sp +ig+1)
r (37")2 O<il<zntl )‘?SJrSt
0<ig<iq(nr—1)
6717 T .
X Z Q’Z):3,i4 Tr (8 +14) 1

0<ig<re—1

Natsr (28, 4 ig + 14) (i3+1)28T+Z2—H4
0<ig<iq (sr—1)

Ars
rs (il + 1)> . (4.62)

A
X o F ) 1,2 ) a2 ) ) 1,1—
2 1<Sr+12+ y 28y + 12 + 14,28, + 22 + 14 + 1, Nos (i3 + 1)

Proof: See Appendix 4.7.2.
We proceed now with the derivation of Ay starting from equation (4.55). It can be

rewritten as

A2 = /// fZl 2 (2’1, ZQ) fXT' (1’2) fX.1 (a:l) dmldazgdzlsz (463)
R §107 81,7 XT1,2T2 S1
—+00 .
ST IR, (7)
= Ir, +Ir, + : 4.64
()\ss)\rs)sT T (ST)2 R1 Ra zzg ;12 ( )

where R = {R1 URyUR3} is our four-dimensional integration region that can be subdi-

vided into three distinct regions

Ri= {(z1,22,21,22) e RTH|0 < a1 < B,
0<zp<3(B—21),0<2,0<z}
R2 = {(x17x27z1722) S R+4 |0 < < ﬁ,

%(ﬁ—fﬁl) < 9,0 < 21,

(4.65)
L(—B+ a1+ 622) < 20}
R3: {(x17x2721722)€R+4‘6<{I)17

0< 9,2 (=B+z1) < 21,

é (—ﬁ + 21+ (5.%2) < 22}

In the particular case of X;I and X7Z are identically distributed in addition to being independent, we
would have easily obtained p*> = E [X;l/ (X;1 + Xy«)} =F [X;«/ (Xq-n + X;l)] = % compared to the general
expression (4.62). This case arises in the calculation of Az (4.54) reflecting the event in which S-Tx transmits

during both relaying hops.
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over each the integral in (4.63) will be carried on. In (4.65), o = q);fp, B = q’ST]sVO and
s=25 - Given (4.20), the first quadruple integral Zr, in (4.64) over the region R; is given
by

(B—=21)

St—l
Jorl e oL T2 Ty
(z122) Ass Ars7y Sroy
SS

0

oﬂ»—‘

re—1
(sr, :172) drodxy.  (4.66)

2|

It can further be developed using the result of Lemma 1, [95, Eq. 3.351.1] and [95, Eq.
3.383.1] to obtain

—1,sr e—1,8r . .
IRI _ Z wflt,ig ° Z w;&u ° r (Sr + 24) T (37’ + 22) y

i iq . sptig
0<iq<sg—1 )\SS 0<ig<re—1 )\7‘8 (@)

0<ig<iq (sp—1) 0<ig<iz(sr—1) Ars

i . . rtia—1 ;
Ass ”’27 o L, 1t DB G—MZ i3 1N guizem
i1+ 1 T X Arsd

m=0

a1 i+ 1
T(m+1)1F <3T+i2;sr+z‘2+m+1;ﬁ<7’f\+5 —“;r >>] (4.67)

where 1 F} (.;.;.) denotes the Kummer confluent hypergeometric function [95, Eq. 9.210.1].
Following the same steps, Zg, and Zg, (i) can also be derived using [95, Eq. 3.351.2] (instead
of [95, Eq. 3.351.1] in the Zg, derivation case) and (4.59) as

st—1,5r re 1 sT )
T — wn,iz 13 s D (sp4i4)T (s +i2)
Ra — Z A2 Z )\24 Srtig
0<iq <sg—1 8s 0<ig<re—1 S (%34-1 )
0<ig<iy (sr—1) 0<ig<ig(sr—1) ApsQ
Sr+i4—1 m
—A(E5+515) 3+1 1
X rs ps F 1
) mz:o ey )‘7’85 " ApsQt
i 1 ) 1
X BT By <5r +i2;5, +ia+m+1; 3 < st _nht >> (4.68)
Ars0 Ass

and
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7"8 1,s,, too+0o0

wst*LSr
. } : 11,12 2 : za iq
I 'l = - -
R3 ( ) )\’LQ )\14
0<ig<sg—1 S$8 0<ig<re—1 rs
0<in<iq(sr—1) 0<ig<ig(sr—1)

. (gtDay (ig+D)wg ol + —b+x
e s e E ) (21 + 22) ( B+ 1)
ApsT2 «

sr 1+i+i2

xl +.’L’2 z+1

T (1 i (1 + x2) (= + @1 + dx2)
ApsT2 «

) dxodxy, (4.69)

respectively. To the best of the authors knowledge, the double integral in (4.69) cannot be
resolved in closed form. Yet, it can accurately be calculated via numerical integration using
Mathematica for instance.

At this stage, we conclude with the derivation of the end-to-end outage probability of
our cognitive MIMO relay system, opg,sm = A3A; + Ay (1 — Ay), using an SNR-driven
TAS/MRC strategy. The outage probability floor 0pF52 <nr appearing for %’) — 400 can be

deduced from the final expression of opism by setting o = ®5/n, f =0 and § = % where x
is given by 1 (4.27) with Ay, being replaced by )\Tp.% = 5dBd,s.

4.5.4 Derivation of A, for the SINR-driven TAS Strategy

It follows from the SINR-driven TAS/MRC criterion proposed in (4.13) and (4.14), that

Ag = As can be expressed as

i P X§, o DX B X (4.70)
= S A= <Py < . .
2 PZL + Ny 7 PZ% .+ No s

817‘

The derivation of As is too involved because of the correlation linking most the variables
n (4.70). A summary of the relationship between all pairs of variables in our system is
shown in table 4.2. Despite, we develop As in a general integral format, then to get much
intuition into its exact derivation, we proceed by considering the particular case of single
receive-antenna at S-Rx, i.e. s, = 1.

The right-hand side event of (4.70) can be rewritten as

P.X} + P, X PX1+PXk
e 7 e T (4.71)
kE{l re}

PZ +N0 ..... 1k+NO

Sl’l“
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To expand Ay, we condition both events in (4.70) on X ;1 and Z 311 Consequently, we obtain

(4.79) where the conditional probability As (z,z) can in turn be expressed as

Te

“+o00

- Pz + P X

Ay (z,2) = /73 Zj |“Z <o, | fv)do (4.72)
0 Py ;ix,ﬂ + No

where V' = HhQ’IHSH% Expression (4.72) has resulted from applying the same approach
used in Subsection 4.4.3. In (4.72), the variable Z?hk‘:):, z,v for k € {1,...,r.} is given by

2

22, .20 = Vi + e 2o (4.73)

H
where the random variable 6 corresponds to the argument of h;fﬁs h'P7$ that is inde-

pendent of h};_“H h2P=$_ After being properly scaled, it turns out that Z.s?hk

x, z,v follows
a non-central Chi-squared distribution. In fact, the derivation of Ay (z, z) involves knowing
the bivariate PDF of 2Xj \ A5 and QZ§17k|x,z,v \ vArs as central and non-central chi-
squared random variables, respectively, with different degrees of freedom and noncentrality
parameters.

To the best of our knowledge, the bivariate PDF in question has not been derived yet
in the literature. As a starting point, we resort to the single receive antenna case at S-Rx
in order to get some insights into the derivation of A, (4.70) as the latter appears to be

too complex to evaluate in a closed-form expression for an arbitrary receive antennas s, at

S-Rx.

Variables SNR-driven TAS | SINR-driven TAS
(SZ':&',’I":?.“) (Si:;éi,’l":f)
Xgl st2 1 x
X, Z3 1 B
Xi |22, or Z7 1 o
X2 zZk 1 o
X2 | 22, or 22, 1 o
Z;l waor Zghsz x x

TABLE 4.2: The relationship between each two variables resulting from the use of both
TAS/MRC strategies. L and o denote for the independence and dependence, respectively.
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Theorem 1: The bivariate PDF of X, and Z§17k

x,z,v in the case of an arbitrary non-
negative reals x, z and v, and s, = 1 is given by
T2,22) =
ka’Z'szl,k‘%Zv“ ( ’ )

e_IQ/)\'rs

)

)\7«571'\/4$Z$2U — (29 — (zz + xgv))2

(\/ﬂ?— \/xgv)2 <29 < (\/ﬁ—l- ,/33212)2
0; Otherwise

(4.74)

See Appendix 4.7.3. Also, the joint PDF in (4.79), fx1 , (.,.), now reduces for s, = 1,
$177 81
x>0 and z > 0 to

x __Z
_ =z st—1 6_ Ass € Aps

fxi @ﬂ):&<1—6*”)
517785 )\53 )\ps

(4.75)

because both variables X :511 and Z 51'1 becomes independent. Let the probability inside (4.72)
before raised to the power of 7. be denoted by A (z,2,v). As a result of Theorem 1, it can

now be expressed as

Ay (x,z,v):// fy 42 | (72, 22) dradzy (4.76)
7" Xk Zg) g |T5250

where 7 = {71 UT2 U T3} is a two-dimensional region that, for a given z > 0 and 0 < z <
O, (Pyz + No) / Ps, defines the sub-regions over which the inequality (Psx + Przy — ®5Np)

VAN

20®s P,/ (x + x2) holds true. It can be divided into three distinct sub-regions as

)
Ti= {(x2,2) eRT20<2,0<z<p,

0§x2§§(ﬁ—m),0§22}
Tz = ) ERT2|0< 2,0 <z < B,
2= Al cREOS2 050 (4.77)
5(B—) <wg, (=B +x1+012) < 2}

Ts= {(x2,22) eRT2|0<z,8<2<B+az

ngg,l<—5+l‘+5l’2)<22}

«
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where the parameters «, 5 and § are similarly defined as in previous section. Note that it
becomes not trivial to precise T if we add the definition domain of the bivariate distribution
in (4.74) to the system of inequalities (4.77) as it will involve solving quartic inequalities.
Indeed, we replace (4.74) as is into (4.76) and carry out the double integration over 71, T2
and T3. After usual mathematical manipulation, we derive Aj (x,z,v) as shown in (4.80)

where the function G (.) is given by

1 ;u<—1
G(u) = qarccos(u) ; —1<u<l. (4.78)
0 ; Otherwise

Finally, we substitute Ay (z,z,v) (4.80) into Ay (z, z) which in turn being raised to the
power of 7. (4.72) before replaced in

@
400 Ti(PPZ+N0)

A= [ [ fgm @ (479

0 0
P+ P X P+ P.X
P §$+ Lkl R ’;”“L rre o, | deds.
ByZ¢ 1|z, 2+ No ByZ2 . |, 2+ No
Ag(a:,z)

The resulting expression of As is a three-dimensional integration over v, x and z, succes-

sively, without counting the integral over xs in
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+oo 9

o0 c

(1-ese) / e
3(8-x)

g ((—ﬂ+x+5:c2) — a(a:z+xgv)) ds

) 20, /TZ0T9
Ag (z,2,v) = T2° 2 . (4.80)

<z <fB+az

G (=B + 2+ 0xa) — a(xz + 29v) i
20y /rz0T0 2
0 ; Otherwise

Clearly, it is difficult to evaluate As in a closed form for the SINR-driven TAS /MRC strategy
even in the single receive antenna case at S-Rx. However, thanks to powerful mathematical
softwares such as Mathematica, Ay and consequently the end-to-end outage probability
opisim, = A3A; + Ay (1 — A;) can accurately be computed via numerical integration and
double-checked with monte-carlo simulations. The same applies to the calculation of the

outage probability floor opF? occurring in high primary system SNR ratios. It can be

s,sinr

deduced from opi sine @8 pointed out in the SNR-driven TAS/MRC strategy.

4.6 Simulation Results and Implementation Prospects

In this section, we confirm the correctness of the outage probability analysis we carried out
in the previous two sections. Furthermore, we conduct an accurate outage performance
comparison between the SNR and SINR-driven TAS/MRC strategies for different system
settings and scenarios. Finally, we give more insights on our results and discuss implemen-

tation prospects of both TAS/MRC strategies in future cognitive MIMO relaying systems.

4.6.1 PDF of the First-Hop Received SINR at S-Rx for both TAS/MRC

strategies and Some Insights on Approximation (4.31)

Fig. 4.1 shows the curves of the derived PDFs (4.25) and (4.49) for both TAS/MRC

strategies, thereby confirming the exactitude of our findings in subsection 4.4. As the
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receive antenna number s, increases, as illustrated in Fig. 1(b), the approximation (4.31)

leading to
Fagre () & 8eFyge ()7 frpos () (4.81)

becomes tight because the correlation between the received MRC output SINRs ;7% weak-
ens. The evidence of this claim is justified by evaluating the correlation coefficient (?
between the variables Z] (4.32) that is found to be inversely proportional to s, and exactly
equaling ¢? = 1/s,. Hence, a typical scenario for which (4.81) holds as a tight approxima-
tion arises if a large-scale receive antenna array is deployed at S-Rx. This reasoning is valid
only for the direct-link transmission, otherwise (4.81) is not adequate to approximate the
PDF of the equivalent received SINR during the second-hop transmission as the correla-
tion between the resulting system variables become much more involved. From Fig. 4.2, we
point out that the PDFs corresponding to both TAS/MRC strategies tend to approach each
other for low values of A\, and got clearly separated for high values of \j,s reflecting the
dominance of the interference from P-Tx on S-Rx. If the primary system interference on the
secondary system is neglected, i.e. A,s — 0, the SINR-driven TAS/MRC strategy reduces
to its SNR-driven counterpart. Therefore, the former is viewed as an optimal interference-
aware strategy that outperforms the latter over the entire primary system SNR ratio and

for any arbitrary secondary system settings.

4.6.2 First-Hop Outage Probability

In Fig. 4.3(a), the analytical expressions of the first-hop outage probability for both
TAS/MRC schemes are depicted and compared to those found by Monte-Carlo simulations,
whereas in Fig 4.3(b), we separately plot the outage probability floors appearing at high
primary system SNR ratios using an adaptive secondary system power allocation method.
Our curves are generated for different antenna configurations. Once again, our findings are
confirmed by simulations to be exact and accurate. Pertaining to Fig. 4.3(a), the secondary
system transmit power Py is allocated either in a fixed (4.6) or adaptive manner as de-
scribed in section 4.2.2. Apparently, the former leads to severe performance degradation as
opposed to the latter which leads to a proportional outage performance enhancement with
the primary system QoS. In the adaptive power allocation scenario, the condition @; > 0

from (4.5) must hold or equivalently the primary system SNR ratio P,/Njy is required to be
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greater than a certain threshold @y, dB, i.e.

0 Applog (%)

so as the secondary system can coexist with the primary system on the same spectrum.
Our simulations in Fig. (4.3) are conducted with @, = —0.1dB in order for the x-axis to
be defined starting from P,/Ny = 0dB, and ¢, = 0.01. The value of Q4 can arbitrary be

modified as a function of the primary system settings ®,, A\,, and ¢,.

4.6.2.1 Impact of Antenna Configuration

Fig 4.3(b) shows the gap between both TAS/MRC strategies in terms of the outage proba-
bility floors (4.26) and (4.53) for different antenna configurations in the case of an adaptive
power allocation is used by S-Tx. Clearly, the superiority of the SINR-driven TAS/MRC
gets more pronounced for large-scale MIMO systems reflecting its interference cancella-
tion capability against its SNR-driven counterpart. For instance, the outage probability
floors for a 6 x 6 cognitive MIMO system are opF;sm = 1.43251 x 1072 and much less
Ostl,sinr = 1.0784 x 107'°. We mention that this gap limit is attained in the high pri-
mary system SNR regime although the beginning of its appearance starts from low values

of P,/Ny as captured by Fig. 4.3(a).

4.6.2.2 Impact of the Second-Order Statistic \,,

Alternatively, in Fig. 4.4, we plot the outage probability floors opF; s and opF; sine DUL
now as function of 1/A,s. When large-scale variations of the interference channel between
P-Tx and S-Rx are taken into account, \,s can be viewed as inversely proportional to the
distance between P-Tx and S-Rx. This means that the greater 1/), is the farther P-
Tx is seen from S-Rx. As captured Fig. 4.4, the outage probability floors opF} and

s,snr
opF!

5 siny decrease as P-Tx goes far from S-Rx thus causing less interference impact on
7

the secondary system. Once again, the gap between both TAS/MRC strategies widens for
loaded cognitive MIMO configurations as the SINR-driven TAS/MRC strategy leverages
all available cognitive MIMO system diversities to optimally reducing the primary system

interference impact on the secondary system.
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Kindly note that the general nature of our derived analytical results can serve as a
framework to evaluate the secondary system outage performance under different system

settings and scenarios for both TAS/MRC strategies under consideration.

4.6.3 End-to-End Outage Performance

During the second-hop, our cognitive s; x s, MIMO relay system can be viewed as a virtual
s¢ X 28, cognitive MIMO system, hence, most of the insights we gave in the previous subsec-
tion hold true herein as well. However, we are here keen on assessing the end-to-end outage
performance of our system, in particular, evaluating the advantage of relaying and transmit

diversities that are jointly targeted in the proposed SINR-driven TAS/MRC strategy.

4.6.3.1 Impact of Antenna Configuration

In Fig. 4.5(a), our derived analytical results of the end-to-end outage probability (4.54) for
both TAS/MRC strategies under focus are compared and double-checked by simulations.
Note that the curves representing the SINR-driven TAS/MRC in the case of s, = 1 corre-
sponds to the end-to-end outage analysis carried out in subsections 4.5.4, 4.5.2 and 4.5.1.
As already pointed out, for situations where s, > 2, the end-to-end outage probability when
an SINR-driven TAS/MRC strategy is adopted becomes too complex to evaluate analyti-
cally, therefore, we resort to monte-carlo simulations as depicted in green solid lines in both

pictures of Fig. 4.5.

4.6.3.2 Impact of Relay Location

Fig. 4.5(b) shows the end-to-end outage probability as a function of the distance between
S-Tx and Re. For simplicity, we consider a two-dimensional squared geometry [17] of our
cognitive MIMO relay system where P-Tx, P-Rx, S-Tx and S-Rx are positioned at locations
of coordinates (1,0), (1,1), (0,0), (0,1), respectively, and the relay Re moves across the line
between S-Tx and S-Rx. Our path-loss model is assumed to be exponentially decaying such
that Ay = d;b” where dg;, is the distance between the transmitting node of index a and the
receiving node of index b, and « is the path-loss coefficient. From Fig 4.5(b), we observe that
the optimal relay location is centered around dss = 0.5, but tends to shrink as s, increases
and enlarges as s, decreases. This is true whether the secondary system is operating at low

or moderate-to-high primary system SNR ratios.
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4.6.4 Implementation Prospects of both TAS/MRC Strategies
4.6.4.1 Antenna Index Feedback Load

During both relaying hops, the secondary system transmitting nodes need to identify the
index of their transmit antenna. This index is assumed to be selected by S-Rx and fed back
to either S-Tx or Re via an error-free load of max {[log, (s¢)], [logy (re)]} binary bits where
[u] refers to the smallest integer greater than or equals u. In this regard, both TAS/MRC

strategies are alike.

4.6.4.2 CSI Acquisition and Antenna Selection

Assuming the secondary system receiving node S-Rx is capable of acquiring complete CSI
about its forwarding channels, it can simply identify the index of the selected transmit an-
tenna at either S-Tx or Re according to the SNR-driven TAS/MRC strategy. Yet, for packet
decoding purposes, S-Rx is required to also acquire complete CSI about its respective inter-
ference channel and determine the primary and secondary transmit power levels in addition
to the AWGN power spectral density. Altogether, these parameters are the prerequisites of
the SINR~driven TAS/MRC strategy. Hence, while the SNR-driven TAS/MRC strategy can
be applied at an early stage of the packet decoding process at S-Rx, its SINR-driven coun-
terpart requires additional parameters at an advanced stage in the received symbol packet
processing. This justifies the performance/complexity tradeoff by which both TAS/MRC

strategies are governed.

4.6.4.3 TAS in Future Wireless Communications

TAS has been used in LTE/LTE-A as a means to reduce system complexity and power
consumption at the transmitter side while reaping the benefits of multi-antenna systems
especially at the user equipment side. Its flexibility and adaptability to be used with different
MIMO variants such as spatial division multiplexing and space-time block codes [32] makes
it a potential candidate for the 5G and beyond. TAS can also be envisaged for large-scale
cognitive MIMO systems in an attempt to combat/exploit co-channel interference in a more
sophisticated way [33]. However, particular efforts should be paid to lower the complexity

of the antenna selection algorithm in use.
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4.7 Appendix

4.7.1 Derivation of Eq. (4.22)

By treating 7(I, z)* as a binomial, we get

k -1 ;\ 4
)k =3 ("") (~1) e (Zj) (4.82)

=0 \1 i—0
k k; ) ’il(l—l) ]
- <¢>(_1)“ DR (4.83)
=0 N1 i5—0

where, in (4.83), we explored the fact that the above (I — 1)-degree polynomial to the power
of i is also a polynomial whose degree is i1 (I — 1). The resulting polynomial coefficients

are given by
-1 71 (i2)
kl 1 !
Pirir = 5D <Z u) . (4.84)

In (4.84), D, [.](i"’) denotes the iath order derivative operator with respect to x. Hence,
(4.84) can alternatively be expressed with the help of [95, 0.314] for i; € {0,...,k} and

io € {0,...,41 (I — 1)} in the form of the following recursion
Piro =1 iz =0
in(iz,l-1) .. . . .
ki1 iz (igi1 —dg +03) gy 1< (4.85)
Pirin — 7 izl i1,ip—iz 0 - = 2
2 T 3!
resulting in (4.22) where Pt = F (—1)" ol
g . 11,02 il (pi17i2'
4.7.2 Derivation of p? and p?
By definition, we have
1 72 2
02 = 5|23, 25.) - % . (4.86)

2
Ass
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where Z} and Zs21,v* are to be replaced by (4.18) and (4.56), respectively, into (4.86). Then,

sl,f} firstly over h?P~*, we get

by carrying the expectation F [Z 31 7?2

AR Ao ZL X,
Elz 72 1= E S1774 PeTs T 4.87
|70 25,1) (X;1 +Xr Xi +X; 7
2XI + X,
ST i s 4.88

where the second line follows from carrying the expectation over Z ;1 (4.87) recalling that

Zs.l1 alone is independent of X ;1 and X;. Hence, we have

Pz = (xlxﬁ (4.89)
and
X!
p°=F Xllﬁ (4.90)
+00 +00
_ / / xl”j:m Fxy, (1) fx, (2) doadan, (4.91)
0 0

where fx1 (.) is given by (4.20) while fx, (.) is deduced from (4.20) by replacing s; and Ass
by r. and 1)\7«5, respectively.

To calculate p?, we expand both PDFs fX; (.) and fx, (.) using Lemma 1 before being
substituted in (4.91). Then, with the help of [916, Vol 1: Eq. 3.1.3.5], we end up with (4.62).

4.7.3 Proof of Theorem 1

According to (4.73), Z-SQ.1 &%, 2, v can be expanded for s, =1 as

2
Z“lzk

s

x,2,v = xz + Xpv + 2¢/x2X v cos (2) (4.92)
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where ) is a random variable that is Uniformally distributed over [—71',71’[. Hence, the

derivative of the CDF F.4q) (w) = Fqo(arccos (w)) with respect to w results in

1
—l<w< ]

fcos(Q) (’U)) =¢mVl- w2’ : (493)

0; Otherwise

We deduce that Z-Szl’k‘a:, z,v conditioned on Xy = z9 for k € {1,...,7.} is drawn from the

following distribution

fZ? (22) =

31,k

1

)

7T\/4£L’Z:L'2U — (22 — (xz + 1‘2“))2
(V&z — am)® < 22 < (Viz + y330)°

0; Otherwise

(4.94)

Since X} is an Exponential random variable with parameter A,s, then by applying Bays

rule, we obtain (4.74) and conclude with the proof of Theorem 1.
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Figure 4.1: The MRC combiner output SINR PDFs (4.25) and (4.49) when the SNR and
SINR-driven TAS/MRC strategies are adopted, respectively. Both PDFs are compared
against the one generated according to approximation (4.31). For both figures, we have

taken \gs = Agp = A\ps = 1, P,/Ny = 10dB and Q;

—5dB as practical system settings

that can arbitrary be modified. The figure on the Top (a) is generated for s, = 5 and s, = 2,
whereas the figure on the Bottom (b) is generated for s; = 2 and s, = 5. The index s; in
Jys=s (7) equals either $; or 51 depending on the TAS/MRC strategy being utilized.
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Figure 4.2: Comparison between the received SINR PDFs when an SNR and SINR-driven

TAS/MRC strategies are adopted, respectively. It is assumed that Ay = Agp =1, P,/Np =
5dB, @; = 0dB and s; in fvﬁf*s (7) equals either $; or §; depending on the TAS/MRC

strategy being utilized.
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Figure 4.3: Top (a): The first-hop outage probability opé,smn and opismr at a certain

threshold ®, = 22 — 1 versus the primary system SNR ratio P,/Ny while having \ss =
1, Asp = A\ps = 0.1 and @; = 0dB fixed. Down (b): The outage probability floor gap
between (4.26) and (4.53), appearing when P, /Ny — 400, is calculated for different antenna

configurations.
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Figure 4.4: The first-hop outage probability floor for both TAS/MRC strategies versus the
inverse of )\, for different antenna configurations. The parameters A\gs = 1, Ay, = 0.1,
Qtn = —0.1dB and ¢, = 0.01 are being fixed.



CHAPTER 4. TAS STRATEGIES FOR COGNITIVE MIMO RELAYING 105

107 T T

= = =SNR-driven TAS/MRC

—— SINR-driven TAS/MRC

—O— SINR-driven TAS/MRC (Sim.)
O Simulations

End-to-End Outage Probability

= = =SNR-driven TAS/MRC

= SINR-driven TAS/MRC

—O— SINR-driven TAS/MRC (Sim.)
O Simulations

_
<

End-to-End Outage Probability

10_4 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 4.5: Top (a): Comparison of the derived end-to-end outage probability (4.54) for
both TAS/MRC strategies under different MIMO relay system configurations while the
parameters \ss = 1, Asp = Aps = 0.4, Agp = Aps = 0.1, Ay = 0.6, A, = 0.5, &, = 22 — 1,
ep = 0.01 and @4, = —0.1dB are being fixed as exemplary parameters. Down (b): The
end-to-end outage probability (4.54) versus dgs for both TAS/MRC strategies.



Chapter 5

Conclusion

In this this dissertation, we focused on the design of spectrum-efficient cognitive MIMO
relaying schemes from a practical perspective. We made three key contributions that can
be summerized as follows. We firstly focused on spectrum-efficient relay ARQ transmis-
sions over broadband cooperative MIMO channels. We considered a two-slot transmission
strategy that, combined with signal-level sub-packet combining at the the destination side,
enables to achieve attractive system average throughput compared with conventional ARQ-
based cooperative relaying protocols. We also addressed the computational load of the
proposed turbo receiver scheme, and provide an efficient recursive implementation that
considerably reduces both the receiver’s complexity and memory requirements. Secondly,
we investigated the impact of interference CSI acquisition in underlay cognitive SIMO re-
laying. To this end, in the second chapter, we have derived expressions of the outage
probability for SIMO relay-aided secondary systems under strict primary system outage
constraints. Both partial and complete I-CSI-based interference channel acquisition are
considered for the secondary system transmitting nodes. In addition, depending on the
primary system interference constraint, either fixed or proportional to the primary system
transmit power, we derived an asymptotic analysis of the outage probability. Then, we
have provided the diversity-and-multiplexing tradeoff that characterizes the secondary sys-
tem communications. The analytical results are validated by simulations, and discussed
for several cognitive radio system settings. As a result, cooperative relaying and the de-
ployment of multiple antennas at the primary and secondary receivers are two gainful facts
that can boost the outage performance and considerably enhance the spectral efficiency of

a cognitive radio system in a spectrum sharing underlay context. Capitalizing on the result
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of the second chapter, in the third chapter, an exact outage probability analysis of cognitive
MIMO incremental DF relaying with TAS is conducted for two antenna selection strategies
based on maximizing either the received MRC-combined SNR or SINR ratios. For each
relaying hop and each TAS strategy, we thoroughly analyzed the statistical behavior of the
secondary system post-processed received SINR under different system settings and various
power allocation scenarios. Finally, our analytical and simulation results are evaluated while
revealing the accuracy of our developments and optimality of the SINR-driven TAS/MRC
strategy.
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