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Abstract

Cognitive radio (CR) and millimeter wave (mmWave) communication are two potential
technologies for future wireless communication systems to meet ever-increasing con-
sumer data demand. The significant advantage of CR is its ability to improve spectrum
utilization by introducing spectrum management paradigms between primary and cogni-
tive users. An even more significant enabling technology for future communications is
mmWave communication that offers enormous bandwidth at mmWave frequency bands.

Low-grade transceiver hardware is often utilized in modern communication systems
to lower the cost of potential networks. The residual hardware distortion noise originating
from high rate and low-grade transceiver hardware is a vital parameter to consider while
designing reliable systems. This dissertation work pursues to model residual transceiver
hardware impairments by using the statistical additive Gaussian model, which is mathe-
matically tractable and can be embedded in complex system configurations.

In this thesis, we first develop a system model for a dual-hop decode-and-forward
underlay CR relay network operating under residual hardware impairments and derive
a closed-form expression for the outage probability performance. Moreover, this work
provides useful discussions on the design aspects of wireless communication systems in
terms of the outage probability given residual transceiver noise level and fading parame-
ters of channel.

Secondly, we study the spectrum sensing technique by employing an improved en-
ergy detector (ED) under residual hardware constraints. We present a novel test statistic
for improved ED that accounts for residual distortion noise when the fading statistics of
the received signal follows the o« — p distribution. Moreover, we derive closed-form ex-
pressions for the probabilities of detection and false alarm and the area under the receiver
operating characteristic curve (AUC) for additive white Gaussian and Nakagami-m fad-
ing channels. Our work proposes a new diversity concept of p-order-law combining and
p-order-law selecting schemes to combat the adverse effect of residual hardware impair-
ments.

Thirdly, our study develops an analytical framework for analog beamforming device-
to-device mmWave communication constrained by residual hardware impairments and
other random impairments such as multi-user interference, inter-beam radio frequency
(RF) power leakage, and imperfect channel state information (CSI). We perform in-depth
outage probability and ergodic capacity analysis for the proposed system model.

Finally, we propose to implement a maximum sub-array transmission (MST) scheme
built on a hybrid beamforming structure that enables multi-user communication and high
outage probability and ergodic capacity performance. The MST diversity suffers from RF
power leakage and transceiver distortion noise that are addressed in this work.

The hardware impaired communication systems transmit at considerably lower rates
than the ideal ones, and, therefore, our research emphasizes the importance of residual
distortion modeling.
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Chapter 1

Introduction

"Wireless is coming to mankind... Some day there will be, say, six great wireless tele-
phone stations in a world system connecting all the inhabitants on this earth to one an-
other, not only by voice but by sight" said Nicola Tesla [1] back in 1905 by predicting
mainstream wireless communication that empowers both voice and video communica-
tion. Tesla’s prediction came true in the twenty first century and Fig. 1.1 from [2] and
Fig. 1.2 from [3] demonstrate the scale of modern communication. In Fig. 1.1, the fore-
cast of active mobile users between 2017 to 2022 is presented by Cisco Systems. The
number of global mobile users has enormously emerged over the last decade. Based on
Fig. 1.2, we see that global mobile data traffic annually increases by around average to
50% from 2017 to 2022. Alternatively, monthly data demand will increment 6.73 times
over 5 years [4]. A high market demand for wide bandwidth as well as competition for
a high revenue among mobile vendors and technological development of semiconductor
technology accelerated development of wireless communication networks from 1G with
2 kb/s data rate in 1980 to 5G with 1 Gb/s data rate in 2020. In this work, we inves-
tigate the practical future wireless communications systems that aim to meet consumer

requirements.

1.1 Problem statement

Ever-increasing data demand and bandwidth limitation in the ultra-high frequency (UHF)

range create a performance bottleneck in modern communication systems. Spectrum
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Number of active mobile broadband subscriptions worldwide from 2007 to 2018
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Figure 1.1. Worldwide mobile subscribers (in millions) in 2007 — 2018
years.

Global mobile data traffic from 2017 to 2022 (in exabytes per month)
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Figure 1.2. Global mobile data traffic (exabytes per month) in
2017 — 2022 years.
sensing/sharing techniques and millimeter wave (mmWave) communication with massive
multiple-input multiple-out (MIMO) antennas are two popular, promising technologies to
meet high bandwidth demand. On the one hand, cognitive radio (CR) technology [5], [6]

solves the spectrum scarcity problem by managing spectrum sharing between primary and
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secondary users. On the other hand, mmWave frequencies along with massive MIMO an-
tenna systems [7], [8] began a new era in wireless communications, called 5G and beyond,
that aims to resolve the technological limitation of the UHF range and explore enormous
bandwidth between 3 — 300 GHz. Practical transceivers used in high rate systems are not
ideal and add residual distortion noise to the system [9]. The impact of distortion noise is
even more profound in mmWave systems due to complications in high frequencies [10].
Other performance degradation factors in wireless communication are interference and

RF power leakage [11], [12] from neighboring user equipment (UE) nodes.

1.2 Motivation

Residual transceiver distortion noise always exists in wireless communications systems;
however, it is often ignored in the analysis of modern communication systems. In this
work, we aim to fill this gap by studying recently introduced technologies for 5G, such as
cognitive spectrum sensing/sharing networks and mmWave communication technologies
under transceiver distortion noise constraints. The advantage of residual distortion noise
modelling is the ability to design more reliable modern communication systems. This
work suggests using comprehensive transceiver distortion noise modelling that also facil-
itates analysis of other system constraints such as interference, RF power leakage, and

imperfect CSI.

1.2.1 Key contributions

This section demonstrates the key findings of dissertation work:

* Decode-and-forward (DF) dual-hop cognitive relay system under the presence of
transceiver hardware impairments and interference temperature constraint is pre-
sented in this chapter, and the performance of the system is evaluated by deriving a
closed-form expression for an outage probability. Nakagami-m fading channels are
considered for all primary and cognitive links. Besides, this chapter discusses the

design aspects of achieving a certain outage probability based on fading parameters
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of the channel and hardware impairment level, which is inversely proportional to the
transmission rate. Calculation results reveal that by measuring fading parameters
of the channel, one could choose the proper threshold to meet the desired outage

probability.

* Moreover, we investigate a non-blind spectrum sensing by utilizing an improved ED
under the presence of transceiver distortion noise over Nakagami-m fading channel.
We propose a novel method of evaluating the improved ED statistics for N signal
samples with o« — p distribution. We present closed-form analytical formulas to
find probabilities of detection and false alarm of the improved ED over additive
white Gaussian noise (AWGN) channel. We extend our analysis to evaluate closed-
form formulas for the average detection probability over fading channels. Also, the
asymptotic analysis of the improved ED is studied over the fading channel when
the average Signal-to-Noise Ratio (SNR) approaches to zero. The AUC analysis
evaluates the quality of the detector over AWGN channel. Our numerical results
show the detrimental effect of distortion noise. Therefore, we propose to apply
diversity techniques such as p-order law combining and p-order law selecting to

enhance the improved ED accuracy.

* Furthermore, we study device-to-device (D2D) communication for a finite number
of D2D users overlaying the mmWave network by considering residual transceiver
distortion noise and interference from /N device nodes. Simultaneous spectrum and
time sharing among D2D pairs create interference that degrades the performance
of a wireless system. We formulate signal-to-distortion-interference-noise-ratio
and evaluate its probability density function (PDF) and cumulative density func-
tion (CDF). Besides, closed-form expressions are derived for the outage probability
and ergodic capacity performance metrics, including lower/upper ergodic capacity

bounds for the mmWave network co-existed by D2D nodes.

* A hybrid beamforming based mmWave network is developed where a base station

simultaneously communicates with multiple UEs. We consider that the proposed
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system model is impaired by RF power leakage from neighboring UEs as well as
hardware residual distortion noise. To mitigate RF power leakage and distortion
noise a MST diversity technique is implemented based on hybrid beamforming
structure. Multiple and independent beams from the base station are combined by
using MST diversity technique at a receiver UE. The performance of the mmWave

system is evaluated through outage probability and ergodic capacity analysis.

1.2.2 List of Publications

The results of this dissertation work have yielded the following journal and conference
publications.

Published journal papers

» L. Tlebaldiyeva, T. A. Tsiftsis and B. Maham, "Performance Analysis of Improved
Energy Detector With Hardware Impairments for Accurate Spectrum Sensing," in

IEEE Access, vol. 7, pp. 13927-13938, 2019.

» L. Tlebaldiyeva, B. Maham, and T. A. Tsiftsis, "Device-to-Device mmWave Com-
munication in the Presence of Interference and Hardware Distortion Noises" in

IEEE Communications Letters, 17 June 2019.

» L. Tlebaldiyeva, B. Maham and T. A. Tsiftsis, "Capacity Analysis of Device-to-
Device mmWave Networks under Transceiver Distortion Noise and Imperfect CSL,"
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1.2.3 Thesis Outline

This dissertation work is sub-categorized into three parts. The first part consists of Chap-
ter 1, 2. Chapter 1 introduces the subject of the dissertation work, including a problem
statement, the motivation of the research, and presents key contributions with the list of
publications. Chapter 2 discusses background information about CR technology, massive
MIMO mmWave communication as well as the major sources of transceiver hardware im-
pairments. Moreover, this chapter introduces a residual transceiver distortion noise model
studied in this work.

The second part of the thesis consists of Chapters 3 and 4, where research findings on
the cognitive relay network and improved ED for spectrum sensing are studied under the
presence of transceiver distortion noise.

The third part of the thesis is comprised of Chapter 5 and Chapter 6 that focuses on
issues in D2D assisted mmWave communication and multi-user mmWave communica-
tion considering interference modelling, imperfect CSI, and inter-beam RF power leakage
from nearby nodes as well as transceiver distortion noise. A maximum sub-array trans-

mission diversity technique is proposed to mitigate the imperfections mentioned above.



Chapter 2

Literature Review

2.1 Future Communication Systems

2.1.1 Cognitive Radio Technology

The RF spectrum is a scarce resource owned and arbitrated by government agencies of
each state, e.g., Federal Communications Commission in the US and the Committee of
Communications, Informatization, and Information in Kazakhstan. Voracious demand on
the RF spectrum leads to a looming scarcity of RF spectrum in cm wave range around
the globe. For instance, the number of active mobile subscribers has increased from 268
million in 2007 year to 5286 million in 2018 year [3], which means that mobile subscrip-
tions have incremented nearly 20 times in 11 years. Besides, 1 trillion wireless devices
are expected by 2020 [13] from cell phones to wearable devices in the civilian sector and
underwater sensors to satellites in the military sector. Traditionally, the RF spectrum is
sub-divided between licensed users over a large geographical region. Although exclusive
spectrum usage guarantees interference-free communication, the spectrum below 3 GHz
is not fully utilized between 15 — 85 % of the time in practice [13]. The US Defence
Advanced Research Projects Agency (DARPA) perceived the significance of CR systems
in military and personnel applications and organized the DARPA Spectrum Collaboration
Challenge that was held in October 2019 to bring new ideas and experiments on stage
from academia and industry.

CR is an intelligent system that facilitates the detection of primary and secondary
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Primary Base Station

Cognitive Radio Base Station

Figure 2.1. Cognitive radio network scheme.

users and arbitrates unused bandwidth between them by adjusting bandwidth, modula-
tion type, as well as frequency based on transmission and reception. Fig. 2.1 illustrates
the basic concept of a CR system: a primary base station network owns the frequency,
and a secondary user (SU) is granted access based on the chosen CR paradigm that will
be further discussed in this section. CR spectrum management concepts work despite the
type of network generation (e.g., 2G, 3G, 4G, and 5G and beyond). CR spectrum manage-
ment is either called Dynamic Spectrum Access, Flexible Spectrum Use, or Opportunistic
Spectrum Access (OSA). Spectrum awareness, analysis and decision, and spectrum ex-
ploitation are three main cycles in spectrum sensing [14]. Spectrum sensing uses time,
frequency, space, and polarization domains to check the bandwidth occupancy. The OSA
poses some challenges to the transceiver since it must sense the spectrum over the wide
range and give a quick decision response [15]. According to [13], each cognitive user
(CU) possesses the following functionalities: spectrum sensing, spectrum decision, spec-

trum sharing, and spectrum mobility.

2.1.2 Cognitive Radio Paradigms

Three major spectrum sharing paradigms that describe the interaction between primary
and secondary users such as underlay, overlay, and interweave are shown in Fig. 2.3 and

summarized as well.
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Spectrum Sensing

Monitors and detects spectrum
holes for cognitive users

Spectrum Decision
Selects the best channel
Spectrum sharing
' Arbitrates an interference free

channel access between
primary and secondary users

Spectrum mobility

Releases the channel when
primary user is detected

Figure 2.2. Major cognitive user functionalities.

ﬂ!terference

temperature constraint

underlay

Spectrum

overla

Spectrum

alalal...

Q Spectrum

PU sSU

Power spectrum density

Figure 2.3. Overview of CR paradigms: underlay, overlay, and
interweave.

* Underlay paradigm

Cognitive transmitter is aware about its interference to the PU. Cognitive trans-
mitters can concurrently transmit data along with PUs as long as the interference
level from CUs is under a certain threshold. Therefore, the power of the cognitive
transmitter is limited to interference temperature constraint (harmful interference),

which is approximated by the channel sounding or cooperative sensing.
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* Overlay paradigm

CUs are aware of PUs essential information such as channel gain and encoding
information. This paradigm allows transmission to both cognitive and primary users
simultaneously. However, CU’s power is relayed to the PU’s data to offset the
interference. Therefore, CUs do not have a limit on transmit power level. The
disadvantage of this paradigm is that encoding and decoding processes are more

complex in comparison to the other two paradigms.

* Interweave paradigm

CUs sense the environment on the absence of PUs in space, time, and frequency.
Simultaneous data transmission occurs only during the misdetection of a PU. The

CU transmit power is limited to the radius of PU activity.

2.2 MmWave Communication with Massive MIMO An-
tennas

MmWave wavelength massive MIMO antennas are promising technologies for high spec-
trum utilization and energy efficiency for future mobile networks [7], [8]. Commercial
5G networks operating on mmWave frequency and employing massive MIMO antennas
are already being implemented in the World. Fig. 2.4 presents 5G coverage map with
commercial, limited, and pre-release 5G networks. China demonstrated the first remote
robotic surgery on an animal in January 2019, where Huawei’s 5G network technology
was used for control and video links at both ends [16].

Accommodation of a large number of antennas and RF blocks is a challenge for base
stations and handsets in the conventional RF range. Inter element antenna spacing should
be at least \/2 apart from each other, where ) is antenna wavelength. MmWave anten-
nas have small physical size, therefore, it is possible to decrease the spacing between
antenna elements and install up to 64 to 512 antennas at a base station [17] and up to

32 MIMO antennas at UE nodes. A large number of antennas create more degree of
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freedom, which results in increased data rate and reduced outage probability. Another ad-
vantage of massive MIMO technology is spectrum reuse due to high free space loss and
high attenuation [18]. The authors in [19] summarized the challenges of massive MIMO
as hardware impairments of low-cost components, performance measurement, the phys-
ical size of massive MIMO antennas, pilot contamination, internal power consumption,
channel characterization, fast digital signal processing hardware, propagation models and
deployment of the mmWave standard. Multi-user massive MIMO network deployment
targets low cost and power-efficient hardware implementation at base station [20]; both
of these factors are a significant concern for network providers. Large scale antennas for
multi-user communication require fast digital processing hardware operating in real-time.
Signal processing algorithms should be linear or nearly linear. According to [19], mas-
sive MIMO antennas could be modeled by the law of large numbers, meaning that noise,
interference, and fading is averaged out. Array antennas of an order of 100s require inex-
pensive components such as direct conversion radio receivers. Bjornson et al. suggested
that transceiver distortion noise limits the channel estimation accuracy and channel ca-

pacity of massive MIMO systems [21].
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Figure 2.4. 5G deployment map in the World.
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2.3 Transceiver Hardware Impairments

2.3.1 Sources of transceiver hardware impairments

Modern communication systems require low power, inexpensive, and high data rate

transceivers. As was discussed in the previous subsection, low-grade transceiver equip-
ment is often used for massive MIMO systems. For instance, direct-conversion radio
receivers are frequently considered in the technical literature for spectrum sensing/shar-
ing [22-24] due to low power consumption and ease of circuit integration. A typical
direct conversion radio receiver architecture is shown in Fig. 2.5 presented in [9]. At the
transmitter side, a modulated digital signal from the digital baseband part passes through
digital-to-analog-converter (DAC), then it up-converts to RF and gets amplified. Exter-
nal intermediate frequency filters and image rejection filters are not required for direct
conversion radio receivers as it is required for superheterodyne receivers. Although most
of the digital processing is performed at the digital side, RF front-end requires careful
consideration [9]. Analog front-end contains power amplifiers, converters, filters, mixers,

oscillators, and each of those components adds imperfections to the system.

Analog Digital

IFFILT VGA |

l H

— ADC —

RF |

LNA A |
I> @F'LT Loo | .
Logo Section

+ IFFILT VGA i

o=t =) ADC

Figure 2.5. A typical direct conversion radio receiver architecture.

2.3.1.1 Power Amplifier Non-Linearity

A power amplifier is a main component of the transceiver that accounts for most of the

power consumption and cost of the entire RF circuit. For example, power amplifiers at
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base station terminals use around 50 — 80% of total power [25]. When power ampli-
fier operates at a saturation region, nonlinear effects of power amplifier increases and
creates nonlinear interference, these nonlinear distortions vary based on bandwidth and
operating frequency [26]. Adjacent channel interference (ACI) is a result of spectral re-
growth of power amplifier output at nonlinear operation region [27]. Power allocation
in CR networks in the presence of nonlinear effects of a power amplifier is investigated
in [14]. Secondary receiver average SNR is studied under the peak, and average ACI,
closed-form equations for the power allocation are derived under peak and average ACI
constraints. The theoretical and simulation results of this work show that the average
ACI demonstrates better performance rather than peak ACI. The authors in [14] presents
a sub-optimal power allocation method. This method uses a bisection search method
for nonlinear power amplifiers based on the orthogonal frequency-division multiplexing
(OFDM) CR network. Linear and nonlinear power amplifiers are simulated and com-
pared in [14]. As a result, it was proven that energy efficiency is severely degraded while
using a nonlinear power amplifier. Contemporary linearization methods including digital
post/pre-distortion, feed-forward, and feedback are used now to mitigate the effect of non-
linearity. Digital pre-distortion technique fixes the nonlinear signal before transmission.
Feedback path that contains analog-to-digital converters (ADCs) and mixers is required
after power amplifier. The feedback path delivers an analysis of the signal image to elim-
inate non-linearities. The disadvantage of this method is the consumption of additional
power [25]. The digital post-distortion method compensates amplifier non-linearities at
the baseband side of the receiver. This way, no feedback path is required at the transmitter,

which reduces digital signal processing calculations at the cognitive transmitter side.

2.3.1.2 I/Q imbalance

Direct conversion radio receivers do not require image rejection filters and external inter-
mediate frequency. Alternatively, image rejection is done in by in-phase (I) and quadra-
ture (Q) arms [9]. I/Q imbalance of direct conversion radio receivers degrade the spectrum

sensing capability. Single-channel and multi-channel direct-conversion receivers with I/Q
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imbalance are studied in [25]. Closed-form expressions for the probability of detection
and false alarm are evaluated, and following conclusions are drawn: 1) Single channel
receivers are tolerant to I/Q imbalance, however, multiple-channel receivers are suscep-
tible to I/Q imbalance; 2) false alarm probability significantly increases when non-ideal
receivers with I/Q imbalance are used. The authors in [25] proposed a waveform level
interference cancellation method for compensation of 1/Q imbalance effect. It was done

by clearing the primary channel signal from the image channel signal.

2.3.1.3 ADC/DAC Quantization Noise

The ADC/DACS transform the analog RF signal into the digital domain by quantizing con-
tinuous analog signal into its discrete domain. Quantization error and clipping errors are
the two main sources of quantization noise [14]. For OFDM waveform clipping error is
more problematic, since it may pose a difficulty in detecting low SNR PU signal. Practical
next generation networks apply low-grade components, including low cost ADCs/DACs
with a low resolution level. Simulation results from [28] claimed that the system works
correctly with a quantization level of 2 and 3 bits at 1 decibel (dB) SNR loss. According

to [14], glitch energy is a major source of non-linearity for high-performance ADC/DAC.

2.3.1.4 Phase Noise

Phase noise is the frequency deviation in a local oscillator that brings sudden changes in
local oscillator frequency and timing. Therefore, phase noise is considered as a major lim-
itation in communication systems. More about phase noise measurement and estimation
are given in [29-31]. Oscillator phase noise in direct-conversion radio receivers creates

crosstalk while multi-channel energy detection [23].
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2.3.2 Gaussian Model for Aggregate Residual Transceiver Impair-

ments

Practical transceivers are not ideal and add inevitable distortion noise to the system, as
was described in Section 2.3.1. Calibration and pre-distortion techniques are applied at
the transmitter side, and complex algorithms are used at the receiver side to mitigate
hardware impairment noise [9]. However, in practice, it is not possible to filter out all
transceiver imperfections, and residual distortion noise remains in the system. The main
reasons for distortion noise are a deviation in parameter estimation, a mismatch between
a practical transceiver and compensated model, as well as complex implementation of
compensation algorithm [32].

The sources of aggregate residual distortion noise that we consider in this dissertation
work originate from I/Q imbalance, phase noise, and non-linear amplifier discussed in
Section 2.3.2. The aggregate residual distortion noise is distributed as a circular symmet-
ric complex Gaussian variate, which is proportional to average signal power multiplied
to an error vector magnitude (EVM) parameter that is discussed in Section 2.3.2.1. Ac-
cording to theoretical and measurement results, [32-36] statistical Gaussian model pro-
vides an accurate approximation of aggregate residual impairments. Besides, the Gaus-
sian model is mathematically tractable while incorporating residual distortion noise into
more complex system analysis. According to [21], hardware impairments at UE mainly
limit capacity as the number of antennas increases at UE, whereas impairments dimin-
ish asymptotically at massive MIMO base stations. Also, it was analytically proved that
hardware impairment creates uplink and downlink capacity ceiling regardless of SNR and
the number of antennas.

Let us consider a simple point-to-point system that is constrained by a transmitter
and receiver residual distortion noise. A complex signal s with an average signal power
P = E{|s|?} is transmitted through complex fading channel / and additive white Gaus-

sian noise 7 is added to the signal. The received signal y with residual transmit Tx/Rx
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impairments could be expressed as

y=h(s+uw)+v+n, 2.1

where v; and v, are corresponding transmit and receive residual impairments modeled as
vy ~ CN(0,k2P) and v, ~ CN(0,x2Ph). The EVM parameters x; > 0 and x, > 0
determines the level of distortion noise, alternatively x; = 0 and s, = 0 is for ideal
system model. Similar to [21], we could express the general expression for the joint

Tx/Rx residual impairments as

Evu {lhve + v, "} = PIRP (K] + K7) = PR (57 + £7) = PlhP*s?, (2.2)

where k = /K7 + k2. Numerical value of « is a protocol specific number.
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>

Figure 2.6. Representation of the EVM vector.

2.3.2.1 Error Vector Magnitude

The EVM is a Figure of Merit that measures the physical transceiver quality and mod-
ulation performance. The general schematic that represents the EVM is shown in Fig.
2.6. An error vector represents a difference between an actual vector and a reference

vector. Hence, it is evaluated as logarithmic function with ratio of amplitude of error

signal, P.,,,., to amplitude of reference signal, P,.f, as EVM (dB)= 10log,, (P ;,”;’“)

or EVM(%) = 10log,, (P Ig”‘;r> % 100%. The EVM describes the combination of all
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impairments that influence signal constellation in an additive way [37]. A low EVM
value indicates less distortion noise presence. Hence, low EVM values are desired for a
high rate and reliable communication. There are specifications on the EVM level for a
given modulation type. For instance, for wideband code division multiple access that uses
quadrature phase-shit keying (QPSK) EVM level should be no more than 17.5%, 3GPP
LTE requirement for EVM is 8%, 17.5%. The authors in [38] discusses the individual
impact of each source of transceiver impairments on EVM including I/Q imbalance, non-
linear power amplifier, local oscillator phase noise, as wellas local oscillator leakage. The
overall EVM is expressed as a summation of all sub-EVMs from each source of circuit

nonideality.

2.3.2.2 Transceiver Distortion Noise in MmWave Communication

The primary sources of transceiver hardware impairments in mmWave communication
were listed as ADC/DAC resolution, I/Q imbalance in quadrature modulators, phase noise
in phase-locked loops, and non-linearity in power amplifiers in [39]. The achievable
rate of massive MIMO antennas considering hardware impairment noise over Rician fad-
ing channel was studied in [10]. The multipair massive MIMO system assisted by re-
lay network evaluated spectral efficiency of the system by taking into account residual
transceiver distortion noise. Transceiver distortion noise was deeply investigated in CR
systems [40—42]. A cell-free massive MIMO network with transceiver distortion noise
was analyzed in [43] where spectral and energy efficiencies of the system were exten-

sively studied.
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Chapter 3

Cognitive Relay Networks

In this chapter, the performance analysis of the dual-hop DF underlay CR network un-
der residual transceiver distortion noise and interference power constraints is presented.
Closed-form analytical calculations for the outage probability over independent and non-
identical distributed (i.i.d.) Nakagami-m fading channels. Moreover, closed-form ex-
pressions for the outage probability asymptotic analysis are derived as well. We found a
relation between hardware impairment level and possible transmission rate through nu-
merical simulations. We have investigated different fading severity parameters of the
fading channel given the fixed source node power and desired outage probability level.

This chapter was written based on the author’s work published in [44].

3.1 Introduction

CR networks contain many secondary nodes that could be used as relay nodes to facilitate
cooperative communication between source-destination nodes to increase the through-
put and coverage of the network by minimizing the factor of path loss between source-
destination link. The relay assisted networks have been popular among researchers and
industry due to increased coverage, high reliability, and improved quality of service. The
secondary relay system contains the source (S), relay (R), and destination nodes (D). The
secondary relay system operates at the same frequency as a primary one. The source
node sends its signal to the relay node at the first time-slot. Depending on the relay-

ing protocol, it could be either amplified and forwarded to the destination node, decoded
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and forwarded or compressed, and forwarded. Hence, the major relaying protocols are

amplify-and-forward (AF), DF, and compress-and-forward (CF).

3.1.1 Related work

One of the practical applications of the dual-hop network is an ad-hoc wireless network.
The work in [45] integrated 3G Wireless Wide Area Network and 802.11 Wireless Lo-
cal Area Network. A typical dual-hop relay network have an S, R, and D nodes that
are assembled by non-ideal RF chains and communication blocks. Authors investigated
dual-hop relay networks with non-ideal hardware in [46—49]. Moreover, the works in [40]
and [50] studied the multiple relay CR networks under transceiver distortion noises over
Rayleigh fading channels. Initially, a generalized system and signal model for a dual-hop
relay network with aggregate distortion noises were introduced in [46]; this study models
aggregate distortion noises as additive Gaussian noise as in [9]. The work in [40]- [47]
applied the generalized non-ideal hardware impairment signal described in [46]. The
authors in [47] evaluated closed-form formulas for the outage performance of a DF CR
network non-ideal transceiver electronics by using practical 3GPP LTE EVM parameters
for Rayleigh fading channel. According to this study, the system with a high data rate
is more affected by distortion noises. The work in [48] analyzed the outage probability
and throughput of a dual-hop relay network with distortion noises under Rayleigh fading
channel. This study also demonstrated that the DF protocol is less susceptible to distortion
noises in comparison to AF protocol. Multiple relay CR network with transceiver hard-
ware impairments was analyzed in [50] over Rayleigh fading channel. Moreover, a partial
relay selection and opportunistic techniques were studied in [40], and closed-form expres-
sions for the outage probability were derived over Rayleigh fading channels. The authors
in [51] studied the combined effect of distortion noise and channel estimation error for
dual-hop CR network given ideal hardware over Nakagami-m fading channel. According

to these studies, the outage probability saturates at high interference temperature values.
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Based on the literature survey analysis, majority of the researchers analyzed dual-
hop CR networks for non-ideal hardware under Rayleigh fading channel for analytical

tractability purposes.

3.1.2 Contributions

The principal contributions of this chapter are listed as:

* Presentation of a system and signal model for the underlay dual-hop DF cogni-
tive relay system with transceiver imperfections and interference constraints under

Nakagami-m fading channel;

* Derivation of the analytical expression for the outage probability given dual-hop DF

network under aggregate transceiver imperfections and interference constraints;

* Verification of the analytical outage probability expressions with Monte-Carlo sim-
ulations for N = 10° iterations at various interference temperature constraints,

fading parameters, and hardware impairments levels;

* Delivering design aspects on the maximum hardware impairments level to meet the

desired outage probability threshold for varying fading parameters.

3.1.3 Organization

3.2 System and Signal Model

We present a dual-hop CR relay network in Fig. 3.1 where a cognitive network consists
of a S node that communicates to D node through relay R node. We consider the ab-
sence of the direct link between .S and D nodes caused by a far distance. Cognitive relay
system operates in a half-duplex mode: at the first time-slot the message is sent from S
to R and at the second time-slot the signal gets forwarded from R to D nodes. Cross-
channel information is required for underlay paradigm to enable coexistence of PU and

SUs. Secondary/cognitive network imposes interference to the primary receiver (PR).
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Primary
receiver

Figure 3.1. System and signal model for underlay dual-hop DF relay
network under hardware impairments.

Power control of underlay paradigm assists to handle this interference. We consider i.i.d.

Nakagami-m fading channel coefficients between primary and interference links, denoted

2

2

2

)

as hgy, hyq, hsp and h,, with corresponding channel gain amplitudes |hs, hral?, [P

and |h,,|* that follow Gamma distribution. Due to power control in a secondary network,
a transmit power of S and R nodes are selected as a minimum value between interference
temperature constraint, /, as well as a maximum available power at the S and R nodes P;

and P, respectively, to eliminate the interference with primary network as in [51].

. 1
Plgmm{m,]:’}, (31)

) 1
PQSHHH{W,P}. (32)

In Fig. 3.1, we present signal path from the S to D nodes. The original signals s; and
s9 originating from the S and R nodes are deteriorated by aggregate distortion noises
pt; ~ CN (0,x3P), where P = E{|s;|} is an average power of the signal. In addition,
kj > 0,7 = 1,2 represents an aggregate transceiver distortion noise level measured by
the EVM. Moreover, p; represents circularly-symmetric complex Gaussian distributed
variable that describes aggregate distortion noise from the transmitter and receiver nodes.
A residual transceiver distortion noise model from a transmitter side is given as j; ~

CN(0,x2P|h|?). Similarly, u, ~ CN(0,x2P|h|?) stands for the aggregate distortion
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noise from the receiver node. The summation of aggregate distortion noises from the
transmitter and receiver nodes could be represented as E, {|hu; + p-[*} = P|h]*(k} +
k2) = P|h|?k?. Authors in [46] stated that the hardware impairment level parameter,  is
inverse proportional to the outage probability threshold as, k < i, where x is a predefined
threshold on signal-to-noise-distortion ratio (SNDR). We denote x; parameter between S
and R nodes and ky parameter between R and D nodes, respectively. In addition to
distortion noises circularly-symmetric complex Gaussian distributed receiver noise v; is

also added to the signal s;, v; ~ CN(0, N;). Next, the generalized received signal for

non-ideal system is formulated as

Y; = \/Pih’i(s’i —+ ,uz) + V; 1= 1, 2. (3'3)

3.3 Outage Probability

This section presents closed-form expressions for the outage probability under the pres-
ence of transceiver distortion noises. The outage probability finds the probability of faded

end-to-end SNDR to fall below a defined threshold, x as
P (z) = Pr(y < x), (3.4)

where v is the SNDR.

3.3.1 Signal-to-Noise-Distortion Ratio for underlay dual-hop DF net-

work

The end-to-end SNDR for underlay dual-hop DF secondary relay network is evaluated as

fy:mln{ Pl’hs'r"2 P2‘h/rd‘2 } (35)
P1’h5r|2/'€% + Nl’ P2|h,rd|2/€% + Ng
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We represent end-to-end SNDR per each hop as 77 and 75 for hop 1 and 2, respectively.

min(m, P)|hg|?

- min(ply, P)lhg PR+ N

and (3.6)
min(ﬁ, P)|h,q|?

B min(m, P)|h.al?k3 + Ny’

respectively.

3.3.2 Outage Probability

The outage probability for the underlay dual-hop DF secondary network is calculated by
making use of (3.4) and independence of SNDRs for the hops 1 and 2 as follows

P,t(z) = Pr(min(T},Ty) < z) =1 — Pr(T} > z) Pr(T3 > )
(3.7)

=1— (1~ Fp(2)(1 — Fp,(z)),

where Fr, and Fp, are CDFs of the SNDR for the hop 1 and 2, respectively. The derivation

of CDFs for 77 and 75 random variables (RVs) are presented in Lemma 1.

Lemma 1 Let us consider |h;,,,y|2 is a non-negative RV and 3;, i € 1,2 with m;, © € 1,2

are positive constants. The CDF of RV T is expressed as

_ Bzh; ) Bal ;
mi, y T 153 mi— I/Blez
Py (o) :’7 ( 1 P; — xPini v (mQ P, > r <m2, 2 ) B 2 Z1 <—I(1—m§)>
T; F(ml) F(mg) F(mZ) F<m2) 1!
Iﬁlez I J,’BIN]-Q —maz—t
r t St S SN
X (m2+ 7<52+I(1—IK}?)> Pj) (ﬁ2+1(1—$,‘£2) ,

J

(3.8)

where 1 = 1 stands for channel parameters between S-R and R-D nodes, whereas, i = 2
indicates channel parametes between S-PR and R — PR nodes. Moreover, m;, i € 1,2

and B;, 1 € 1,2 represent fading and scale parameters of the corresponding channels.
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Proof: The proof is given in Appendix A. |
By using Lemma 1, we formulate the outage probability for the dual-hop relay net-

work with transceiver hardware impairment noise and interference constraints.

Lemma 2 Let suppose that T; is an independent non-negative RV with CDF Fr(-) for
1 = 1, 2. The outage probability for dual-hop DF cognitive relay network under distortion

noise and interference temperature constraints is

1— 1—FT1(N+L;$> 1—FT(N+§$> 3 ZIZ'<l,
ngj(l’) _ ( Pl(l % ) )( 2 P2(1 3 ) ) ) (39)

1, x>

9

SO

where % = max(r?, k3) By substituting (3.8) to (3.9), we obtain the analytical formula

for the outage probability over Nakagami-m fading channel.

3.3.3 Asymptotic Analysis for the Outage Probability

We analyze the asymptotic outage probability given two extreme conditions: 1) a source
power approaches infinity and 2) interference temperature constraint approaches to zero.
3.3.3.1 Outage probability when P — oo

We evaluate the outage probability given an infinite source power

Poui(x)=1—(1— lim Fr(x))(1— lim Fp(x))), (3.10)
P—oo P—oo

;2 mj1—1 (ﬁ)z
lim Fr,(z) = 2+BJ— > M
P5o0 ['(my2) = il .
xB N7

I(1 - ar?)

)—mjg—i

x I'(myja + 1) (Bja +

From (3.10) one could notice interference temperature constraint limits the secondary
network operation despite infinite power available at the transmitter. Hence, the outage

probability of the secondary network is dependent on /.
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3.3.3.2 Outage Probability when [ — 0

Let us consider that interference temperature constraint value approaches to zero, then the
CDF of SNDR approximates to one shown as

lim Fip(z) ~ 1, (3.12)
I—0

Therefore, the outage probability at / — 0 is evaluated as
P,i(x) =1—(1—lim Fp,(z))(1 — lim Fr,(z))), (3.13)
I1—0 1—0

Pou(z) ~ 1. (3.14)

The outage probability approximates to one when I approaches to zero and primary net-

work does not allow any communication in secondary network.

3.4 Simulation Results

In this section, the theoretical closed-form expression for the outage probability is val-
idated through MATLAB Monte-Carlo simulations. We emphasize on the influence of
interference temperature constraints, fading parameter values, and aggregate distortion
noise level on the performance of the outage probability. We plot the outage probability
versus P/Ny in Fig. 3.2 given a set of interference temperature constraints 7 /Ny=0; 10; 15; 20
dB for x = 0.1. In addition, we analyze the outage probability at interference tempera-
ture constraint at zero; as expected, the secondary network is at idle state and the outage
probability is equal to one. Notice that the outage probability performance enhances as [
value increases.

In Fig. 3.3, the outage probability is displayed as an element of P/N, for I/Ny=15
dB and z = 3 dB. Note that, dotted plots represent the outage probability at x = 0.4
and the solid plots denote outage probability at k = 0.1. Moreover, we simultaneously

differ two major parameters: 1) hardware impairment level, «, at low and high values
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Figure 3.2. Outage probability versus P/Ny at different I /Ny = 0, 10,
15, 20 (dB).

Table 3.1. The fading parameter values for Fig. 3.3

Case mg, ms, Mpq Myp Ko o Ko

a) 2 2 2 2 0.1 04
b) 2 10 2 10 0.1 04
c) 5 5 5 5 0.1 04

and 2)Nakagami-m fading parameters mg, (S — R), myq (R — D), mg, (S — PR), m,,
(R— PR) at a) identical low fading parameters of both cognitive and interference links; b)
at low cognitive fading parameters and high interference fading parameters; c) at identical
medium fading parameters of cognitive and interference links. Table 3.1 above summa-
rizes fading parameters of three cases that are used to plot Fig. 3. The plot (¢) with
medium m,, fading parameters of both cognitive and interference links demonstrated the
best outage probability performance. The plot (a) with identically low m,, parameters
shows the second high outage probability performance. The plot (b) shows the worst out-
age probability performance. This figure justifies that residual transceiver distortion noise
level plays a crucial role in evaluating the outage probability. Moreover, fading parame-
ter values of both primary and secondary links substantially affect the outage probability

performance.
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Figure 3.3. Outage Probability at different fading parameters simulated
fork =0.1and k = 0.4.

In Fig. 3.4, we analyze the relationship between SNDR threshold, x and hardware

2

imapirment level k. According to [46], k* < 1/z. Alternatively, we could express the

threshold by using the rate as s < 1/22471

, where A is a transmission rate [bits/s]. More-
over, rate could be written as A = a R, where a represents a number of bits per each mod-

ulated symbol and R, indicates symbol rate [symbol/s]. Since high rate systems require

10°3

Outage Probability
=

x=3 dB, £=0.65

10—2 1 1 1 1 1
0 5 10 15 20 25 30

P/NO, dB

Figure 3.4. The outage probability plots for x = 3; 16 dB and
k= 0.1;0.65.
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a higher order of modulation, « values are inversely proportional to the modulation type
and transmission symbol rate. The level of tolerated hardware impairment level is written
in standards. For example, in 3GPP LTE standard, kppsx = kgpsx = 0.175[52], and
for IEEE 802.11n standard, kppsx = 0.3162, kgpsxk = 0.1 and kigganr = 0.025
[53]. In Fig. 4 we study a dual-hop system with thresholds + = 3;16 dB. By using
ki < 1/z; inequality we approximate the maximum tolerated hardware impairment level
as k1(z = 3dB) < 0.7and ke(x = 16 dB) < 0.15. We use those values for simulation
purposes and set k; = 0.65 given x = 3 dB and k2 = 0.1 for x = 16 dB and analyze
the performance of outage probability. At high x; value system saturates if P/N, < 6
dB, whereas at low x5 value system goes to outage state while P/Ny < 14 dB. From Fig.
4, we highlight that low rate systems tolerate higher distortion levels than the high rate

systems and result in higher outage probability performance.

3.5 Design Aspects

By applying the outage probability formula and MATLAB’s built-in function fsolve, one
could determine the range of x values for corresponding m,, fading parameters to satisfy
the specific outage probability value. By using the inverse proportionality between resid-
ual transceiver distortion level and transmission rate, one could obtain design guidelines
for the modulation type and transmission rate. For simulation purposes, we propose to
use P,,; = 0.01, 2 = 3dB, P,/Ny = P,/Ny = 20 dB, my, = m,, = 3, m, and m,4 are
within 1 to 6 and we evaluate for k1, k2. The outage probability formula given in (3.9) is
a function of four fading parameters that is necessary for  evalutation by fsolve. Hence,
distortion level x is a four dimensional matrix as well. In Fig. 3.5 and 3.6, we plot x?
and /{% for varying my, and m,q4, while my, =m,,, = 3. The simulation results for /@% are
presented in Table 3.2 that resembles multiplication table. The top numbers represents
the range of m,, values, left side numbers stands for mg, values, and inner values are

corresponding 2 values.
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Figure 3.5. Evaluated x1 values at my, = my, = 3, Mg = myq=1:6.
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Figure 3.6. Calculated results for k2, when my, = m;, = 3,
Mgy = mrd=1 : 6.
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Table 3.2. Calculated 9 values for mg, = m,p, = 3, Mg =mypg =1:6

Ko® Mg

Mg 1 2 3 4 5 6

1 0 0 0 0 0 0

2 0.0727 0.01 0 0.005 0.023 0

3 0.4165 04165 0.39 0.118 0.056 0.044
4 0.4165 04165 042 04165 04165 0.41
5 0.4165 04165 042 04165 04165 0.41
6 0.4165 0.4165 042 04165 04165 0.41

3.6 Chapter Summary

In this Chapter, underlay cognitive DF relay network under residual transceiver hardware
impairments and interference temperature constraints is studied. Physical transceivers
distort the original signal and deteriorate the system performance. It was noted that trans-
mission rate is inversely proportional to level of hardware impairments. We evaluated
closed-form expression of the outage probability for the underlay dual-hop DF cognitive
relay system. In addition, the asymptotic analysis for the high power system and nearly
zero interference temperature constraint was performed. Based on simulation results we
confirm that low fading parameters at interference links improve the system performance
and high fading parameters of cognitive links degenerate the outage probability perfor-
mance. Therefore, fading parameters of interference/cognitive links have an important
impact on the outage probability. Moreover, we presented design aspects of estimating a

maximum allowable hardware impairment level given the threshold on SNDR.
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Chapter 4

Spectrum Sensing using Improved ED

under Residual Hardware Impairments

The accuracy of spectrum sensing is affected by transceiver hardware in a low-cost and
high rate CR systems. Ideal hardware is a common assumption in spectrum sensing tech-
nical literature. This chapter presents a novel method that calculates statistics of im-
proved ED for non-ideal transceiver hardware by using a-p distribution over AWGN and
Nakagami-m fading channels. The AUC performance for improved ED constrained by
hardware impairment was studied for the AWGN channel. Moreover, we study asymp-
totic analysis for detection probability at a low SNR over Nakagami-m fading channel.
The improved ED performance was enhanced by using p-order law combining and p-order
law selecting diversity techniques that increase the accuracy of the detector. Simulation
results validate that the proposed diversity techniques substantially boost the detector’s

performance. The author’s publication in [54] inspired this chapter.

4.1 Introduction

An improved energy detector is a type of non-coherent energy detector that detects the
presence of a PU in CR networks. The conventional ED is a square-law device that mea-
sures the power of the signal over a certain period and decides whether the PU signal is
present or not in [55]. The improved ED raises the signal amplitude to the arbitrary power

p over a period of time [56]. The major advantage of non-coherent EDs as conventional
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ED, improved ED, and matched filter, is that they do not require CSI and provide a fast

decision response.

4.2 Related work

Authors in [55-58] demonstrated that the improved ED outperforms the conventional ED.
Distribution of the improved ED test statistics was evaluated by using Gamma function
approximations that match the mean and variance of Hy and H; hypotheses over AWGN.
The improved ED was used in a cooperative spectrum sensing CR network by using mul-
tiple antenna elements, where numerical results have demonstrated a substantial detection
accuracy of the improved ED in comparison to the conventional ED. The improved ED
was also utilized in a cooperative cognitive network over the generalized Nakagami-q,
Nakagami-m, k—pu, v—p channels by authors in [58], where the performance of the detec-
tor was evaluated by using the receiver operating characteristic (ROC) and AUC analysis.
A censoring-based cooperative spectrum sensing CR network [59] over Rayleigh, Rician,
and Hoyt fading channels stated that the censoring threshold of a secondary user has a
major effect on the average miss detection probability. Moreover, reporting and sensing
channels shown a better performance at a higher number of SUs, antenna elements, and
SNR. The authors in [14] states that a major disadvantage of cooperative spectrum sensing
is the necessity of a large number of SUs that result in latency while decision-making. The
authors in [60] added selection combining diversity for cooperative CR with improved ED
spectrum sensing given cognitive user mobility and imperfect CSI. This work evaluated
the probability of miss detection, probability of false alarm, and error performance over
a Rayleigh fading channel, the limitation of this work is that detector statistics were eval-
uated based on one signal sample. Similarly, the authors in [61] used antenna selection
diversity for a cooperative spectrum sensing network over AWGN and Rayleigh fading
channels, where PU detection was determined according to one sample of improved ED
statistics. The main finding of [61] was providing optimization analysis for an optimum

number of normalized SUs and threshold values. Adverse effects of hardware impairment
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noises were mitigated in blind and robust spectrum sensing in [62]. Non-linearity of RF
frequency components was removed with the aid of mitigation algorithms. Hardware im-
plementation of the two-stage mitigation algorithms that measure real data includes two
software-defined radio blocks, N210, and U S RPs. Furthermore, theoretical results were
validated by experimental data. Improvement in the performance of false alarm prob-
ability by using a mitigation algorithm was theoretically and practically verified by the
authors in [62]. Moreover, Boulogeorgos et al. in [42] provided an in-depth analytical
analysis of spectrum sensing for the conventional energy detector under RF hardware im-
pairments. Authors modelled hardware impairment noises from direct conversion radio
receivers such as IQ imbalance, phase noise, and low noise amplifier non-linearity for the
multichannel environment. This work verified that hardware impairment noises degraded
the accuracy of spectrum sensing. Four level hypotheses test for conventional energy
detector with IQ imbalance was presented in [24], and outage probability performance
was investigated for the CR network based on the OFDM system. A novel spectrum
sensing mechanism called robust swept-multi-band spectrum sensing (RS-MSS) was pro-
posed by [22] that studied aliasing and IQ imbalance in multi-band spectrum sensing.
The accuracy of spectrum sensing was improved with the proposed RS-MSS technique
that removes aliasing and distortion noise from IQ imbalance. This study models the re-
ceiver by using a channelized spectrum representation and verify the RS-MSS technique
by hardware experiments. Eigenvalue-based detectors, namely Wald and Rao’s detectors,
were used in SIMO CR systems, where the IQ imbalance of the transmitter distorts a re-
ceiver. The Wald detector outperformed the Rao detector and was prone to the receiver
IQ imbalance. There have been numerous studies to investigate direct conversion radio
receivers for low cost CR systems. The authors in [23, 63] studied 1Q imbalance and
oscillator phase noise in multichannel direct conversion radio receivers. An enhanced en-
ergy technique was offered in this work to eliminate 1Q imbalance and oscillator phase
noise to increase detection accuracy. Similarly, the authors in [64] studied IQ imbalance
in single and multichannel spectrum sensing in full-duplex CR by using the conventional

ED. The seminal contribution of this work is studying the effect of transceiver hardware
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impairment effect on the performance of wireless systems.

It is vital to consider practical transceiver electronics while designing accurate spec-
trum sensing detectors. As far as we know, no previous research investigated hardware
distortion noise for the improved ED, which is an important tool in developing reliable
detectors. Hence, in this work, we study the aggregate effect of residual distortion noise
on the detection performance of the improved ED. Moreover, we propose p-order law se-
lection and p-order law combining diversity techniques to improve the detection accuracy

of the improved EDs.

4.3 Contributions

* A novel method of calculating test statistics for the improved ED by using o —
i distribution for a signal with /N samples given ideal and non-ideal transceiver

hardware.

* The AUC analysis of the proposed improved ED was performed both for ideal and

non-ideal transceiver hardware for AWGN channel.

» Average detection probability was analytically and evaluated over Nakagami-m
fading channels both for ideal and non-ideal transceiver hardware. Closed-form
expressions are presented probability of detection over AWGN channels for p-
order law selection and p-order law combining diversity techniques given ideal
and non-ideal transceiver hardware. Similarly, closed-form expressions are derived
for average detection probability over Rayleigh/Nakagami-m fading channels for

ideal/non-ideal system configurations.
* Average detection probability at asymptotically low SNR has been derived.

* According to numerical results, detection probability degrades as a level of hard-
ware distortion noise increases. On the other hand, diversity techniques maintain

the spectrum sensing performance of the CR system.
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* Total error rate analysis has been performed to compare the detection performance
of a single, and diversity improved ED’s performance for ideal and non-ideal im-

proved ED configurations.

The rest of this chapter is organized as follows. Section 4.4 introduces a spectrum sensing
CR system with improved ED under residual distortion noise constraints. Section 4.5
presents a novel formulation of the improved ED by using o — p distribution. Detection
and false alarm probabilities of the practical improved ED over AWGN channel are given
in Section 4.6. Moreover, the average detection probability that is subjected to Nakagami-
m fading channel is derived in Section 4.7. Diversity techniques for the improved ED are
applied, and closed-form expressions for the detection and false alarm probabilities over

AWGN and Nakagami-m fading channels are described in Section 4.8.

4.4 System Model

g ‘ N H1°rH2 2 Ytn
Rf front |E[N]=0 for ideal case N ) —
[l
k=0

PR

v

sraienoiel_ed [ y[nj=h(sinl+eln]}+w(n] f
0<Yih

Figure 4.1. System model for the improved ED for non-diversity SU
receiver.

In Fig.4.1, we present a system model for the CR system, where a PU with a single
antenna coexists with a SU. Meanwhile, the SU deploys improved ED to detect the activ-
ity of the PU. Based on the detected SU’s power, a two-level hypotheses test is applied
for both ideal and non-ideal system hardware to determine spectrum holes. We denote H
as a hypothesis test that the signal is absent, oppositely, //; denotes the presence of the

PU signal in Gaussian noise channel. Further, we denote Hs hypothesis test to detect a
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non-ideal transceiver signal in Gaussian noise.
Hy : y[n] = w[n]
H; : y[n] = hs[n] + w[n|
Hy = y[n] = h(e[n] + s[n]) + wn], (4.1)
where s[n] is a complex PU signal with average signal power, P = E{|s[n]|*}. We

assume that / is Nakagami-m fading channel. Moreover, w(n] is circularly symmetric
complex Gaussian noise variable with zero mean and o2 variance w[n] ~ CN(0,02).
Aggregate residual hardware distortion noise from Tx and Rx hardware is modelled as
additive Gaussian noise with zero mean and k2P variance, where £[n] ~ CN(0, k?P).
Note that « indicate hardware impairment level both from the Tx and Rx is measured
by EVM. Hence, the instantaneous signal-to-noise-distortion ratio (SNDR) of the system
with hardware distortion noise is formulated as

N L O |
~|hPR2P 402 K2y 41

Vhi (4.2)

. . . 2
where 7 is the instantaneous SNR that is evaluated as v = ﬂ—ﬁ‘.

4.5 Improved Energy Detector with Transceiver Distor-
tion Noise

A novel derivation for the improved ED test statistics is presented in this section. A
single sample of the improved ED is Weibull distributed RV. Since the improved ED test
statistics is based on N signal samples, we apply summation of N independent and not
identically distributed (i.n.i.d.) Weibull RVs, which is approximated as «-p distribution.

The hypothesis test for improved ED is formulated as follows

N HyHy

A=) Y 2 (4.3)

i=1 Ho
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and

NP
Yi= (’3—‘) ; (4.4)

where A is the test statistics for the hypothesis test that determines the presence of PU
signal, Y; is a single sample of the improved ED normalized the noise power, 7, is a
predefined threshold, N is the number of signal samples, and p is a positive detector
order. The conditional PDFs for the H, and H; hypotheses tests are formulated as follow

Ty, i, () and fy,jm, (), respectively, and given as

20 7 exp(—17
Frgm(z) = 227 ep(zTr) (4.5)
p
B 21:2% exp(—l"”i)
fyijm (v) = ity (4.6)

Similarly, we formulate the PDF of H, hypothesis as following

2-p "
2z 7 exp(—11-) @47
pL+mi) '

fyijm,(z) =

By analyzing the PDFs of H, — H, hypotheses in 4.5-4.7, we notice that they follow

Weibull distribution given as [65]

f(xla,b,c) = g(a:—a)@l) exp{ — <$_a)c}, (4.8)

where z > a;a € R;b,c € RT and R denotes real numbers. According to [66], a
simple and precise approximation for the sum of /V i.n.i.d. Weibull RVs is given as o — p

distribution. Corresponding PDF and CDF of o~y distribution are given in [67] as

ap—

Iale) = ry ) (4.9)
L )

Az)=1- — 2~ (4.10)
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respectively, where a > 0 is a shape parameter, 1 = [EZ?[A®]/0 s« is an inverse of the
normalized variance, @ = [E[A%] is a scale parameter. To find the parameters of -

distribution such as «, u, and €2, it is necessary to evaluate moment based estimators of
these parameters and exact moment based estimators of A. Next, the system of equations

given below is numerically solved to find o and o parameters as

(p+3) O E[A
T((p+2) —T2(u+ 1) E[A-E[A] @.11)
Cle+3) _ BN 4.12)

DGOT(u+ ) —T2(u+ 1)  B[AT - E2[A?)
where the first, second, and fourth order moments of the improved ED test statistics such

as E[A], E[A?], and E[A?] are evaluated by

= 335 3 (M) () ()

ny—1

n1:0 TLQZO TLN,1:0 (413)
x BIATTM]B[AZ "] - - BIAY™],
where n is the order of the moment and expectation of A} is found as
n n
E[A}] = &5 (1 + B) ; (4.14)
where we make following assumptions: 5 = 2/p and ® = 1 for H, hypothesis, as

well as ® = 1 + ~ for H; hypothesis, and finally, & = 1 4 ~,; for H, hypothesis.
A full derivation of the A moments are given in Appendix B.1. Here, we summarize the

closed-form expressions for the first, second, and fourth order moments of A as

E[A] = NO#T <% + 1) : (4.15)

2
E[A?] = (N — 1)N®? (r(% + 1)) + NOAT (% + 1) , (4.16)
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E[AY] = N7 (r(% +1) 4+ (N =3)(N—-2)(N—-1)N
1 * 2
x | T'(s+1)) +6(N—-2)(N—-1)I'(5+1)
< f )2 ; ﬂ1 (4.17)
X (F(B + 1)) +4(N — 1)r(E + 1)F(E +1)+3(N —1)

« (r(% + 1)) )

Next, the calculate ) parameter used in (4.10). Inspired by [66], we evaluate {2 as a

function of o and o parameters as

&T (1) D7 NT (3 o
QZ(M (1) B §B+1)>7 s

where a and p parameters numerically solved from the set of two equations given by

(4.11)-(4.14).

4.6 Detection and False Alarm Probabilities over AWGN
Channels

In this section, closed-form formulas are evaluated for the probability of detection and
false alarm given ideal and hardware impaired transceiver over AWGN channel. We ana-

lyze the performance of the improved ED by doing AUC performance analysis.

4.6.1 Probability of False Alarm over AWGN Channel

By using the CDF of «a-p distribution given in (4.12) and applying the {2 parameter defi-

nition given in (4.18), we formulate the false alarm probability of the improved ED over
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AWGN channel as
Pr = Pr(A > y,|Hp)
1 Ve |
= Tm) | P | = ko, o), 4.19)
Fo)' " (Eownrar )™ |~ ) )
r (ﬂ0+a—10)
where o and po parameters are calculated by equations (4.11)-(4.12) with ® = 1 and

%hr(uo-l—o%o) ) a0

for notation simplicity we define ¢y = ( NE(L4 D) (o)
B 0

4.6.2 P for Ideal System Model

Probability of detection for the improved ED over AWGN channel is evaluated by using
the CDF of «-p distribution given in (4.12) and applying the 2 in (4.18) with ® =~ + 1

given as

al
| r (m? e, >
P = Pr(A > v |H,) =

Q
(1)
1 e
= I M1, th [
U(p1) ar (T)NTa+2) T
(y+1)7 D)
1
SRS T (4.20)
() (1+7)7

where o and py parameters are calculated using (4.11) and (4.12). In addition,
w - "/thF<l¢1+%) “

AR )
4.6.3 P. for Hardware-impaired System Model

To evaluate probability of detection for the improved ED over AWGN channel under

non-ideal transceiver electronics, we formulate a new Weibull moment, A7, of order n to
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incorporate transceiver distortion noise as

w7 s n
E[A?] = (w2+ : +1) r (1+ ﬁ) . 4.21)

Next, by using (4.10) and (4.21), we calculate detection probability, P5!, for the improved

ED under transceiver impairments as follows

r < . Mlﬁf)
hi _
P5 = Pr(A > vyy|Hs) =

Q
['(p1)
1 'yal
— T : th -
[(p) i (=1 + 1)%1 D(p1)NT(1+%)
yR24+1 Tﬁa%)_
1
= I MhLﬂ ) 4.22)
[(p1) (7 +1)7

where o, p1, and v definitions are presented in the previous sub-section.

4.6.4 AUC analysis for AWGN Channel

According to [69], the AUC is a figure of merit that evaluates the detection efficiency of
an energy detector. The AUC value ranges from 0.5 to 1 with a higher value representing
a better detector. Besides, the AUC changes with instantaneous SNR values. The general

expression for the AUC over Gaussian channel is given in [69] as

1
Aly) = / Pp (7, ven)dPp (). (4.23)
0

By utilizing Pp in (4.20) and Pr in (4.19) we obtain a general expression for the AUC as
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110 n
I'(p1 + o) (1) Yo
A(v) = |1 ; l; —
() ()T (110) ; o2t | L po s po 1 Yo+ — |
Ho =r + Yo (+1) #
(v+1) 7
(4.24)
«aq
o) g : : _ Fpa+1)
where 5 F1(;;;) is the Gauss hypergeometric function [68], n = (F(ul NE(T +1)> ,

po > 0, and (po + 1) > 0. Similarly, the AUC expression for non-ideal transceiver
hardware is found by substituting 7 in (4.24) with ~,; in (4.2) as A(7;). Hence, the
average AUC for the Gaussian channel is evaluated by calculating the AUC as a function
of average SNDR, 7. A detailed derivation of the AUC over AWGN channel is provided

in Appendix B.2.

4.7 Average Detection Probabilities over Nakagami-m Fad-
ing Channels

In this section, we study average detection probability of the improved ED over Nakagami-
m fading channels for ideal and non-ideal transceiver hardware denoted as PX\_ , and

phi .
Pprixax respectively.

4.7.1 P\ ., for Ideal Transceiver Hardware

When channel magnitude follows Nakagami-m distribution the PDF of SNR is Gamma

distributed RV given as

fNak(’y) = W (%) ’Vm_l CXp <_%7)77 > 07 (425)
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where m > 1 is a shape parameter that represents fading coefficient of the channel. We
could obtain the average detection probability for ideal improved ED over Nakagami-
m fading channel by averaging detection probability, P in (4.20), over the PDF of
Nakagami-m fading channel in (4.25). Hence, we calculate average detection probability

- pid
over fading channel Ppy,, as

PgNak - / PBifNak(’y)d’y
0

g

S

_/WL 1
B o ['(m)T (1)

We apply series representation of the incomplete Gamma function in [68, eq. (8.354.2)]

and solve the integral in (4.26) as

P}_;‘Nak = (4.27)
m—+j—1 .
+45—-1 m
I () S (e (k)
where € is given as
(%)
4.28
€= Tyt (4.28)

A step-by-step derivation of the P\, is presented in Appendix B.3.

4.7.2 P. for Hardware-impaired System Model

The average detection probability for non-ideal transceiver electronics over Nakagami-m
fading channel is calculated in this subsection. We apply the same strategy to evaluate

the average detection probability for non-ideal transceiver electronics as in the previous
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subsection for P . Hence, Pl is integrated as
pgiNak = / PglfNak(’y)dv
/o
D (2 4
=1l—ce = (i +n)j
I e
e 2 (J e
(14 K2)mts t
t—m
m m
«T(m—t, . 429
(-t o) (o) @

A full derivation of the PBL ., is shown in Appendix B.4.
To obtain some insights on the performance of improved ED during low average SNR
regime, we perform asymptotic analysis on detection probability when average SNR ap-

proaches to 0.

4.7.3 Asymptotic Analysis at Low 7 Values

Asymptotic analysis at low SNR values provides an important information on detector’s
performance that represents the worst case scenario. We take a limit of the P, given in
(4.27) when that approaches to 0. When we expand j terms in (4.27) at 7y — 0, all terms
approaches to zero except for 7 = 0 term. Hence, the asymptotic detection probability

over Nakagami-m fading channel for ideal transceiver hardware is given as

R L — (=" pi+n
,lyg%PDNak - Zﬂ'(ﬂl‘*’n)wl : (430)

We could not present asymptotic analysis for detection probability for non-ideal transceiver

electronics due to the mathematical complexity of the expression in (4.29) at low 7.
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4.8 Diversity Reception for Improved ED in Spectrum
Sensing

Diversity reception for the conventional ED enhances spectrum sensing performance to
combat shadowing and fading effects in wireless communication [70]. A square-law com-
bining device performs square and integrate function to obtain test statistics for the con-
ventional ED [55]. Similarly, a square-law selection device selects the highest powered
antenna branch signal to apply hypotheses tests. Inspired by diversity reception in con-
ventional ED, we propose p order law combining (pLC) and p order law selection (pLS)

diversity techniques given M antenna branches as shown in Fig. 4.2. This section inves-

Y (~
e [ 1 p pLC
@) -~ W B "
.......... > [ 2 ()P ! R
PU signal T “a vl\/| e
— ()P pLS _

Figure 4.2. The pL.C and pLS diversity reception schemes for the
improved ED.

tigates false alarm and detection probabilities performance analysis for the pL.C and the

pLS diversity reception devices over non-fading and fading channels.

4.8.1 Diversity Receivers over AWGN Channels

4.8.1.1 False Alarm and Detection Probabilities for the pL.C technique

We consider that M antenna branches with improved EDs are combined to yield D, ¢
test statistics. As it was previously mentioned, each sample of Y; is a Weibull distributed

RV. Therefore, additional summation of M branches is o — p distributed RV defined as

N M
Dprc =Y Y Vi (4.31)

j=1 i=1
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For the pLC diversity technique, one need to perform A/ times more summations of
Weibull RVs. The probability of false alarm given the pLC diversity technique over
i.i.d. AWGN channels are evaluated similarly to (4.19). The only difference would be

in changing N to M x N. Therefore, P, is evaluated by

1 vl (o + L)\
P — T 0 , 4.32

By applying the identical strategy as for evaluating P, , detection probability for the

pLC diversity technique over i.i.d. AWGN channels are calculated both for ideal/non-

ideal transceiver hardware as

(631

idmi 1 a YenL' (11 + O%)
Pe () | T () B () MNT(1 + 1)
527 + 1 B

: (4.33)

where x = 0 is chosen for the ideal system model.

4.8.1.2 False Alarm and Detection Probabilities for the pLS technique

Inspired by [55], test statistics for the pLLS diversity technique is calculated by choosing

the highest antenna branch power as
DpLS = maX(Al, AQ, e ,A]\/[), (434)

where A; stands for the improved ED test statistics given for each antenna branch 7.
Diversity receiver’s false alarm and detection probabilities over AWGN channels are

denoted as P, and Pp_, respectively. By employing P in (4.19), we evaluate Pr, as

(4.35)

M
PFS:1—(1—PF)M:1—<1—M) .

F(Mo)

Next, we formualte the detection probability for the pLS diversity receiver Psid/ hi

over AWGN channel for either ideal or non-ideal trasceiver hardware by using (4.20)
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and (4.22) as
M

id/hi id/hi
PDS/ :1_H(1_PD-/ )

T
=1

iz
pale} F(Ml) ) <,YK,2Y+1 4 1)&71 )

where x = 0 for the ideal system model.

(4.36)

4.8.2 Improved ED with Diversity Reception over Fading Channels

4.8.2.1 Average Detection Probability for the pL.C Technique

The average detection probability for the pL.C diversity technique for M antenna branches
over i.i.d. Rayleigh fading channels is equivalent to the average detection probability of
non-diversity improved ED over Nakagami-m fading channel given in (4.27) and (4.29).
The only difference is that m parameter is substituted with M and # is substituted with
M# and corresponding average detection equations are provided below for both ideal and
non-ideal transceiver electronics. The average detection probability for the pL.C diversity
technique considering ideal transceiver electronics is given as

pid _
Dc,Ray

BRI () E (4 ()

(4.37)
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Similarly, the average detection probability for the pL.C diversity technique by taking into

account non-ideal transceiver electronics is given as

h1 . in-i-n 2 .
cRay_ _EZZ ﬂ1+n) (E(Ul"’n)])

n=0 j=0
exp (k) 7 (-1 Ly (4.38)
T 2 e )Y
t=0

. (M NG +1/€2>f7) ((1 +1H2)7)t_M'

4.8.2.2 Average Detection Probability for the pLLS Technique

The general formula for the average detection probability over Nakagami-m fading chan-
nel by using the pLS diversity technique with M antennas branches is given as

Pyt =1-TJa - Py, (4.39)

Ds,Nuk

where average detection probabilities for ideal/non-ideal system models over Nakagami-
m fading channel are given in (4.27) and (4.29), respectively. More precisely, the average

detection probability for the ideal system model by using (4.27) is presented as

id

(4.40)
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Similarly, the average detection probability for non-ideal transceiver electronics could be

represented by using (4.29) as

o (=)™ (=1 gt (2 \ oxp (k)
P - [T S S I (2 )

Sy (e () ( +1n2>v)tM'

4.9 Numerical Evaluation

This section verifies the analytical expressions provided in Sections 4.6, 4.7, and 4.8
through Monte-Carlo simulations. We emphasize on the effect of transceiver distortion
noise on the detection accuracy of the improved ED by making the AUC, ROC, and to-
tal error rate performance analysis for both non-fading and fading channel environment.
Moreover, we verify performance gains while implementing the pLS and pL.C diversity re-
ceptions for the improved ED. The closed-form expression of the average detection prob-
ability for ideal transceiver hardware over Nakagami-m fading channel is shown in (4.27).
This expression is represented as a double semi-infinite summation terms. We verify the
conversion rate of the (4.27) by introducing Pjs:2*P" that ranges between j = [0 : a] and
n = [0:b) wherea > Oand b > 0. In Fig. 4.3, we plot logarithmic error comparison
plot between exact detection probability in (4.27) and approximated detection probabil-

ity, P2 with ¢ = 40 and b = 50. In Fig. 4.3, we denote z-axis to represent the

internal summation size of P that ranges between j = [0 : 40]. In addition, y-axis
is used for external summation size that ranges between 0 and 50. An average detection
error plot is calculated by taking absolute logarithm of the absolute difference between
exact and approximated detection probabilities as A = log,, | PP — P | In Fig.
4.3, z — azis represents logarithmic error plot of the detection probability. Based on this

figure, we notice that ng PPt converges relatively quickly even at j = 30. Internal loop

with 7 index has more influence on the convergence sum rather than external loop with
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index n. For example, at n = 41 and j = 19 average detection error, A, is as low
as A = 2.29 x 10~*. Thus, we conclude that average detection probability is the fast
converging function. Another performance analysis metric is total error rate analysis. It is
evaluated as a sum of false alarm and miss detection probabilities [71, eq. (4.1)]. In Fig.
4.4, we plot a total error rate versus SNR over AWGN channel for a single and diversity
reception improved EDs, when diversity order is p = 6, number of signal samples is
N = 5, and number of diversity branches is M = 20, detection threshold is v, = 5; 16
dB and Pr = 0.1. In Table 4.1, we present total error rate curves for diversity and non-
diversity improved EDs at v = —2 dB, 7y, = 5 dB. Total error rate is 4 times less for
pLS and 6 times less for pLC diversity detector. When increasing the threshold to 15 dB,
the pLS and pLC outperform the non-diversity receivers in terms of the total error rate
to 2 and 10 times, correspondingly. Based on the total error rate analysis pLS diversity

scheme shows better performance than pL.C one.

Figure 4.3. Error plot for PS P when j = [0:40]andn = [0: 50],

m = 2,p = 10,7 = 0.1.

The ROC analysis given AWGN channel for the improved ED of the order p = 10,
k = 0.5,and N = 10 1s given in Fig. 4.5. We plot the ROC curves for both ideal

and non-ideal improved EDs by changing SNR as v = —20; —5;5; 10 dB. There is a
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Figure 4.4. Total error rate for diversity receivers and non-diversity
receiver versus SNR over AWGN channels.

Table 4.1. Total error rate for non-diversity and diversity receivers at

v = —2dB.

Total error rate Yer = 5 dB | =15 dB
No diversity, kK = 0 0.3 0.5350
No diversity, k = 0.4 0.35 0.5411

pLS, k=0 0.05 0.05

pLS, k=04 0.0501 0.0502
pLC, k=0 0.0713 0.2405
pLC, k=04 0.0794 0.2755

higher influence of distortion noise at high SNR value on the ROC performance due to

proportionality of distortion noise and transmit power. It was noted that at low SNR values

AWGN noise dominates over residual distortion noise.

In Fig. 4.6, we analyze diversity reception in the improved EDs with ¥ = 5 dB,

N = 10,p = 10, k = 0.4, channel fading parameter m = 1, and number of

diversity branches M/ = 5. Based on this figure, the pLC scheme performs better than

the pLS one. Although, the pLLC suffers more from distortion noise than the pL.S diversity

technique.

In Fig. 4.7, we analyze the detection accuracy of the improved ED by performing the

51
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Figure 4.6. The ROC curves for diversity and non-diversity receivers over
Rayleigh fading channels.
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AUC analysis. The average AUC versus average SNR forp = 4,p = 6,andp = 10
given two sets of signal samples, N = 5; 10, at ideal transceiver hardware (x = 0)
and non-ideal transceiver hardware (v = 0.3) over AWGN channel are analyzed in Fig.
4.7. According to this figure, it was clear that the detector with a higher p order results
in higher AUC performance. For instance, the best AUC performance is demonstrated at
p = 10, and the worst AUC performance is shown at p = 4. A PU signal accuracy has
been improved not only by order of the improved ED but also with the higher number of

signal samples.
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Figure 4.7. The average AUC versus average SNR for improved ED with
p = 4;6; 10 over AWGN channel.

4.10 Chapter Summary

In this chapter, we have investigated the influence of transceiver distortion noise on the
detection accuracy of a PU signal. To the best knowledge of authors, a non-ideal im-
proved ED with NV signal samples was first studied in the technical literature by our work.

Diversity reception for the improved ED was proposed to mitigate the negative impact
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of distortion noise. We presented a novel method of calculating improved ED by using
«a — p distribution. Moreover, we have presented closed-form expressions for the detec-
tion and false alarm probabilities of improved ED over AWGN and Nakagami-m fading
channels given ideal and non-ideal transceiver hardware. The AUC analysis over AWGN
and fading channel have been analyzed as well. Based on numerical simulation results,
we discover that the pL.C and the pLS diversity techniques considerably improves the de-
tection accuracy of the improved ED. A single reception detector was the most influenced
by the distortion noise, and the pLS reception detector was the least affected. Moreover,
total error rate performance is improved, and the detrimental effect of distortion noise is

reduced when diversity reception was applied.



55

Chapter 5

Device-to-Device Assisted Millimeter
Wave Network with Residual Hardware
Impairments, imperfect CSI, and

Interference Constraints

A D2D communication, mmWave frequency range, and massive MIMO antennas are con-
sidered as potential technologies for 5G networks. A high transmission rate, security, pri-
vacy, and low latency are leading advantages of the D2D assisted mmWave network that
enables to free the resources of the base station. In this chapter, we develop a tractable
analytical framework that studies overlay D2D assisted 5G mmWave network under prac-
tical transceiver constraints such as aggregate transceiver distortion noise, interference
noise from neighboring transmissions, and imperfect CSI. The performance of the pro-
posed system model is analyzed for the outage probability and ergodic capacity with it’s
upper and lower bounds, and corresponding closed-form expressions are derived as well.
Monte Carlo simulations verify all the analytical expressions. This chapter was written

based on the author’s publications in [72] and [73].



Chapter 5. Device-to-Device Assisted Millimeter Wave Network with Residual
56
Hardware Impairments, imperfect CSI, and Interference Constraints

5.1 Introduction

MmWave communication empowers high rate smart devices to communicate with each
other at a short distance range. It is expected that by 2022 smart devices share connected
to a mobile network will be three-quarters of all devices [74]. D2D network operating
overlay/underlay to mmWave network, save the power consumption of the base station,
and reduce the operational cost. Due to the mmWave size of antennas in mmWave fre-
quency range, it is possible to install massive MIMO antennas at the base station and

MIMO antennas even at handheld devices.

5.2 Related Work

The authors in [75] summarize contemporary techniques, trends, and limitations of the 5G
assisted D2D network. The work in [76] analyzed interference management techniques
and optimal power allocation for the underlay D2D network given a macro-micro cell net-
work. The authors considered imperfect CSI and claimed a crucial impact of channel es-
timation error on the coverage probability performance at high SNR values. Interference
alignment scheme for multi-cell and X-channel networks were studied by authors in [77]
and [78]. The authors in [79] studied transmission capacity analysis of the D2D network
operating underlay/overlay to mmWave network by using relay nodes, where D2D, cel-
lular, and relay nodes that are modelled as Poisson point process over Rayleigh fading
channel. All the work, as mentioned above, does not consider transceiver distortion noise
in their system models, which is far from realistic settings. The major motivation of this
work is that practical transceivers are not ideal, and compensation algorithms presented
in [9] do not mitigate residual distortion noise. In practice, CSI estimation faces mis-
match in estimation that adds CSI estimation error to the system. We apply the additive
Gaussian distortion noise model described in Section 2.3.2 for mmWave communication.
Interference cancellation in the D2D underlaying mmWave network was studied in [80].

The authors performed an ergodic achievable sum rate analysis for the proposed system
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Figure 5.1. System model for the analog beamformed D2D assisted
communication network with interfering nodes.

model and observed a logarithmic increase in the ergodic achievable rate as a number of
antennas in base station increase.

5.3 Contributions

* We present an analytical framework for overlay D2D assisted mmWave systems

that investigate compound system constraints such as residual distortion noise, im-

perfect CSI, and 1.n.1.d. interference noise on the system performance;

» We evaluate closed-form expressions for the outage probability, ergodic capacity,
and lower/upper bounds for ergodic capacity considering system constraints. These

equations empower careful investigation of every constraint separately from each
other;

* Monte Carlo simulation results enable verification of analytical equations and anal-
ysis of system constraints.

57
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5.4 System and Network Model

Let us consider a D2D network with N smart devices overlaid upon mmWave network.
Network resources are managed between cellular and device nodes via base station con-
trol channels. In this figure, we present only a couple of paired D2D nodes that are
depicted for notation simplicity. We consider N paired device nodes in our analytical
framework. As it could be be seen from Fig. 5.1, a Tx D2D node communicates to a
Rx D2D node. However, concurrently transmiting neighbouring node’s side/back lobes
create interference to the reference Rx node. We assume that all nodes operate on steer-
able directional antennas. The sectored antenna array pattern is assumed between device
nodes for mathematical tractability as in [7, 81, 82]. That is, antenna gain is a constant
value between chosen mainlobe or side/back lobe sector, such as GG, denotes main lobe

antenna gain and G represents side/back lobe antenna gain as

Gm, 0] <00,
G(6) = (5.1)

Gy, otherwise,

where 6 is a boresight angle and 6, is an antenna beamwidth. We consider that the
D2D network operates overlay to the primary network, which assumes orthogonal fre-
quency/time resource sharing between primary and secondary networks. An overlay
paradigm ensures interference-free communication with cellular user nodes, as discussed
in [79, 83, 84]. MmWave base station arbitrates coordination between D2D nodes and
other cellular user nodes, such that D2D users are aligned to the main lobe gain to elimi-
nate the interference from neighboring nodes. Inspired by authors in [81], [82], and [85],
we propose to apply Nakagami-m fading channel to model small-scale fading in mmWave
communication. A major advantage of Nakagami-m fading channel is its ability to model
both line-of-sight (LOS) and non-line-of sight (NLOS) component of mmWave commu-
nication, which is a vital assumption. Moreover, Nakagami-m distribution closely ap-

proximates Rician (Nakagami-n) distribution with the following mapping of the fading
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_ (1+K)?
— 12K

parameter m, m where K > 1 for a given K factor. Rician K factor indicates
the ratio of the LOS component to the average power scattered components [86, pp. 23-
24]. We avoid using purely NLOS channel modelling like Rayleigh fading channel. Be-
sides, Nakagami-m distribution is analytically tractable that simplifies the derivation of
complex formulas. We propose that independent interfering node channels may have
fixed LOS or NLOS fading parameters as m € {mp, my}, where my, stands for LOS
fading parameter and my for NLOS fading parameter, respectively. Similarly, we de-
note a path loss exponent value to LOS or NLOS scenario by setting oy € {ay,an}.
Since interfering nodes are located at different distances and transmit with various pow-
ers from the reference Rx device node, we assume i.n.i.d. channel gains for interfering
nodes. For mathematical tractability, we assume a fixed geometry for all nodes. Further-
more, we consider the imperfect CSI estimation in the proposed system model. According
to [87], minimum mean square error criteria is utilized for estimation of actual channel
h = m% + \/Xﬁ, where h is estimated channel, h is channel estimation error,
which is modelled as h ~ CA (0, 02) with estimation error variance 0 < A < 1, where
A = 0 stands for an ideal CSI estimation. Hence, the received signal of the reference
Rx device node under residual distortion noise, imperfect CSI, and NV interference noise

is formulated as

N

y = VIVT=M+VAR)(s+p)+ \/Z{gi(ti+ui)+w, (5.2)

i=1

where A and g; are Nakagami-m fading channels with § and 3; are scale parameters, m
and m; are fading parameters of the mmWave channel. We denote s as a transmit signal
with average power P = E{|s|*}. Similarly, ¢; is interference node’s signal power with
average power I; = E{|t;|*}. We assign ( = G%L,* and ¢! = GZ?L" for simple
representation, where GG, and G5 are analog antenna gains, Ly and L; are distances, oy
and «; are path loss exponents between the main and interfering nodes, correspondingly.
Moreover, additive Gaussian distortion noise model is used to model aggregate residual

transceiver noise as . ~ CN'(0, k? P), where r is a distortion level which is measured by
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EVM, described in Section 2.3.2.1. More details on Gaussian distortion model in given
in Section 2.3.2.

The instantaneous signal-to-noise-distortion-interference ratio (SNDIR), v, of the D2D
network operating overlay to mmWave network which is constrained by compound sys-
tem imperfections such as residual transceiver distortion noise, imperfect CSI, and inter-

ference noise is given by

P¢(1— \)|h)?

7= ) N ’ (5.3)
PCr2(1 — N)|h]2 + PCAo2(1 + K2) + > L(1+k2)|g:|?¢] + 02

=1

where channel gains |22 and |g;|? are i.n.i.d. Gamma RVs and we make following sub-

stitutions: A = PCAG2(1+ k%) + 0% a = 202 ) = w,){ — |hJ%, and Z

M
represents summation of N i.ni.d. GammaRVsasY = > L(1+ k?)[g;|?¢/. As the

result, the comprehensive SNDIR is represented as v =

5.5 Outage Probability Analysis

This section calculates the outage probability of the proposed system model described in
Section 5.4. The outage probability is computed as probability of SNDIR that falls below

a certain threshold, v, = 22 — 1, as

aX
Pout(%h) = Pl"(’)’ < %h) = Pr (m < %h) ) (5.4)

where A stands for a transmission rate. To compute the outage probability, we need
to evaluate the CDF of the SNDIR, which requires the PDF of summation of N i.n.i.d.
Gamma variates. The Lemma 3 below gives an insight on the PDF of a sum of A/ Gamma

variates.

Lemma 3 Consider a finite set of { X;})_ | i.n.i.d. Gamma RVs with m; fading and T;[3;

scale parameters with 7; > 0. Then, the PDF of the sum of M i.n.i.d. Gamma variates,
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M
Z = Y. 1;X;, may be given by using a single gamma-series given in [88, Theorem 1]
i=0
Zp+k 16 ﬁO
Z ey (5.5)
— L'(p
where z > 0 or zero otherwise. Recursive parameter 0y, is assessed as
|
) = 16;0k414, 5.6
k1 ’f+1,21 k1 (5.6)
N %
8
. . i ; 1 ( ’23 ) .
where k > 0, 09 = 1, and 0,, is determined by 0; = - , Where [y is a
minimum value between a set of scaled 7;5; values, fy = min|[r 51, 202, -, TvBumls p
M
represents a summation of fading parameters as p = »_ m;. Moreover, ® is a product

i=1
of ratios of minimum scale parameter to other scale parameters [3; raised to the power m;

? = ﬁ(%)mi (57)
| i 3 . '
=1

Proof: The proof'is similar to [8S, Theorem 1] with multiplication of scale fading param-
eter (3; to a positive constant T;.

The authors in [89] present approximation for the PDF of summation of M i.n.i.d. Gamma

RVs by applying saddlepoint approximations as

z(1—c)
Bo )

T(p)5y ’

_ Pz~ exp(—

fz(z) =

(5.8)

—_ _ Bo
where ¢ = miax(l =5)

Proposition 1 Let us denote X to be a non-negative Gamma RV, a and b are positive real
numbers, and 7 denotes summation of N i.n.i.d. Gamma RVs. The outage probability of

the reference D2D receiver in the presence of N interferences, imperfect CSI, and residual
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distortion noise is estimated by
R D" = G 1\
Pou =
() F(m)zn'm—l—n ; T(p+k) \ S
m+n m+n
x> ( ) )W"‘tﬁir[mpw 5 (5.9)
t=0
where ¢ = aj;’:hb and ¢y = a_”;’; g for v < ¢ and Poy = 1 for vy, > .
Proof: The proof is relegated into Appendix C.1. [ |

5.5.1 Convergence Analysis for the Outage Probability

This section is devoted to providing a convergence analysis of the derived outage proba-
bility formula provided in (5.9). We apply the necessary condition for series convergence
and the Cauchy ratio tests to verify the convergence of these semi-infinite series. Since
constant values do not contribute to the series convergence, we neglect them during the

convergence analysis.

5.6 Necessary condition for the series convergence

According to the necessary condition for convergence, if ) _ a; converges, then lim a; = 0.
1—>00

The outage probability in (5.9) contains two semi-infinite summation with n and k terms

and one summation with ¢ terms bounded by n. In our analysis, we consider that n and &

terms are independent of each other.

5.6.1 P, (y:) when £ is varied and n is fixed

Next, by using the asymptotic expansion of a ratio of gamma functions given in [90] and

by fixing the n terms, we evaluate the convergence of the outage probability when k£ — oo
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as follows
lim Poy() = lim G P D ke (1+—t(2p+t_1)>
P Fout Yth o Ok+1 Tk + p) k+1 ok (5.10)

1
= (k' + 5l<¢*115(2p +t—1))0ks1-

Moreover, by the considering the fact that d;, is a decaying function, we represent 0y ;1

as follows

1 1 1 1
5 ~ 6 ~ ——(5 R . 5.11
P T Tk 1k T (k1) >.11)
. D(k+p+t) t(2p+t=1)\ . 12 Kt
Hence, kll_}I(I)lo Okt1 F(kip) R O b (14 =) =~ ,}ggo Gy = O

So, lim Pu(vu) = 0.
k—o0

5.6.2 P, (vy) when n is varied and £ is fixed

Furthermore, we evaluate the P, () given in (5.9) when n — oo and k values are
fixed. Moreover, if the limit taken from absolute value of the series lim |a;| converges,
71— 00

then a; also converges. We use this property in our analysis as well.

11 I\N™"  (m+n)!
lim P, ~lim ——— (= T menet 12
nsoe out(Yen) nvoe ] (m+mn) (ﬁ) tl(m+n—t)! % ©-12)

In this case, we have to consider the third semi-infinite summation with ¢ terms, more

precisely, we consider the cases 1). t = m +nand2).t = mT*" below.

5.6.2.1 Limit Calculation whent = m +n

First, we consider the case when¢ = m + n for the expression given below

lim ————(=)"™"87 " T (k + p+m + n)py™

1
3
1 (mz)m*” U(k+p+m+n)

T(n+1) >.13)

m—+n
ﬁl (152 ) nk:-i-p-‘rm—l'
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When (%) < 1, then lim "k;_p—mf ~ 0. Therefore, lim P,,; ~ 0. Next, we evaluate
n—00 (@1¢2 ymtn n—00

the case when t = me

5.6.2.2 Limit Calculation when ¢t = mT”L

1 1 1 (m+n)!  min min m+n
lim - (Dymn MERS g B g T
nesoo M| . m;—n 1 2
—oonl (m+n) g 2(mtn) s 2
]_ ]_ mtn m+n n k+p_1
s () e 3
e ) <5> (@502 = (3
_ 1 mTMﬂl¢1¢2mT+n N k+ptm—2
= lim | = (—)
n—oo \ (3 15} 2
m+n m+n
: min n k+p_1 . ]. 2 B1¢1¢2 T2 n k+p+m—2
:nh_{ilo(%ﬂl@) 2 (5) = 7}1_{20 (E) ( 32 (5) ;
(5.14)
when '312—{” < 1, then lim % ~ 0. Hence, lim P, () ~ 0. By using
n—00 B2 2 n—00
B1o192

analysis in Sections 5.6.2.1 and 5.6.2.2, we provide necessary conditions for the series
convergence of P, (y4) given in (5.9).
The Cauchy ratio test is also known as d’ Alembert’s ratio test is used to test the con-

vergence of the series in (5.9). The limit of the ratio of the two series terms are evaluated

Q41
a;

verges absolutely; if L > 1 then the series is divergent; if L = 1 or the limit fails to exist,

as follows L = lim . The ratio test is evaluated as: if L < 1 then the series con-

1—>00

then the test is inconclusive; the series could be either convergent or divergent.

5.6.3 Cauchy Test when £ is varied and n is fixed

The ay1 and ay, terms of P, (74,) are given as following

Gpp1 = 5k+2F(p + k +t+ 1)
IF(p+k+1)
0 = o l'(p+k+1)
Lip+k) (5.15)
i || _ |2 Do+ R+ E4+1) T(p+ k) ‘ '
k—oo | Qg k1 L(p+k+1) T(p+k+1)
— im Opro (K+p+t) (E+p—1)! '
k—oo |Opy1 (K+p) (K+p+t—1)
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Now, by using the following ratio g,’;f’l R i3> we re-evaluate (5.15) as follows
1 p+k+t
L =1 <1 5.16
kgﬁo’mz p+k ‘ (5.16)

We get L < 1. Therefore, we consider that P,,;(7:,) series absolutely converges when k

is varied and n is fixed.

5.6.4 Cauchy Test when n is varied, £ is fixed, and ¢t = me
L= lim |2 —
n—oo | Gy
| TR g m+n mn | m4n (m4n )| mtn)|
lim (m+n+1t)lo, Br? T(k+p+"7")¢ * nl(m+n)Bm T (5™)(M5)!

m+4n

(n+1){(m +n 4 1)gmtntl(mEm)(min L Dl(m +n)lg, 2 B, 2 T(k+p+ 252) 0, ®

= lim ¢1(m + n) z‘n
n—oo (n +1)4(™5™ + 1)

n—roo

(5.17)

We obtain L < 1, and thus, P, (7:,) absolutely converges when n is varied, k is fixed
andt = mTM The P,.:() converges based on the necessary condition for series

convergence and the Cauchy ratio tests when % < 1land % < 1.

5.7 Generic Ergodic Capacity

The generic ergodic capacity formulation for the D2D assisted mmWave system under
practical system constraints is discussed in this section. From the definition of ergodic

capacity we get following generic expression

aX
C = ]E{log2 (1 —1—7)} = E{log2 (1 + m)} (5.18)

5.7.1 Lower Bound for Ergodic Capacity

By using concavity property of log,(1 + 0 exp(y)) function for a variable y and positive
constant 6 > 0 and Jensen’s inequality, we obtain a lower bound for ergodic capacity

as log, (1 + exp (E {In (73855 ) })). Therefore, the lower bound for ergodic capacity
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considering D2D assisted mmWave network impaired by system constraints is given as
Cr = log, (1 +exp (E{ln(aX)} — E{In(1+Y +bX)})). (5.19)

5.7.2 Upper Bound for Ergodic Capacity

By using the concavity property of the log,(y) function and by applying the Jensen’s

inequaliy E{¢(y)} < g(E{y}), we obtain the upper bond of ergodic capacity as

aX
=1 1+Ed —— L), 2
Cu Og?( + {1+Y+bX}) (5.20)

5.8 Ergodic Capacity with Bounds over Fading Channels

Proposition 2 The exact ergodic capacity for the D2D assisted mmWave network under

transceiver distortion noise, imperfect CSI, and interference constraints is evaluated as

&1
D05 (&1)!
ONak _ >
Zln I'(puw +kf)TZ (& —r)!
(_1)51—r—16mE7;< 1 &1—r Z _ 1

ﬂOw
&1 —r + Z 51 r—i
Ow

z—l

.0, & (€2)!
Zlﬂ I'(p- +t)z(52—”)!

X

(5.21)

[ EUE ‘e il +&Zn —
giin j=1 50 52 " ’

where & = py,+k—1,& = p,+t— 1, and Ei(-) is exponential integral function

given in [68, Eq. 8.212.2]. We calculate the parameters in (5.21) as

o . [1 2 I a+b
BOw — mln[m1A<1+H1)€17”'a m ]a
o . [1 N\ T b
ﬂOz - mln[mlA(l_‘_/ﬁ:l)Sl?"' 7%]7
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and sum of fading parameters is evaluated by
N N
szﬁ—m, pzzzmi+m-
i=1 i=1

Furthermore, in (5.21), we get

H ( 1+ K7 )£Iﬁz> ((a+0)Bn+1)"™ ",

e, = ﬂ S — B (OB 1)
L\ E(L+RDEB;

Proof: More derivation steps of the ergodic capacity CN** are provided in Appendix C.2.

More compact representation of the ergodic capacity is evaluated by using the saddle

point approximation PDF given in (5.8) for the summation of N Gamma RVs as

k=20

I (I e B '
Z (VQ—t)! <<60z/(1_02)) Z 0z )l/2>

t=20

Nk _ N~ (1)! (=1)re* 2¢ Fow -« (G-
T Lw-m <<5ow/<1—cl>>“EZ( B )Z <—&>w> 52

where vy = p, —landy, = p, — 1,

¢; = max (1 — Pow I—L)
LA+rpEls 7 (a+Dd)Bn”
o < o 50w . ﬂOw
¢ = max(l %(1 + kB 1= bﬂNH)

Moreover, the lower bound of ergodic capacity for the proposed system model is cal-

culated in Proposition 3 below.
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Proposition 3 The lower bound of ergodic capacity for the D2D network operating over-

lay to mmWave network under system impairments is given as

vm) =) N b A (&)
Cp™ = log, (1 +exp <1n(a) + F(Tﬁmﬁ N tzo n(2)0(p. +t) nzo (& —n)!

1
—1\é—n=1,5, F; §2—n —1)!
X ( ) Ea—n ( BOZ + Z ﬂj &a—n—j ’
0z j= 1 0z
(5.23)
where () is Euler psi function.
Proof: The proof is provided in Appendix C.3. |

We evaluate a simplified and tight approximation for the lower ergodic capacity by apply-

ing (5.8) as

1>pz_t_2

+ r(m Z VQ—zs 50Z/(1—02))t—1

a (5.24)

Furthermore, the upper capacity bound for the proposed system model under system

imperfections over Nakagami-m fading channel is analyzed below.

Proposition 4 The upper bound for ergodic capacity given D2D overlay mmWave net-

work under system constraints is evaluated as

(1 > P, 0 1 1
ON* = logy(1 + 22 (( 7 Z I( e D(t+ p)D(t o+ psy 2—).

I Pz + t) p2+t ﬁ()z

(5.25)
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Table 5.1. Network parameters for outage probability simulations.
Parameter Value Description
Gm 16 dB Main lobe gain
Gs -1.2dB Side/back lobe gain
f 28 GHz Carrier frequency
N 5 Number of interfering nodes
L; {150, 60, 300, 100, 100}m | Interfering nodes’ distances
Proof: The proof is given in Appendix C.4. B A tight approximation for the upper
ergodic capacity by using (5.8) is computed by
~ Nak afl(1+m)_ _, 1 ( 1 —02))
=lo 1+ ——9.8, 7P T (1 —p,,—— | |, (5.26)

where CETA < 0.

5.9 Numerical Simulations

In this section, we present simulation results that demonstrate the outage probability and
ergodic capacity performance analysis of the mmWave system. For this reason, we jointly
and separately investigate the effect of transceiver distortion noise, imperfect CSI, and

interference noise on the system performance.

5.9.1 Outage Probability Simulations Results

The outage probability formula provided in (5.9) was calculated by using three infi-
nite summations. We apply Mathematica software to evaluate the approximate bounds
for M, K, T upper limits. As a results, we determined that upper limit bounds with
M > 75, K > 1100, T > m + 75 give an error of less than 0.3% between exact and
approximated outage probability values, which is considered to be a good approximation.

In Table 5.1, we present system configurations for the outage probability simulations.

and

: T _ PE{p*}
In Fig. 5.2, we plot the outage probability versus SNR, where SNR = N
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Figure 5.2. The outage probability versus average SNR at distances
L = 100;150; 350 m for x = 0;0.2;0.3.
E{|h]*} = mpB. Since 8 and P values are dependent on SNR we will not spec-
ify them. For LOS communication between links we set m = 4; interference fad-
ing parameters vary as m; = [1,2,3,4,5] to demonstrate i.n.i.d. fading parameters.
Lower fading parameters has less LOS component and vice versa. We set 7, = 5 dB,

Ly = 100;150;350 m, r = 0;0.2;0.3. Fig. 5.2 demonstrates significant impact of
distance on the outage probability (OP) performance. For example, when SNR = 25 dB,
OP(Ly = 350m) = 0.1,0P(Ly = 150m) = 0.5x107%,and OP(Ly = 100m) = 1073.
The outage probability degrade to the order of 10 every 10 m. At NLOS links, we get
OP = 1 for both ideal/non-ideal system settings. In Fig. 5.3, we plot the outage proba-
bility versus normalized rate in bps/Hz, when Ly = 50 m, x = 0.3, SNR = 20 dB.
Dashed lines plot ideal transceiver hardware, and solid lines plot non-ideal transceiver
hardware. Also, we denote hexagonal markers for the plots with high interference fading
parameters, and we denote circle markers for the plots with low m,; fading markers. In
this figure, we aim to analyze how the interfering node’s fading parameters may influence

the performance of the outage probability.
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Figure 5.3. The outage probability versus rate for high and low
interference fading parameters.

Table 5.2. Network parameters and their numerical values.

Parameter Value Description
Gm 16 dB Main lobe gain
Gy -1.2dB Side/back lobe gain
f 28 GHz Carrier frequency
N 5 Number of interfering nodes
L; {150; 60; 300; 100; 100}m | Interfering nodes’ distances
55
e =0, L0=70 m
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Figure 5.4. Normalized ergodic capacity for the D2D assisted
communication network under the presence of interfering nodes given
L =170,300mand x = 0.1,0.2,0.3.
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Figure 5.5. Normalized ergodic capacity for D2D network given
N = 0;5;10;30;50, kK = 0, Ly = 70 m, and ideal CSI.
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Figure 5.6. Normalized ergodic capacity versus A for N = 5, 10, 30,
x = 0;0.3, and SNR = 0; 20 dB.

5.9.2 Ergodic Capacity Simulation Results

In Table 5.2, we present network parameters that are used for the ergodic capacity analy-
sis. In Fig. 5.4, we study the effect of transceiver distortion noise given ideal CSI and fixed
number of interfering nodes when x = 0.1;0.2;0.3, N = 5, A\ = 0,and L, = 70;300
m. In the case with a short distance between D2D pair at L, = 70 m, we observe that
distortion level has a great impact on ergodic capacity when SNR> 10 dB. For example,
at ONak(x = 0.1,SNR =20 dB) = 2.5 bits/s/Hz and at CN&&(x = 0.3,SNR = 20

dB) = 1 bits/s/Hz, meaning that normalized ergodic capacity degrades 2.5 times when
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Figure 5.7. Normalized ergodic capacity and its upper/lower bounds for
the D2D assisted network for L = 70 m, N = 30, x = 0;0.3, and ideal
CSL

distortion level increases from 0.1 to 0.3. Another observation from Fig. 5.4 is that a
distortion between D2D nodes has a crucial effect on the capacity of the system. For
instance, when CN%(L, = 70 m, SNR = 10dB, x = 0.1) = 1 bits/s/Hz and
C’Nak(Lo = 300 m, SNR = 10dB,x = 0.1) = 0.1 bits/s/Hz, there is 10 times
performance degradation due to a higher distance. In Fig. 5.5, we vary number of inter-
fering nodes N = 0;5;10;30;50 and assume ideal transceiver hardware, x = 0, and
ideal CSI, A = 0, Ly = 70 m. Hence, at SNR = 10 dB we get following normalized
ergodic capacity performance: CN3(N = 0) = 3.6 bits/s/Hz, CN&(N = 5) = 3
bits/s/Hz, CN*&(N = 10) = 1.8 bits/s/Hz, CN**(N = 30) = 0.8 bits/s/Hz, and
CNak(N = 50) = 0.58 bits/s/Hz. From no interference case to 50 interfering nodes
case the ergodic capacity performance was degraded to 6.2 times. In Fig. 5.6, we plot
normalized ergodic capacity versus CSI estimation error variance, A € [0,1]. At the
same time, we alter number of interfering nodes N = 10;30, SNR = 0;20 dB, and
k = 0;0.3. By applying these system settings we observe that as CSI error variance
increases the normalized ergodic capacity rapidly decreases. SNR plays a key role in er-

godic capacity performance. Atlow SNR = 0 dB, the normalized ergodic capacity barely
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achieves 0.1 b/s/Hz. In Fig. 5.7, we display exact ergodic capacities with its upper and
lower bounds for Ly = 70m, x = 0;0.3, N = 30, and ideal CSI. This figure demon-
strates tight upper and lower ergodic capacity bounds of the exact ergodic capacity for
both ideal and non-ideal system models. Ergodic capacity present similar performance at
low SNR for ideal and non-ideal transceiver hardware. However, ergodic capacity perfor-
mance significantly degrade at medium and high SNR regime. Transceiver impairments
cause capacity ceiling and limit the performance. Capacity saturation at high SNR regime

is explained due to distortion noise power proportionality to signal power.

5.10 Chapter Summary

One of the promising paradigms of next-generation networks is D2D communication
that empowers both high speed and low latency communication. The advantage of D2D
communication is that no base station resources are utilized during D2D communication.
The major drawback of current research in D2D communication is the consideration of
ideal transceiver hardware while evaluating ergodic capacity and outage probability of
the network. In this chapter, we developed a comprehensive analytical framework that
studied outage probability and ergodic capacity of the D2D network overlaid upon 5G
mmWave network under practical hardware distortion noises, imperfect CSI, and interfer-
ence noises. Note that all channels are modelled as i.n.i.d. Nakagami-m fading channels,
which is a suitable assumption for mmWave communication according to recent research.
We derived closed-form expressions for the outage probability and presented the con-
vergence analysis of the outage probability formula. Moreover, we calculated the exact
ergodic capacity with it’s upper and lower bounds and presented a simplified version of
the ergodic capacity expressions by using saddlepoint approximation of the summation of

N i.n.i.d Gamma RVs. We corroborate numerical results by Monte Carlo simulations.
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Chapter 6

Maximum Sub-Array Transmission
Diversity for Millimeter Wave Network
under RF Power Leakage and

Distortion Noise Constraints

In this chapter, we study the effect of distortion noise and RF power leakage in a massive
MIMO mmWave system. A multi-user base station operates on a hybrid beamforming
structure and communicates with a single antenna user equipment. Regardless of spatial
separations between adjacent data transmissions, RF power leaks from side/back lobes
of beamformed antennas during simultaneous transmission. Moreover, distortion noise
from transceiver hardware adds further performance degradation. We propose a maxi-
mum sub-array transmission diversity technique based on hybrid beamforming to com-
pensate for the effect of RF power leakage and residual distortion noises. In this chapter,
we study how RF power leakage and distortion noise levels degrade the outage proba-
bility and ergodic capacity performance. An analytical model for mmWave connectivity
yields closed-form expressions for the outage probability and ergodic capacity. These
closed-form expressions were through Monte-Carlo Matlab simulations. This chapter

was written based on author’s work in [91].
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6.1 Introduction

Massive MIMO antennas and mmWave frequency are two fundamental technologies for
future communication networks. Currently, 5G pioneer countries like China, South Ko-
rea, the USA, and the UK are already building commercial 5G networks. The major
advantage of mmWave systems is beamforming and beam steering techniques. There
are three major types of beamforming/steering, such as digital [92, 93], analog, and hy-
brid beamforming [94-96] in mmWave systems. On the one hand, digital beamforming
demonstrates accurate beamforming at the cost of a high number of RF chains that con-
vert the analog signal to the digital domain through ADCs/DACs, which allows taking
full advantage of digital processing algorithms. On the other hand, digital beamforming
is cost-ineffective in mmWave systems due to a high number and cost of ADCs/DACs
that require massive MIMO systems. Alternatively, analog beamforming is easy and chip
to implement since it requires only one RF chain, i.e., one ADC/DAC per user equip-
ment, and the cost of phase shifters is not high as well. The major limitation of analog
beamforming is a calibration of phase shifters, which is time-consuming and imprecise.
The main disadvantage of analog beamforming is single-user communication per ana-
log beamformer network as opposed to digital and hybrid beamforming networks that
could serve multi-users per cell. Hybrid beamforming combines the advantages of both
analog beamforming and digital beamforming: multistream digital processing and array
gain. Therefore, hybrid beamforming is proposed as a potential beamforming structure
in mmWave systems by industry and research community. It is well investigated that
mmWave frequencies suffer from a high propagation path loss caused by water vapor
and oxygen absorption, as well as signal blockages (self blockage, static blockage, and
dynamic blockage) that complicates mmWave communication. Therefore, it’s essential
to consider independent diversity communication between a reference transmitter and re-
ceiver nodes to sustain high performance communication.

In this chapter, we assume downlink communication from the mmWave base station

to corresponding UE nodes by using maximum sub-array combining diversity technique



Chapter 6. Maximum Sub-Array Transmission Diversity for Millimeter Wave Network
77
under RF Power Leakage and Distortion Noise Constraints

built on hybrid beamforming structure. The proposed system model is constrained by RF

power leakage and transceiver distortion noises.

6.1.1 Related work

The authors in [97] implemented dual function hybrid beamforming that performs diver-
sity and beamforming functionalities at the same time. For this purpose, it was suggested
to separate antenna array elements into sub-arrays, where each sub-array is dedicated per
a single UE. These sub-arrays were spatially separated by more than 5 distance to guar-
antee independent data transmission and fading channels. The work in [98] proposed a
novel hybridly connected beamforming structure that outperforms the partially connected
beamforming structure. However, authors in [97, 98] considered ideal transceiver hard-
ware similar to majority work in the technical literature. Cm wave frequencies are more
prone to distortion noise than mmWave frequencies. We model the aggregate effect of
transceiver hardware imperfections by the statistical additive Gaussian model discussed
in 2.3.2.

RF power leakage that we consider in this chapter takes place when the side/back lobe
of the neighboring user signal is leaked to the reference transmitter’s data stream and re-
ceived as RF power leakage noise at the reference receiver side. There is limited work
that investigates RF power leakage from neighboring nodes in multi-user communication
based on hybrid beamforming. The authors in [11] proposed a leakage-based precoding
scheme for a downlink multi-user MIMO system considering ideal transceiver hardware
and channel estimation errors. Similarly, a leakage-based hybrid beamforming design for
a multi-user mmWave network was studied in [12]. This work emphasized analog pre-
coder/combiner design to increase channel gains between transmitter and receiver nodes,

as well as it aimed to design digital precoder to optimize signal-to-leakage-noise ratio.
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Figure 6.1. Hybrid beamforming mmWave network model under RF
power leakage constraint by using SDMA to separate users.

6.1.2 Contributions

* We develop a practical model for multi-user mmWave network based on hybrid
beamforming and studied RF power leakage from neighboring UEs and aggregate

transceiver distortion noise.

» MST diversity allows giving a weight to independent sub-arrays to enhance the re-
sultant outage probability. The MST technique compromise for RF power leakage,

the path loss of mmWave link, and transceiver distortion noise.

 Signal-to-RF leakage-distortion-noise ratio (SRDNR) is defined, and its distribution

is formulated to evaluate the outage probability and ergodic capacity.

6.2 System Model

A downlink multi-user mmWave network presented in Fig. 6.1 uses space-division mul-
tiple access (SDMA) for concurrent communication with UE nodes. We consider two
UE nodes in the network for analytical tractability; UE 1 is the reference Rx user, and
simultaneous transmission to UE 2 causes RF power leakage from the side/back lobe
gains of UE 2. Therefore, /Ny multiple analog beams are created with the same steering

direction towards desired UE 1. It is important to separate two consecutive sub-arrays
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to the distance d, d > 5, that is at least 5 times more separation than the length of the
wavelength [97] for independent and uncorrelated communication paths from each sub-
array. Therefore, we consider d > 5\ separation between sub-arrays for independent and

uncorrelated Nakagami-m fading channels between mmWave base station and UEs.

Gma |9’ S 9b7
G(h) = (6.1)

G, otherwise,

where 6 is a boresight angle, ¢, is an antenna beamwidth, GG,, and G are main lobe and
side/back lobe antenna gains within given antenna beamwidth. Also, we consider that
the mmWave base station uses control channels to be aligned to UEs. An ideal beam
sweeping process is assumed to estimate an angle of arrival. In Fig. 6.2, we present a
general structure of the hybrid beamformer network that is dedicated to each UE node. It
could be seen from this figure that the base station dedicates /V; antennas per UE, which
are sub-divided into N, sub-arrays with /V antennas per sub-array. Sub-array antennas are
fed to phase shifter networks to create N, beams towards desired UE. We assume that a
receiver UE is equipped with a single antenna. In Fig. 6.2, we present a general structure
of the hybrid beamformer network that is dedicated to each UE node. The data signal s
with average power P = E{|s|?} is fed to linear digital precoder w with the size N, x 1.
Hence, the digital precoder weight for arbitrary sub-array £ is defined as

hi

= 6.2
Tl (©2)

Wi

where ||-|| is the Euclidian norm, Ay is the Nakagami-m fading channel amplitude with
fading parameter m,; > 0 and integer positive scale parameter 5, > 0. After the data
signal is multiplied to the digital precoder vector w it is fed to /N phase shifter networks
to build N, independent beams towards UE 1. Mathematically, we could represent the

received signal as

y = +/Qh! (w\/Gm(sl +e)+wV/Gy(so + 62>> +n. (6.3)
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RF chain 1
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'
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Figure 6.2. Hybrid beamforming network with maximum sub-array
transmission diversity technique towards UE 1.

We consider that the base station dedicates same number of resources namely antenna
elements and phase shifters to the UE 2 as well. We call g for Nakagami-m fading channel
from UE 2. Similarly to UE 1, w’ is the digital precoder vector of UE 2 which is evaluated
asw = ﬁ. We denote path loss as () = L~*°, where L is a communication distance,
« 1s path loss exponent. Moreover, aggregate transceiver distortion noise is modelled as
the statistical Gaussian model €; 5 ~ CN(0, H2P1,2), where k is a measure of EVM that

was discussed in Section 2.3.2.1. Now, by using expression for the digital precoder w and

w'’ the following equation is obtained for the received signal

Y = VORIV Gl + 1) + @ﬁw@s(@ +e)+n. (6.4)

From (6.4), the SRDNR can be calculated as,

N.s
PIQGm Z ’hk|2
yRP = = : (6.5)

Ns
N PQGs| 3 higi|>(14k2)
PlQH2Gm Z ‘hkP + -
k=1

+ 02

N
> lgrl?
r=1
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N
For simplification purposes of (6.5), we apply the Cauchy-Schwarz inequality | Y hxg;|? <
k=1

N N
S 1hel* Y |95 |* and obtain simplified SRDNR as
k=1 k=1

Ns
a Z Xk
PP > = , (6.6)
b Z Xk +c Z Xk +1
k=1 k=1
where we make following variable assignment X = |h|%, a = Plf—;"Q, b = NQP;#,

*). The channel power gains of i.i.d. Nakagami-m distribution are i.i.d.

PaGsQ(1
and ¢ = 2T ‘jg e

Gamma distributed RVs, X, fork =1, --- , N,.

Lemma 4 Let us consider a finite set of non-negative i.i.d. Gamma RVs X, = {1,--- | N }.
The CDF of summation of N i.i.d. Gamma RVs is another Gamma RV with the scaled

non-negative fading parameter given as

1 Yy
) = ey (e ) ©7

['() is the Gamma function defined in [68, Eq. 8.310.1] and T'(-,-) is incomplete Gamma
function described in [68, Eq. 8.350.1]. Similarly, the PDF of summation of Ny Gamma

RVs is given as

1

P00 = g™ ©8)

Next, the outage probability was evaluated by making use of Lemma 4 below.

6.3 Outage Probability Analysis

In this section, we evaluate the closed-form expression for the outage probability given
N, RF leakages created by side/back lobe gains of MST diversity transmission from
neighbouring UE 2. According to definition, the outage probability is defined as P,,; =
Pr(7y®P < 44,), where 7, is a predefined threshold on v*P. The closed-form expression

for the outage probability is evaluated in Proposition 5 below.
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Proposition 5 Let us consider a finite set of non-negative i.i.d. Gamma RVs X} =
{X1, - Xn,} i.id Gamma distributed RVs and a > 0, b > 0, and ¢ > 0 are posi-
tive and real constants. The CDF of vRP presented in (6.6) results in outage probability
given as

Yth
’Y(mNS’(‘l—b’Yzh—C’YthW) <
T(mNs) » Tth < pre

Pr(7y®P < ) = (6.9)

Loy > 5

Ny
Proof: By expressingY = > and with the aid of Lemma 4, we define the outage proba-
k=0

bility of the proposed system as

aY
Pr(y™? < ) = Pr (m < %h)
Pr (Y < a—b“/z;h—cwh> v D < ﬁc (6.10)

17 Vth Z ﬁlc-

Next section delivers the ergodic capacity analysis of the proposed system model.

6.4 Ergodic Capacity Analysis

Let us consider two UEs in a mmWave network that uses MST diversity with RF power
leakage and distortion noise constraints. The ergodic capacity is a function of SRDNR
defined in (6.6) and evaluated by C' = E{log,(1 + v%P)}. Hence, ergodic capacity is
represented as
C =E {log2(1 + (b—i—Z)—YY—l—l>}
=E {logy((a +b+ )Y +1) —logy((b+ )Y +1)}.

(6.11)
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Proposition 6 Let us consider two users mmWave network that uses MST diversity, while
RF power leakage and distortion noise present in the system. The ergodic capacity is

calculated as

mgNs—1

C 1 (mgNg — 1)! ( (—1)mst*i*2€m

D(melN,) & (meNy =1 =)t \ ((a + b + ¢)B)meNa—1-

' L T (k— 1)1
X Fi <_M) + Zl (—(a + b+ c)B)msNa—1-ik

k=

(—LymNemim2e (1 R (k—1)!
G () - 2 (—(b+c)6)mst”’“>’

k=1

(6.12)

Proof: More derivation steps for evaluating ergodic capacity with system constraints are

given Appendix D. 1. |

6.4.1 Lower Bound for Ergodic Capacity

The lower ergodic capacity is approximated by C, = log,(1 4+ aexp(x)) function with
a > 0 and variable x. Since log,(1+ a exp(z)) is a concave function, the lower bound for
ergodic capacity for non-ideal trasnceiver with MST diversity constrained by RF power

leakage and distortion is given by
Cr = log, (1 + exp(E{ln(aY)})— E{ln ((b+c¢) Y +1)}. (6.13)

Proposition 7 A lower bound for the ergodic capacity over Nakagami-m fading channel
for the mmWave network with two UEs constrained by RF power leakage and distortion

noise is evaluated as
1
C’gak =logy(1 + exp(In(a) + ¥ (mpNy) — ln(g) —In(1+ (b4 ¢)miNsB)), (6.14)

where 1)(-) is Euler psi function [68, Eq. 8.360].

Proof: More details are presented in Appendix D.2. |
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Figure 6.3. Outage probability curves versus receive SNR for different
levels of transceiver distortion noise and UE 2 average power.
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Figure 6.4. Outage probability for a hybrid beamforming mmWave
network model for L = 50 m and different levels of transceiver distortion

noise.

6.5 Numerical Simulations

In this section, we present simulation results that validate the closed-form analytical ex-

pressions given in Sections 6.3 and 6.4. The configurations of network parameters are

presented in Table 6.1. In Figs 6.3-6.5, we notice that performance analysis of outage
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Ergodic Capacity [bits/sec/Hz]

0 5 10 15 20 25 30 35
SNR [dB]

Figure 6.5. Ergodic capacity for a hybrid beamforming mmWave network
model under RF power leakage constraint and transceiver distortion
parameters x = 0.01;0.2;0.3.
probability and ergodic capacity plots at « = 0 and x = 0.01; 0.1 are very close to each
other, therefore, we decided not to include x = 0 plots in the figures for clarity purposes.
In Fig. 6.3, we present the outage probability performance analysis given aggregate dis-
tortion noise and RF power leakage constraints. We assume LOS links for UE 1 and UE 2.
In Fig. 6.3, we vary both distortion level and UE 2 transmit power P = 10,25 dBm that
causes RF power leakage. From this figure, we notice that both higher level of distortion

noise level and RF power leakage negatively affects the outage probability performance.

Table 6.1. System parameters of the proposed system model

Parameter | Value Description

or, 2 LOS path-loss exponent
ay 4 NLOS path-loss exponent
L 50 m Distance

mr, 4 LOS fading parameter
my 2 NLOS fading parameter
w 100 MHz | Bandwidth

f 28 GHz | Operating frequency
Gm 16 dB Main lobe gain

G -5dB Side lobe gain

Ny 2 Number of sub-arrays
Vi 6 dB Threshold
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In Fig. 6.4, we vary number of diversity branches /N, of UE 1 given UE 2 power level
P, = 10 dBm. In this figure, we alter the number of diversity branches Ny = 1,2, 4 with
for different distortion values x = 0.1,0.3. As a number of diversity branches increases,
the quality of communication is increasing as well. In Fig. 6.5, we study ergodic capacity
versus SNR for P, = 10,20 dBm and x = 0.01, 0.2, 0.3. Distortion noise significantly de-
teriorates the performance of ergodic capacity. As the power of UE 2 increases, it creates

more RF power leakage from side/back levels of UE 2 towards UE 1.

6.6 Chapter Summary

In this chapter, we proposed to implement the MST diversity based hybrid beamforming
mmWave network to mitigate the negative impacts of RF power leakage and transceiver
distortion noise. The MST diversity technique has demonstrated a better outage proba-
bility performance in comparison to a non-diversity transmitter case at the cost of mul-
tiple RF chains. Simulation results have demonstrated that both RF power leakage and
transceiver distortion noise considerably deteriorate the outage probability and ergodic ca-
pacity performances. The MST diversity can also cope with communication link block-
ages since we consider independent and uncorrelated paths, which are less likely to be

blocked at the same time.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

Future communication technologies such as 5G/6G will not only revolutionize current
network deployment but also change people’s lifestyles and perceptions about services.
HD TV streaming, remote robotic operations, self-driving vehicles, remote health moni-
toring systems are all potential services that are coming to reality with 5G/6G services. A
large number of bandwidth-hungry devices and services require a wide spectrum for their
operation. Therefore, it is crucial to study efficient spectrum sensing/sharing techniques
as well as mmWave frequencies with enormous spectrum potential. This work studies
future communication systems such as spectrum sensing/sharing networks and mmWave
communication considering non-ideal transceiver hardware by using statistical Gaussian
distortion noise.

In Chapter 3, we investigated the underlay dual-hop cognitive relay network by in-
specting the effect of residual distortion noise constraint. We presented a closed-form
expression for the outage probability and performed numerical analysis. It was shown
that the transmission rate could be adjusted based on channel fading parameters to meet a
specific outage probability.

In Chapter 4, we developed novel hypotheses test statistics for the improved ED under
residual distortion noise constraints. This chapter presented closed-form expressions for
the detection and false alarm probabilities subjected to fading and non-fading environ-

ment. Additionally, the total error rate, AUC, and ROC analysis are performed to verify
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detection accuracy of the improved ED. In Chapter 5, one of the key technologies of 5G
network D2D communication in mmWave was modelled considering several system im-
perfections, including residual distortion noise, imperfect CSI, and N interfering nodes.
In Chapter 6, hybrid beamforming based mmWave base station with the MST diversity
technique was proposed to improve the system performance while RF power leakage and

transceiver distortion noises were present in the system.

7.2 Future Work

Further research related to Chapter 3 could be on underlay multihop relay network with a
data fusion center that considers transceiver distortion noise and mmWave channel mod-
elling. Moreover, secure communication in mmWave relaying network considering resid-
ual distortion noise could be investigated as a future research direction. The recent work
in [99] studied randomize-and-forward relaying mmWave network in the presence of sev-
eral eavesdroppers, however, this work did not consider the effect of residual distortion
noise and other channel imperfections. In this chapter, we studied i.i.d. Nakagami-m
fading channels between nodes. As a future work, one can extend this to the case of
correlated Nakagami-m channels.

The future research concerning Chapter 4 will study other transceiver distortion mod-
els and derive closed-form expressions for the detection and false alarm probabilities for
fading and non-fading channel models. An accurate distortion model that describes the
behavior of nonlinear low-noise amplifier, local oscillator phase noise, and oversampling
finite-resolution analog-to-digital converter by using Bussgang’s theorem [100] could be
applied for hardware distortion noise modelling.

The network model in Chapter 5 considered fixed geometry of the device nodes, and
it did not consider device mobility. It would be essential to study the stochastic geometry
of the device nodes as well as mobility factor for practical D2D assisted mmWave net-

works. Moreover, the continuation of this study would be modelling of blockage effect in
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D2D assisted mmWave communication. Moreover, it would be particularly interesting to
investigate side/back lobe suppression techniques discussed in [101].

The future work for Chapters 5 and 6 will be optimization problems using the derived
expressions that can be formulated to find optimal power control schemes. Also, hardware
and power-efficient hybrid beamforming structure is a key to reduce the cost for mmWave
network deployment as well as essential for green communication. A simple phase over-
samplers and a switch network were proposed in [102] for building low complexity hybrid
precoding/combining architecture at satisfactory spectral efficiency. One could study low
complexity hybrid precoding/combining structures that would be prone to residual distor-
tion noise. The authors in [103] presented power consumption, spectral efficiency, and
hardware complexity analysis for hybrid beamforming structure that uses either a phase-
shifting network or switching network for analog processing purposes. Therefore, one
potential research direction could be on the optimum structure for the analog part of the
hybrid beamforming network to enhance energy efficiency and reduce cost.

Moreover, the future research direction could be studying residual distortion noise
mitigation algorithms and techniques. Preliminary work that attempted to mitigate the
transmitter residual distortion noise component was presented in [32]. The next step
would be studying the transmitter/receiver distortion noise whitening algorithms and tech-

niques.
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Appendix A

Appendix for Chapter 3

The derivation of Lemma | is demonstrated in this section. The CDF of SNDR, Fr(x)

for Nakagami-m channel is used to obtain the outage probability as follows

Fr,(z) = Pr(T; < x) = Ay + Ao,

where A; = Pr { PJQ’h;‘Q <z, P < ! 2} (A.1)
Pj|hi [k} + N; s .
TN, I
= Pr{|h|* < =L |ho|* > =}
e

Due to the independence of |h|? and |hy|* RVs, The A; and the A, terms could be written

as
xN; 1
A =Fp(=—2L—)F, (= A2
1 h1<P7_$.PJ/{§> h2<.F2‘) ( )

The A; term is expanded by using the CDF of gamma distribution as

przN; Bol

7<mlam)7(m%?)
A = ! . (A.3)
NGy ['(my)
d
an l|h1|2 ]—
Ay = Pr{——ul 2, Py > 1, (A.4)
Nl Ny T P
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or equivalently

Ay = Pr(finf? < (<22 e L
I(1—xzk3)’ P;

N2
J

/ Jna (Y /I(l ") fni (2)dzdy.

The integral in (A.5) is evaluated by using the PDF and the CDF of Nakagami-m fading

(A.5)

channel and [68, Eq. (3.381.9)] as

WN B1 mi— 1 xyN A )Z

T(1—
m1)<1 —e S Ta- 1“2) Z v

(A.6)

N2
zyN 81 my— 1 zyN5 b1

7
m
2, j / B mg 1 7521’/ 1(1 lK,) E 1 a?fi )

By solving the above integral and by doing some algebraic simplification we get the fol-

lowing expression below

2
$ﬁl N]-

13 moe Mmi—1 (——1_ ¢ 00
A2 _ F<m2, P2) B i 2 IZI (I(l_w,{/?)) ym2_1+i6_(ﬂ2+l(1ﬁlz;j )y dy
I'(mo) ['(my) i=0 il Pij
- 2
[(mo, 11[332) my Tl (1(1571:1\;[32)

i 2
>r<m2+¢,(52+ 21N I) (A.7)

T D(ma) r(fm) ZO il (1 —mz))ﬁ

xﬂl Ng —mo—1
. (62+[(1—x/-€2) '

Finally, by adding the A; and the A, components in (A.3) and (A.7), we obtain the CDF

of RV Tj yielded in (3.8).
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Appendix B

Appendix for Chapter 4

B.1 Derivation of the Moments for Weibull Summands

Closed-form expressions for evaluating the exact moments of o — y distribution E[A],
[E[A?], and E[A*] will be discussed in this section. By using (4.13) and (4.14), E[A] can

be calculated as

Bial = (5) () -+ (o EIMIBIAS. EA%
+

. <8>E[A?}E[A§]...E[A?\7]

((1)) . (8)E[A({]E[AQ]E[AS]...E[A‘?VJ
. G)E[A?}E[A%}...E[A}V]

N+ E[AL + E[AY + - - E[AL]

- Ncﬁf(l n l). (B.1)
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The order two moment of o — p distribution is given by

BA7 -3 3 ()G ()

nnN—
n1=0no=0 ny_1=0 N-1

x E[A] M E[A ] E[AY]

2\ (0 o\ (o) . ., . . .
- . E[AZ]E[AY]...E[AS,_,JE[AY]
0] \o 0] \o
2\ (1 o\ (o) . . . 1
+ . E[AE[AL]...E[AY_,E[AL]
1/ \o 0] \o
2 2 2 2 0 0 . .
+ . E[A°|E[AY]...E[AL,_,E[AL]
2] \2 2] \1
2 2 2 2 0 0 0 )
+ . E[A°|E[AY]...E[AS_,|E[A%]
2] \2 2] \2

=E[A]] + 2E[A]]E[A]] + 2E[A}|E[AL] + ... + 2E[A]]
x E[A}_1] + 2E[A{JE[AY] + E[A3] + 2E[AS]E[A;]
+ .. 2E[ASJE[A}] + E[A3] + 2E[AL]E[A}]

+ ...+ E[A% ] + 2E[AN_,]E[AN] + E[A%]. (B.2)

By further expanding E[A”] terms, we get the closed-form solution for E[A?] given in

(4.16).
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Similarly, we show derivation of E[A?] for n = 4 by referring to (4.13)

4 4 0 0 0 4 0 0
E[AY] = . E[AE[AY]. E[AS_]
0 0 0 0
0 4 1 0 0 3 1 0
« E[A%] + . E[AYE[AL]..E[A,_|]
1 1 0 0

4 1 1 1

+ . E[AYE[AY.. E[AS_,|E[AY]...
1 1 1 1

(B.3)

4 4 4 4 0 0 0 A

+ . E[AYE[AY].. E[AS,_ JE[AY]
4 4 4 4

=E[A]] + 4E[AE[A]] + 4E[A3)E[A]] + ... + 4E[A?]
x E[Ay] + E[AJE[AS] + 12E[AJ]E[AE[A;] + ...
+ 12E[ATJE[ASJE[A )] + 6E[AZ]E[A]] + 12E[A2]

x E[AS]E[A]]... + 12E[ATE[AZE[A}L]...

+ AE[AJE[AY] + E[A3] + ... + E[AY].

We partially represent Weibull summand terms of E[A?*] in (B.3). After some algebraic
manipulations and expanding Weibull moment terms we get the final closed-form expres-

sion for the fourth order o« — p distribution given in (4.17).

B.2 Calculation of the AUC over AWGN Channel

Derivation of the AUC over AWGN channel in [69] is given by

1
A0) = [ Po(Pr)ar. (B.4)
0
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Pr is a function of ~;,, therefore the variable of integration is changed, which results in

0 dP
A(y) = / Pp(v, m)%dm, (B.5)

[e's] th

where limits of integration are found as vy, = 00 — I'(ug,00) = 0 — Pp(y,) = 0 and

dP,
Yen = 0 = T'(p0,0) = T'(pwo) = Pr(v) = 1. We expand the % term as
th
dPp () 1 d
— (110,
d’Yth F(/LQ) d’Yth( (:U’O ¢0))
1 d /OO
= — [t leTldt. (B.6)
F(NO) din ¥o

We evaluate €2 and €2, by using (4.18). Next, with the aid of ¢y = “ 07“1 and the Leibniz

rule, we get
[ ottt = tho e
d")/th “Oyth t=o00
i) ~ p (B.7)
_ t,u,()—l -t - 00 th / tu() 1 —t dt
‘ ‘t=”°35h9 Q% “O”th d%h( )
Now, by substituting (4.20) and (D.2) into (B.5) and using [68, eq. (6.455)], we get
a1
2 T, "5 ag  poyy Loy
A :/ L) Q0 MoV Yo o BV (B.8)

where limits of integration where switched by minus sign. The following substitutions
a1 = o = « and the change of variables v;;, = s, dy;, = és(éfl)ds, as well as 2; and

)y parameters expansions in (B.8) lead to the final expression given in (4.24).
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B.3 Derivation of P , over Nakagami-m Fading Chan-
nels

Derivation of the average detection probability Pl over Nakagami-m fading for ideal

system model is shown as

pid _ * m—1_—1" - (_1)%%“%
PDNak =¢€ /y € v F(Ml) - Z ay(p1+n) d,y
0 n=0 nl( +n)(y+1)" 7

F( )/oo _— *ﬁd i(_l)nwllu-i-n /oo o 7@( 1 )al(uﬁﬁrn)d
=€ YT eT T dy —e€ —_— e 7 |(—— .
I, 2l ) Sy ! Y1 !
c1 h Y g
(B.9)
By using (4.28), integral of the C'1 term is found as
C1 = el'(u1)D(m) <T) =1, (B.10)
gl

where m > 0 and % > (. By making use of the power of binomials in [68, eq. (1.110)],

we represent power of the ratio as the summation terms given as

) -0 R0 () e

J=0

where <1 — %) < lands = W Next, the integral of the C'2 term in (B.9) is
gl

evaluated as

- DM (s /°° o am 1
2 — M1 TN m—+j—1 5 :
C2=c) > MIMESDRCECT N SR (1+7)3dvj,

n=0 j=0

~~

C3

(B.12)
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where we evaluate C3 as

o0 . ym 1
03—/ AmrITle TS -y

(14)/
Oom+] 1 .
m+j—1 mtj—1—k po—am 1

= 1+ -1 7 -d
JAD> ( T aert e e

m—+j5—1 00

m + —1 mel—k —X7

=2 ( / )( 1)’“/ (y+ )" ey (B.13)

k=0 J0 — _

C4

Now by using the change of variables and limits of the integral in (B.13) as v+ 1 = s and

v=0=s=1andy = o0 = s = oo, we get the following integral

00 m—1—k
04:/ <3@> e T d(s 2y (Lykm, (B.14)
o \ 7 7

Next, we take another turn of variable and limit change of the integral in (B.14) as % = 2,

s=1=z= % and s = 0o = z = 0o. Hence, we get the following expression

3

k—m roco k—m
C4 — <m> / szlfkefzdz — <m> T (m —k, m) . (B.15)
Y m Y Y

5

Final solution for the Pl . is found by placing the C'3 term into the C'2 term and dis-

played in (4.27).

B.4 Derivation of P} , at Non-ideal System Model

Calculation of the average detection probability for the ideal system model over Nakagami-
m fading channel was presented in Section B.3. Similar approach is used to derive the
average detection probability over Nakagami-m fading channel for hardware impaired
system model. Instead of v in (B.9) we replace SNDR, ~y;, given in (4.2) and calculate

the average detection probability, Phi, ., as
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N (-t

& _am
PDNak—€/0 Y leTd (F(,Ul) —Z

ar(ugtn) >d7
k2~ ’

ap(pg+n)

9] 3 n, p1+n am 1
=6F(u1)/0 e de—ezi( s /O’Ym e ”( 7 +1> Ty,

| 0
il + 1)

bl D3

D2
(B.16)

where the integral of the D1 term is shown in (B.10). By using [68, eq. (1.110)], we

expand and calculate the D3 term as

a1 (pgtn)
1 oy (g +7) oy tn)
D3=( - +1) ’ :(1—+)
ey v+ yk*+1
S a1 (p1+n) ’}/ j
_ B
= (——7 PP 1) . (B.17)

=0 J

Hence, the integral of the D2 term is found as follows

2
3 prtn [ 2 (g +n)
pr=cy Y C DT
n=0 j=0 Ml +n> ]
e , my 1
X 77”'”_1 e 7 -y . (B.18)

o —>— (IR

-~

D4

Next, we evaluate the integral given in (B.18) with the following conversion of the

D5 = ymti—t = Q™ OrlDT P g - = 1 4+ k2. By using the power of

rm+j—1 rm+j—1

binomials, the D5 term is expressed as

D5 =777 Y (-1 .

t=0

) (Try + 1) (B.19)
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Hence, the integral of the D4 term can be evaluated as

& 1 1
D4 = / exp —m exp _ﬂ —_—
0 3T 1) (y7 4+ 1)3

1 j+m—1 . j+m_1 m t—m
) o

t=0
P (%) g Jtm-—1 :
= D ( ; )(—1>
t=0
o 1
X / exp (—M) (v + D)™y (B.20)
0 T

-~

D6

In order to solve the above integral in (B.20), we used the variable and limit change as

s=97+1,7v=0= s=1and v = oo = s = oo and present the integral as

1 [ (ms\™ ! ms. (m\"™ ms

D6 = — - €xXp (—,—) — d(,—) (B.21)

T J1 T YT\IT T
Next, we change the integral variables of the (B.21) as z = %j, and exchange the limits
ass=1=z2= % and s = 0o = z = 00, and finally solve the integral as

1 e m—t—1_—z Mt m
D6 = = z e *dz(—)

T Jm YT
T

t—m
i) (2) )
T T TY

Now, by placing the D4 and the D5 terms into the D2 term, we get the final expression

that represents PBly . given in (4.29).
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Appendix C

Appendix for Chapter 5

C.1 Proof of Proposition 1

In this section, we present derivation details for calculating the outage probability given

in (5.9). The outage probablity is evaluated as

aX
Py =Pr| ———
(en) =Pr (bX YZ+1° %h)

fF (%h(lJrz ) fZ(Z)dZ,O < v < %

a—tpb

C.1)
17 Yih 2 %7

where the expression for fZ( ) is given in (5.5) and the CDF of Gamma distribution is

¥(m

given as Fx (z) = ) Wthh could be expressed as in [68, Eq. 8.354.1]

- (_1)n z m+n
FX("""‘):P(L)%: n!(m(j—>n) ' €2

) B
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By using (C.2), the outage probability is calculated as

[e.e]

5k+12p
ou ’Yh /F Qb + ¢ Z dz

+k—1," By

o

/ 1) (Cf)l-‘glszz)erni5k+1zp+k_1e—ﬁzl
alim+n) &2 Dot WA

P — ()" & Ok41 7 G+ o\ =
~ T(m) 2 nl(m+n Z “T(p+ k)" / B STz,
=0 ° p+ ) 0 - S

A1
N 7
-~

Ao

(C.3)

(1+2)

where ¢; + ¢,z denotes % for simplicity. Next, the A; term is expanded by using

the power of binomials given in [68, Eq. 1.111] as

m+n m+n m+n
e (R e e

t=0

In the following step, we evaluate the integral of the A, term as below

B ”/ (¢o2) 27 e Frdz = v BE YTk + p+ 1], (C.5)
0

m-—+n m+n

where v = (%) S (™)@t By > 0and (k+p+t) > 0. Finally, by combining

the A; and A, terms together we display the final expression for the outage probability

Pout(’Yth) in (5.9).

C.2 Proof of Proposition 2

The ergodic capacity in (5.18) can be rewritten as

Nak 1+Y +(a+b)X
C —E{logQ( 15V 1 bX . (C.6)
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Let us represent the sum of Y and (a+b)X RVsas W =Y + (a+b) X and as well as the

sum of Y and bX RVs as Z = Y + bX. Hence, we may present CN2k given in (5.18) as

CNek —E{log,(W + 1) — log,(Z + 1)}

/log2 w—+ 1) f (w)dw — /log2 24+ 1)fz(2)dz (C.7)
9 . _
A Ay

By using [68, Eq. 4.222.8] and the PDF of W RV in (5.5), we evaluate A; integral as

Z ‘I) w0k ézl (&1)!
In(2)I'(py + k) = (& —n)!
(—1)61—7"—1@%%&( =
X §1—r +Z 60 §1 r—i )
Ow

(C.8)

where £ = p, + k — 1 and E'i(-) is exponential integral function defined in [68, Eq.

8.212.2]. Similar to A; we calculate A5 as

.9, & (€2)!
Zln Pz+t);)(§2—n)!

7 B (C9)
y (_1)52—n—1650z Ez(—ﬁ(l)z) N &Z (j—1)! |

where & = p, +t — 1. By using (C.8) and (C.9), we present the final expression for the

ergodic capacity in (5.21).

C.3 Proof of Proposition 3

According to (5.19), we need to calculate E{In(aX)} and E{In(1 +Y + bX)} to find
the lower ergodic capacity. Note that we denote Z = Y + b.X as in Proposition C.2 and

evaluate E{In(1 + Z)} similarly to Eq. (C.9). Moreover, E{In(aX)} calculation is given
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as

E{ln(aX)} = In(a) + /ln(:p)fx($)dx, (C.10)
0
B
where
fx(z) = mele‘? (C.11)

Hence, we calculate B; by using [68, (Eq. 4.352.1)] as following

o F o m) — n(3)
B, = —F(m)ﬁm /x e 7 ln(x)dx = —F(m)ﬂm , (C.12)

0

where /() is the Euler psi function. Furthermore, by using (5.19), we obtain the final

expression for the lower ergodic capacity displayed in (5.23).

C.4 Proof of Proposition 4

The ergodic capacity upper bound expression in (5.20) can be approximated by

logy (14 aE{X}E{{75}), where Z = bX + Y. We need to calculate

E{X} = }Ofx(x)xdx and E{} = [ =5 /z(2)dz, where fx(z) is defined in (C.11)
0 0

z+1

and f7(z) is given in (5.5). Thus, we have

[e.9]

E{X} = W/xmlxe_zdx

0

_ pAr(1 —l—m).

T'(m) (C.13)

Similarly, expected value for the inverse summation of N + 1 i.n.1.d. gamma variables is

found by using [104, Eq. 2.3.6.13] as below

1 > D, 6, /°° pPett=l .
EX— 5 = e Po=dz
{Z+1} Zr(pz+t) et Jo 241
®25t _1 1
= efozI'(t + p)I'(t + p., —). (C.14)
pr F(pz+t) g;th ( P) ( P 50z)
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Now, by using equations (5.20), (C.13), and (C.14), we obtain the upper bound for ergodic
capacity displayed in (5.25).
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Appendix D

Appendix for Chapter 6

D.1 Proof of Proposition 6

The ergodic capacity for the proposed system model is is evaluated as follows

o0 o0

C= /1og2(1 +(a+b+)y)fy(y)dy — / logy (1 + (b + c)y) fy (y)dy O
0 0 ’
A1 A2
We evaluate A; integral by using (6.8) and change of variables % = zand dy = Bdz as
/log2 (1+ (a+b+c)Bz)z™N"te 242, (D.2)
0
Next, by applying [68, Eq 4.222.8], we solve the integral in (D.2) as
A 1 mst—l (mNS _ 1)| (_1)mNs—i—Qe—<a+b1+c)B
FTT(mN) () & (mN, — 1= i) \((a+ b+ )8y — 1 —i
- mNs—1—1i ( ) (D.3)
1 c k—1)!
xXEBi(———) + . ,
i arorop ; (—(a—l—b—l—c)ﬂ)mNs_l—Z—k)

where m — 1 > 0. Similarly, we calculate A, integral in (D.1) and present the final expression

for the ergodic capacity in (6.12).
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D.2 Proof of Proposition 7

A lower bound for the ergodic capacity is evaluated by using (6.13) as

[e.e] (e o]

e —tog, | 1+ exp| [y~ [+ + Dy | [ ©4
0 0

Bl BQ

By using [68, Eq. 4.352.1], we evaluate the integral in B; as

o0

_ 1 mNs—1 %
B = | bla™ -y
— In(a) + $(mN,) — ln(;). (D.5)

Furthermore, we evaluate B5 integral by using [68, Eq 4.222.8] as

1 7 y
By = /m((b + o)y + 1)y™V="les dy
O .

=In(1+ (b+ c)mNp).

Finally, by using B; and B» integral evaluations and (D.4), we present a lower bound for the

ergodic capacity in (6.14).
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