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Abstract

In cognitive radio, the transmitter behavior adapts according to the information about
the surroundings in which it operates, thereby enhancing the spectrum utilization. Based on
the available information, the spectrum-monitor decides the transmission strategies for the
cognitive/secondary users (SUs)—whether to interweave, underlay, or overlay the SU signal.
To improve the performance of the system multiantenna and cooperation strategies are in-
troduced. Due to the size limitations of the devices the antennas separations may become
very small which causes spatial correlation among signals. In this thesis, the performance of
interweave- and underlay-paradigm based cognitive radio networks (CRNs) is analyzed under
spatially correlated channels or noise. Firstly, an interweave paradigm based CRN is consid-
ered with multiantenna at SU receiver (SR) under spatially correlated noise. By exploiting
the known spatial correlation information, two detectors—weighted cross-correlation absolute
value detector and weighted energy detector—are proposed. The analytical expressions for
decision threshold, probability of detection and false-alarm are derived. Secondly, an underlay
paradigm based CRN is considered where interfering channels from secondary transmitter (ST')
to licensed/primary receiver (PR) are spatially correlated. The performance of the system is
analyzed with prewhitened interfering signals using outdated channel information at ST. The
analytical expressions for the outage probability and the channel capacity are derived. Thirdly,
the performance of a dual-hop relay-assisted cooperative underlay CRN is analyzed considering
composite fading and shadowing channel model. In this scenario, the analysis is performed for
single antenna users at both primary- and secondary-side. Further, this work is extended for

multiantenna SR with spatially correlated channels. The analytical expressions for the out-
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age probability and the ergodic capacity are derived for both the cases. All analytical results

reported in this thesis are validated by Monte-Carlo simulations.
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1. Introduction

The demand for radio spectrum is increasing day-by-day to fulfill the need for spectrum
for high data-rate services in next-generation wireless communications systems. The radio
spectrum is a limited natural resource like petroleum and mines. According to the conven-
tional spectrum allocation policies, the spectrum bands are allocated to the standard wireless
communication systems such that only incumbent/licensed/primary users (PUs) can access
the spectrum—causes inefficient utilization of the radio spectrums. Various spectrum occu-
pancy measurements [1H4] indicate that most of the allotted spectrums are under-utilized or
partially-utilized. Thus, the real problem is not the spectrum scarcity but the fixed spectrum
allocation policy and the limited coordination among networks. In this context, the concept
of the cognitive radio network (CRN) has been proposed by J. Mitola III [5,[6]. The CRN has
the capability to increase the spectrum utilization, thus can overcome the problem of appar-
ent spectrum scarcity. Latter, various aspects of CRN have been elaborated by S. Haykin [7].
The cognitive radio (CR) is a radio technology that can access the licensed spectrum based
on the information about the surroundings in which it operates. Based on the available infor-
mation about the surroundings, the spectrum-monitor decides the transmission strategies for
the cognitive/secondary users (SUs). According to the transmission strategy, the CRNs are
broadly categorized into three paradigms [§]—interweave, underlay, and overlay. These three
transmission paradigms of CRNs are briefly discussed as follows.

(a) Interweave: In CRN based on this paradigm, the SUs can opportunistically access
the PUs spectrums using the spectrum vacancies in time, frequency, and space dimensions.
Other than these three common dimensions, polarization [9,[10] and angular dimensions are
also exploited. Thus, in interweave paradigm based CRN, the spectrum-monitor needs the
information about the presence or absence of the PUs in the spectrum. The detection about
the presence or absence of PUs in the spectrum is known as spectrum sensing [11]. Various
signal processing techniques have been investigated for spectrum sensing which is discussed in
Section [[.Il Moreover, as it uses the available vacancies in spectrum, there is no constraint
on the transmission power of SUs. However, the performance of SU system is limited by the

range of available spectrum vacancies. Also, the SUs have to immediately vacate the spectrum
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1.1 Spectrum Sensing

whenever PUs reappear, to avoid any harmful interference.

(b) Underlay: In underlay paradigm based CRN, both PUs and SUs can simultaneously
transmit using the same spectrum band such that the interference induced at the PUs by the
SUs is within a certain tolerance limit [12]. This interference limit is also known as interference
temperature, as defined by FCC in [13]. Thus, in this paradigm, the transmission power of the
SU is constrained to avoid any harmful interference to the PUs. For the realization of underlay
paradigm based CRN, the SU nodes require the information of the channels at links between
PU nodes and them so that the interference constraint of PUs can be maintained.

(c) Overlay: In this paradigm based CRN, both PUs and SUs can simultaneously transmit
relying on interference mitigation and cancellation techniques. Both PU and SU nodes can over-
hear each-other’s message and can mitigate/cancel-out them using advanced signal processing
and coding schemes, e.g., dirty paper coding [14], Gel’fand-Pinsker binning [15], etc. The SUs
can transmit at any power, and the interference induced at the PUs can be offset by relaying
the PU signals by the SU nodes [8]. In this paradigm, the SU nodes require the knowledge of
PU channel gains, code books, and may be the PU message signals. Practically, this paradigm
demands high level of cooperation and collaboration between primary and secondary networks.

Other than these three distinct CR paradigms, it can also be combined to form a hybrid
paradigm based CRN, thereby further enhancing the overall spectrum utilization [I6HIg]. In
this thesis, the works are carried-out under interweave- and underlay-paradigm based CRNs.
Furthermore, in interweave paradigm based CRN, the spectrum sensing is an important phe-

nomenon. A brief background of the spectrum sensing schemes is given below.

1.1 Spectrum Sensing

In interweave paradigm based CRN, the spectrum-monitor needs to detect the presence
or absence of PU in the spectrum. When it detects the absence of PU, it allows the SUs
to access the spectrum. The SUs have to leave the spectrum or switch to the other vacant
spectrum immediately whenever the PU needs it. Hence, the spectrum-monitor has to sense

the spectrum repeatedly, with an interval, to avoid any possible interference with the PU. For
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1. Introduction

this reason, a fast and accurate spectrum sensing is highly desirable. Various spectrum sensing
schemes have been investigated each has its own advantages and disadvantages [11,[19]. The
classical spectrum sensing techniques are described in brief as follows.

(a) Energy Detection: In this spectrum sensing scheme, the energy of the received signals
at SU receiver (SR) is evaluated and is compared with a threshold to detect the presence of
PU signal in the spectrum [20,21]. This threshold is predetermined using known noise variance
and probability of false-alarm (Pga) constraint of the CRN. The energy detector (ED) has an
optimal performance in the presence of known noise variance and is easy to implement. ED
does not require any information about PU signal and channel gains. On the other hand,
its performance is highly susceptible to noise variance uncertainty [22]. ED is also unable to
distinguish PU signal, SU signal, interference, and noise.

(b) Matched-filter based Detection: In matched-filter based sensing scheme, the re-
ceived signal is convolved with PU signal to find the correlation [23]. Thus, the SU needs
the knowledge of PU signal to detect its presence in the spectrum. In addition, it also needs
perfect synchronization between transmitted and known PU signals for optimal performance.
Thus, this spectrum sensing scheme is practically not viable in the context of cognitive ra-
dio as both PUs and SUs are controlled by different network administrators—thereby perfect
synchronization is difficult to attain.

(c) Cyclostationary Feature based Sensing: In cyclostationary feature based sensing
scheme, the periodicity property of the modulated PU signal is used for the detection of PU in
the spectrum [24]. Usually, the modulated signal accompanied with carrier sine waves, pulse
trains, and cyclic prefix (CP) (in orthogonal frequency division multiplexing (OFDM) signal),
causes periodicity of the transmitted signals [25]. This feature of the PU signal can be used
for the detection as well as for distinguishing multiple PUs in the spectrum. This detection
scheme is also capable of differentiating PU signal, SU signal, interference, and noise. It is
robust to the noise variance uncertainty in contrast to ED. However, the complexity associated
with cyclostationarity based sensing scheme is high as it requires a large number of samples to
exploit cyclostationarity of the received signals. It is susceptible to the cyclic frequency offset
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caused by the clock mismatch [26]. This detection scheme also requires a prior knowledge of
the features of the PU signal.

(d) Autocorrelation based Sensing: Autocorrelation based sensing exploits the auto-
correlation of PU signal to detect its presence in the spectrum. Specifically, if the PU signal
is present, the autocorrelation of received signal differs from the autocorrelation of noise. This
detection scheme does not need the information of PU signal and channel gains. In [27], the
autocorrelation based sensing scheme has been proposed for OFDM PU signal. In this detec-
tion scheme, the autocorrelation of CP present in OFDM signal is used to detect the presence
of PU signals. In [28,29], the autocorrelation based sensing schemes have been proposed for
OFDM PU signal which exploit the periodic repetition of the pilot subcarriers. These detec-
tion schemes outperform the CP-based detection scheme proposed in [27]. The autocorrelation
based detection schemes are robust to the noise variance uncertainty.

(e) Covariance based Detection: The difference between statistical covariances of the
received signals and the noise is exploited for the detection of PU signal in the spectrum. In [30],
covariance absolute value (CAV) based detection and generalized covariance based detection
schemes have been proposed. A weighted covariance based detection scheme has been proposed
in [31] which performs better than the CAV based scheme. These detection schemes rely on the
sample covariance matrix of the received signals at SR and do not require any prior information
about the PU signal, channel gains, and noise variance.

(f) Figenvalue based Detection: The properties of eigenvalues of the sample covariance
matrix of the signals received at SR are exploited for the detection of PU signal in the spectrum
[32,33]. These detection schemes utilize the inherent signal structure in covariance matrix of
the received signals. Some of the eigenvalue based detection schemes perform better than
ED especially in the presence of noise covariance uncertainty. Under this detection scheme,
some of the classical methods are largest eigenvalue based detection, scaled largest eigenvalue
based detection, maximum-to-minimum eigenvalue (MME) based detection, arithmetic-mean
to geometric-mean (AGM) of eigenvalues based detection, and energy with minimum eigenvalue

(EME) based detection, etc. These detection schemes do not require the knowledge of PU signal
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and channel gains.

Furthermore, the performance of both interweave and underlay paradigms based CRNs
are severely affected due to multipath fading and shadowing. The effect of shadowing can be
overcome by applying cooperation among users [34.35]. To cope with the effect of multipath
fading, various diversity enhancing strategies are explored in CRNs, e.g., multiantenna [36}37],
cooperation, and oversampling [321[38H40]. These networks may be called as multi-dimensional

CRNs, and are briefly discussed in the following section.

1.2 Multi-dimensional CRN

To improve the performance of the system, multiantenna users, cooperation among various
users, and oversampling of the received signals are considered in literature. In these scenarios,
the received signals are usually represented in the form of a matrix. The spatial and the
temporal dimensions of multi-dimensional CRN are represented by the rows and the columns,
respectively. Various multi-dimensional CRNs and their benefits are discussed below.

(a) Multiantenna based CRN: Multiantenna users are considered in CRN to exploit
the available spatial diversity, thereby enhancing the performance of the system. Various ad-
vantages of multiantenna systems are given as follows.

e The capacity of the system is increased without any expansion in the system bandwidth.

e The co-channel interference can be suppressed effectively for the multiuser system.

e The transmission reliability can be improved using space-time coding.

e Improved performance can be obtained in deep fading condition.

(b) Cooperation based CRN: Cooperation strategy is implemented to exploit the spa-
tial diversity, thereby improving the system performance under deep fading and shadowing
conditions. The cooperative CRNs are broadly categorized into centralized, distributed, and
relay-assisted cooperative CRNs [411[42]. In centralized cooperative CRN, a number of SU
nodes in cooperation transmit its information to a fusion-center. The fusion-center takes the
final decision based on the information from several SU nodes. This decision is broadcasted

to all SUs. In distributed cooperative CRN, the SU nodes in cooperation share their informa-
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tion through hand-shaking and make their own decisions. Distributed cooperative approach is
more advantageous than the centralized cooperative approach since the former does not require
any backbone infrastructure for making final decisions. In relay-assisted cooperative CRN, the
relay nodes are used between SU transmitter (ST) and SR. The benefit of the relay-assisted
cooperative networks lies in the fact that a number of relay nodes in cooperation form a virtual
multi-input multi-output (MIMO) system to take advantage of the available spatial diversity.
Various advantages of the cooperative systems are as follows.

e The performance of the system can be improved by forming cooperative groups under
deep fading and shadowing conditions.

e High data-rate coverage of the network can be increased.

e Transmissions reliability can be improved, thereby improving the quality-of-service (QOS)
of the system.

e The capacity of the network can be increased.

(c) Oversampling based CRIN: The signals received at SR can be sampled at the rate
higher than the Nyquist-rate. This phenomenon is known as oversampling. It increases the
efficiency of the system under fading channel condition. The oversampled samples at SR can
be considered as a virtual multiple output with supposedly independent fading effects, thus
introduces diversity to the system [43]. In addition, the oversampling operation increases the
resolution of analog-to-digital and digital-to-analog conversions. It also assists in avoiding
aliasing and phase-distortion by relaxing the design parameters of the anti-aliasing filter at the
receiver. Moreover, the effect of noise can also be reduced using multiple copies of the same
sample with uncorrelated noise added to each copy of a sample.

Furthermore, the spatial /row dimension of the received signal matrix may represent either
the multiple antennas of a multiantenna user, cooperative users of a cooperation based CRN,
or multiple copies of the same sample of an oversampling based CRN. The temporal /column
dimension of the received signal matrix may contain either the signals received at different
antennas of a multiantenna user, at different cooperating users in a cooperation based CRN,

or at a single antenna of an oversampling based CRN. Due to the different reasons, correlation
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among signals may exist at both spatial and temporal dimensions of the receive signal matrix,

which are elaborated in the following section.

1.3 Correlation in Multi-dimensional CRN

In multi-dimensional CRNs, which may use multiantenna, cooperation, or oversampling,
correlation may exist in spatial and/or temporal dimensions of the received signal matrix. In
the following paragraphs, the reasons of correlations in both spatial and temporal dimensions
are discussed.

(a) Spatial Correlation: The channels as well as the noise may be spatially correlated
at multiantenna SR. The channels at SR can be spatially correlated due to multipath fading,
poor scattering, and/or antenna mutual coupling [39,140./42][44]. Due to multipath fading and
poor scattering, the channels at different antennas have small angular spread, which causes
spatial correlation among them. The noise at multiantenna SR may also be spatially correlated
because of antenna mutual coupling [45]. Basically, in multiantenna systems, when an elec-
tromagnetic signal impinges on an antenna element, it induces an electromagnetic field. The
antenna elements lying within this electromagnetic field may be coupled due to small separation
among them. This phenomenon is known as antenna mutual coupling [44], and causes spatially
correlated channels and noise in multiantenna CRN. Antenna mutual coupling may also exit
at transmitter side, thereby causing spatially correlated source signals [46,147]. In cooperative
CRN, the channels and the noise may be spatially correlated due to collocated users in the net-
work [42]. In oversampling based CRN, the channels and the noise may be spatially correlated
due to oversampling operation [40,142].

(b) Temporal Correlation: The channels as well as the noise may get temporally corre-
lated due to filtering and oversampling operations [39//40,42,48]. The signals received at SR are
generally passed through a pulse shaping filter before further processing. In this process, the
channels and the noise are affected by the autocorrelation function of the filter, which causes
temporal correlation among samples at different time instances. The oversampling operation

in temporal dimension may also cause temporal correlation in both the channels and the noise.
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Moreover, the source signals of the primary system may also become temporally correlated due

to pulse shaping filter at the PU transmitter (PT) [47].

1.4 Literature Survey

In this section, the overview of the existing literature is presented for both interweave- and

underlay-paradigm based multi-dimensional CRNs.

1.4.1 Interweave Paradigm based CRN

Various spectrum sensing techniques have been investigated for multi-dimensional CRNs
under spatially and temporally correlated signals. In [49/50], ED has been analyzed considering
spatially correlated signals at multiantenna SR. Generalized likelihood ratio test (GLRT')-based
spectrum sensing schemes have been proposed in [36}37,51-55] for multiantenna users based
CRNs. The spectrum sensing algorithms obtained in [36L37,51./55] are based on the eigenvalues
of the sample covariance matrix of the signals received at multiantenna SR, which exploit
the correlation among signals received at different antennas of SR. In [52H54], the proposed
spectrum sensing schemes are the different forms of eigenvalues obtained from GLRT. The
difference between statistical covariance matrices of the received signal and the noise has been
exploited to obtain the spectrum sensing schemes in [30,[31]. The spectrum sensing schemes
have been derived in [56] using cross-correlation of the signals received at spatially correlated
antennas of multiantenna SR. The spectrum sensing schemes have been proposed in [57] to
detect the spatially and temporally correlated signals received at multiantenna SR. In [5§],
the spectrum sensing techniques have been investigated in the presence of spatial correlation
at multiantenna SR and temporal correlation of source signal transmitted by PT. Moreover,
the spectrum sensing schemes have also been studied considering cooperative CRNs [33/[59H62]
and oversampling based CRNs [32/138]. The eigenvalue based sensing schemes proposed in
[32,33.38,59H62] have exploited the correlation among signals received at different cooperative
users and oversampled samples for cooperative CRN and oversampling based CRN, respectively.

The spectrum sensing schemes discussed so far have been analyzed by considering a particular
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multi-dimensional CRN scenario, however they can be analogously analyzed for other multi-
dimensional CRN scenarios as well.

All the works mentioned above [30H33,36-38[49-62] have considered the spatially and tem-
porally uncorrelated noise. A weighted ED has been proposed in [48] considering temporally
correlated noise for single antenna users based CRN. The moving average (MA) of independent
and identically distributed (iid) random variables (RVs) has been used to model the temporally
correlated noise in [48]. However, the analysis of multi-dimensional CRN with MA or autore-
gressive model based spatially- or temporally-correlated noise is very complex. The performance
of various classical eigenvalue based sensing schemes has been analyzed under spatially corre-
lated noise in [39] for multi-dimensional CRN. Authors in [39] have shown that MME, EME,
and Marchenko-Pastur (MP) bound based spectrum sensing schemes fail under spatially corre-
lated noise. Further, the standard condition number (SCN)—defined as the ratio of maximum
to minimum eigenvalues—based spectrum sensing scheme has been proposed. The drawback
of this sensing scheme is that it does not allow to tune the threshold for a target probability of
false-alarm (Pp4) or probability of miss (Pyp). Thus, this sensing scheme does not ensure the
constant false-alarm rate (CFAR) property, and both Pr4 and Pyp vary as decision threshold
changes. Moreover, in [39//48], the correlation information is assumed to be known at SR.
In [48], the weight terms of the proposed weighted ED have been determined using correlation
coefficient of the noise. The proposed weighted ED in [48] has outperformed the conventional
ED. Further, SCN based sensing scheme proposed in [39] has not efficiently exploited the known
correlation information. The performance of this detector has degraded rapidly for higher val-
ues of noise correlation coefficients. However, when correlation information is known to the
receiver, it can decorrelate the received signals before applying any sensing scheme. In this
context, the matrix-inverse based classical whitening scheme has been frequently used in liter-
ature [23]. The improved sensing schemes can be proposed by efficiently exploiting the known

correlation information along with whitening of the correlated noise.
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1.4.2 Underlay Paradigm based CRN

In underlay paradigm based CRN with multiantenna users, one of the preliminary works
in [63] considered peak interference power constraint (PIPC) of PU receiver (PR). In [64],
both PIPC of PR and maximum transmission power constraint (MTPC) of ST have been
incorporated for multiantenna users based underlay CRN. Thus, in underlay paradigm based
CRNs, the transmission power of ST is constrained by both primary and secondary networks.
To implement PIPC of PR, ST needs the perfect knowledge of channel at link between PR and
itself. This channel information can be feedbacked to the ST directly by the PR since some
extent of cooperation and collaboration can be considered in underlay paradigm based CRN [65].
However, due to the feedback latencies and mobility of the users, channel information at ST
may become outdated. The performance of underlay CRNs under outdated channel information
has been analyzed in [66H69] with single antenna users, and with multiantenna users in [70)].
All the works discussed so far have not considered any of the spatial/temporal correlations
for any users. In [71], the spatial correlation has been considered with interfering channels at
links between ST and PR for multiantenna users. Also, the prewhitening and postwhitening
techniques have been analyzed to decorrelate the spatially correlated interfering signals at
PR. It has been shown that using prewhitening scheme, the interference power at PR can be
mitigated more efficiently than the postwhitening scheme. The prewhitening scheme considered
in [71] is the classical matrix-inverse based whitening. Further, subspace based prewhitening
scheme has been proposed in [72], which has similar performance as in [71] but with reduced
complexity. In [71[72], the channel information of the link between ST and PR is assumed to
be perfectly known to the ST. The effect of outdated channel information on prewhitening of
spatially correlated interfering channels can be analyzed for underlay CRN with multiantenna
users.

Furthermore, another aspect of underlay CRN, the relay-assisted cooperative underlay
CRNs, has been broadly investigated in literature. Both dual-hop and multi-hop relay-assisted
underlay CRNs have been analyzed considerably. Here, our concern is in dual-hop relay-assisted

underlay CRNs in the presence of both single and multiantenna users. Interested readers may
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refer to [73] and recent references therein for multi-hop relay-assisted underlay CRNs. In dual-
hop relay-assisted networks, the decode-and-forward (DF) and the amplify-and-forward (AF)
protocols have been implemented at the relay nodes. In [74H76], the outage performance of
a DF dual-hop CRN has been analyzed under PIPC of PR. The outage performance of a DF
dual-hop CRN has also been investigated in [77H80] considering both PIPC of PR and MTPC
of ST. In [81], both the outage probability and the ergodic capacity have been obtained for a
DF dual-hop CRN under PIPC of PR and MTPC of ST. For an AF dual-hop CRN, a tight
lower bound of outage probability has been derived in [82] under PIPC of PR and in [83] under
both PIPC of PR and MTPC of ST. An exact outage probability has been obtained in [84]
under PIPC of PR for an AF dual-hop CRN. A tight upper bound outage probability under
PIPC of PR for an AF dual-hop CRN has been derived in [85] with and without direct-link
between ST and SR. The selection combining (SC) has been used at SR to combine signals from
ST and relay nodes. In [86], the approximate outage probability under PIPC of PR for an AF
dual-hop CRN has been derived considering a direct-link between ST and SR. Both maximal
ration combining (MRC) and SC have been analyzed to combine signals at SR in [86]. The
multiuser diversity has been incorporated in [87] and the outage probability has been obtained
for both the DF and the AF dual-hop CRNs under PIPC of PR.

All the works discussed so far for relay-assisted CRNs have considered the single antenna
users. Further, multiantenna users have been introduced along with cooperative relay in un-
derlay CRNs. In [88H91], the outage performance of the DF dual-hop CRNs has been analyzed
considering transmit antenna selection (TAS) and MRC techniques under PIPC and MTPC.
In [92], the outage probability for a DF dual-hop CRN has been determined for TAS/MRC
and TAS/SC under PIPC and MTPC. The outage probability for a DF dual-hop CRN with
TAS and generalized selection combining (GSC) has been investigated in [93] under PIPC and
MTPC. Both outage probability and ergodic capacity for a DF dual-hop CRN have been de-
rived in [94] considering TAS/GSC under PIPC and MTPC. The works discussed in [88-94]
have not considered any spatial/temporal correlation of the signals. In [095,96], the outage
performance for DF dual-hop CRNs with multiantenna users has been analyzed in the presence
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of spatially correlated channels under PIPC and MTPC.

All the works mentioned above for relay-assisted CRNs have been analyzed under Rayleigh
and Nakagami-m distributed channel models. Very recently, in [97], the outage performance of
an AF dual-hop CRN has been investigated considering n-u fading channel under both PIPC
and MTPC but with single antenna users. The Rayleigh, Nakagami-m, and -y distributions are
used to model the small-scale fading scenario. Thus, the works discussed so far for relay-assisted
CRNSs have not incorporated the effect of large-scale shadowing to analyze the performance of
the considered network. Recently, the x-p shadowed fading model is proposed in [98] which
is a composite channel model for multipath fading and shadowing. It has been shown that
this distribution is well fit into the land mobile satellite and the underwater acoustic channels
data [98]. The k-p shadowed distribution unifies most of the classical fading models as its
particular cases. Due to the versatility of the x-p shadowed distribution, researchers have
started analyzing the performance of various systems under this channel model, e.g., [99H102].
The performance of ED for interweave paradigm based CRNs has been analyzed in [99,[100]
under k-p shadowed channel model. In [I01], the approximate outage probability and the
channel capacity have been derived for the interference limited communication system in the
presence of multiple co-channel interferers. The performance of MRC scheme has been analyzed
considering correlated -u shadowed channels in [102]. The analysis of dual-hop relay-assisted
underlay CRNs under composite multipath fading and shadowing channel is an open research
problem. In this thesis, we model the composite multipath fading and shadowing channel by

the k-p shadowed distribution for the analysis of dual-hop relay-assisted underlay CRN.

1.5 Problem Formulation

Based on the literature review presented in the previous section, some of the potential
research problems are recognized. In this thesis, the following problems are considered for
analysis.

1. Derive spectrum sensing schemes by exploiting the spatial correlation information of

noise at multiantenna SR for interweave paradigm based CRNs.
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2. Performance analysis of underlay paradigm based CRN having multiantenna users with
prewhitening of spatially correlated interfering signals using outdated channel information of
link between ST and PR.

3. Performance analysis of underlay paradigm based CRN with dual-hop cooperative relay
under x-p shadowed channels for (a) single antenna users and (b) multiantenna users with
spatially correlated channels.

For the above stated problems, we stress in obtaining expressions for various performance

measures of interweave- and underlay-paradigm based CRNs under spatial correlation.

1.6 Thesis Contributions

The important contributions of the thesis are stated below.

1. Two spectrum sensing schemes—Weighted Cross-correlation Absolute Value Detector
(WCCAVD) and Weighted Energy Detector (WED)—are proposed under spatially correlated
noise at multiantenna SR for interweave paradigm based CRNs.

(a) The knowledge of correlation information is exploited to derive improved spectrum
sensing schemes.

(b) The analytical expressions for decision threshold, probability of false-alarm (Pr,),
and probability of detection (Pp) are derived.

2. Performance of underlay paradigm based CRN having multiantenna users is analyzed
for prewhitened interfering signals using outdated channel information of link between ST and
PR.

(a) The analytical expressions for channel capacity and outage probability are derived for
both primary and secondary systems.

(b) The effects of outdatedness in channel information and prespecified interference outage
are analyzed on both primary and secondary systems performance.

3. Performance of a dual-hop DF relay-assisted underlay CRN with single antenna users is
analyzed under -y shadowed channels.

(a) The closed-form expressions for cumulative distribution function (CDF) of signal-
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to-noise ratio (SNR) at relay and SR are derived. Using these expressions, the closed-form
expression for outage probability is obtained.
(b) The analytical expression for ergodic capacity is determined.
4. Performance of a dual-hop DF relay-assisted underlay CRN with multiantenna at SR
is analyzed under spatially correlated x-p shadowed channels. The analytical expressions for

outage probability and ergodic capacity are derived.

1.7 Thesis Organization

There are six chapters in this thesis. Brief description of the content of each chapter is as
follows.

Chapter 2 presents two proposed spectrum sensing schemes in the presence of spatially
correlated noise at multiantenna SR for interweave paradigm based CRNs. The knowledge of
correlation information is exploited to derive improved and practically implementable sensing
schemes. The performance of the proposed schemes is compared with the classical matrix-
inverse whitening based sensing schemes. The computational complexities involved with the
proposed schemes are calculated and compared with the schemes obtained using matrix-inverse
based whitening. We also derive the analytical expressions for decision threshold, Pr4, and Pp
for the proposed sensing schemes. The analytical results are validated by the close matching
of analytical plots with the corresponding simulation plots. The applicability of the proposed
sensing schemes in centralized and distributed CRNs is also discussed.

In Chapter 3, we analyze the performance of underlay paradigm based CRN under prewhitened
interfering signals using outdated channel information of the link between ST and PR. The ef-
fects of outdatedness in the channel information and prespecified interference outage probability
on the performance of both primary and secondary systems are described. The analytical ex-
pressions for the channel capacity and the outage probability are derived for both primary and
secondary systems, and are validated through Monte-Carlo simulations.

Chapter 4 presents the performance of a dual-hop DF relay-assisted underlay CRN with

single antenna users under k-u shadowed channels. The closed-form expressions for the CDF
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of received SNR at relay and SR are derived. Using this CDF expressions, the closed-form
expression for outage probability is obtained for the considered system. The analytical ex-
pression for ergodic capacity is also determined. Two special cases are investigated when the
links ST—relay and relay—SR are Nakagami-m and Rician/Rician-shadowed distributed. In
both cases, the simpler forms of the outage probability and the ergodic capacity are obtained.
The considered system is simulated for various fading and shadowing channel conditions. In
each case, the analytical results are verified by the close matching of analytical plots with the
corresponding simulation plots.

In Chapter 5, we analyze the performance of a dual-hop DF relay-assisted underlay CRN
with multiantenna SR under spatially correlated s-p shadowed channels. The MRC scheme
is used to combine the signals received at different antennas of SR. The analytical expressions
for the outage probability and the ergodic capacity are derived and validated through its close
matching with the simulation results.

Chapter 6 presents the conclusions of the thesis with a brief summary of the works presented.

This chapter also includes some potential future research directions.
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2. Spectrum Sensing for Multiantenna Cognitive Radio Exploiting Spatial Correlation
of Noise

The spectrum sensing schemes for interweave CRN have been investigated in [39,48] con-
sidering correlated noise at SR. Single antenna at all users has been considered in [48], and
the noise at SR has been correlated in temporal dimension. For multi-dimensional CRN, the
spectrum sensing scheme has been proposed in [39] where noise has been considered to be corre-
lated in spatial dimension. The sensing schemes proposed in these works require the knowledge
of correlation information. In the presence of correlation information, the correlated received
signals at SR can be prewhitened before applying any sensing schemes. For prewhitening, the
classical matrix-inverse based scheme has been frequently used in literature [23/[103-105]. How-
ever, the improved sensing schemes can be obtained by efficiently exploiting the knowledge of
correlation information.

In this chapter, we propose two spectrum sensing schemes by exploiting the knowledge of
spatial correlation among noise for multiantenna CRN. The decision statistics for sensing is first
derived using Neyman-Pearson (NP) theorem. Based on this decision statistics, two simplified
and practically implementable detectors are proposed. The performance of the proposed detec-
tors are compared with the corresponding detectors obtained after the classical matrix-inverse
based prewhitening. For performance analysis, we derive the analytical expressions for the de-
cision threshold, the Pr4, and the Pp. The exactness of the analytical results are validated by
Monte-Carlo simulations. The proposed schemes ensure the constant false-alarm rate (CFAR)
property, and the decision threshold can be calculated for a prespecified value of Ppy. The
proposed schemes throughout this chapter are discussed for multiantenna CRN, however, these
are also implementable for other multi-dimensional CRNs; e.g., cooperation and oversampling
based CRNs. Based on the trade-off between performance and complexity, the applicability of

the proposed schemes for other multi-dimensional CRNs scenarios are also discussed.

2.1 System Model

The spectrum sensing problem can be modeled as the binary hypothesis test where two
hypotheses Hy and H; denote the absence and the presence of PU signal in the spectrum,

respectively. Under Hy hypothesis, when PU signal is not present in the spectrum, the received

TH-1839 11610216

18



2.1 System Model

signal at SU node is equal to the noise. Whereas, under H; hypothesis, the received signal
comprises of both faded PU signal and noise. According to the binary hypothesis test, we must
choose between two hypotheses to detect the presence or absence of PU signal in the spectrum.
We consider an SU node, equipped with M antennas, to monitor the given primary/licensed
spectrum. The received signals by this node are downconverted to baseband, and sampled at
the Nyquist-rate to obtain N samples at each antenna. The received samples at the nth instant
of time from M antennas of SU node under both hypotheses are stacked in a column vector

y(n), and is expressed as

Ho : y(n) =w(n), n=12.,N

H, : y(n) = hs(n) +Ww(n), n=1,2,..,N (2.1)

where h is the M x 1 channel vector with zero-mean iid complex Gaussian elements, s(n) is
the PU signal at the nth instant of time, and w(n) is the M X 1 zero-mean complex correlated
Gaussian random noise vector at the nth instant of time. Moreover, we make the following

assumptions about the signal model used in this work.

e The samples of the PU signal are assumed to be wide-sense stationary and zero-mean

circular symmetric complex Gaussian (CSCG) RV. The power of the signal s(n) is €, i.e.,

Ells(n)l] = e

e Assuming flat-fading Rayleigh channel, the channel fading coefficient £ is considered to
be unknown and constant for each antenna in a sensing duration. We assume that the
channels at SU node are richly scattered so that h is uncorrelated at each antenna of the
SU node [44], i.e., E[EHH] = I. Thus, under H; hypothesis, the noiseless received signals,

ie., fls, at SU node are spatially uncorrelated.

e The noise is assumed to be correlated among SU antennas and uncorrelated in temporal
dimension. The spatial correlation of noise may exist due to the antenna mutual coupling

in a multiantenna CR system [44].

TH-1839_11 & &%focus of this work is to obtain the sensing schemes which exploit the spatial correlation
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information of noise. Thus, we are not considering the temporal correlation either with

noiseless received signals or with noise.

e h, {s(n)}_,, and {W(n)}"_, are mutually independent and Gaussian distributed se-

quences, thus are mutually uncorrelated.

Further, under both hypotheses, the probability density functions (PDFs) of the received sig-
nals depend only upon their correlations since all signals are zero-mean. The autocorrelation

function of the received signal vector y(n) under both hypotheses are determined as

R, [m|H,] = Ely(n +m)y" (n)|H,]
— hh" Els(n + m)s*(n)[#] + E[W(n + m)w" (n)]

= (ve,hh” + 62C)5[m] (2.2)

where v € {0,1}, H, € {Ho, H1}, and §[m] is the Kronecker delta; 6[m] = 1 if m = 0, and
0 otherwise. o2 is the variance of zero-mean CSCG noise, and C is the correlation matrix in
spatial domain. Both o2 and C are assumed to be known to the SU node through experimental
calibration [39,48]. Let Y = [y(1),y(2),...,y(IV)] be the M x N received signal matrix at
SU. The columns of Y are independently Gaussian distributed with zero-mean and covariance

matrix of (vssflle +02C).

2.2 Neyman-Pearson Theorem

In discussing NP approach for binary hypothesis test, we firstly define Pr4 and Pp using a
Gaussian variate y. In Fig. 2.1l the PDFs of y are shown under both hypotheses Hy and H;,
and compared with a threshold to decide between both. In this scenario, two types of error
may occur. If we decide H; but H, is true, this error is known as Pr,. And, if Hg is decided
where H; is true, this type of error is known as probability of miss-detection, i.e., Pyp. Pp is
defined as 1 — Pyp, i.e., the probability that H; is decided when #; is true. Further, it is not
possible to minimize both the error probabilities Pr4 and Py;p simultaneously. In this case,

an optimal decision scheme can be obtained by fixing an error probability while minimizing
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the other. This approach is termed as NP theorem for the hypothesis test. NP theorem, as
stated in [23]: to minimize Pyp or equivalently mazimize Pp for a fived Pra, decide Hy if the
likelihood ratio (hitherto undefined) is greater than the threshold value where the threshold is

determined by the fived value of Pra and the distribution under Ho hypothesis.

p(y|Hp) ply|H,y)

PMD

+—————— Decide H, 7 < Decide H} ——

Figure 2.1: PDFs of binary hypothesis testing problem and decision regions.

2.3 Proposed Spectrum Sensing Schemes

In this section, we firstly obtain a decision statistics for the considered binary hypothesis test
using NP theorem. The likelihood functions under both hypotheses Hy and H; are multivariate
complex Gaussian PDFs, which are denoted by p(Y|Ho) and p(Y|H1), and are given by [23]

exp (—tr(YYH(UiC)_l))

P(Y[Ho) = — etz oTe

(2.3)

exp (—tr(YYH(ESflle + Uic)_l))
p(Y[H1) =

— (2.4)
TMN {det(e,hh" + 02 C)}¥

p(Y|H1)
p(Y[Ho)"

respectively. The likelihood ratio is defined as In practice, it is easier to work with
log of the likelihood ratio, without any loss, as logarithm is a strictly monotonically increasing
function. Therefore, maximizing a function yields the same maximum as the logarithm of that

function. Now, taking logarithm in (23] and (2.4]), we have (23] and (2.6]), respectively

Inp(Y|Ho) = —MNInm — Nlndet(C) — MNIno? — tr(YY"(c2C)™) (2.5)
TH-1839_11610216
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Inp(Y[H,) = —MN1Inm — Nlndet(e,hh” + 02C) — tr(YY? (,hh" +02C)7Y).  (26)

For further simplification, we perform eigenvalue decomposition (EVD) on C given by C =
UAU? | where U is the M x M unitary matrix of the eigenvectors of C, and A is the M x M

diagonal matrix of the corresponding eigenvalues. Then, (Z.5]) and (2.6]) can be written as
Inp(Y|Ho) = —MNInm — Nlndet(A) — MNIno? — tr(ZZ" (62 A)7) (2.7)

Inp(Y|Hi) = —MNIn7 — NIndet(e,hh” 4+ 02 A) — tr(ZZ" (;hh” + 62 A7), (2.8)

respectively, where Z = U?Y and h = U h. The received signal matrix Y is linearly trans-
formed to Z. The effect of this linear transformation is that the received signals at SU node

become spatially uncorrelated. Moreover, h has the same statistical properties as h. From

(270) and (2.8), the log-likelihood ratio (LLR) function can be determined as

LLR =Inp(Y|H:) —Inp(Y|Ho)
— —NIndet(eshh” + 02 A) — tr(ZZ" (c,hh” + 02 A)71)

+ NlIndet(A) + MNIno? + tr(ZZ7 (62 A) 7). (2.9)

Using Sherman-Morrison formula [106], we obtain (A + ;—ihhH ) s (A‘l — %) .
The decision statistics in NP sense can be determined by comparing the LLR function with
respect to a threshold »’. If the LLR function in (Z9) found greater than 7' then hypothesis
H; is decided, otherwise hypothesis Hg is decided. By incorporating the terms in (2.9) which
are independent of Z with 7’ and after some simplifications, the decision statistics is obtained

as

H
T = tr{hh? A1 ZZ7 A1} 5 0. (2.10)
0

The decision threshold 7 can be calculated for a prespecified value of Pg4 using the distribution
of decision statistics under H, hypothesis [23]. The decision statistics 7" obtained in (2.10) can

also be written as

T:Z > (2.11)
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where h; denotes the channel coefficient at the ith antenna of SU node, z; is the NV x 1 linearly
transformed received signal vector at the ith antenna, and )\; is the ¢th diagonal element of
the eigenvalue matrix A. The decision statistics obtained in (2.I1]) depends upon unknown
channel parameters, and hence cannot be directly implementable. In the sequel, two simple
and implementable detection schemes are derived from (ZI1]) which do not need the channel

information explicitly.

2.3.1 Weighted Cross-correlation Absolute Value Detector

We assume that all M SU antennas are clustered together as the separation between
antennas is very small (which is also a valid reason for the spatial correlation in a multi-
antenna CR system). In this case, all M SU antennas experience the same scale fading. We
assume that all elements of channel gain vector h are of same magnitudes and expressing
h; ~ l‘/% exp(jarg{h;}), Vi where j = +/—1. Let us define ¢; = arg{h;} which is the phase

term associated with the ith antenna of the SU node. Now, (2I1]) can be written as

LS o) ok P
~ — X —3 — O;
i 22 WY eXp (—J Py <O n
SRR . Ha
=33 2 F ey (<j(dy — ) = wecavo (2.12)
i=1 j=1 Aidg Ho

where nwocavp = ﬁ The statistics in (212) is a function of phase difference introduced
through all combinations of antennas, i.e., ¢;; = ¢;—@;. The ¢;;, corresponding to the maximum

value of the decision statistics, can be obtained as

MM
¢ji = argmax ZZ ’)\

o P (i)
$jib €41, M}y 527 G2y NN

J

= 4+  argmax 2 §R{ L exp(—jé»i)}. (2.13)
i=1 )\22 #jihI€{L,...M}i#] j=i+1 )\Z)\] ’
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It can be easily seen that the second term of right-hand side of (2.13) is maximized when

¢;i = arg{zFz;}. Hence, the decision statistics is obtained as

|z || = |zf1z,
wcown =3 B 103 3 |2
Z i=1 j=i+1! 7"
M M Hy, |
ZZ ] 2 NMWCCAV D (2.14)
i=1 j5=1

where Ny ccavp is the decision threshold for the detector. Note that, the decision statistics in
(Z14) does not require the knowledge of channel gain, and also the need of phase information
introduced by the channel coefficient at each antenna is sidestepped by the absolute values of
cross-correlation terms.

Moreover, in conventional matrix-inverse based prewhitening, the received signal Y is mul-
tiplied by C~/2 [23,103], i.e., Y = C 2Y. The decision statistics of the conventional cross-
correlation absolute value detector (CCAVD) is given by Z Z vy, =2 2 n where ¥, is the N x 1

Ho

i=1j=1
prewhitened s1gnal vector at the +th SU antenna. This decision statistics can be equivalently

expressed as Z Z Sz

i=1j= V)‘A

term of the proposed dec181on statistics in (2.14)) is

< 'r] where z; is same as defined for (2.I4). The argument of each

times to each term of the conventional
\ /A.L-Aj

CCAVD. We consider \/;_/\ as the weight factor associated with the cross-correlation of the
iAj

prewhitened received signals at the ith and the jth antennas. Note that, the decision statis-
tics derived in (2.I4) is the sum of absolute value of the weighted cross-correlation between

the prewhitened received signals at all pairs of antennas. Hence, we name it as a Weighted

Cross-correlation Absolute Value Detector (WCCAVD).

2.3.2 Weighted Energy Detector

The simplest form of the decision statistics can be obtained from (ZIT]) when the cross-
correlation terms are ignored. In addition, similar to WCCAVD, expressing h; = \'% p(jo:)

Vi. A new decision statistics is obtained as

Z;
— Z L1

TIWED (2.15)

NE

Ho
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where nwgpp = nwep is the decision threshold for this detector. Note that, the decision

IIhH
statistics Ty gp is the lower bound approximation of Ty ccavp, i.e., Twep <= Twccavp.
Moreover, the decision statistics of the energy detector (ED) obtained after the matrix-

Ha
inverse based prewhitening is given by 3 ||¥;]|> = n where ¥, is same as defined in Subsection
=1 Ho

23711l This decision statistics can be equivalently expressed as Z HZIH E = 1. Each term of the
=1 Ho

proposed decision statistics in (215]) is - times to each term of the conventional ED obtained
after the matrix-inverse based prewhitening. We consider /\i as the weight factor associated
with the energy of the prewhitened received signals at the ith antenna of SU. Note that, the

decision statistics obtained in (2.15]) is the sum of weighted energies of the prewhitened received

signals at all antennas of SU. Hence, we name it as a Weighted Energy Detector (WED).

2.4 Performance Analysis of Proposed Detectors

In this section, we evaluate the performance of the proposed detectors. For this, the ana-
lytical expressions for Pp4 and Pp are determined considering the asymptotic assumption in
terms of a large number of samples received at the SU. The accuracy of the asymptotic assump-
tions and approximations used in the analysis are validated through Monte-Carlo simulations

in Section

2.4.1 Weighted Cross-correlation Absolute Value Detector

The decision statistics of WCCAVD in (2ZI4)) can be equivalently expressed as

zf{z e”’”
Twecavp = Z Z (2.16)
i=1 j=1
z; zJeJd)ZJ
where ¢;; = ¢; — ¢; = arg{h;} — arg{h;}. Let us define g;; = = y
Under H, hypothesis: For i = j, |gi| = gii = HZZH . For a large value of N, g;; is assumed

to be Gaussian distributed, and the mean and the variance are determined from and
(A.10) (Appendix[A.T)) for |h;| = 0 and |h;| = 0 given by E[g;;|Ho] = Now and var[gi;|Ho| = ]\;U;“,

respectively. Fori # j, g;; is complex Gaussian distributed with independent real and imaginary
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parts. The mean of the real and the imaginary parts is zero, and the variances are same.
Hence, |g;;| is Rayleigh distributed with mean and variance given by E||g;;| |Ho] = 712“, / /\N %

and var [|g;;| |Ho] = (1 — ) J/\V%\A“lf, respectively. The decision statistics Tyyccayp is the sum of

M Gaussian distributed and Ll) (

since |g;;| = |gj:|) Rayleigh distributed RVs. We assume
that for a large value of N, Tyyccayp is asymptotically Gaussian distributed with mean and

variance given by

M No? MIZ Nt
E[Twccavp|Ho) = )\'w + Z Z T f o (2.17)
i

i=1 i=1 j=it+1
M M M 4— )Ngt

var[Twccavp|Ho] = Z Z Z B W (2.18)
i=1 =1 j=i+1

WCCAV D
PFA

respectively. The probability of false-alarm can be determined for a given decision

threshold NwccAvD as

PPN E = Pr(Twecavp > nwecavp|Ho)
B nwecavp — E[Twecavp|Hol
=Q
vvar [Tweocavp|Hol
NWCCAVD — Z Z
_Q it (2.19)
04 m)Nod
\/ >+ > 5 S
A i=1j=i+1
where Pr(-) represents the probability. ) denotes the @-function and is defined as [23]

Qz) = \/% [ exp (—%)dt. For a prespecified value of Pry4, the decision threshold nwccavp

can be directly calculated from (2.19) as

nWCCAVD:NUzZU PFA ZN)\2+;]; +Z)\ +;]Zl \/ N)\A]
(2.

20)

Under H; hypothesis: Similar to H, hypothesis, for ¢ = j, g;; is asymptotically Gaussian
distributed for a large value of N with mean and variance derived from (A2)) and (A-10) (Ap-

2 . 12 .
pendix [A]), and are given by E[g;|H1,h] = w and var(g;|H1,h] = M,

TH-1839 11610216 : Z
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respectively. For ¢ # j, g;; is asymptotically complex Gaussian distributed with independent
real and imaginary parts. The mean and the variance of the real and imaginary parts are given

by (for detail, refer to Appendix [A.2])

BIR (0 1. 1) = S 2.21)

var[R{g;;}[H1,h] = o [il* 1317 €2 + ([l &5 + oo M) (s 6 + o2 A))] (2.22)
E[S{gij} [H1,h] =0 (2.23)

var[3{gy}[Hi, h] = e [SIhP b &5 + (Ihal*es + og A} (P e+ )] (2:24)

From (221), 223), (222), [224)), it is found that the mean (variance) of the real and

the imaginary parts of g;; is different. In this case, the distribution of |g;;| in simple closed-
form is mathematically intractable. However, under some suitable conditions, an approximate

distribution can be obtained as in [58]. We can write |g;;| as

|9i5] = 1R{gi; }| 1/ 1 + a; (2.25)
_ S{gi}

where a;; = o] is the ratio of two uncorrelated Gaussian random variables. It is known
ij

that if the coefficient of variation (CV) of the denominator of a;; is less than 0.39, there exists
a transformation f(-) such that the distribution of f(a;;) can be approximated by a standard
Gaussian distribution [107], i.e., f(a;;) ~ N(0,1). The CV is a standardized measure of
dispersion of the probability distribution and is defined as the ratio of the standard deviation

to the mean. Here, the CV of the denominator R{g;;} is

v/ var[R{g;; }| 1, h]
CV(R{gi}) =
M95)) = “ (g, ) o
\/|hi|2|hj|2€§+(|hz'|2€s+Ui>\i)(|hj|2€s+<fi>\j) (2.26)
N V2Ne, |hi||hj| '

which tends to zero as N — oo, provided |h;| # 0 and |h;| # 0. Hence, for large N, the random
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variable

E[R{g;}|H1, hlay; — E[3{gi;}|H.1, h]
/var[R{gi} [#1. hla? + var[${gy;}[Ha. b
_ V2N |hi| || saq
\/Ihil2 Ihy” e2(a2 — 1) + (|hal* &5 + 02 0) (|hy|° €5 + 020;) (a3, + 1)

flaij) =

(2.27)

is approximately standard Gaussian distributed with zero-mean and unity variance [107]. Fur-
ther, it can be easily determined that Pr(af; > 7) = 2Q(f(y/7)) which converges to zero for
large N as Q(-) is a monotonically decreasing function. Hence, |g;;| in (2.25]) can be approxi-
mated to |R {g;;}|. Since R {g;;} is asymptotically Gaussian distributed for a large value of N,
IR {g:;}| follows a folded normal distribution, i.e., |®{gi;j}| ~ FN (,Uf(h),(szc(h)), with mean

and variance given by

and

where p(h) and o?(h) are given as ([2.2I)) and (2.22), respectively. erf(-) denotes the error
function [I0§]. The mean of Tyyccavp under H; hypothesis is sum of the mean of the normal

(for 7 = j) and the folded normal (for ¢ # j) distributions, and is given by

YN (JhilPes + a2

B [Tivcoavn[Hi b = 3 = ) 233 puy(h)

i=1 i=1 j=i+1
M 2 M M
N(|hi|"es + a2 \) 2
=2 X2 22 5%
i=1 i=1 j=i+1

N
[\/? (Ihsl? 1Ry 1% €2 + (Jhal* €5 + 02 X) (|hy) €5 + 02N)))

Ne2 [hil* [hy|*
KPPl ~7 2 2, 2 2 2 2
[hal™ [hs]™ €3 4 (|hil " s + 03 X0) (|7 €5 + 05 A))

Ne2 |h;|* |hy|”
+N€S|hz||hj| 6’T’f 5 7 5 3 | | |2j| 3 2 .
|hal™ [hy]" €2 4 (Jhl " €5 + 03 Xa) (|7 es + 03 A))

(2.28)

TH-1839 11610216

28



2.4 Performance Analysis of Proposed Detectors

The calculation of the variance of (2.16]) under H; hypothesis is not known as per our knowl-
edge. Furthermore, to calculate an approximate variance, we assume |R{g;;}| ~ R{g;;} as
Pr(R{g;;} <0) = Q([CV(R{g:;})]™") tends to zero for large N. Hence, an approximate expres-

sion of variance under H; hypothesis is obtained as (for detail, refer to Appendix [A.3])

M M M M

var[Twecavp|Hi, h] = Z Z Z Z cov[$e{gi; }, R{ g }]

i:lj—lk 1 1=1

- Z Z Z Z i ({Elgijgu] — Elgij|Elgr] -+ {Elg;;9r) — Elg;]Elgrl

+{E[g;’kjgkl] o E[QZ]E[le]} + {E[QijQZz] — E[Qij]E[QZl]})

_ZZZZQ)\)\)\ \ (2N5 |hil [y | |l || + No, Ai(=k) Aj(=1)0ik ;1

i=1 j=1 k=1 I=1

+ NUi)\j(:k))\ 5jk5,1 + Neg (T (|h | |hk| )\ ]1 + |h | |hl| )\

+ hil [Pl gz e + || k| Ni=yda) ) - (2.29)

Finally, using (Z28)) and (Z29), the probability of detection P}Y¢“4VP(h) can be determined

as

PY AP (h) = Pr(Tweocavp > nwecavp|Ha, h)

_0 nweeavp — E[Twecavp|Hi, hl
vvar [Twecavp|Hi, b

(2.30)

2.4.2 Weighted Energy Detector

Under both hypotheses Hy and H;, for a large value of N, Ty gp is assumed to be asymp-
totically Gaussian distributed.
Under H, hypothesis: The mean and the variance of Ty gp are determined from
and (A.10) (Appendix [AT), respectively, by keeping i = j and |h;| = 0, and are given by
o2

E[Twep|Ho] = Z Tw (2.31)
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al Not
Var[TWED|H0]:Z )\2 . (232)

i=1 i

Using ([Z31)) and (232)), the probability of false-alarm Pp”P can be determined for a given

decision threshold ny gp as

PWED

Pr(Twep > nwep|Ho)

_ Q "T"WED — E [TWED|HO]
\/V&r [TWED|H0]
M No2
NWED — Z N
% Nod
2.2

(2.34)

Under #H; hypothesis: The mean of Ty gp can be calculated from (A22) (Appendix [AT])

considering ¢ = 7, and is given by

il N (|h,|2 Es + 0'12”)\1)

E[Tyep|H1, h] = ; ¢ (2.35)
The variance of Ty gp is determined as
M
var[Twgep|Hi, h] = Zvar gii) + 22 Z cov(gii, Grk)
i=1 =1 k= z+1
M
|h| 58+0)\ Ne2 || [hy|?

Z 22 Z e (2.36)

1=1 k=i+1
The first term in the right-hand side of (2.30]) is obtained from (A.I0) (Appendix [A]) consid-

ering i = j. The second term is calculated from ([A.26]) (Appendix [A.3) considering i = j and
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k = 1. Using ([2.35) and (2.36), the probability of detection P}y P (h) can be obtained as

PYEP(h) = Pr(Twep > nwep|Hi)

_ 0 nwep — E|Twep|Hi, h]
v/ var[Tywgp|Hi, b
M M M 2 2
No2 _ No4 N(|hi|“es+ogAi
=Q | — — _ . (2.37)
L N(iPectodr)” o A SN Ny

2.5 Computational Complexity

The major computational complexity of the proposed WCCAVD and WED is involved in two
terms: computation of EVD of the M x M correlation matrix C and the calculation of Z. Thus,
the total complexity of each of the proposed detection scheme is O(M?)+O(M?2N). Further,
the major complexity involved in conventional CCAVD and ED is: computation of the inverse
of M x M matrix C and the calculation of Y. The resulting complexity involves with each
of the conventional CCAVD and ED is O(M?3)+O(M?N). Hence, the order of computational
complexity of the proposed detectors is same vis-a-vis the corresponding detectors obtained

after the matrix-inverse based prewhitening.

2.6 Results and Discussion

In this section, the analytical and simulation results are presented to analyze the perfor-

mance of the proposed detectors. The power of each PU sample is normalized to one, i.e.,

E[|[h]|*]

g; = 1. The average SNR per antenna at SU node is defined as v = =~

. For simulations,
a simplified exponential correlation model [39] is considered to generate correlation matrix C.
The element of C at the ith row and the jth column is p'i_j|, where 7,5 € {1, ..., M}, and p is
the correlation coefficient between noise samples at adjacent antennas, satisfying 0 < |p| < 1.
For each detection method 10° independent tests are performed under both hypotheses H, and
H,.
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Calculation of decision-threshold for simulation plots: The decision statistics is calculated
10° independent times for each variable on horizontal axis under #H, hypothesis. A range
of empirical decision threshold is considered based on the minimum and maximum values of
decision statistics obtained 10° times. The decision statistics under H, hypothesis is compared
with the minimum value of empirical threshold, and subsequently compared with the desired
Pr 4. If the desired value of Pry4 is not achieved, increase the chosen value of empirical threshold
by a fixed amount—choose judiciously. This process is continued until the value of desired Pg4
is achieved. Whenever the target value of Pr, is achieved, the value of empirical threshold at
that instant will be the decision threshold. This value of decision threshold is used to compare
the decision statistics under H; hypothesis which finally gives the value of Pp. This process is
repeated for each variable on horizontal axis for final simulation plot. For analytical plots, the
decision-threshold is calculated using the expressions obtained in and [2.34] for proposed
WCCAVD and WED, respectively.

Moreover, the detection probabilities of both detectors are depending upon h. Thus, the
average detection probability is calculated through simulation. In each iteration, h is generated
whose entries are complex Gaussian distributed. The detection probability is calculated for each

iteration, and then mean is taken over all iterations to obtain the average Pp.

2.6.1 Statistical Distribution

The CDF of the decision statistics of the proposed WCCAVD and WED are shown in Figs.
2.2(a) and 2.2(b), respectively, to validate the asymptotic assumptions and approximations
used in deriving the analytical results. Under Hy and H;, the analytical CDF are determined
as 1 — Pra and 1 — Pp, respectively. Under Hy hypothesis, the analytical plots for CDF of
both WCCAVD and WED are closely matched with the simulation plots. However, under H;
hypothesis, a marginal difference is observed between analytical and simulation plots of both
WCCAVD and WED. This is due to the asymptotic assumptions considered in the presence
of fading channels, and also, we must recall the additional approximations used to derive the

detection probability of WCCAVD elaborated in Section 2.4l
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Figure 2.2: CDF plots of the proposed (a) WCCAVD and (b) WED under both hypotheses Hy and
Hi, when M =2, N =100,200, Prq = 0.01, v = —15 dB, and p = 0.5.
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2.6.2 Effect of Noise Correlation

In Figs. 23((a) and 2.3(b), the proposed WCCAVD and WED, respectively, are shown for
various values of noise correlation coefficient p. The proposed detectors are also compared
with the corresponding detectors obtained after the matrix-inverse based prewhitening and the
detectors with spatially correlated noise. The decision statistics of the conventional CCAVD
and ED with spatially correlated noise are given by i i }yf{ yj‘ %1 n and %1 Hy2||2 %1 1, respec-
tively, where y, is the IV x 1 received signal vector atl_thje_ith antenrja of SUZ._From thg figures, it
is observed that for high values of p, both the proposed WCCAVD and WED significantly out-
perform the corresponding detectors obtained after the matrix-inverse based prewhitening and
the detectors with spatially correlated noise. It is noticed that, at low SNR, this performance
gain is more than 1 dB with respect to the detectors obtained after the matrix-inverse based
prewhitening. For p < 0.5, both the proposed detectors perform comparable to the correspond-
ing detectors obtained after the matrix-inverse based prewhitening. The performance of both
the proposed detectors converges to their corresponding conventional detectors with spatially
correlated noise for the lower values of p. The performance gain in the proposed detectors is
achieved due to the accumulated effect of the weight factors which is higher in the proposed

detectors with respect to the detectors obtained after the matrix-inverse based prewhitening.

Moreover, the analytical plots are closely matched with the simulation plots.

2.6.3 Effect of Number of Received Samples

In Figs. 24|(a) and 24|(b), the proposed WCCAVD and WED, respectively, are compared
with the corresponding detectors obtained after the matrix-inverse based prewhitening for var-
ious values of received samples N when p = 0.95. From the figures, it can be seen that the
improved performance of the proposed detectors with respect to the corresponding detectors
obtained after the matrix-inverse based prewhitening is maintained with the increased values
of N. Moreover, the analytical plots are observed to be more close to the simulation plots for
higher values of N. This is due to the fact that the asymptotic assumptions and approximations

used to derive the analytical results are more accurate for larger values of V.
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Figure 2.3: Average detection probability comparison of various forms of (a) CCAVD and (b) ED
with respect to the average SNR per antenna for different values of p, when M = 2, N = 200, and
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Figure 2.4: Average detection probability comparison of (a) WCCAVD and (b) WED with corre-
I‘_j;ondmg detectors obtained after the matrix-inverse based prewhitening with respect to v for various
T 10R¥6 1 = 2, Pry = 0.01, and p = 0.95.
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Figure 2.5: The complementary ROC curves of the proposed WCCAVD and WED for (a) p = 0.9
(b) p= 0.5, when M =2, 4, N =200, and v = —10 dB.
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Figure 2.6: Decision threshold vs Pr 4 plots of the proposed WCCAVD and WED for various values
of p, when M =2, N =200, and v = —10 dB.

2.6.4 Comparison between Proposed WCCAVD and WED

The complementary receiver operating characteristic (ROC) curves of the proposed WC-
CAVD and WED are shown for p = 0.9 and 0.5 in Figs. 2.5(a) and 2.5(b), respectively. From
the figures, it can be seen that the average miss-detection probability (defined as 1 — Pp) of
the proposed WCCAVD is lesser than the proposed WED. The performance gap between both
detectors is observed to be more significant when the number of antennas at the SU node is
increased from 2 to 4. The performance gain in WCCAVD with respect to WED is due to
the fact that the decision statistics of WCCAVD includes the cross-correlation among signals
received at different antennas of the SU node. However, the cross-correlation terms are relaxed
in the decision statistics of the proposed WED which is aimed to produce a most simplified
detector.

In Fig. 2.6, the decision threshold of both the proposed detectors is shown with respect

to Pra. It is observed that the value of decision threshold for both detectors decreases as
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Pr 4 increases, consequently the performance improves. The improved performance can also be
observed from Fig. 2.5 as the average miss-detection probability of both detectors decreases
monotonically as Pr,4 increases. Moreover, the analytical plots are closely matched with the

simulation plots.

2.7 Applicability in Multi-dimensional CR Systems

The proposed WCCAVD involves the cross-correlation terms among signals received at
different antennas of the SU node. Hence, WCCAVD is suitable for the centralized multi-
dimensional CR systems (for example, the multiantenna CR system, and the oversampling
based CR system), and is used for the distributed multi-dimensional CR systems (for example,
the cooperative CR system) at the cost of large handshake overhead. The proposed WED
is suitable for the distributed multi-dimensional CR systems as it does not involve the cross-
correlation terms among the received signals from different antennas. Moreover, both detectors
can also be used in combination. In a cooperative cognitive network, when the SU nodes have
multiple number of antennas (or oversampling is performed at the SU nodes having a single
antenna), the WCCAVD can be used at each node to combine their received signals, and WED

can be used at the fusion center to combine the decisions of several SU nodes.

2.8 Summary

In this chapter, we have proposed two spectrum sensing schemes, WCCAVD and WED, for
multiantenna CR systems under spatially correlated noise. The knowledge of spatial correlation
has been exploited to improve the performance of the proposed detectors with respect to the
detectors obtained after classical matrix-inverse based prewhitening. It has been shown that in
the presence of high spatial correlation and low SNR, the proposed detectors outperform the
corresponding detectors obtained after the matrix-inverse based prewhitening by more than 1
dB. For the spatial correlation below 0.5, the performance of the proposed detectors is com-
parable to the corresponding detectors obtained after the matrix-inverse based prewhitening.

The 1perf0rmance gain in the proposed detectors is achieved due to the accumulated effect of
TH-1839 11610216

39



2. Spectrum Sensing for Multiantenna Cognitive Radio Exploiting Spatial Correlation
of Noise

the weight factor associated with each term of their decision statistics. It is also found that the
order of computational complexity of the proposed detectors is same vis-a-vis the corresponding
detectors obtained after the matrix-inverse based prewhitening. Further, we have derived the
analytical expressions for the decision threshold, the Pr4 and the Pp of the proposed detectors.
The accuracy of the asymptotic assumptions and approximations used in analytical derivations
has been validated through the closely matched analytical and simulation plots.

The detectors proposed in this chapter are analyzed considering multiantenna based multi-
dimensional CRN, these are also implementable in cooperation and oversampling based multi-
dimensional CRNs. Based on the trade-off between performance and complexity, we have dis-
cussed the applicability of the proposed detectors in different multi-dimensional CRNs. More-
over, the system model considered in this chapter assumed spatially correlated noise whereas
signals are temporally white. Similar results can be obtained when one consider temporally cor-
related noise with spatially uncorrelated signals. There will be a modification in the latter case
which is as follows: suppose W, W, and C are correlated noise, white noise, and correlation
matrix, respectively, then to generate spatially correlated noise W = C2W and for temporally
correlated noise W = WC?. Hence, considering temporally correlated noise in the presence of

spatially uncorrelated signals is an easy extension of the work presented in this chapter.
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3. Performance Analysis of Multiantenna Underlay Cognitive Radio under Spatially
Correlated Interfering Signals

In Chapter 2, the spectrum sensing schemes are proposed for interweave paradigm based
CRNs considering spatially correlated noise at multiantenna SR. In this chapter, we consider
an underlay paradigm based CRN with multiantenna users and spatially correlated interfering
channels at link between ST and PR. Initial works in the literature have investigated vari-
ous transmission schemes to optimize the performance of SUs under interference power limit
of PR [12/[64]. With the introduction of multiantenna nodes, many factors such as antenna
correlation, interference power, interference cancelation and mitigation schemes affect the per-
formance of both primary and secondary systems. Performance analysis of underlay paradigm
based multiantenna CRN under spatially correlated interfering signals is available in [711[72].
The prewhitening of spatially correlated interfering signals is performed and its effect on the
primary and secondary systems performance is analyzed in [71,[72]. The authors have pro-
posed the prewhitening schemes of interfering channels between ST and PR and shown that
it reduces the interfering signal power at PR. It has been claimed that the prewhitening of
interfering channels is beneficial for underlay paradigm based underlay CRN. These analyses
consider the perfect knowledge of channel information at ST about the link between PR and
itself. Due to feedback latencies and mobility of the users the channel information may get out-
dated [66,[67]. Analysis of a CRN considering prewhitening of spatially correlated interfering
signals with outdated channel information can provide actual performance of the primary and
secondary systems from the implementation point view.

In this chapter, we analyze the performance of an underlay paradigm based CRN with
multiantenna users under spatially correlated interfering channels between ST and PR. The
classical matrix-inverse based prewhitening scheme is used to decorrelate the interfering signals
received at PR. Performance of both primary and secondary systems is analyzed considering
prewhitening scheme based on outdated channel information of the ST-PR link. We derive
the analytical expressions for outage probability and channel capacity for both primary and
secondary systems. The analytical results are validated by the closely matched analytical and
simulation plots. The effect of outdatedness in channel information and prespecified interference

outage probability on the performance of both primary and secondary systems are shown.
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Moreover, we also compare the effect of outdated channel information and interference from

primary transmissions on the performance of secondary system.

3.1 System Model

PT PR
e o o HP % e ® o
[Tt [
\</

/ﬁps\\

R
TT/ HS =TT
ST SR

Figure 3.1: A typical diagram of an underlay paradigm based CRN with multiantenna at all nodes.

We consider an underlay paradigm based CRN which consists of a primary and a secondary
networks as shown in Fig. Bl The primary and the secondary networks comprise of a PT, a PR,
and an ST, an SR, respectively, with M number of antennas at all nodes. In underlay paradigm
based CRN, the SU can transmit simultaneously with the PU such that the interference induced
at the PU node falls within a certain limit. The peak interference power constraint (PIPC) of
the primary network is denoted by ). In addition, ST is also constrained by the maximum
transmission power constraint (MTPC) which arises due to the non-linearity of the power
amplifier of the transmitter. The MTPC of ST is represented by P,;. We also consider the
harmful interference at PR and SR due to the SU and PU transmissions, respectively. In
this scenario, the received signals at PR and SR, denoted by yp and yg (both are M x 1),

respectively, are given as
yp = nevV PpHpsp + /nps\/ PsHpsss + wp (3.1)

Ys = v/NsV PsHsss + \/nsp\/ PpPHspsp + W (3.2)
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where np, 1s, Npg, and ngp are average channel gains of PT — PR, ST — SR, ST — PR, and PT
— SR links, respectively. Pp and Pg are the transmission powers of PT and ST, respectively.
sp and sg are the M x 1 transmitted signal vector from PT and ST, respectively. wp and
wg are the M x 1 additive white Gaussian noise (AWGN) vector at PR and SR, respectively,
whose entries independently belong to CN (0, Ny). Hp, Hg, Hpg, and Hgp are the M x M
channel matrices of PT — PR, ST — SR, ST — PR, and PT — SR links, respectively. The
channel coefficients are assumed to be flat-fading Rayleigh distributed which are considered to
be constant for the symbol duration.

We assume that the channel gains Hp and Hg are perfectly known to the PR and the SR
but unknown to the PT and the ST, respectively. In this case, the optimal MIMO transmission
scheme allocates equal transmission power to each antenna at PT and ST. Let us define a signal

vector up of M x 1 whose elements are independently Gaussian distributed with E[upufl] = I,

and the normalized signal transmitted from PT is sp = ”‘lii T Thus, the covariance matrix of

PT is E[spsf] = +;1). Similarly, the normalized signal transmitted from ST is sg = H‘J—zll with

Elusuf] = I and E[sgsf]| = 771y

The interfering signals received by PR are assumed to be spatially correlated whereas the
other received signals by PR and SR are considered to be spatially uncorrelated [71,[72]. This
scenario may appear in several communication systems. For example, consider a two-tier
macrocell-femtocell heterogeneous network where macrocell and femtocell deployments adopt
licensed and unlicensed networks concept, respectively [109,110]. All nodes of both networks
consist of multiple antenna elements. In this scenario, it may happen that the transmitter at
femtocell is located very near to the receiver at macrocell which may cause the poorly scattered
signals received by the receiver at macrocell. Due to the poor scattering, the signals received
by the macrocell-receiver have small angular spread at the adjacent antenna elements. This
causes the spatially correlated signals received by the macrocell-receiver [44]. Whereas, the rich
scattering between other links causes the spatially uncorrelated received signals. Another com-
munication system, where this scenario may occur, can be a coexisting primary and secondary

networks with multiple colocated SU nodes. In this scenario, the interfering signals received by
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PR from multiple colocated SU nodes may get spatially correlated.

Motivated by the above mentioned scenarios, we assume the interfering signals at PR to be
spatially correlated. Further, we consider a prewhitening scheme at ST so that the interfering
signal at PR becomes uncorrelated. The prewhitening scheme uses the channel information of
the ST-PR link which is considered to be outdated due to the feedback latencies and mobility

of the users. We consider an outdated channel model as [68]
Hps = poHps + /1 — p2Hps (3.3)

where H ps is M x M outdated channel matrix of the ST-PR link which is known to the ST.
The elements of H ps are iid complex Gaussian random variables. p, denotes the correlation
coefficient between Hpg and H ps, and assumed to be known. H ps 1s the channel mismatch
which is uncorrelated with Hpg. The elements of Hpg are complex Gaussian distributed with
zero-mean and unit variance. The channel at PT-SR link is also considered to be known to SR
through spectrum scanning by the SU nodes.

In the prewhitening scheme based on outdated channel information, the transmitted signal

A1
vector from ST is multiplied by Hpg to decorrelate the interfering signal vector received at PR.

Thus, the normalized transmitted signal vector from ST is sg = % where the normalizing
term T} is defined as
ol 2 ol HY ¥y I\H ~H e -1
Ty = B[||Epsusl?f = tr{HpeElusu | (Fpe)} = tr{(HpgHpg) '}, (3.4)
Now, the signals received at PR and SR are given by
-
H,.u
yp = ViirV/ PrHpsp + \/psy/ PsHps—2=2 4+ wp (3.5)

VT

-1
Hyqu

VT

respectively. Moreover, in case of outdated channel information of the ST-PR link, it is difficult

Ys = /nsV PsHsg ° 4 Vnspv PpHgpsp + wg, (3.6)

to maintain the PIPC of PR. This is because it cannot be guaranteed that the interference power
at PR will still fall within a prespecified interference limit. We consider an approach based on
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the power margin in PIPC of PR as in [67H70] where ST adapts its transmission power such
that the PR can maintain a predetermined interference outage probability. The interference
outage probability is defined as the probability that the interference power at PR exceeds a
prespecified limit and is denoted by €,. Thus, the transmission power of ST, constraint by both
MTPC of ST and PIPC of PR with power margin factor k,, which satisfies the predetermined

interference outage probability, can be defined as [68]70]

)

Hpo); |2
{i,j}gl{?,},(,,M}{‘( ps)ijl*}

Ps = min | Py, (3.7)

For a prespecified ¢,, k,, can be calculated numerically using the expression given by (for detail,

refer to Appendix [A4)

€0 =€Xp (— @ ) — exp (_ Q ) 0) 2p3Q 26mQ
! Prnes Pynps) "\ (1= 08)Punes” \| (1= p3) Punes

_:_ZQO \/(zo—r())q\/(zowo)ca +to+roexp<_ﬂ)fo<( 200Q /o )

2P]\/] 2PM 2T0 2PM 1— p(Q))PMnPS
(3.8)
2(14km) 24/ (14Km)2—4kmp] _ 2(0—km)
Here, b = G gzyps "0 = =0 Gadmes » 204 00 = zyons

3.2 Channel Capacity

The channel capacity is the maximum of the mutual information with respect to the input
distribution. It defines the maximum achievable rate at which information can be reliably
transmitted over a communication channel [ITIL[112]. Capacity per unit bandwidth of a MIMO
system with channel information at the receiver and deterministic channel gain, denoted by H,

is given by [112]

C E; :
5= log, det (IM + AN, HRSHH) bits/s/Hz (3.9)

where B and F, denote the channel bandwidth and the energy of transmitted signals, respec-

tively. Ry is the autocorrelation matrix of transmitted signal vector s, defined as R, = E[ss”].
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Further, when channels vary randomly, i.e., H is a random matrix, then the channel capacity
is also time-varying. In this case, the ergodic MIMO channel capacity can be evaluated by its
time average. In practice, it is assumed that the time-varying channel is an ergodic process

and then the ergodic channel capacity is calculated as [112]

Es
M N,

%" =E [log2 det (IM + HRSHHH bits/s/Hz (3.10)

which is known as ergodic channel capacity. Moreover, the unit of the capacity is bits/s/Hz
(also written as bps/Hz) when it is calculated in logarithm with base 2. When the capacity is
measured in natural logarithm, the unit will be nats/s/Hz.

We derive the channel capacities of PU and SU systems for the considered underlay CRN
as described below. Symbolic complexity is reduced by using C'p and Cys instead of C'p/B and
Cs/B for the capacities per unit bandwidth of PU and SU systems, respectively.

Lemma 1: When prewhitening is performed at ST using outdated channel information of

the ST-PR link, the channel capacities of the PU and SU systems are given by

npPpTy
M(npsPsf + NoTp)

Cp = log, det <IM + Hpr;I) (3.11)

MnsPs

0

~H A
Cg = log, det (IM + Hs(HpHps) "HY (nsp PpPHspHE + MNOIM)‘l) ;o (3.12)

respectively, where 3 = pZ + To(1 — p?).
Proof. Refer to Appendix [A.5] O]

For pg = 1, i.e., when channel information about ST-PR link is perfect at ST, the channel
capacity of the PU system derived in Lemma I is similar to the expression derived in [71]
except that Pg is not considered to be constrained by the MTPC of ST and the PIPC of PR
in [71].

3.3 Owutage Probability

The outage occurs when the instantaneous signal-to-interference-plus-noise ratio (SINR) at

the receiver falls below a certain threshold. In the following subsections, we derive the outage
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probabilities of both PU and SU systems.

3.3.1 Outage Probability of PU System

The instantaneous SINR at PR is given by

nPPptI'{E[(HPSP)H(HPSP)]} _ T()T]pPptl"{Hng}
npsPstr{E[(Hpsss)” (Hpsss)|} + MNy  M?(npsPsf + NoTp)

SINRpp = (3.13)

The first term in the denominator of (813) can be calculated similar to (Appendix
[A.5]) which results in (A.47). The outage probability of the PU system, denoted by Pp py, is

obtained when SINR at PR falls below an outage threshold X and is given by

PO,PU(A/) = PI"(S]NRPR < )\/) = Ftl'{Hng}()\) (314)

where \ = ’\/MQ(";O?];SPBP N0T0) and F(-) denotes the CDF. tr{HZHp} is central chi-square dis-

tributed with 2M? degree of freedom (DOF). The element of Hp is distributed as complex
Gaussian zero-mean and unit variance. Thus, the mean and the variance of tr{HEHp} can be

calculated as [108]

variance of each element of Hp

= M?
P

E[tr{HEHp}] = DOF x

(3.15)

; 2
var[tr{HHp}] = 2(DOF) x (Varlance of each element of Hp) e

2

This distribution can also be represented by the gamma distribution, denoted by G(«, ) where

a and 6 are the shape and the scale parameters, respectively, and are determined as [113]

| EHiEY
var[tr{HE Hp}]
 var[tr{HHp}]
~ E[tr{HFHp}]
Using (3:16), the CDF of tr{HZHp} can be determined as

=1. (3.16)

Fomuna, (A) = 7(?(2)/ o) _ 7%\4’2? (3.17)
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which is also the expression of Pp py. Here, (-, -) and I' (-) denote the lower incomplete and

the complete gamma functions, respectively.

3.3.2 Outage Probability of SU System

The instantaneous SINR at SR is given by

nsPstr{E[(Hsss)"” (Hsss)]}
T]SpPptI'{E[(HSPSp)H(HSPSP)]} + MNO

A ]
_ MngPstr{(HsHpg)" (HsHpg)}

SINRgsp =

= . (3.18)
TO(T]SPPPtr{HgPHSP} e M2NQ)
The outage probability of SU system, denoted as Pp sy, is obtained as
Po,su(N) = Pr(SINRsr < X) = Fiog aotyn gty (M) (3.19)

NTo(nsp PrUr{HE , Hgp}+M2No)
MngPs ’

where A\ = The distribution of tr{(HSﬂ;;)H(Hsﬂ;;)} is an-
alytically intractable as the elements of HSPAIJ:g are non-identically distributed. We derive
an approximate distribution when the elements of Hsﬂ;; are assumed to be identically dis-
tributed. In Fig. [3.2] the CDFs of tr{(HSI:I;;)H(HSI:I;;)} are plotted for both identically
and non-identically distributed elements (denoted by approximated analytical and simulated,
respectively, in Fig. B.2)). It is observed that the plots are closely matched in both scenarios
when M = 2 and M = 4, which validates the assumption made for approximate analysis.
Further, the mean and the covariance of HSICI;; are determined as E[HSICI;;] = 0 and
cov[HSI:I;;] = tr{(ﬂﬁsﬂps)‘l}IM = ToIys, respectively. Considering the identical distribu-
tion for each element of HSPAI;;, the mean and the variance of each element are zero and %, re-
spectively. Now, tr{(H SPAI;;)H (H SPAI;;)} is approximated to the central chi-square distributed
with 2M? DOF. Similar to (B.I5), the mean and the variance of tr{(HSI:I;;)H(HSI:I;;)} are
determined as MTy and Tg, respectively. This can also be represented in the form of gamma
distribution with parameters o = M? and = %, calculated similar to (3.16]). Hence, the CDF

of tr{(Hg}AI;;)H (HSIZI;;)} which is also an expression of Py sy is approximated to the CDF
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Figure 3.2: CDF plots for SU system with varying A when M = 2 and 4. The magnified plots for
A < 20 are shown as the inset.

of a gamma variate [I13] and is given by

Feyqaarytyn @ty (M) = TR (3.20)

3.4 Results and Discussion

The parameters used for simulations are M = 2, Pp = 5 dBm, @ = 8 dBm, np = ng =
nps = 0 dB, N =0 dB and Ny = 1. The ergodic capacities of SU and PU systems (denoted
by E[Cs] and E[Cp], respectively) and the average outage probability (AOP) of SU and PU
systems (denoted by AOP-SU and AOP-PU, respectively) are evaluated over 10° coherence
time intervals of the channel.

In Fig. B3a) (Fig. B3(b)), it is observed that as Py, increases, E[Cs] (AOP-SU in Fig.
B3(b)) and E[Cp] (AOP-PU in Fig. B3(b)) improves and degrades, respectively, till Ps = Py
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as given in (7). For further increase in Py, when py # 1, E[Cs] (AOP-SU in Fig. B3|(b))
and E[Cp| (AOP-PU in Fig. B3(b)) degrades and improves, respectively, and then attain a
saturation for higher values of P;. This trend in performances is due to the varying power
margin factor k,, with respect to varying Py;. For py = 1, further increment in Pj; causes
a maximum and minimum capacities (AOPs in Fig. B3(b)) for the SU and PU systems,
respectively. The performance limits in this case are controlled by the PIPC of PR and channel
gain of ST-PR link. Moreover, E[Cs] and AOP-SU degrade as py decreases. This is due
to the fact that as py decreases, k,, decreases to avoid any instantaneous violation of peak
interference power at PR. For the PU system, E[Cp| and AOP-PU degrade as py decreases till
Ps = Py;. This is because (8 increases as py decreases. However, for further increase in Py,
E[Cp] and AOP-PU improve as py decreases. In this case, the effect of py on the PU system
is introduced through two factors: Ps and . As pp decreases k,, decreases, and hence Pg
decreases which causes the degraded interfering signal power at PR. However, 3 increases as py
decreases which leads to the degraded performance of the PU system. ( can be considered as
the measure of quality of whitening of spatially correlated interfering signals where the smaller
[ implies the better whitening. Hence, as p, decreases, the effect of degraded interfering
power at PR dominates over the effect of weak whitening which finally leads to the improved
performance of the PU system. Moreover, it can be seen that the simulated plots are closely
matched with the analytical plots. In Fig. B3|(b), for the SU system, slight mismatch between
approximate analytical and simulated plots is observed. This is due to the mismatch caused
by the approximate analysis of outage probability in the lower region of A < 20 shown as the
inset of Fig. 3.2l For higher values of A, mismatch is negligible.

From Figs. B4(a) and B4(b), it is observed that the ergodic capacities and the average
outage probabilities of both SU and PU systems are sensitive to pg, especially to high po.
Hence, the performance of both systems are sensitive to the accuracy of channel information
of the ST-PR link. Moreover, as ¢, increases, E[Cs] and AOP-SU in Figs. B.4(a) and B:4(b),
respectively, improve due to increased transmission power of ST for sufficiently higher Py;.

Whereas, the degraded performance of the PU system can be observed from the figures as ¢,
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increased. Thus, a suitable value of interference outage constraint must be chosen so that the
performance of the PU system does not degrade much. Further, the effect of interfering signal
power at SR is observed in Fig. 3.5l From the figures, it can be observed that performance
degradation of the SU system is significant in case of outdated channel information when ¢, falls
from 10% to 1% vis-a-vis the loss due to interference from PT. Hence, the effect of outdated
channel information is more harmful than the interference induced by the PU system on the

performance of the SU system.

3.5 Summary

In this chapter, we have analyzed the performance of an underlay paradigm based mul-
tiantenna CRN with prewhitened interfering signals using outdated channel information. We
have derived the analytical expressions for channel capacity and outage probability for both PU
and SU systems under PIPC of PR and MTPC of ST. The analytical results are validated by
the simulation results. To avoid any instantaneous violation in PIPC of PR we have employed
a power margin factor with PIPC so that a prespecified interference outage can be maintained
at PR. We have shown the performance of both PU and SU systems for different py and vary-
ing Py;. The variations in the performance of both systems are resulted from varying power
margin factor as py and P, vary. It has shown that both PU and SU systems are sensitive to
the accuracy of channel information of ST-PR link. It has also shown that, for the SU system,
the effect of outdated channel information is more vulnerable with respect to the interference
due to PU transmissions. Moreover, the work discussed in this chapter considered M num-
ber of antennas at all nodes, however, a more general scenario considering different number of

antennas at different nodes can be analyzed likewise.
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Figure 3.3: (a) Ergodic capacities and (b) average outage probabilities of the PU and SU systems
versus Py for various pg, when ngp = —5 dB and ¢, = 1%.
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Figure 3.4: (a) Ergodic capacities and (b) average outage probabilities of the PU and SU systems
versus pg for various values of ¢,, when ngp = —5 dB and Py; = 8 dBm.
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Figure 3.5: (a) Ergodic capacities and (b) average outage probabilities of the SU system versus pg

for various values of ngp and ¢, when Py; = 8 dBm.

TH-1839 11610216

55



3. Performance Analysis of Multiantenna Underlay Cognitive Radio under Spatially
Correlated Interfering Signals

TH-1839 11610216

56



Performance Analysis of Dual-Hop
Cognitive Cooperative Relay Networks
over r-i1 Shadowed Channels

Contents
4.1 System Model ... ... ... ... i 59
4.2 Outage Probability . ... ... ... ... ..o
4.3 Ergodic Capacity . . . . . . . . . . i it e e e e e e e l65
4.4 Results and Discussion . . . ... ... ... ... l6d
4.5 Summary . . . . o o it e e e e e e e e e e e e e e e e e e e e IE

TH-1839 11610216

57



4. Performance Analysis of Dual-Hop Cognitive Cooperative Relay Networks over k-u
Shadowed Channels

In Chapter 3, we have considered direct communication between ST and SR. However, when
a direct link between ST and SR is not possible because of deep fading/shadowing or large dis-
tance between them, relay can be employed to setup a link between them. In this chapter, we
consider a dual-hop cooperative relay-assisted underlay CRN unlike the direct communication
between ST and SR in Chapter 3. The performance analyses of the dual-hop relay-assisted
underlay CRNs are available in literature [74H97]. These analyses have considered Rayleigh,
Nakagami-m, and 7n-p distributions to model the small-scale fading scenario. The works dis-
cussed so far in literature for dual-hop relay-assisted underlay CRNs have not incorporated the
effect of large-scale shadowing to analyze its performance. However, it has been shown that the
real-world wireless channels can be accurately modeled by the composite multipath fading and
shadowing channel models [98[114]. Hence, the analysis of cognitive cooperative relay networks
under composite multipath fading and shadowing channels can provide actual performance of
the considered system.

In this chapter, we consider a dual-hop cooperative relay-assisted underlay CRN which
comprises a PR, an ST, an SR, and a secondary relay node with single antenna at all nodes.
With multiantenna at SR and spatially correlated channels, the analysis is presented in the
next chapter. The DF protocol is employed at the relay node. The physical channels among
all nodes are considered to be multipath faded and shadowed and are compositely modeled by
the k-p shadowed distribution. We assume the perfect knowledge of channel at ST-PR link
unlike the outdated channel information as in Chapter 3 because of mathematical tractability.
We derive the closed-form expressions for the CDFs of the received SNR at relay and SR under
peak interference power constraint (PIPC) of PR. Using this CDF expressions, the closed-form
expression for outage probability is obtained. The analytical expression for the ergodic capacity
is also derived in the form of sum of infinite-series. Two special cases are investigated when
the channels at links ST—relay and relay—SR are Nakagami-m and Rician/Rician-shadowed
distributed. In both cases, simpler expressions for the outage probability and the ergodic
capacity are obtained. The analytical derivations are validated by Monte-Carlo simulations.

We have shown that the severity of fading/shadowing at interfering links is favorable to the
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4.1 System Model

SUs communications up to a certain value of PIPC of PR. Beyond this value of PIPC, the SUs

communications are benefited under less severe fading/shadowing at the interfering links.

4.1 System Model

PR
m//'%
-7 :m
& g1 92
1= 1 "1
ST Relay SR

Figure 4.1: A typical diagram of a dual-hop relay-assisted underlay CRN with single antenna at all
nodes.

We consider a dual-hop DF relay-assisted underlay CRN which comprises a secondary net-
work and a PR as shown in Fig. 4.1l The secondary network consists of an ST, an SR, and
a secondary DF relay. The SU nodes are considered to be located far away from PT. Thus,
there exists a negligible interference from the PT to the SU nodes [78], [81], [86], [87], [94], [97],
or this weak interference can be included with the noise terms of the SU nodes [I15]. As
in [78], [80], [81], [88], [94], [97], we assume that there is no direct link between the ST and
the SR. This scenario may appear in the presence of severe fading/shadowing at ST-SR link or
due to the large distance between ST and SR. All PU and SU nodes are equipped with a single
antenna operating in half-duplex mode. The transmission of signals from ST to SR is executed
in two different time frames. In the first time frame, ST broadcasts its signals to relay, and
the relay node decodes the transmitted message based on the received signals. Then, the relay

node re-encodes the message and forwards it to SR in the second time frame.
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4. Performance Analysis of Dual-Hop Cognitive Cooperative Relay Networks over k-u
Shadowed Channels

4.1.1 Power Allocation and End-to-End SNR

In an underlay paradigm based cognitive cooperative relay network, the ST and the relay
nodes transmit its signals such that the interference induced at PR is within a certain limit.
The peak interference power that can be tolerated by the PR is denoted by (). For analytical
tractability, we assume that there is no maximum transmission power constraint (MTPC) on
the ST and the relay as considered in [52], [86], [87]. Thus, the transmission power of the ST and
the relay, denoted by Psr and Pg, respectively, is constrained only by the peak interference
power of PR, and is given by P5T|h1|2 < @ and PR]h2|2 < (). Here, h; and hy are the
channel coefficients of the ST—PR and the relay—PR links, respectively. Hence, the maximum
allowable transmission powers of the ST and the relay are given by Psr = % and Pr = ek
respectively. The instantaneous transmission power of the ST and the relay is constrained by @
rather the average transmission power for the purpose of restricting any instantaneous violation
of the interfering power constraint of PR. Note that, to implement the PIPC of PR, the ST and
the relay nodes require the knowledge of hy; and hs, respectively. This channel information can
be exchanged between the PR and the SU nodes through collaboration where the PR directly
feedbacked this channel information to the ST and the relay nodes [65], [67]. In this work, we
assume that the ST and the relay nodes have perfect knowledge of the channel information of

ST-PR and relay-PR links, respectively. Now, the instantaneous SNR at the relay and the SR

is given b

’ ' Q’91|2 Q |92|2

¥ 3, VSR = 2
No |hi] Ny |hs

TR (4.1)

respectively. Here, g1 and go are the channel coefficients of the ST—relay and the relay—SR
links, respectively. Ny denotes the noise power both at the SR and the relay nodes. The end-
to-end instantaneous SNR, denoted by 7.0., of the dual-hop DF relay-assisted underlay CRN
is given by

Ye2e = min(’yR»’}/SR)- (42)
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4.1 System Model

4.1.2 Channel Model

We consider a physical channel which is assumed to have clusters of waves. In each cluster,
multipath waves are considered which have scattered waves with identical power and a dominant
component with arbitrary power. The dominant components of all clusters may fluctuate
randomly due to shadowing. This physical channel can be modeled by the k-u shadowed
distribution where the line-of-sight (LOS) multipath fading and the shadowing are modeled by
the Rician and the Nakagami-m distributions, respectively [98]. The x-u shadowed distribution
includes the one-sided Gaussian, Rayleigh, Nakagami- m, Rician, Rician shadowed, and k-u
distributions as its particular cases. It has been shown that the x-u shadowed channel model is
good-fit to describe the human body shadowing in body centric device-to-device (D2D) cellular
communication where the users equipments are often located at the low elevation and in close
proximity of the user’s body [114]. The x-u shadowed fading model has also been shown to have
good-fit to the land mobile satellite channel’s experimental data and the underwater acoustic
communication channels, as shown in [9§].

Furthermore, the channels among all nodes are assumed to be independent. The power of
the channel coefficients of all links is x-p shadowed distributed with arbitrary fading/shadowing
parameters which is denoted by {|gi|2 , |hi|2} ~ SV Kis i, mi). Y and (K, i, m;) are the
average channel power and the shaping parameters, respectively, where i€[1,4] for the links
ST—relay, relay—SR, ST—PR, and relay—PR, respectively. The PDF of the x-u shadowed

distribution is given by [98], [101]

A . (P2 — 1)
fx (x :1”176 911 F; (m;u7 ) 4.3
=T ¢ 5162 (43)
where ¢ = ﬁ, Gy = (‘éﬁ:bm, and 1 F(-) denotes the Kummer confluent hypergeometric

function. Moreover, the k-u shadowed distribution is tightly approximated by the gamma

distribution, denoted as G(a,0), with parameters given by [10I] o = % and 0 = 1.

The CDF of the gamma distribution is given by

¢ —x
F = | F : 1. — . 4.4
x() goT(a+ 1) 1(0"O‘+ ’ 9) (44)
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4. Performance Analysis of Dual-Hop Cognitive Cooperative Relay Networks over k-u
Shadowed Channels

4.2 Qutage Probability

The outage of a dual-hop DF relay-assisted underlay CRN occurs when the end-to-end SNR

falls below a minimum threshold 7y, and is given by

Po(v) = Pr(min(yg, vsr) < vin)

= 1= (1= Fy, () (1 = Eyg () (4.5)

where Pr(-) denotes the probability. F,,(-) and F

VSR

(+) are the CDF's of the SNR at relay and
SR, respectively. 7y, is the outage threshold. Now, the CDF of the SNR at the relay can be

calculated as

Q |91|
F = Pr < =Pr <
YR (’}/th) (7R 'Yth) ( N, |h1’ Yih

=1—Pr |h1|2§ 9
|91 YenNo

U 7F|h1|2 (ﬂ) fio2(y)dy. (4.6)

YenNo

Using (4.3) and (4.4), (4.0]) is written as

[e.e]

v _ Qy P21 — P11
F, (v =1—A; /e F11 g3t LE (ag;ag S )1F1 (ml;/h; 7y> dy
e (tn) ) YenNoOs P21011
(4.7)
B PprLTH Q o3 - (m1k1+m1)71 _ mauz(1+k3)?
where A; = d);’;lr(;js_i_l)l"(ul) (’ythN()Og) , P = m(l—i—m ) P = m(trnms > Y3 T matpzritemsns

05 = Z—i To solve the integration involved in (4.7), the integral representation of Lauricella

function FXL) is used, which is given by [116, Eq. 2.4.2]

. L
FIE‘)<a,bl,..,bn;01,..,Cn;ﬂj‘l,.., n = m/ _tta 11F1 b1,017l’1t) lFl(bn7Cn7xn )dt Re( ) > 0.
0

(4.8)
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4.2 Outage Probability

Using ([@8) for n = 2, Ff) = F3, and applying the variable transformation for ﬁ = z, the

integration involved in (7)) can be solved as

-1 I'(cs + p1) <Q¢11 )a3 (@)ml
Fnm) =1 = 52 =m0 \oovets ) o

Qo1 1 @)
'VthNOQS’ P21

X Iy <a3+u1,a3,m1;a3+1,u1;— (4.9)

where Fy(-) is the type-2 Appell hypergeometric function. The series form of Fy(-) converges
when |z1|+|zo| < 1, ie., % > ‘%, which may not be always satisfied. Hence, we use [116} Eq.

42.2]

Fy(a, by, by cr, 0501, 00) = (1 — 1) “Fy (@, 1 — by, be; c1, o L, T2 (4.10)
Ty — 11— T

for the convergent evaluation of F5(-). The final expression of F.,(v) is obtained as

Qo1 (¢21 = ¢11)%hN093 ) (4 11)
Qo11 + 1enNobs ™ d21(Qd11 + Ve Nobs) .

F’YR(’yth) — ]'_A2F2 <Oég +/~'L17 1am1aa3 + 1,,&1;

Q36711 "3 (44n NoB3)#1 T (a3 +111)
211 (Qe11+7:1n Nob3) 3 THIT (s +1)I' (g

where Ay = ;- Similar expression is obtained in [I01] for the out-

age probability analysis of the interference limited communication system in the presence of mul-
tiple co-channel interferers. Similarly, F.., (v ) can be determined by the appropriate replace-
ment of the variables as (1551, 1, m1) — (Yo; k2, pi2, ma2), (35 K3, 3, M3) — (Vas K, fa, M),

(¢11,¢21) — (¢12,¢22), (043,93) — (Oé4,04), and Ag — AIQ in m Finally, llSil'lg ([IE]), the

outage probability is obtained, and is given by

Ias 4+ 1) (o + po)
I'(as + 1) (o + DI (p1)L (p2)
QG R g N
Ga1' D95 (QP11 + YanNobs) 31 (Qd12 + Yin Nobla )42
Qo1 (21 — P11)vnNobs )
Q11 + YnNobs” d21(Qb11 + nNob3)
Q912 (62522 - ¢12)%hN094
Q12 + Y Nobs” d22(Qb12 + inNobs)

PO(%h) =1-

X Fy (Oés + i, L, maas + 15

) . (4.12)

X F2 (Oé4+,u2a1>m25044+ 1):“2;

The F5(-) function can be evaluated using its integral representation in terms of the Gauss

hypergeometric function oF(-) given in [I17, Eq. 20]. Note that, the Gauss hypergeometric
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function is available in most of the common software. It can also be calculated using series
representation in terms of o F(+) [I17, Eq. 82] up to N finite terms such that the error involved
is less than 1075, Moreover, in the sequel, we derive outage probability expression in the simpler
forms for some special cases.

Special case I: We consider a scenario when the channels at ST—relay and relay—SR links
are Nakagami-m distributed. For further analysis, the Fy(-) function is represented by the sum
of o F () functions given by [117, Eq. 82]

Fy(a,by, by cq, 951, 29) = Z %xé oF1(a+ k,by;crsx), |o]+ |2o] <1 (4.13)
k=0

where (), denotes the Pochhammer symbol, defined as [116, Eq. 1.1.3]
We=yly+1)---(y+k=1), k>0

Using (@I3), F,, (7)), obtained in (4II]), can be expressed as

(g + ) (ma); < YenNobs )j
F =1-A -
e (in) ? ;0 g (pa); Qb1 + YenNobs
¢11)j ( : Qoén )

X11—— Filas+m+7, 103 +1; . 4.14

( P21 SRS R P Qb1 + YinNobs (4.14)

For this special case, as the channels at ST—relay and relay—SR links are Nakagami-m dis-
tributed: {r1, ko}—0 and {my, mo}—00. Thus, ¢1; = ¢o1 = % and ¢ = (9o = % Hence,

F. . () in (£14) can be simplified as

Eyp(yen) = 1= Az o1 (Oé3 + p1, Las + 1 Ofu ) (4.15)

" Qo11 + Y Nobs

Q23773 (ven NoBO3p1 )1 T (a3 +p1)
(Q¥1+7en Nob3p1)*3 H1T (i +1)T (1) *

where A3 = Similarly, F..,(7) can be obtained simply by
replacing the variables for the next hop between relay and SR. Finally, the outage probability

in this scenario, denoted by P§(vu,), is obtained as

PSY(yn) = 1 — A3 A} o F 1; 1; @ou
o (Vin) 3Ag 21" (a3+u1, ;o + Q11 + 7 Nobs
Q12 )
X oFy [ ay + po, 1; 004 + 1 4.16
. ( i ! Qd12 + YenNobs ( )
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4.3 Ergodic Capacity

which is simply the product of two o F(-) functions. Here, A} is the constant analogous to A
and is obtained by replacing the variables for the next hop between relay and SR.

Special case II: For this case, we consider the channels at ST—relay and relay—SR links
are Rician or Rician shadowed distributed, i.e., ;3 = po = 1. The following property of the
F5(+) function is used [I18, Sec 9.4, Eq. 107]

Fy(a,by,boyja, c;ar,22) = (1 —21) " Fy (bmbl, —bi;c %,!Ez) (4.17)
— 1

where Fj(-) is the type-1 Appell hypergeometric function. Using (£IT), F,,(v), obtained in
({11)), can be expressed as

%wm—%ﬁm%%) (4.18)

F :1—AF m,l,a,l,l——
’yR(fyth) 4 1 ( 1 g ¢21 ¢21(Q¢11 +f>/thN093)

Qag ¢ﬁ1 +as
m .
Hort (Qb11+7ven, Nob3)*3

where Ay = Similarly, F...(7) can be obtained simply by replacing the
variables for the next hop between relay and SR. Finally, the outage probability in this scenario,

denoted by P5?(vs), is obtained as

— Nyo
2% —1_ ALAF (m,l,a,ll—@ (¢21 — d11)vun 03)
o (vm) Ty ' ’ b1 $21(Qb11 + YenNobs)
P12 (¢22 — ¢12)%hN094 )

@7 P22(Qb12 + YnNobs)

X Fi (mg,l,()é4;1;1— (419)

which is simply the product of two Fj(:) functions. Note that, the Fj(-) function can be

evaluated directly in Mathematica.

4.3 Ergodic Capacity

In this section, we derive expression for the ergodic capacity of the dual-hop DF relay-
assisted underlay CRN. The ergodic capacity is defined as [I11], C., = E[In(1 + 7e2e)] =
[ PrlIn(1 + 7ese) > z]dx = [ Pr[yeze > (€” — 1)]dz, which leads to
0 0

/ [1— Po(e” — 1)]da. (4.20)
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Using (@I3) and [116, Eq. 1.2.2.9]
2Fi(a,b;c;x) = (1= ) " Fi(c —a,c — byc; ),

(420)) can be obtained as

i 1
0
’ ) (Qd11 + (e — 1) Nob3) 3 (Q12 + (e* — 1) Npbly )™
- Qo )
X Ag oF1 | 1 — g — j1, a3; a3 + 1;
DI ( st L g
Q12 )
X A7 oF1 [ 1 — po — Jo, 04 + 15 dx 4.21
3220 72 1( 2 = Jnem ot L T Nohs (4.21)
_ Quuteag i TG T (o 4y )T (s +pt2) _ (ot (m);, ( _éu )jl _
where A5 = TS T s + DT e 4 D00 (2) A (1) on ) » and A7 =
Q. io (T2 )5 J2 . .
% <1 - %) . Further, the series form of o F(-) given by [116, Eq. 1.1.2]
> a)k b
Fi(a,b;c; x)
2 ( kZ:O ATen

is used in (4.21]). Then, (4.21]) can be written as

Q¢11)J3
Cer = A5 /Z AG Z A7 Z A8 Q¢11 + - 1)N093)043+j3

0]10 Jj2=0 73=0

(Q¢r2)"

X A —dx 4.22
g% [@ona+ (e — DN 422
_ (=p1—j1)j3(a3)4g _ (=p2—j2)j,(aa)j i i i i
where Ag = Falaat)y, and Ag = PAICTE P For further simplification, the inner
. i

summations are interchanged with the integration (the conditions for interchangeability are

satisfied, as shown in Appendix [A.6). Thus, [@22]) is given by

Cor =As ) Ag ) Az} As) Ao
J1=0 Jj2=0 Jj3=0 ja=0
i Qo o

" / (Qon1 + (e — 1) Nobs) 3793 (Qra + (e — 1) Noby) 4t/

0

dx. (4.23)

TH-1839 11610216

66



4.3 Ergodic Capacity

The integration involves in (4.23]) is solved in Mathematica in terms of F; function, and hence,

the final expression of the ergodic capacity is obtained as

c _Qa3+a4¢m1+a;¢m2+a4f(a3 + MI)F(OM -+ ,LL2) i (043 + M1)j1 (m1)j1 (1 _ @)
. Go1 95 T (az + )T (g + DT (p2) T (p12) = Jil (),

b2
v i (g + pr2)jy (ma)j, (1 _ @)h i (1= = J1)ja(8) Q7 013

jz—O j2!(:u2)j2 ¢22 =0 jg!(a3 —+ 1)j3 (]\/'093)043+j3
X Z (1 — py — Jia)ju (a) 1, Q7 15
]4 CY4 + 1 j4(N094)a4+]4(a3 +ay+ 7j3 +]4)
X Filas+ag+ J3+ ja, a3+ jz,au + Ja; 1 +ag + aq + jz + ja; 1 — Q¢11’1_ Q12 _
N093 N094
(4.24)

Each infinite series involved in (£.24]) can be truncated to the sum of first N finite terms such
that the error involve is less than 107°. Further, we derive the simple forms of the ergodic
capacity expression for some special cases.

Special case I: Consider the channels at ST—relay and relay—SR links are Nakagami-m
distributed. In this scenario, ¢1; = o1 = and D120 = (oo = 72 . The final form of the ergodic

capacity, denoted by C!, is given by

er

ocr _ Q7T it il (as + )T + p2) i (1 = p1);,(0)3, Q™ 613
‘ I'(as + 1)P(044 + DI ()L (p2) jam0 Jal(as + 1) 5 (Nobs)2s+is
x Z — 12)3, () ;, Q7 01
¢ jal(oy +1) g4(N094)O‘4+34(a3 + au + j3 + Jja)

X Fy(ag+ay+ jg+ Ja, 3 + g3, 00 + Jas L+ ag +ay + jz + a1 — Q¢1171— Wz :
Nybs NoOy
(4.25)

In this case, the expression of the ergodic capacity involves sum of only two infinite series.
Special case II: When channels at ST—relay and relay—SR links are considered to be Rician

or Rician shadowed distributed. In this case, u; = p = 1, and thus, (1 — p — j) is an integer.

Using a property of Pochhammer’s symbol [118] Sec 1.2, Eq. 12] (—j)r = ((;?,f;f,o <k<j

and (—j)r = 0,k > 7, the final form of the ergodic capacity in this case, denoted by C<?2, i

er
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obtained as

o2 QTG T TN (as + 1)5,(ma));, ( B @) — (s +1)5,(ma)5, ( B @)h
Cor’ = P51 Py Z (j11)? ! P21 Z (j2!)? ! $22
" Z —1)js (@3) 1, Q7 ¢} jzz (—J2)ja (), Q" P15

j3 043 —+ 1 33 N003)0“3+93 120 j4!(0(4 -+ 1)j4 (N064)a4+j4 (043 + a4 + jg + j4)
Qo 90)

Jj1=0 J2=0

X Iy (a3t aat s+ jaas+ s qat jil+agHaa g3+ el — ’
1(a3 Q4+ J3 1 J4, Q3 + 73, Qg + J4 QA3 T X4 T3 T Ja Nybs Noby

(4.26)
which also involves sum of only two infinite series.

Moreover, the series-form of Fy function involved in (£.24)), (£.25]), and (£.26]) converges when

}1 Q¢11 < 1and ‘1 Q¢12

< 1. This may not be satisfied for all values of parameters. In the

following cases, we employ some transformations of F; function so that it becomes convergent.

Case I: When )1 Q¢“

Qe
# 1and |1 - 942

£ 1, we use a transformation given by [116, Eq.

4.2.4)

X X
Fi(a,b1, by ¢ 01, 22) = (1= 21) ™" (1 = @) " Fy (C—a,bbbz;C; z1 i 1’ 25 i 1) :

In this case, the F} function involved in (4.24]), (4.25)), and (£.26)) is given by

Qou | @%)
N0«93 ’ N0¢94

Fy (Oé3+044+js + Ja,03 + g3, a4 + sl +az +ay + g3+ Jas 1 —

Naf:)¥3+73( N, )¥atia ‘ . | .
B ((Q;j%a”j?’gc?;;))a”ﬂ A (1’ a3+ J3, s + ju; L+ ag + g + Jz 4 jas 1 —

M 1 — N094)
Qo' Qbia)
(4.27)

Case 1I: When ‘1 [116], Eq.

7& 1and‘1

4.2.4)

Fi(a,by,by;c;m1,m9) = (1 — ) Fy (a,c— b1 — ba, ba; ¢; 1 ’ml - $2) _

1’1—1 1’1—1
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4.4 Results and Discussion

In this case, the F} function involved in (4.24]), (£.25]), and (4.26]) is expressed as

F <a3+a4+j3 + Ja, 03 + 93,4 + Ja; L+ a3 + g + Jz + Ja; 1 — Qén 1 Q¢12)

Nobs'~ Noby
N093 ag+ag+j3+7j4
-(g)
Nyb 0
XF1 <043+Oé4+j3+j4,1,044—|—j4;1+043+Oé4—|—j3—|—j4;1 073 1—¢12 3). (428)

CQén’ T b,

. Q11
Case III: When }1 — Qou

Qo
<1and‘1—wéi

£ 1, we use a transformation given by [116],

Eq. 4.2.4]

Fy(a,by, by sy, a) = (1 —21) (1 — 2p) 2 F (C —a,c—b; — by, by;c; 19, 2 $11) :
To —

In this case, the F} function involved in (£24)), (£20]), and ([£20) is obtained as

Fy | as+as+ js + 1, a3 + s, g + ja; 1 + a3 + o + Js + ja; 1 — Qou . Qoo
Nofs Nobs
(Nol3)stI3=1( Ny, )t . . Qdn $1104
= : _F (1,1, -1 1— 11— .
(Qp11)3 3= (Qeppo)atin T b4 LA oy s s Nyl P1203

(4.29)

4.4 Results and Discussion

In this section, the analytical and the simulated plots are shown to get a better under-
standing of the effect of fading and shadowing on the considered system model. By varying
three shape parameters of the k-u shadowed distribution, as shown below in the Table [4.1] [98],
the one-sided Gaussian, Rayleigh, Nakagami-m, Rician, Rician shadowed, and x-u fading dis-
tributions are obtained. For simulations, we take x=0.001 and m=100 to represent x—0 and
m— 00, respectively. Moreover, the type-2 Appell hypergeometric function F»(-) involved in the
outage probability expression in ([AI2]) is evaluated in accurate closed-form using its integral
form [117, Eq. 20]. To evaluate the ergodic capacities in (4.24), (4.28), and (A.26]), sum of
infinite series is truncated to first IV finite terms such that the error involved is less than 107°.
The accuracy of the analytical results is validated by close matching of the analytical plots with

the corresponding simulation plots. For simulations, 10° independent tests are performed, and
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Table 4.1: Classical fading distributions obtained from the s-u shadowed distribution

Fading distribution Parameters of the k-u shadowed
distribution

One-sided Gaussian k—0, p=0.5, m—o00

Rayleigh k—0, p=1, m—o0

Nakagami-m k—0, g=m, m—00

Rician k=K, p=1, m—oo

Rician shadowed k=K, p=1, m=m

K4 K=K, [4=[t, M—>00

finally, its average is taken.

Fig. and Fig. .3 illustrate the outage probability and the ergodic capacity, respectively,
with respect to the peak interference power to noise power ratio, i.e., @)/Ny, under different
channel conditions. For both plots, it is considered that the channels at all links are identically
distributed. It is observed that, up to a certain value of QQ/Ny, the outage probability and
the ergodic capacity of the SU system improve under severe channel conditions (this portion
is magnified in both plots and shown as the inset of respective figures). The performance
improvement in this scenario is achieved due to the fact that, when the peak interference
power at PR is low, the severe fading/shadowing at the interference links is favorable to the
SUs communication. Beyond this value of ()/Ny, the SU system shows improved performance
under less severe channel conditions. In this case, even if the transmission power of the SU nodes
is kept lower due to the less severe fading/shadowing at the interference links, the improved
channel condition to the SU system causes its improved performance. This implies that when
channels at all links are identically distributed, then the severe channel condition is beneficial
for the SUs communication up to a certain value of @)/Ny. This value of Q)/Ny depends upon
the outage threshold and the channel gains of different links. It is also observed that, beyond
this value of Q) /Ny, as the value of k, 11, and m increases—can be seen in cases from Rayleigh to
Rician, Rayleigh to Nakagami, and Rician shadowed to Rician, respectively—the performance

of the SU system improves. However, the opposite is true for the lower region of @)/Ny.
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Figure 4.2: Outage probability vs Q/Ny plots when channels at all links are identically distributed
and the outage threshold -, = =5 dB. (Solid lines: Analytical and Markers: Simulated).
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Figure 4.3: Ergodic capacity vs @Q/Ny plots when channels at all links are identically distributed.
(Solid lines: Analytical and Markers: Simulated).
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The outage probability and the ergodic capacity are shown in Fig. [4.4] and Fig. 4.5
respectively, when the channels at ST—relay and relay—SR links are Nakagami-m distributed
(as discussed in Special case I). From the outage probability curve, similar to Fig. [£.2] it is seen
that the severe fading/shadowing at the interference link is favorable for the SUs communication
up to a certain value of QQ/Ny. Beyond this value of @Q/Ny, the outage probability improves
under less severe fading/shadowing at the interference links. However, the ergodic capacity
improves under severe fading/shadowing at the interference links for the given range of Q/Njy.
This implies that in this case, the severe fading/shadowing at the interference links is favorable
to the SU system both in terms of the outage probability and the ergodic capacity only up to a
certain value of ()/Ny. The outage probability and the ergodic capacity are also shown in Fig.
and Fig. [A.7] respectively, when the channels at ST—relay and relay—SR links are Rician
shadowed distributed (as discussed in Special case II). From both plots, it is observed that the
severe fading/shadowing at the interference links is favorable to the SU system for the given
range of Q/Ny. Moreover, in all scenarios, the analytical plots are closely matched with the
simulation plots which validate analytical results obtained in Special cases I and II.

The plots for outage probability and the ergodic capacity are shown in Fig. and Fig.
[4.9] respectively, for non-identical y parameters of the SUs communication and the interfering
links of two hops. All links are k-u shadowed distributed with k=0.5, m=2, and various u
parameters. From both the figures, it is observed that when the interfering links are severe than
the SU’s communication links at both hops, the SU system shows improved performance (as in
the figures, compare the scenarios when (g = s = 3, pg = pg = 2) and (ug = po = 2, uz =
ig = 3)). This is because when interfering links are severe, the transmission power of the ST
and relay nodes can be kept high for a certain PIPC of PR. Additionally, the improved channel
conditions of the SUs communication links also encourage the performance improvement to the
SU system. Moreover, both the outage probabilities and the ergodic capacities of the SU system
are same when all channel parameters are interchanged between two hops (as in the figures,
compare the scenarios when (1 = pz = 2, o = g = 3) and (g = pu3 = 3, pz = g = 2)).

This implies that in a DF cooperative relay-assisted dual-hop CRN, all channel parameters of
TH-1839 11610216

72



4.4 Results and Discussion

10

I
i

Nakagami-m (|(i,ui,mi):(0.001,2,100),m[1,2])

Qutage probability
=
o

One-sided Gaussian(((ui,ml):(0.001,0.5,100)D[3,4])
Rayleigh (§;,4,,m)=(0.001,1,100),[3,4])

Rician (((i,ui,mi)=(2.7,1,100),EI[3,4])

Rician shadowed l((,ui,mi)=(2.7,l,1.5), 0[3,4])

K—p shadowed («g,ui,mi):(s,s,l.S), [3,4])

2 Analytical

o x % O +

10
-10 -5 0
Q/N, (dB)

Figure 4.4: Outage probability vs Q/Ny plots when the channels at ST—relay and relay—SR links
are Nakagami-m distributed (Special case I), and 4, = —5 dB. (Solid lines: Analytical and Markers:
Simulated).
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Figure 4.5: Ergodic capacity vs ()/Ny plots when the channels at ST—relay and relay—SR links are
Nakagami-m distributed (Special case I). (Solid lines: Analytical and Markers: Simulated).
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Figure 4.6: Outage probability vs @ /Ny plots when the channels at ST—relay and relay—SR links
are Rician shadowed distributed (Special case II), and 74, = —5 dB. (Solid lines: Analytical and
Markers: Simulated).
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Figure 4.7: Ergodic capacity vs @Q/Ny plots when the channels at ST—relay and relay—SR links are
Rician shadowed distributed (Special case II). (Solid lines: Analytical and Markers: Simulated).
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Figure 4.8: Outage probability vs Q/Ny plots for non-identical p parameter, and ~y, = —5 dB.
(Solid lines: Analytical and Markers: Simulated).
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Figure 4.9: Ergodic capacity vs Q/Ny plots for non-identical p parameter. (Solid lines: Analytical

and Markers: Simulated).
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a hop can be interchanged with all channel parameters of the other hop without any loss in
the performance of the SU system. This is because, in a dual-hop DF relay-assisted CRN, the

end-to-end SNR is chosen to be the minimum SNR of the SR and relay nodes.

4.5 Summary

In this chapter, we have considered a dual-hop cooperative relay-assisted underlay CRN
with single antenna at all nodes. We have analyzed the performance of the considered sys-
tem in the presence of both fading and shadowing. The faded and shadowed channels at all
links are compositely modeled by the x-p shadowed distribution. We have derived the analyt-
ical expressions for outage probability and ergodic capacity under PIPC of PR. Two special
cases are also analyzed when the channels at links ST—relay and relay—SR are Nakagami-m
and Rician/Rician-shadowed distributed. In both cases, the simpler forms for outage proba-
bility and ergodic capacity are deduced. In all scenarios, the analytical results are validated
by the simulation results. Through this analysis, we have shown that the severity of fad-
ing /shadowing at the interfering links is favorable for the SUs communication up to a certain
value of PIPC of PR. Beyond this value, the performance of the system improves under less
severe fading/shadowing at the interfering links. Though, in this work, we have considered a
single antenna at all users, this work can be further explored for multiantenna users to exploit
the available spatial diversity. In the next chapter, we have discussed the extension of this work

for multiantenna SR in the presence of spatially correlated channels.
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5. Performance Analysis of SIMO-based Cognitive Cooperative Relay Networks over
Spatially Correlated x-u Shadowed Channels

In Chapter 4, we have considered a dual-hop DF relay-assisted underlay CRN with single
antenna at all nodes. For performance analysis, the analytical expressions for outage probability
and ergodic capacity have been derived under k-p shadowed channels. In this chapter, we con-
sider the system model similar to Chapter 4 while incorporating multiantenna at the secondary
receiver (SR). In addition, we consider that the channels at SR are spatially correlated. The
performance analyses of relay-assisted underlay CRNs with multiantenna users are available
in [88-96]. These analyses are carried-out under Rayleigh and Nakagami-m distributed channel
models which do not include the effect of shadowing. The analysis of the considered system with
spatially correlated channels at multiantenna SR under faded and shadowed channel condition
can provide the actual performance of the system.

In this chapter, the scenario at first-hop—between ST and relay nodes—is same as the
first-hop of the system considered in Chapter 4. Thus, the analytical expressions obtained in
Chapter 4 for the first-hop can be directly used in this chapter. Sections [b.1] and discuss
the overall system and channel models for dual-hop cooperative relay-assisted underlay CRN
with multiantenna at SR. In Section 5.3, we determine expressions for performance measures
for single-input multi-output (SIMO)-based underlay CRN which are used for the analysis of
second-hop—between relay and SR nodes—of the considered dual-hop DF relay-assisted CRN.
Further, in Section [5.4] we combine the results obtained for both hops, and finally determine
the expressions for the dual-hop DF relay-assisted CRN with multiantenna SR. We have also
plotted the expressions obtained for the SIMO-based underlay CRN (analogous to the second-
hop of the considered dual-hop CRN) in Section 5.3 and analyzed some important observations.
In Section [5.4] we have plotted for the complete system model—the dual-hop DF relay-assisted

underlay CRN with multiantenna SR—and deduce some key results.

5.1 System Model

In this chapter, we consider a dual-hop DF relay-assisted underlay CRN which comprises
a PR, an ST, an SR, and a relay nodes as shown in Fig. B.I M number of antennas are

considered at SR whereas other nodes are having a single antenna. The SR and the relay nodes
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are considered to be located far away from the PU transmitter (PT). Thus, the interfering
signals from PT to SR and relay nodes are assumed to be weak and can be considered with the
noise terms at the respective nodes. Moreover, in an underlay paradigm based CRN, the ST
and the relay nodes can transmit its signals such that the interference induced at PR is within
a certain tolerance limit—known as the peak interference power constraint (PIPC) of PR and is
denoted by ). To maintain PIPC of PR, we assume that both ST and relay nodes have perfect
knowledge of the channels at ST—PR and relay—PR links, respectively. We employ maximal

ratio combining (MRC) at the SR to combine all signals received at different antennas.

PR
|
///v /1\ : SR
- | 3
g | > |
[= al |
ST Relay

Figure 5.1: A typical diagram of a dual-hop relay-assisted underlay CRN with multiantenna at SR.

5.2 Channel Model

The faded and shadowed channels are considered at all links with arbitrary fading and shad-
owing parameters. The channels at all links are modeled by the x-p shadowed distribution—
which compositely describes the LOS multipath fading and the shadowing of the links [98]. The
k~-p shadowed distribution encompasses most of the classical fading models—one-sided Gaus-
sian, Rayleigh, Rician shadowed, Nakagami-m, and x-p—as its particular cases. Furthermore,

the CDF of the squared x-u shadowed distribution is tightly approximated by the gamma dis-

(L) g _
m+uk2+2me’ -

Q |21

tribution, denoted as G(«,#), with parameters given by [I0I] o = where

{K, u,m} are the channel parameters of the x-p shadowed distribution, and ¥ is the average
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channel power. The CDF of the gamma distribution is given by [101]

Fx (z) = Wirl)lﬂ (04;04 + 15 —_x) (5.1)

where 1 Fi(+) denotes the Kummer confluent hypergeometric function. Moreover, we consider
that the channels at SR are spatially correlated. The PDF of the sum of M correlated squared

k-p shadowed random variables; i.e., Y = Zﬁl Y;, is given by [102]

_ o\ o Y o, Pay

where Vg = [[, (e1/e;)™. {e;}M, are the eigenvalues of the matrix WC, where W is a diagonal
matrix with elements {x;u;/m}M,, and C is the M x M correlation matrix with element at the
ith-row and the jth-column is \/W, {i,j} = 1,.., M and p is the correlation coefficient.
Other parameters in (5.2) are defined as e; = ming{e;}, ¢ = Yo, (1 + ), @ = 37 p;, and
U — 5

J
I T T(Q)(1tey) M) -

Here, 0; is calculated recursively as

Jj+1 M

Oj+1 = j% > [Z (1 - Z—z)t] Oj+1-t (5.3)

t=1 |i=1

where j = 0,1, ..., and g = 1.

5.3 Analysis of SIMO Underlay CRN

PR
| !
\ 91+
\\h o v ls
\
>_
T am M
ST

Figure 5.2: A typical diagram of a SIMO underlay CRN with multiantenna at SR.
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In this section, we analyze for SIMO underlay CRN and the results are used in the analysis
of the second-hop in dual-hop relay-assisted underlay CRN with multiantenna at SR. As shown
in Fig. 5.2 the channels at links between ST and the ith antenna of SR, i.e., ST—SR;, and
ST—PR are denoted by g; and h, respectively. The noise is zero-mean circular symmetric
complex Gaussian (CSCG) with power Ny. The transmission power of ST is denoted by Psr.
To maintain PIPC of PR, Psr|h|> < Q. Thus, the maximum allowable transmission power of

ST is Pgp = The instantaneous SNR at the ith antenna of SR, denoted by ~;, is given

Q
[h*"
by v; = Jg‘szll We employ MRC at SR to combine all signals received at different antennas.

Hence, the combined SNR of the M antennas MRC receiver is given by

M
N, = 12 5.4
o ;7 NoIhIQZ‘g (5.4)

5.3.1 Outage Probability

The probability of outage is determined by the probability that the instantaneous SNR of
the M antennas MRC-receiver falls below a specified threshold 7y,. Using (5.4]), the outage
probability, denoted by Pp(+), of a SIMO-based underlay CRN can be determined as

Po(vn) = (No |h| Z |9:f* < ’Yth)

=1- /Fh2 (%) f%”g”z(x)dx. (5.5)
0

Using (5.0) and (5.2)), (5.5]) can be written as

[e.e]

> T
Po(yin) =1— Dy Z U, /:L"QJFQ Lexp <—¢—)
0

=0 g

Qz ) ( . perx )
w1 F (a,a+1,— Fy (M 450, =297 Yy 5.6
' 1(04 ¢ Novent U J (1l +er) ! (5:6)

\7 Qo 54 M M
where D; = ,_Y?(ijf@)fmam, U; = F(Q)(1+61])(m11v1+j>a o = 22:1 p1i(1+ ki), Q = Zi:l H1d,
o = —mane(dr)? g 22 Here, the channel parameters of ST—SR and ST—PR links

ma+p2r3+2mars’

are denoted by {k1;, p1s, m1 }2, and {ka, ji2, ma}, respectively. 4, and 7, denote the average
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channel power at links ST—SR and ST—PR, respectively. Applying a change of variable as
z = ¢z /71, and the integral representation of type-2 Appell hypergeometric function Fy(-) given
by [116, Eq. 2.4.2]

1 o0
Fy(a,by, by cr, 00,91, y2) = —/ t* L exp(—t)1 F1(br; e1; y1t) 1 F1 (be; c2; yat)dt, Re(a) > 0,
0

['(a)
(5.7)
(5.6 is obtained as
Vol'(a + Q) ( QM )a -
P, =1- U;
o(in) T(a+1) \ Noynbo ; 7
. QM €1 )

X B la+QamM+j;a0+1,8; — , ; 5.8
’ ( 1 / GONoven 1+ e (5:8)

The series expression of Fy(-) converges when |y;| + |y2| < 1, where y; and y, symbols are used
in (5.7). This condition may not be satisfied for all cases. Thus, for the convergent evaluation

of Fy function, we use a property given by [116, Eq. 4.2.2]

F2(a7 b1, ba; 01702;%73/2) = (1 - yl)_an (% c1 — by, ba; ey, co; L7 & ) . (5-9)
pn—1 1—-1y

Hence, the final-form of outage probability for SIMO-based underlay CRN is obtained as

_ Vo(Q71)*(#0Noven) T (a + Q)
PO(Wth) - (erl _'_ ¢0N0”>/th 0‘+QF Q{ + 1 ZU]
QT €100 NoYin )
X la+Q,1,mM+j:a+1,Q; v
2 ( 1 4 Q7 + d0Noyn (1 + e1)(Qy1 + #0 Novin)
(5.10)

Note that, the F; function involved in (5.10) can be evaluated accurately using its integral form
given by [117, Eq. 20] in terms of the Gauss hypergeometric function o Fy—the o F} function is

defined in most of the common software.

5.3.2 Ergodic Capacity

The ergodic capacity is defined as the average maximum achievable rate and can be de-

termined as C, = E[ln(1 + )] = [ Pr[In(1 + ) > z]dz which can be further simplified
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to

= /w (1= Pole” — 1)]de. (5.11)

Using series representation of Fy function given by [116, Eq. 1.4.2]

i (@)ji-+72 (01) (b2) 1o y1 43 (5.12)

Fz(a, b17b2;01702§y17y2) = (Cl)' (02)- 51!72!
J1 J2J1lJa

J1,Jj2=0

in (5.10), (5.11I)) can be obtained as

(pON,(e* — 1))
er = (J - - d 513
=D, Z Z / Q’Yl ¢9N0 ex i 1))a+Q+]1+]2 X ( )

J1,j2=0

j ~ j AN o . .
V()(Q’h) and Dy = €12 (Q1)71 (m1 M+5) j, T (a4 j14j2)

T2 @, Mot Tl Here, (-); represents the Pochham-

where Dy =
mer symbol, defined as (a); =ala+1)---(a+t—1),¢t >0 [116, Eq. 1.1.3]. The integration
involved in (B.I3]) can be solved in Mathematica in terms of a single 5 F} function, and then we

use a property given by [116, Eq. 1.2.2.2]
2Fi(a,bicz) = (1 —2) %% Fi(c—a,c— b 2) (5.14)

for further simplification. The final expression of the ergodic capacity for SIMO-based underlay
CRN is obtained as

Q+]2)(m1M—|—])32
Cer N0 U; ¥
42 Z (a+j1)(a+Q+ ji + jo) (1 + €1)755!

J1,J2=0
X o 1,1+Q+32,1+a+9+31+3271—MN (5.15)
0
where D, = %(J)\E‘)(Q)‘ The o F; function involved in (5.15) converges when ‘1 — ¢>9—N < 1.
Further, when ‘1 — dg?\}o > 1, we use a transformation given by [116, Eq. 1.2.2.2]
oF1(a,b;c;2) = (1 —2)"%F, (a,c — b ¢ Ll) : (5.16)
Z E—
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In this case, (5.15) is obtained as
S Vol (2)(Q + ja) (my M + j) e’
Ce'r - U A B B ..
Z ’ Z (a+j1)(a+Q+ j1 + j2)(1 + €e1)72 2!

¢9No)
Qn )

j=0 J1,52=0

><2F1(1,a+j1;1+a+Q+j1+j2;1— (5.17)

5.3.3 Results and Discussion

In this section, the outage probability and the ergodic capacity of SIMO-based underlay
CRN are plotted with respect to the ratio of the peak interference power and the noise power,
i.e., Q/Ny, for arbitrary fading/shadowing parameters. The sum of infinite series involved in
the expressions are calculated by considering first N finite terms such that the error involved
is less than 107°. From Figs. - 55 it can be observed that the outage probability and
the ergodic capacity improve as /Ny increases. This is because of increased transmission
power of the ST as @Q/Ny increases. From Figs. (.3(a) and 53(b), it can be seen that both
the outage probability and the ergodic capacity degrade as p increases. This is due to the
decreased independent spatial directions of the signals received at SR as p increased. From
Figs. B.4(a) and (.4|(b), it can be observed that both the outage probability and the ergodic
capacity improve as the value of M increases which is due to the increased spatial diversity at
SR.

Figs. B.5(a) and B.5(b) show the effect of various fading and shadowing severities of the
interfering channel at ST—PR link on the performance of the SU system. From Fig. [5.5(a),
it is observed that, up to a certain value of /Ny, the outage probability improves as the
severity of fading/shadowing at ST—PR link increases. Beyond this value of ) /Ny, the outage
probability improves under less severe fading/shadowing at ST—PR link. For example, for
the lower-region of /Ny, the outage probability improves when the channel at ST—PR link
is one-sided Gaussian (the most severe faded/shadowed link with respect to other channels
shown in Fig. £.5(a)). However, for the upper-region of Q/Ny, the outage probability improves
when the channel at ST—PR link is k- (the least severe faded/shadowed link with respect to

other channels shown in Fig. [55a)). The value of QQ/Ny, after which the outage probability
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Figure 5.3: (a) Outage probability and (b) ergodic capacity vs Q/Ny plots for different p when M=2,
(K1isp1i,m1)=(2.5,1.1,1), i € [1,2]; (K2,pu2,m2)=(1.5,3,2); and 1 = 72 = 1.
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Figure 5.4: (a) Outage probability and (b) ergodic capacity vs Q/Ny plots when M=2 and 4, p=0.5,
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k-p shadowed distributed and ST—PR link is having various fading/shadowing severities with M = 2,
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shows the opposite trend, depends upon the outage threshold and the channel parameters at
ST—PR and ST—SR links. The ergodic capacity of the SU system improves under severe
fading/shadowing at ST—PR link for the given range of Q/Ny. Hence, it can be concluded
that the severe fading/shadowing at ST—PR link is favorable for the SUs communication, in

terms of both the outage probability and the ergodic capacity, up to a certain value of ¢/No.

5.4 Analysis of Dual-hop DF Relay-assisted Underlay
CRN

In this section, the analytical expressions for performance measures of dual-hop DF relay-
assisted underlay CRN with multiantenna at SR (shown in Fig. [5.1]) are derived. The results
obtained in Chapter 4 and Section are used for the first-hop (between ST and relay) and
the second-hop (between relay and SR), respectively, of the considered system model. The
channels at links ST—relay, relay—SR;, ST—PR, and relay—PR are denoted by g1, g2, h1, and
hy with parameters {1; k1, i1, M1}, {52; Koi, plos, Mo }oly, {7s; ks, pis, mat, and {u; ka, fa, ma },
respectively. Here, 71, 72, 73, and 74, are the average channel power of the links at ST—relay,
relay—SR, ST—PR, and relay—PR, respectively. The noise at both relay and SR nodes are
zero-mean CSCG with power Ny. The transmission power of ST and relay are denoted by Pgr
and Pg, respectively. To maintain PIPC of PR, Psr |h1|2 < @ and Pg |h2|2 < . Thus, the

maximum allowable transmission power of ST and relay nodes are Psy = —5 and Pg =

lhl ha |2’

respectively. The instantaneous SNR at the relay and the ith antenna of SR, denoted by

2
~vr and 7;, are given by vz = ]? “ghﬂﬁ and v; = ffﬁj‘z, respectively. We employ MRC at SR to

combine all signals received at different antennas. Hence, the combined SNR of the M antennas

MRC-based SR is given by

M
VSR = nyz - N |h 2 Z ‘922 . (518)
i=1 2

=1

The end-to-end instantaneous SNR, denoted by 7.2., of the dual-hop DF relay-assisted underlay

CRN can be determined as

Ye2e = min(’yR» ’}/SR)- (519)
TH-1839_ 11610216

88



5.4 Analysis of Dual-hop DF Relay-assisted Underlay CRN

5.4.1 Outage Probability

The outage occurs when the end-to-end SNR falls below a minimum threshold ~,,, and is

determined as

Po(vn) = Pr(min(yg, vsr) < 7in)

=1— (1= Fp(nm)(1 = Fysp () (5.20)

where F,,(-) and F.

VSR

() denote the CDF's of the SNR at relay and SR, respectively. Now, the

CDF of the SNR at relay is calculated as

2
Fy(vn) = Pr (yr < ) = Pr Q| 5 < | - (5.21)
No |hal

The final expression of F.,,(vy) is same as (A1) and is mentioned below for the sake of

completeness

Qon (¢21 B ¢11)%hN093
Qo1 + ¥nNobs” da1(Qd11 + Y Nobs)

F’YR(’yth) = 1_A2F2 (O[g +/J“17 17m1aa3 =+ 1,,“1; ) (522)

(B r1+m)N _ maus(1+ks)?

u1(1+fﬂ ’¢21 p(I+k)m 2 3 7 matuskit2mans’

Qa3¢>m1+a3 (v¢n No03)"1 T (g +p1) ¢
¢21 (Qo11+7:nNob3)*3 1T (ag+1)T (1)’ il =g

05 = 73 . Further, the CDF of the SNR at SR is determined as

F“/SR(%h) (N ha] 2 Z ‘922 = 'Vth>
0 2

where Ay =

i=1
=1- /F|h2|2 (%) f;‘gmz(x)dx (5.23)
0
which is obtained in (5.I0) and is given below for the sake of completeness
Fntou) =L et JiUf
“h <a4 T LmM+jeat 1L QY2 "‘%ZiNO'Yth’ (1 + elf(ﬁiijfjﬁtgdvo%h))
(5.24)
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_ __mapa(ltka)? _ m _ 1M ma M :
where ay = Py g 0, = 2%, and Vo = [[;Z, (er/e))™. {e:}iZ; are the eigenvalues

of the matrix WC, where W is a diagonal matrix with elements {ko;p0;/mo}2,, and C is

the M xM correlation matrix with element at the ith-row and the jth-column is +/pli—il,

{i,7} =1,.., M and p is the correlation coefficient. Other parameters in (5.24)) are defined as

. 5i .
er = ming{e;}, ¢ = Zf‘il poi(1+ Koy), Q2 = Zf\il foi, and U; = F(Q)(1+51])<M2M+J') where §; is

calculated recursively as (5.3)). Using (5.22) and (5.24)) in (5.20)), the final expression of outage
probability for the dual-hop DF relay-assisted underlay CRN with multiantenna SR is obtained

as

Q3 P13 (v Nob3 )T (aiz + pur)
o1 (Qo11 + Y Not3)*s 1T (g 4 1) (1)
Qo1 (¢21 - ¢11)%hN0‘93 )
Q¢11 + Y Nobs™ d21(Qr11 + YenNobs)
Vo(Q72)4 (04 Noyn )T (s + Q) ZU
(Q¥2 + #04 Noyn )4 T (g + 1)

PO(%h) =1-

X Iy (Oé?, + p1, 1, my, a3 + 1 g

gl 04N
X I (044 +Q, 1, moM + j504 + 1, @7 1004 Novin ) _

QY2 + @04 Noven,” (1 + €1)(QF2 + ¢4 Noyin)
(5.25)
Moreover, the expression of outage probability for dual-hop DF relay-assisted underlay CRN
with single antenna users, given in (LI2), can be deduced from (5.25) by considering M=1
along with the parameters given by Vo = 1, e; = kopia/my, ¢ = po(l + K2), Q& = po, and

m2

m.
Uy = 2

T(p2) (k2 p2+mz2)™2

5.4.2 FErgodic Capacity

Ergodic capacity can be determined as

C,, = / Tl = Pole” —1))dr. (5.26)
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Using (5.25)) in (5.26]), the final-form of C., for the dual-hop DF relay-assisted underlay CRN

with multiantenna SR is determined as (for detail, refer to Appendix [A.7])

o0 o0 (o] o0 o0 1
C.. =BB B B U B B . . . .
123 Z 2 Z 5 Z J Z 4 Z 6 (N093)013+.72 (¢N094>a4+.74 (ag _|_ ly _|_ j2 _|_ j4)

Jj1=0 Jj2=0 Jj=0 Jj3=0 Jja=0

o . 4 o Q¢ Q7
x Iy <a3 tast ot i as+ g, 00+ sl +ag o+ ja+ a1 — No;;’l B ¢NZZ4
(5.27)

where B, =

Qa3¢7ﬁ1+a3f‘(a3+u1) B, — (az4pa)j; (ma)j, 1_@ J1 B Vo (Q72)®4 T (s +9)
Gy DlostDl(um) > =27~ )y, $o1 ) 2 P37 T(aitl)

B, = (a4€2) 55 (M2 M+7) 5, < e1 >]3’ - (1—H1—j1)j2(QS)jQ(Q¢11)j2, and By = (1-Q—33) 5, (a) 5, (Q¥2)74

jg!(Q)jS 14+eq j2!(a3+1)j2 j4!(a4+1)j4
i i i 1 9 Qo11 _ Q72
The series-form of F} function involved in (5.27)) converges when ‘1 Nogs | < land |1 — 30| <

1. This condition may not be satisfied for all values of parameters. In the following cases, we

employ some transformations for different cases so that the series-form of F; converges.

1 — QY2

£ 1 and PSR

Case I: When ‘1 — % £ 1, use a transformation given by [116, Eq.

4.2.4)

Fi(a, by, bo; ¢ 21, @2) = (1 — a1) ™" (1 — 22) 2 Fy (C —a, by, by c; V. &> .

Il—l’l’g—l

The expression for ergodic capacity is obtained as

o0 oo (e e] oo o0 1
Cer =B1B B B e B B — i . . .
o2 B B D Ui D Be ) B et @ + o a7 )

Jj1=0 J2=0 Jj=0 Jja=0 Jja=0
Nl | o)

X Fy (1,a3+jo, 00+ Jus 1+ ag +au + jo + ja; 1 — , —
Q¢11 Q%

(5.28)

Case II: When ’1 — % < 1, use a transformation given by [116, Eq.

_ Qm
#1and [1 - @2

4.2.4]

_ € Ty — T2
F by, by: c; =(1-— oF — by — by, by .
1(6% 1, 2;C;$17$2) ( $1) 1 <G,C 1 2, 02; C; xl—l’ xl—l)
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The expression for ergodic capacity is given by

Cer :BIB3ZB2ZB5ZUjZB4ZB6

Jj1=0 Jj2=0 Jj=0 Jj3=0 ja=0

93 ag+ja 1
X —_— — - -
<¢‘94) (Qpr1)steatiztis(ag 4+ oy + Jo + Ju)

x I (043+Oé4+j2 + s Lag+ g1 +ag +ag + jo + Jas 1

N0«93

Case III: When ‘1 — Qen

_ om
<1and |1 - 22

4.2.4]

Fi(a, by, by, @e) = (1 — 1) 7" (1 — ap) 2B (C —a,c— by — by, by;c; 71,

The expression for ergodic capacity is obtained as

Cer :BlBngQZB5ZUjZB4ZBG

J1=0 J2=0 Jj=0 J3=0 Jja=0

1
X . . - -
Nob3(Q¢r11)3+2=1(Qy2) ¥4 (s + vy + Jo + Ja)
0
X F1 <1,1,O&4—|—j4;1+043—|—044 —|—j2+j4;1 — Q¢11,1 = ¢_4¢11
Nobs 205

5.4.3 Results and Discussion

Y203

Qb i

To — T1
1'2—1

)

(5.29)

£ 1, use a transformation given by [116, Eq.

)

(5.30)

In this section, the analytical and the simulation plots are shown for the outage probability

and the ergodic capacity with varying )/Ny for the dual-hop DF relay-assisted underlay CRN

with multiantenna SR. The infinite series involved in the expressions are simulated considering

first N finite terms such that the error involved is less than 107°. From Figs. -B.8 it can

be observed that the outage probability and the ergodic capacity improve as Q)/Ny increases.

This is because of increased transmission power of ST and relay nodes as () /Ny increases. From

Figs. B.6l(a) and [B.6[(b), it is seen that the outage probability and the ergodic capacity degrade

as p increases. This is due to the fact that as p increases the independent spatial directions at

SR decreases. From Figs. [(.7(a) and B.7(b), it can be seen that both outage probability and
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Figure 5.6: (a) Outage probability and (b) ergodic capacity vs /Ny plots for different p when
M=2, (ﬁl,ul,ml):(2.5,1.1,1), (Hgi,ugi,mg): (2.5,1.1,1), 1 € [1,2]; (H],,U],m]): (1.5,3,2), I e [3,4];
and% =Y ="73 =74 = 1.

TH-1839 11610216

93



5. Performance Analysis of SIMO-based Cognitive Cooperative Relay Networks over
Spatially Correlated x-u Shadowed Channels

10° ¢
— Analytical
o Simulated
2
E
o
o]
o
o
(0]
(@)
@
5
O
10 '}
-10 -5 0 5 10
QN (dB)
(a) When v, = 0 dB
1.8
1.6] —— Analytical |

141

o Simulated

Ergodic capacity (nats/s/Hz)

10

QIN, (dB)
(b)

Figure 5.7: (a) Outage probability and (b) ergodic capacity vs /Ny plots for different M when
p=0.5, (k1,p1,m1)=(2.5,1.1,1), (Ko4,u2:,m2)= (2.5,1.1,1), i = 1,.., M; (kr,pur,my)= (1.5,3,2), I € [3,4];

and%:%:%:%:l.

TH-1839 11610216

94



5.4 Analysis of Dual-hop DF Relay-assisted Underlay CRN

10° &

2
= k- shadowed (., M )=(2.5,1.1,1)
. k- shadowed ((,1,,M)=(2.5,1.1,1)), 0[1,2]
o) 2t 2
8 + One-sided Gaussiarkg(pl,ml):(0.001,0.5,100)),[I][3,4]
o
g o Rayleigh (k .1,m)=(0.001,1,100)),0[3,4]
o | e Rician (61,m)=(1.5,1,100)), [3,4]
10

x  Rician shadowed l((,pl,ml):(l.S,l,S)), 0[3,4]
o K- ((KI,ul,m|)=(1.5,3,100)), 0[3,4]
¢ K—u shadowed (‘(1'“|’m|)=(1'5’3’5))' 0[3,4]

Analytical
-10 -5 0 5 10
Q/NO (dB)
(a) When v, =0 dB
3
+ One-sided Gaussiark‘(ul,ml):(0.001,0.5,lOO)),EI][3,4]
o Rayleigh (k1,m)=(0.001,1,100)),0[3,4]

25 4 Rician (&, u,m)=(15,1,100)), [[3,4] I
i x  Rician shadowed ((,ul,ml):(l.s,l,s)), 0[3,4]
5 |
3 2l o KR(Kw,M)=(153,100)), D[3,4] /
©
S o k—p shadowed ((,1,m)=(1.5,3,5)), U[3,4] 4
> , 1
S Analytical
g 1.5 ]
& K—u shadowed ((l,ul,ml)=(2.5,1.1,1))
; K—u shadowed («(2i,p2i,m2i):(2.5,1.1,1)), 1[1,2]
g 1} , :
2
LLl

0.5r T

-10 -5 0 5 10
Q/NO (dB)
(b)
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ergodic capacity improve as number of antenna at SR increases which is because of increased
spatial diversity of SR.

Figs. £.8(a) and £.8(b) show the effect of various fading/shadowing severities of interfering
channels at ST—PR and relay—PR links when channels at ST—relay and relay—SR are x-u
shadowed distributed. From Fig. [B8(a), it is observed that up to a certain value of @ /Ny,
the outage probability improves under severe fading/shadowing at the interfering links. Be-
yond this value of Q)/Ny, the outage probability improves under less severe fading/shadowing
at the interfering links. For example, for the lower-region of /Ny, the outage probability im-
proves when the interfering channels are one-sided Gaussian (the most severe faded /shadowed
link with respect to other channels shown in Fig. B.8(a)). However, for the upper-region of
@ /Ny, the outage probability improves when the interfering channels are x-u (the least severe
faded/shadowed link with respect to other channels shown in Fig. [5.8|(a)). The value of /Ny,
after which the outage probability shows the opposite trend, depends upon the outage thresh-
old and the channel parameters at various links. The ergodic capacity improves under severe
fading/shadowing at the interfering links for the given range of QQ/Ny. Thus, the severity of
fading/shadowing at the interfering links is favorable to the SUs communication both in terms
of outage probability and ergodic capacity only up to a certain value of @)/Ny. This is an
important observation which also exists in a dual-hop DF relay-assisted underlay CRN with
single antenna users—discussed in Chapter 4, and in a SIMO-based underlay CRN—analyzed
in Section 5.3

5.5 Summary

In this chapter, we have analyzed the performance of a dual-hop DF relay-assisted underlay
CRN with multiantenna SR under x-p shadowed channels. The channels at SR are considered to
be spatially correlated and MRC is employed to combine signals received at different antennas
at SR. For the performance analysis, we have derived the analytical expressions for outage
probability and ergodic capacity. We have shown that the performance of the system degrades

as the spatial correlation at SR increases. This is because of decrease in independent spatial
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directions at SR with the increasing correlation among channels. The performance of the
system increases as the number of antenna at SR increases which is due to increased spatial
diversity of SR. The performance of the system also increases when Q/Ny increases. This is
because of increased transmission power of ST and relay nodes as () /Ny increased. Moreover, we
have observed that the SUs communication is favorable under severe fading/shadowing at the
interfering links only up to a certain value of peak interference power constraint of PR. Beyond
this value of peak interference power constraint of PR, the SUs communication improve under
less severe fading/shadowing at the interfering links. The analytical results are validated by

the simulation results and they are in close agreement.

TH-1839 11610216

97



5. Performance Analysis of SIMO-based Cognitive Cooperative Relay Networks over
Spatially Correlated x-u Shadowed Channels

TH-1839 11610216

98



Conclusions and Future Work

Contents
6.1 Research Contributions . . . . . . . . . . .« i i i i v it v vt v v |l_0_d
6.2 Future Directions of Research . . . . . .. .. .. ... ........ Iﬁl

TH-1839 11610216

99



6. Conclusions and Future Work

In this chapter, we summarize the research contributions of our work in Section and

conclude with some of the future directions of research in Section

6.1 Research Contributions

Performance of interweave- and underlay-paradigm based cognitive radio networks (CRNs)
with multiantenna and cooperative users have been analyzed in the presence of spatial correla-
tion. For the performance analyses, the analytical expressions for (a) probability of false-alarm
and detection for interweave paradigm based CRN and (b) outage probability and ergodic ca-
pacity for underlay paradigm based CRN have been derived. The effects of various parameters
on analytical performance measures have been studied for the considered systems. The analyt-
ical results have been validated by Monte-Carlo simulations and found to be closely matched.

The specific contributions of the thesis are enumerated below.
e Spectrum sensing schemes for interweave paradigm based CRNs

— Two spectrum sensing schemes, weighted cross-correlation absolute value detector
and weighted energy detector, have been proposed for interweave paradigm based
CRNs. The proposed sensing schemes exploit the knowledge of spatial correlation of
noise at the secondary receiver. These schemes are simple, practically implementable,

and shown to have improved performance vis-a-vis the existing detectors.
— For performance analysis, the analytical expressions for decision threshold, proba-

bility of false-alarm, and probability of detection have been derived.

e Performance analysis of underlay paradigm based CRN with multiantenna users under

prewhitened interfering signals using outdated channel information

— The effect of outdated channel information based prewhitening of spatially correlated
interfering signals has been analyzed. It has been shown that the performance of both

primary and secondary systems are susceptible to the outdated channel information.
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6.2 Future Directions of Research

It has also been shown that, for SU system, the effect of outdated channel information

is more harmful than the interference from PU system.

— The analytical expressions for outage probability and channel capacity have been

derived.

e Performance analysis of a dual-hop cooperative relay-assisted underlay CRN under x-u

shadowed channel

— The performance of a dual-hop DF relay-assisted underlay CRN has been analyzed
firstly for single antenna at all users under the x-p shadowed channels. Secondly, the
analysis has been extended for multiantenna at the secondary receiver with spatially

correlated channels.

— The analytical expressions for outage probability and ergodic capacity have been

derived in both scenarios.

— An important observation that the secondary user communication is favorable under
severe fading/shadowing at the interfering links only up to a certain value of peak
interference power constraint (PIPC) of primary receiver has been depicted. Beyond
this value of PIPC, the performance of the SU system improves under less severe

faded /shadowed interfering channels.

The derived analytical expressions for performance measures are in the forms of (), gamma,
incomplete gamma, and hypergeometric functions. The analytical expressions have been evalu-
ated in MATLAB and Mathematica. Wherever the sum of infinite series have been encountered
in the analytical expressions, they have been evaluated by truncating to finite number of terms

ensuring the sufficient accuracy.

6.2 Future Directions of Research

Some of the future works that can be considered as extensions of this work are suggested

as follows.
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6. Conclusions and Future Work

e Analysis of the effect of impairment in a prior correlation information on spectrum sensing

schemes in interweave paradigm based CRN.

e Performance analysis of the DF dual-hop relay-assisted underlay CRN with prewhitened

interfering signals using outdated channel information.

e Performance analysis of the DF dual-hop relay-assisted underlay CRN with multiantenna
users considering various antenna selections and combining schemes under composite

fading and shadowing channel models with/without spatial correlation.

e Performance analysis of the dual-hop relay-assisted underlay CRN assuming amplify-and-
forward (AF) protocol at relay node under the scenarios mentioned in second and third

points above.

e Analysis of the effect of relay location on the performance of DF/AF dual-hop relay-

assisted underlay CRN.

e Performance analysis of the multi-hop relay-assisted underlay CRN under the scenarios

mentioned in second and third points above.
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A. Appendix

A.1 Calculation of Mean and Variance of g;;

Linearly transformed received signal vector z(n) at the SU node is given as

z(n) = U'y(n)
= U (hs(n) + w(n))
= hs(n) + w(n) (A1)
where h = U”h and w(n) = U?w(n). It can be determined that w(n) ~ CA'(0,02A). Now,

for a large value of N, g¢;; can be assumed to be Gaussian distributed with mean and variance

determined as follows

h o
E[gi] WY E[z] z;69%9]
- E[(hss + w;) " (hjs + w;)e?V]
Y
- (|hi| |hj| E[s™s] + E[w/ w;e%])
N
= 5o, Al 1y | &5 + 0t Xit=)0i5) (A2)
1 N
var(g;;| = )\2)\2var sz n)z;(n)e]
n=1
N . |
- 7% > > covfsl(m)5{m)et < (na) 5 ()]
7 ni=1no=1
1
DY (ZW (m)z;(m)e¥] +2 3 covlz (m)zi(m)e, = <n2>zj<nz>ew“]>‘
ni=1 ni1<ng
(A3)
First term in (A.3)) can be calculated as
var[zf (n1)2; ()] = E[| 27 (m1) 2 ()] ] = |E[z7 () z3(n1) ][ (A4)

The first term in can be determined by using an identity [119,[120] E[zizoz324] =
E[zi29|E[zsz4] + E[z23|E[z024] + E[z124]E[2923] — 2E[21|E[22]E[23]E[24] considering z; =
TH-1839_11610216
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A.1 Calculation of Mean and Variance of g;;

zf(ny), Ty = zj(ny)ed%i, x3 = z(ny), and 2, = z;f(nl)e_j@f where x1, o, 73, and x4 are

jointly complex Gaussian distributed. Thus,

E[}zl*(nl)z](nl)ewm 2] = E[2] (n1)z; (nl)ej¢ijZi(nl)z;f(nl)e_j¢ij]

= B[z} (n1)z;(n1)@9)E[z;(n1) 2} (n1)e %] + B[z} (n1) 2 (1)
x Elzj(n1)z} (n1)] + E[2] (n1) 2} (n1)e 3%9]E[z;(n1) (1) %]
— 2E[z] (n1)]E[z; (n1)€*Y]E[zi(n1)]E[2} (n1)e9%9] (A.5)

= (|hil Ryl es + a2 i y0i5)® + (Jhil* £5 + 020 (R 2 es + 02;). (A.6)

In (A7), first and second terms are calculated similar to (A.2), third term vanishes as E[(s*(ny))?] =

0 and E[w;(n1)wj(n)] = 0, and fourth term becomes zero as both signal and noise are zero-

mean. Further, second term in (A.4)) can be calculated similar to (A.2]) as

X 112
|E[2 (n1)2(n1)e9]|" = (|hl Ryl €5 + o5 Xig=i)0is)*. (A.7)

From (A.6) and (A7), (A.4)) can be obtained as
var[z} (n1) 2 (n1)e99] = ([hl* s + oo Ni) (|hy )" €5 + o)) (A.8)
Second term in ([A.3]) can be calculated as

cov|zf (n1)zj(n1)E@%9, 27 (n2) 2 (n2) €] = B[z (n1) 2 (n1)e% 2i(ny) 2 (ng) e %]
— E[2} (n1)2j(n1)é?9]E[2;(n2) 2} (na) e 3%4]
= B[z} (n1)2j(n1)@9)E[2(n2) 2} (ng) e 394]
— E[z] (n1)z;(n1)@?9]E[z(ng) 2] (ng) e 9%7]

~0. (A.9)

Now, from ([A.3]), (A.8)), and (A.9), we have

N(|hil® e+ o2 M) ([h]* 25 + 02 )))
A2 )\2 ’
i

(A.10)

var [gij] =
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A. Appendix

A.2 Calculation of Mean and Variance of Real and Imag-
inary Parts of g;; for ¢ # j

The mean of the real part of g;; can be obtained as

(A.11)

2 Aidj
E[gi;] and El[gj;] in can be calculated similar to (A.2)) considering i # j. Further, the

variance of the real part of g;; can be determined as

var[f{g;; }| = var {M}

var|z)'z;e0%7 + zfzie_m"j]

P!
AN
E[(z]'z;el% + z}lz;e71%9)?] — E?[zlz,ei%0 + z! z;e73%]

= . A12
B (A-12)

First term in the numerator of (A.I2)) can be calculated as

E((z/'z;69% + z}'2;e79%9)?] = E[(2] 2;¢7)?] + E[(2} z;e 79)?] + 2E[z] 2,692} 7,6 71%5].

(A.13)
(A-13)) can be solved by using an identity given by [120]
E[X; XXX, =E[X X, E[X3X,y] + E[X3 ® X;]E[X @ X,
+ E[X, E[XX;5] Xy — 2E[X4|E[X]E[X 3] E[X4] (A.14)

where X, X5, X3, and X, are matrices of dimensions px ¢, ¢ X1, 1 x s, and s X t, respectively.

The entries of X, X5, X3, and X, are jointly multivariate complex Gaussian distributed. Thus,

TH-1839 11610216

106



A.2 Calculation of Mean and Variance of Real and Imaginary Parts of g;; for i # j

first term in (A.13]) can be obtained as

E[(2!"2;61%0)?)  Efa!'2,6%2!'2,6%]
= E[z/'z,6%7|E[z/ 2,677] + E[z] ® zl'|E[z;63% @ z,;6177]
+ E[zl'E[z,6/%7] |7;63%7] — 2E[z} |E[z,6%7|E[z} |E[z,€%"] (A.15)
= (|l |h;| Neg)® + 0+ |h[* |hj]* Ne2 + 0

= N(N + De2|h* by (A.16)

In (A.I5)), first and third terms are calculated similar to ([A.2) considering ¢ # j, the second
term becomes zero as B[(s*(n))’] = 0 and E[(w}(n))’] = 0, and fourth term becomes zero as
both signal and noise are zero-mean. Similarly, the second and third terms in (AI3]) can be

determined as

E[(z]'zie9%9)"]) = N(N + D)el [l |y |? (A17)

and
Elz/'z;e1%9 2! 2,e7399] = N22 |h|” |hy)* + N(|hil*es + oo\ (|hs [P es + 02);),  (A.18)
respectively. From (A.16), (A.I7), and (A.1S), (A13) can be obtained as
E((z]z;69% +2} 2,6 3%9)%] = N(3N+2)e} il | P+ N (B 402 M) (|By]* es+02);). (A.19)
Using ([A.2)) and (A.19), (A.I2)) can be solved to

var[R{gi;}] = (2 1Pl gl + ([l e + oo A) (1R £ + a2 A))]. (A.20)

~
DA

Similarly, the mean and the variance of the imaginary part of g;; can be obtained as

B3 (o] =B |25 <0 (A1)
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and

var[3{g;;}| = var [%2;%}
J

respectively.

E[}zf{zjej(z’if - zfz,-e‘jd’ijﬁ — |Ezfz;e — ZJI-{zie_j‘z’”’H2
ANFN?
NI=e2 hal* [1y]* + ([l s + o2 0) (1 &5 + ou )]
2X7\3 ’

(A.22)

A.3 Calculation of Eq. (2.29)

var[Twecavp|Hi, h] =~

I

.
I

—_
<

TH-1839 11610216

Z cov éR{gzy} R {gn}]

M=
= 1=

M=

M=

Il
—
=
Il
Ly

(E[3{gi; }R{gr}] — E[R{gi; }E[R{gn}])

] B {gij +92}} B {gkz + 9

I[]=
M
"

M=
M=
M=

M-

(E {gij + 935 gr + 93y

)

i=1 j=1 k=1 I=1 2 2 2 2
573 1 ({Blgisgu] — Blgi Blowlb+ {Blo ot — Blo Eloi )
+{Elg};91] — Elg;;]Elgr]} + {Elgij951] — Elgi;]Elgi]}) - (A.23)
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A.3 Calculation of Eq. (2:29)

First term in ([A.23)) can be calculated as follows.

1 s .
Elgijgn] = WE[ZZH 2,07 7 2,7]
i
1 . .
BBy
1 .
= MU (1Pl 1| [P | || Bs™ss™s] + [hi] |h;| E[s™ s]E[w i wed?]

+ |hk| |hl| E[WZHWjej(’bij]E[SHS] + E[Wijej¢ijW£Wlej¢kl]
+ |hi| [Pk E[Sije_J¢jsHWle—j¢z] + |kl | ] E[SHWje_j¢jWkHSej¢k]

+ R | || E[wfsej‘musle_j‘m] + |h;| [ E[wflsej‘mwkHsej‘z’k]) (A.24)
1
= AN (aal 1725 1ok 1] N(N 4 1)e2 + [l || N30 M=y O
iNj
+ |l [l NP5 Ni=j)dij + N0 Ni=j) M(=1) 0iOmi
—|—NU )\ )\Z( 15]k521+0+|h||hl|N630' )\]( kéjk

+ || |hi| NesogXi=da +0) . (A.25)

Rest of the terms in (A.24)) vanish as channel coefficient, PU signal, and noise are independent

and zero-mean. Using ((A.14]) wherever required, the final form is obtained as in (A-28]). Further,

using (A.29)) and (A.2)
1
Elgijgu] — Elgis]Elgn] = A (il R V] [Pa] N3+ Ny Njimiy M=y 10
i
+Neson, (|l [Ful Xjer0r + 17l [hi| Miiydad)) - (A.26)
Similarly,
* * * 1
1
Elg591] — Elgi;]Elgrn] = A (1ha] [ || || N2 + Nog NiziyAj=ydindii
i
+N€S (|h | |hk| )\]( gl + |hj| |hl| )\i(:k)éik)) . (A.28)
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A. Appendix

* * 1
Elgiigu] = ElgilElgn] = -——~—~ (Ihal [P 1ok ] [Pa] N2+ Ny Xig=i A= dindsn
IXAVEAY Y/

Using (A.20), (A.27), (A.28)), and (A.29), (A.23) can be obtained as (2.29)).

A.4 Calculation of Power Margin Factor k,,

The interference outage probability ¢, is defined as

3. G Hps)i 2} < Q). A.30
; ( s o {](Hps)isl) Q) o
Let us defi = Hps); |2 d 5 — o e "
et us define zy {i,j}rél{%fM}ﬂ( ps)igl ) and Zo {i,j}rg{%i(.,M}{K ps)ij|*}. Using (B.1), the

interference outage in (A30) can be calculated as

€, = Pr (HmAQZO > @, Payrzo > Q)

)

1
= Pr (@ > —, 20 > 2)
20 R PM

00 Km®

_ / / | e (A.31)
% 0

where f,, s, (z,y) is the joint PDF of 2z, and 2, and is presented as [67]

1 T +y 2p0/TYy
fo020(7,Y) = 55— exp (—7) Iy (7 . 2,y =0 (A.32)
o (1= p5)nps (1 — p§)nps (1= pg)nps

where Iy(+) is zeroth-order modified Bessel function of the first kind. Now, (A3I)) can be

calculated as

e oo (i) [ (=t ) 0 (224
Eo="———5—5 | xXp|————5— exp| ———5— | [o | ——5— ) dy dx.
(1= p5)nps J (1= p3)npes / (1—p2)nes) ° \ (1 — p2)nps

P_M _/

1(z)

(A.33)
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A.4 Calculation of Power Margin Factor &,

In ([A33), I(x) can be calculated using [121, Eq. 10] as

2 2k 2K @
I(z) = (1 — p2)npg ex (L) 1— o m A.34
() == poles o | [T NG Res V= yes || Y
where Qo(-) is the first-order Marcum Q-function defined as [121]
7 2 | 2
Qo(a,b) = /texp <—t —|2—a )Io(at)dt. (A.35)

b

Now, (A.33)) can be written as

]- T 1 7 2 2 2 "
Eo = — exp <_i>dl‘—— exp (_i)Q0 pozx ’ K,2£lj' de
nps J nps nps J nps (1= p3)nps (1= p)nps

Py Py
N - N -
WV Vo

I I

In (A36), I, is calculated as

[ e Ooexp (-i)dx = exp (— ¢ ) | (A.37)

nps ) nps Pymps

Py

In ([A.36)), I5 can be calculated using [121, Eq. 55] as

I = exp (_ Q )Q 205Q 26mQ
? Punps ) o (1= p3)Punprs’ \| (1 — p§)Punps

oo, \/(ZO—TO)Q’\/UO*-T’O)Q _to+7‘oexp(_ﬂ)lo(( 200Q+/Fom )

7o 2Py 2Py 27 2Py 1 — p§) Punps

(A.38)

_ 2(1+Km) 2 (1+I€m)2—4limpg _ 2(1—km)
where [y = Tpmngr 70 = s 10 = Goyes From (A.37), (A.38), and ([A.3d), the
interference outage probability can be obtained as (B.8]). The power margin factor k,, needed
to satisfy the prespecified interference outage is not calculated in a closed-form. Hence, the
power margin factor s, can be calculated numerically for the prespecified value of interference

outage probability .
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A.5 Proof of Lemma 1
The channel capacity of the PU system can be obtained using (3.9]) as

Cp = log, det (IM + npPpE [HpSpngg]

X {E [(\/@\/ﬁsﬂpsés +wp)(\/psy/ PsHpsds + WP)H} }—1)

P g -1
n};WPHPHg [T}PSPSE [HPSSSSgHgS} + N(]I]\/[:| ) . (A39)

= log, det (IM +
E [HpgéségHgS} in ([A.39) is calculated as

A —1 ~—H
Hys+14/1—p2H
\/TO \/TO (p(] PS Po PS)

E [HpséségHgs} =K [(poﬂps + 1-— ng:IpS)

1 ~ ] o — AN
= TE {(POIM + /1 — piHpsHpg)usug (poly + /1 — pgHpg HPS):|
0
1 / i
= T {pSE [11511?} + po 1— ng [HpsHPSuSug}
0

N —H ~H ~ A —1 ~—H ~ H
+poy/1 = pE [usugHPS HPS] + (1= pp)E [HPSHPSuSugHPS HPS} } :

(A.40)
Using an identity given by [120, Eq. (2.3a)]
E[X1X2X3X4] :E[X1X2]E[X3X4] aF ET: {E[(eng) X Xl]E[X4 X (Xgek)]}
k=1
+ E X3 {E[X,X3]} X4] — 2E[X4 |E[X,|B[X5]E[X,] (A.41)

where X1, X5, X3, and X, are matrices of dimensions p X ¢, ¢ X r, r X s, and s X t. e, vector is

defined as “1” at the kth position and “0” elsewhere. The dimension of e; vector is according

to the context.

Using and exploiting the independence of Hpg, Hpg, and ug, the second term in
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A.5 Proof of Lemma 1

the right-hand side of is calculated as

M
~ ~—1 ~ A ~—1
E [HpsHPSuSug] = E[HpsHPS 115115 + E { ek 115 X Hpg]E[llg X (Hpsek)]}

- - - r—1
+ B[ { B[ psus] } ull] - 2B [Hpg E[F g Efug]Efuf]
_o. (A.42)
Similarly, the third term in the right-hand side of (A40) can be obtained as
Ho—H o H
E [uSuS . Hng| =o0. (A.43)

Further, using (A.14)), the fourth term in the right-hand side of (A240) can be determined by
considering X; = I:IPSICI;;, Xy = ug, Xz =u¥, and X, = ICI;?I:I;IS as
~ -1 r—H = H
E[HpsH psusug Hps Hpgl}
- Al rn—H = H | ~—H = H
= E[HpsHpsus|E[lug Hpg Hpg] + E[ug © (HpsHpg)|E[(HpgHpg) © us]
Al ~—H = H S| ~—H - H
+ E[HpsHpg[Elusug]Hpg Hpg] — 2E[HpsH pgE[us|E[ug|E[H pg HPS]
~ PR .
— 040+ E[HpsHpH g Hpgl — 0. (A.44)
To further solve (A.44)), we use an identity given by [120, Eq. (2.3b)]
q s
E[Xi X X3Xy] =E[X; X,]E[XsXy] + ) > {E[Xee] XJ|E[X ere] Xy}
=1 m=1

E [ X {E[X2X3]} Xa] — 2E[X |E[X,]E[X5]E[X,] (A.45)

where X, Xy, X3, and X, are matrices of dimensions p X ¢, ¢ X r, r X s, and s X t. €; and e,,
vectors are defined as “1” at the [th and the mth positions, respectively, and “0” elsewhere. The

dimensions of €, and e,, vectors are according to the context. Now, (A.44]) can be calculated
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~ A1 A —H ~
considering X; = Hpg, Xy = HP;HPS, X3 = Hgs, and Xy = I, as

- 1A -H~H
E[HPSHPSHPS HPS]

- " H - H
= EHps(HpgHps) " Hpgly]

M M
~ ~ H A _ ~ H ~ ~ ~H o~ _
— E[Hps(HpsHps) B HpsIy] + > S j{E[HpseleQHPS]E[(HPSHPS) Tele;QIM]}

=1 m=1

+ B [Hps { E[(FpsHps) ™ Hipg) | Tur | — 26l E[(H pgH ps) ™' [E[H g  ElL]

~H A
=0+ tr{(HpsHps) '}y +0—0

= ToIar. (A.46)

By putting the terms calculated in (A.42), (A.43), and (A.46) in (A.40), it is obtained as
. B 1
E [Hpsss8i Hpg] = = {p5 + (1 —p3)To} L. (A.47)
0

Finally, from (A:39) and (A.47), the expression for channel capacity for the PU system can be
obtained as in (B.IT]).

Similarly, the channel capacity for the SU system is derived as

Cs = log, det (In; + ns PsE [Hs8ssg HY |

-1
X {E [(\/ nsp\ PpHgpsp + wg)(y/nsp\/ PpHgpsp + WS)H} } )
A1 . —H
Hpgus ufHpg
VIo VT

X {nSPPPHSPE [Spsg} H?P + N(]I]\/[}_1>

H

= log2 det (IM + USPSHSE

1 H
nsPsHsH pgH pg HY { nspPpHspHEp

-1

which is also presented as (B.12]).
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A.6 Conditions for Interchangeability of Summation and Integration

A.6 Conditions for Interchangeability of Summation and
Integration

Using Tonelli’s theorem for sums and integrals [122], the first summation over j; and the

integral in (4.22) can be interchanged as Ag > 0 for % = ﬁ < 1. Similarly, the
summation over j, can also be interchanged with the integral as A; > 0 for 22 = —m2__ < ],

P22 p2k2+ma —

In order to interchange the integral with the third and the fourth summations over j3 and

Ja, respectively, we use the Lebesgue’s Dominated Convergence Theorem (DCT) [123], [101].

For this, consider fjg( ) = (1_531(_(531_):i)(a3)j3 (1+V(elz 1 i where V' = N093 > 0. It is required to

demonstrate that (i) Z fjs(x) converges and (ii) Z [ fi(@)dz < .

Jj3=0 73=0

(1) Z fjs(x) can be written as

Jj3=0

1
hz:ofjs = (1 — p1 — Ji,03; 03 + 1; m) . (A.49)

Since, the series representation of 5 Fj(a, b; ¢;t) converges when [t| < 1. As V > 0, and hence,

> fis(z) converges.

J; 0
(ii) [ fj,(x)dx can be obtained as

TS T Mt Dppa( 4t Ve Sy (4.50)

(1= i = 1)ia(@)sa2Fr (G, L5 s + L =ty
fjs d

It can be shown that o F(+) involved in ([A.50) is bounded when V <1 as

o SN S A o
F 1954+ 15 2) = o =l 3 ' = Al
2F1 (Js, 15 73 z) nZ:O (js + 1),n! Tk yw o~ ’ ( |

where z = %=L+ and |z| < 1. When V > 1, we transform »F}(-) involved in (A50) as [116,

Eq. 1222 oF (o Lija+ Lipmley) = (L+e (= 1) 2P (Jo,dai o + Lie™ (1= )

It can be easily seen that the expression in the right hand side converges as V' > 1. More-

(a3)js 1
over, (043+1])333 = Otgofjs S ]_, m < 1 and m < Q. Hence, to show that
— F=m—ji+js)
]5_ [ fis(z)dx < oo, it is sufficient to demonstrate that ]35 Oqjg( x) < oo where ¢j, () = jgffzjgill)% :

Using the asymptotic expansion of the ratio of two gamma functions [124], ¢;,(z) can be written
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as

qjg(x)zﬁ<1+(“1+j1)(“.1+j1_1)+0<%)> (A.52)

273 J3

which converges Vj3 as 1 > 0 and 737 > 0. Thus, Z [ fjs(z)dx < o0o.  Since, both the
Jj3=0
required conditions for DCT are fulfilled, hence, the integral can be interchanged with the

third summation over j3 in (£22]). Similarly, the integral can also be interchanged with the

fourth summation over j; in ([Z22).

A.7 Derivation of Eq. (5.27)

Ergodic capacity can be obtained as
Cor = / [1— Po(e® —1)]dx. (A.53)

0
Using (5.25]) and expressing F5(-) function by the sum of o F (-) functions given as [117, Eq. 82]

> b
Fy(a, by, by;cr, o521, 22) = E 7( 2>lk$§2F1(a+k,bl;Cl;$1), 21| + |22] < 1, (A.54)
)k
=0

(A53) can be written as

o /B (Nobs(e® — 1)) i . ( NoBs(e® — 1) )jl
er — 1 - 2
S (Qdn + Nofig(er — 1)) €=\ Qébur + Nofs(e” —1)
' Qou
X o F 1; 1;
2471 (O‘3+/~L1 +.]17 7Oé3+ 7Q¢11+N093< m_l)
Nofs(e® — 1)) Nofa(e® — 1 7
« By (¢ Noba(e® a+QZUZB4< 7¢ of4(e x) )
(@72 + ¢Nobla(e” ¥ jaz0 QY2 + ¢Noba(e” — 1)
. Q%
X o F Q 1; 1; d A.55
211 <Oé4 343 Lag+ I 07 + $0aNo(e" — 1) z ( )
QoG (g ) _ (az+pr)j (ma); ¢ _ W (Q¥2)*4I'(aa+Q)
where B; = ¢;’§11r1(a3+1) = ,-Bz = W <1 - ¢_;> By == r2(a4+1)4 , and
« ia (T j J: . . . . . . .
B, = ( 4*“;?'((9)2‘]” +9)i3 (1%1) 3. Applying interchange of integration and summation in j;, as
Q)5

the function involved is convergent, and using a transformation given by [116, Eq. 1.2.2.2]
2F1(a'7 bv & ZE') = (1 - x)c_a_bZFl(c —a,C— bv & ZIZ'),
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A.7 Derivation of Eq. (5.27))

(A55) can be simplified as

1 B Q¢11
Cor = By Z B2/ (Qo11 + Nobz(e® — ))aﬂFl <1 i osios 1 " Qo1 + Nobs(e® ))

Jj1=0
1
X B U; B a
3; Z_O (@72 + oNoba(em — 1))
Q72 )
XoF1 [ 1—=Q —j3,a4;04 + 1; dx. A.56
“( Tt G S0 Noler — 1) (450

Now, using the series transform of 5 /7 function given by [116, Eq. 1.1.2]

CL)k b
Fi(a,b;c; ) ,
2 P ( kZ:O HO)
(A250) can be written as
conSnf . R
= (Qou1 + N093 = (Qou + Nobis(e” — 1))
J1= 2
1 = 1
X B3 U B4 = BG — —dx (A57)
]z; ;) (@72 + ¢Noba(e® — 1))™ Mz::() (@72 + @04 No(e* — 1))
where By = (= 3]12),@(3?;;2@%1 and Bg = (1_9_;j?gzifl);;4(Qﬁ2)j4 Applying interchange of

summations with integration, (A.57) can be expressed as

Cey =B1B3>» By BsY U; Y By Bg

J1=0  jo=0 J=0  j3=0  ju=0
. _dx
0 (Qdb11 + Nobs(e” — 1)) 72 (QF2 + pNoba(e” — 1))

X

(A.58)

The integration involved in (A.58) can be solved in Mathematica. Thus, the final expression

for ergodic capacity is obtained as given by (B5.27).
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