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ABSTRACT

Non-orthogonal multiple access (NOMA) is a promising technique for the fifth
generation (5G) wireless communications. As users with good channel conditions
can serve as relays to enhance the system performance by using successive
interference cancellation (SIC), the integration of NOMA and cooperative relaying
has recently attracted increasing interests.

In this thesis, a NOMA-based cooperative relaying system is studied, and an
analytical framework is developed to evaluate its performance. Specifically, the
performance of NOMA over Rician fading channels is studied, and the exact
expression of the average achievable rate is derived. Moreover, we also propose an
approximation method to calculate the achievable rate by using the Gauss—
Chebyshev Integration. Numerical results confirm that our derived analytical

results match well with the Monte Carlo simulations.
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Performance Analysis of NOMA-Based Cooperative Relaying Systems Over Fading Channels

Chapter 1
INTRODUCTION

It is highly expected that future 5G networks should achieve a 10-fold increase in connection
density, i.e., 10° connections per square kilometers [1]. Non-orthogonal multiple access (NOMA)
has been proposed as a promising candidate to realize such an aggressive 5G goal [2]-[5].
NOMA is fundamentally different from conventional orthogonal multiple access (OMA)
schemes such as FDMA, TDMA, OFDMA, etc., since it allows multiple users to simultaneously
transmit signals using the same time/frequency radio resources but different power levels [3]-
[5]. The key advantage of NOMA is to explore the extra power domain to further increase the
number of supportable users. Specifically, users are identified by their channel conditions, those
with good channel conditions are called strong users and others are called weak users. For the
sake of fairness, less power are allocated to strong users at the transmitter side. In this way, the
transmitter sends the superposition of signals with different power levels and the receiver applies
successive interference cancellation (SIC) to strong users to realize multi-user detection [5], [6].
Such non-orthogonal resource allocation enables NOMA to accommodate more users and makes
it promising to address the 5G requirement of massive connectivity, with the cost of controllable
increase of complexity in receiver design due to SIC [5].In NOMA systems, the use of SIC
implies that strong users have prior information about the messages of other users, so essentially
they are able to serve as cooperative relays. Moreover, cooperative relaying is able to
significantly enhance the system performance of cellular networks [7]. Thus, combining
cooperative relaying and NOMA is promising to improve the throughput of future 5G wireless
networks, and has attracted increasing interests recently [8]. Specifically, a cooperative NOMA
transmission scheme was proposed in [9], where strong users decode the signals that are intended
to others and serve as relays to improve the performance of weak users. Another NOMA-based
cooperative scheme was proposed in [10], where the performance of a NOMA-based decode-
and-forward relaying system under Rayleigh fading channel was studied. However, most of
existing NOMA schemes only consider the Rayleigh fading channel, which is suitable for rich

scattering scenarios without line of sight (LOS), while little attention has been drawn to the more
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general Rician fading channel, which takes both LOS and non LOS (NLOS) into consideration.
In some typical 5G application scenarios, such as massive machine-type communications
(mMTC) and Internet of things (IoT), “users” may be low-cost sensors deployed in a small area,
where both LOS and NLOS exist, which can be better modeled by the Rician fading channel. In
this paper, we investigate the performance of the NOMA-based cooperative relaying
transmission scheme in [10] under Rician fading channelsl Evaluating system performance
under Rician fading channel is rather challenging as the probability density function of Rician
distribution variables consists of Bessel function, which makes it difficult to calculate the
average achievable rate through integration. In order to derive the exact expression of the
achievable rate, we propose an analytical method using Taylor expansion of Bessel function and

incomplete Gamma function. However, the complexity of the incomplete Gamma function
makes it still difficult to get the exact values, so we further propose an approximation method
using Gauss-Chebvshev Integration to simplify the calculation. Finally, simulations confirm that
our analytical results match well with the Monte Carlo results.

Comparing with wired communication, the wireless network has been the practical
communication method due to its convenience and flexibility in varies environments. In
conjunction with the development of the beyond fifth-generation (5G) and sixth-generation (6G)

mobile communications, various kinds of Internet of Things (IoT) devices (e.g., smartphones,
smart watches and other 10T sensors) are designed and produced. The number of these devices is
predicted to keep increasing in the upcoming years. Therefore, connecting massive number of
devices through wireless signals will become more important. The most critical challenge for
wireless systems is to find practical solutions in performance and secrecy improvement, i.e., to
achieve reliable transmission and keep the information safe while improving data rates as well as
confidentiality.

To cope with the above challenge, in this dissertation, a cooperative network technology is
focused on, and the modern technologies to the emerging wireless scenarios is applied. In this

chapter, we will review these advanced schemes.

1.1 Backgrounds

1.1.1 Cooperative Networks

Cooperative communication is widely considered as a means to make the transmitting signals
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robust against fading environment, to compensate for the power limitation in the wireless
communication devices, and therefore to improve the range of wireless communication [1-5]. A
concept of a most widely studied cooperative network is illustrated in Fig. 1.1, where two nodes
communicate with the same destination. Since each wireless node is equipped with a single
antenna, and thus its spatial diversity cannot be achieved. During the long-distance transmission
in a fading environment, or if the building and other obstacles block the direct link, the other
nodes help the source nodes as relay. Among many cooperative relaying protocols, the most
wildly investigated are the amplify-and-forward (AF) protocol and the decode-and-forward

Relay

—
—
—

Transmitted
— Signal —
® ®
Source Destination

Figure 1.1: Fundamental illustration of cooperative relaying networks

(DF) protocol [6,7]. In AF protocol, relay amplifies the received data from source without
decode and re-encode process, then transmits it to destination [8—15]; In DF protocol, the relay
first decodes the received signal before the forwarding process [16-23]. In this dissertation, we

are interested in the DF protocol.
1.1.2 Unmanned Aerial Vehicle (UAV) Communication

Unmanned aerial vehicle (UAV) enabled systems and their wireless communication networks

are considered for a variety of applications, such as security operations in the military,
entertainment, and telecommunications in recent decades [24-30]. The number of UAV
applications is increasing in the telecommunication industry, e.g., relay-base stations (BSs),
communication gateways, data collection in wireless sensor networks, search and rescue

operations in earthquake area, entertainment industry, and power lines maintenance [31]. The
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potential role of UAVs as a relay BS in hotspots, congested area, makes them an inherent part of

the next-generation communication infrastructure [32].
1.1.3 NOMA Technology

In order to achieve enhanced spectrum efficiency of the wireless mobile network, non orthogonal
multiple access (NOMA) has received attention by the researchers focusing on wireless systems
[40-42]. Notably, different devices can share the same time and frequency spectrum with
cooperative power allocation adjustment. Through the use of successive interference cancellation
(SIC), the devices with weak power conditions can decode its own information after removing
those strong power condition [43, 44], which has been investigated as an extension of the
network-assisted interference cancellation and suppression (NAICS) in 3GPP [45, 46].

This technique significantly improve the spectral efficiency and outperform traditional
orthogonal multiple access (OMA) schemes under the limitation of frequency spectrum. In Fig.
1.2, we illustrate the difference between OMA and NOMA. The OMA technique contains
orthogonal frequency division multiple access (OFDMA) or time division multiple access
(TDMA). In OFDMA, multiple devices are allocated with orthogonal subcarriers contacted via
the orthogonal frequency-division multiplexing (OFDM) technique. In TDMA, the devices
divide the signal into different time slots in order to share the same frequency channel. The
downlink scenario with NOMA scheme is demonstrated in Fig. 1.2(a), where two devices (i.e.,
Ul and U2) receive information from a single base station (BS) with the same transmission
channel. The BS continuously sends the signal to Ul and U2 simultaneously, where the two
different signals are non-orthogonally superposed. In the decoding process, Ul needs to decode

the signal of U2 and run SIC process of U2 signal before decoding its own signal.
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Figure 1.2: Multiple access scenarios for two devices that form a pair

this dissertation, we apply the NOMA technology in UAV-aided model in order to improve the

transmission performance of the wireless communication system.

1.1.4 Physical Layer Security

Exchanging information over wireless channels is vulnerable to eavesdropping attacks and
jamming attacks from malicious nodes due to the broadcast nature of wireless communications.
In recent years, the critical issue of security against eavesdropper attacks is widely investigated
in the different types of wireless networks [47—49]. In order to protect from wireless information
leakage, cryptography-based secrecy methods are widely utilized in the upper layer of various

5
Department of Electronics and Communication



Performance Analysis of NOMA-Based Cooperative Relaying Systems Over Fading Channels

wireless transmission protocols. Cryptography-based systems encrypt information with various
secret key generation protocols. In most research assumptions, eavesdroppers could not decrypt
the wiretapped signal in a limited time through exhaustive search due to the limitation of
computing capabilities. Nevertheless, the computing capabilities of eavesdroppers increase
significantly in recent years. These traditional cryptography-based solutions are facing a critical
risk of being broken via the relentless brute-force attacks of eavesdropper with a short period
[50, 51]. Furthermore, in the wireless distributed networks, the decentralized framework of the
network design makes the secret keys difficult to be managed and distributed. This requires the
introduction of more powerful secrecy methods to increase the security of wireless networks and
decrease the method complexity. Therefore, physical layer (PHY) security methods have been
proposed in order to provide effective security assurance for wireless networks [52]. Compared
to cryptography-based solutions, PHY security has several obvious advantages. It can guarantee
information secrecy regardless of the computational capabilities of eavesdroppers. The costly
centralized secret key management/distribution methods, which are widely used in cryptography
based security systems, could be eliminated in PHY security techniques, which facilitated the
management and improving the efficiency of wireless communication networks.

The PHY security dates back to Wyner’s wiretap model [53]. Wyner’s results show that without
using any secret key protocols between the legitimate transmitter-receiver pairs, the nonzero
secrecy rate can be achieved. In the extension researches of Wyner’s problem, the secrecy
capacity is defined as the difference between Shannon’s capacities of the main and eavesdropper
channels [54, 55]. In order to improve the secrecy rate, PHY security techniques have been
developed based on the inherent randomness of both the main and eavesdropper channels of
wireless networks. In this dissertation, we focus on the following schemes:

» Cooperative Jamming: Cooperative jamming allows the idle nodes to send artificial noise
(AN) to eavesdroppers for the secrecy capacity improvement of a given transmitter receiver pair
[56-59]. AN is usually assumed as a random generated noise with Gaussian distribution
independent of the intended information signal, which helps to degrade the information received
at the eavesdropper [56]. Particularly, AN used for jamming could be structured by some specific

code words that can be canceled only at legitimate devices [58].
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Even though no channel state information (CSI) about the eavesdropper channel is needed in the
cooperative jamming scheme, the interference that caused by AN could also degrade the
transmission performance of the main channel due to the interference.

* Relay Selection: In order to enlarge the secrecy capacity between the main and eaves dropper
channels, the relay selection strategy could improve the secrecy performance by choosing a
robust main link but a weak eavesdropper link [60-63]. The selected relay should transmit
information in a prefixed manner without considering the current channel quality. In order to
address this limitation, buffer-aided relay selection strategies have been proposed, where relays
select the best link from all available links to transmit buffer stored delay-tolerant information
based on the current channel gains [62, 63]. Even though relay selection will not decrease the
performance of transmissions in the main channel, the full CSI of the eavesdropper channel is
always required due to the optimized relay selection strategy, which may not be practical in the
realistic scenario.

« Beamforming and Precoding: Beamforming is the technology that transmits one data stream
through multiple antennas by adjusting the signal phase [64—67]. The direction of the antennas
and the phase alignment of signals are controlled by the controller unit of the transmitter such
that the antenna matrix at the transmitter concentrates the signal strength towards the direction of
the intended receiver. In contrast, the signal strength is maximized at the eavesdropper should be
limited. However, precise synchronization between the transmitter and receiver is required. It
also requires the perfect knowledge of eavesdropper CSI for beamforming AN in order to

prevent information leakage.
1.1.5 Wireless Power Transfer (WPT)

In the modern wireless network, the cooperative communication is proposed with the help of
intermediate cooperative nodes that forward the information of the source to the destination in a
long-distance transmission scenario. The cooperative relay nodes could be subject to severe
energy limitation during the long time transmission due to the battery capacity [68, 69]. A
radiofrequency (RF) wireless power transfer (WPT) offers an available option to extend the
lifetime of low energy-level cost wireless networks with such external power sources. The
receiver could extend its lifetime by receiving RF signal for energy recharging. Moreover,

transmitting sufficient power to the low-power IoT devices is possible by WPT system. For
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instance, a distributed WPT system was proposed for wireless charging of low power loT
devices in [70].

1.2 Fading Channel Models

In a wireless system, the signal will interact with highly complex environment before it is
received by the receiver, such as Doppler shift, and fading. In this dissertation, the transmission
processes consist of discrete-time blocks in short time is assumed. The channel gain is non-
frequency selective and constant in each block and independent and identically distributed, i.e.,
block fading [71]. As the statistical result based on measurements, if there are only scattered
paths between the transmitter and receiver (also called non line-of-sight (NLOS) scenario), the
channel gain follows zero-mean circularly symmetric Gaussian distribution. Hence, the signal
envelope follows Rayleigh distribution, with its probability density function (PDF) as [71,
(3.32)]

Rayleigh 2
f; VB (2) = Sexp(—5) (L)

where a2 is the second moment of random variable Z.Conversely, if the channel consists of both
direct path (also called line-of-sight (LoS) component)and scattered paths, the channel gain
follows non zero-mean circularly symmetric Gaussian distribution. Hence, the signal envelope in

such case can be shown to have Rician distribution with its PDF as [71, (3.37)]

Rici 2(k+1)z  —(e+ D2 (2 [+ 1)
f1N(2) = ———e o | maz) 12

where K is defined as the ratio between the power in direct path components and scattered
multipath components, Q is defined as the total power received from paths, and Io(-) is the zero-
ordered modified Bessel function of first kind. For special cases, while K = 0, Rician distribution
will degrade to Rayleigh distribution; while K = oo, the channel will have no fading, i.e., additive
white Gaussian noise (AWGN) channel.

Furthermore, in order to simplify the numerical evaluation of Rician fading channel, Nakagami-
m fading model is often adopted to approximate the Rician fading, where the PDF is expressed
in closed-form as [71, (3.38)].

Department of Electronics and Communication



Performance Analysis of NOMA-Based Cooperative Relaying Systems Over Fading Channels

fNakagami( ) = 2mmz2m-1

Z = oo zzm‘lexp(—%zz) (1.3)

with parameter m 2 (K+1)%/(2K+1),and Q follows the same definition as Rician distribution. For
special cases, if m = 1 the distribution reduces to Rayleigh fading; while m = oo, the channel

is approximately equal to AWGN channel.
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Chapter 2
Literature Survey

The primary sources of renewable energy resources are solar and wind power. To obtain the
most energy, researchers are focusing on these two areas. In these two, solar energy has attained
a great attraction. Many algorithms are being developed to operate the solar energy conversion
system at its Maximum Power Point (MPP) by using different techniques.

Federico Boccardi et al. (2014) described the five disruptive research directions that could lead
to fundamental changes in the design of cellular networks. We have focused on technologies that
could lead to both architectural and component design changes: device-centric architectures, mm
Wave, massive MIMO, smarter devices, and native support of M2M. It is likely that a suite of
these solutions will form the basis of 5G.

Linglong Dai et al. (2018) discussed the key concept and advantages of NOMA techniques,
which constitute one of the promising technologies for future 5G systems. The dominant NOMA
schemes have been introduced together with their comparison in terms of their operating
principles, key features, receiver complexity, pros and cons, etc. We also highlighted a range of
key challenges, opportunities and future research trends related to the design of NOMA,
including the theoretical analysis, the design of spreading sequences or codebooks, the receiver
design, the design issues of access-grant-free NOMA, resource allocation schemes, extensions to
massive MIMO systems and so on. It is expected that NOMA will play an important role in

future 5G wireless communication systems supporting massive connectivity and low latency.

Fang Fang et al. (2016) discussed the assigning only two users to the same sub channel, we
proposed energy-efficient resource allocation algorithms for a downlink NOMA wireless
network. These algorithms include sub channel assignment, power proportional factors
determination for multiplexed users and power allocation across sub channels. By formulating
sub channel assignment problem as a two-sided matching problem, we proposed the SOMSA
algorithm to maximize the system energy efficiency. Power proportional factors for the
multiplexed users on each sub channel are determined by SOMSA. In the power allocation
across sub channels scheme, since the objective function is non convex, DC programming was

utilized to approximate the non convex optimization problem into the convex sub-problem.
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Therefore, a suboptimal power allocation across sub channels was obtained by solving the
convex sub-problems iteratively. Based on the resource scheduling from proposed SOMSA
algorithm, further improvement in the system energy efficiency was achieved by the proposed
sub channel power allocation scheme. Through extensive simulations, the performance of the
proposed algorithms for resource allocation was compared with the OFDMA system. It was
shown that the total sum rate and energy efficiency of NOMA system are much higher than the
OFDMA scheme. The proposed power allocation for subchannel users outperforms the FTPA
scheme. Moreover, the proposed subchannel power allocation achieves better performance than
the equal power allocation scheme.

Yan Sun et al. (2017) discussed the resource allocation algorithm design for an MC-NOMA
system with an FD BS. The algorithm design was formulated as a mixed combinatorial non-
convex optimization problem for the maximization of the weighted sum throughput of the
system. Monotonic optimization was applied for solving the proposed optimization problem
optimally. The resulting optimal power and subcarrier allocation policy served as a performance
benchmark due to its high computational complexity. Therefore, a suboptimal algorithm based
on successive convex approximation was also proposed to strike a balance between
computational complexity and optimality. Simulation results showed that the proposed
suboptimal algorithm obtained a close-to-optimal performance in a small number of iterations. In
addition, our results revealed that a substantial improvement of system throughput can be
achieved by employing the proposed FD MC-NOMA scheme compared to baseline schemes
employing FD MCOMA, HD MC-NOMA, and HD MC-OMA. Furthermore, the proposed FD
MC-NOMA scheme was shown to provide a good balance between improving the system
throughput and maintaining fairness among users.

Yuya Saito et al. (2013) discussed the system-level performance of NOMA taking into account
more practical aspects of the cellular system and some of the key parameters and functionalities
of the LTE radio interface such as frequency-domain scheduling, AMC, HARQ and OLLA, in
addition to NOMA specific functionalities such as dynamic multi-user power allocation. Using
computer simulations, we showed that the overall cell throughput, cell-edge user throughput, and
the degree of proportional fairness of NOMA are all superior to that for OMA. This is because
NOMA has more degrees of freedom to co-schedule more users in the same subband. However,

the order of the gains depends on multiple factors such as the number of UEs per cell and the
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number of sub bands for scheduling. In particular, wideband MCS selection is seen as a limiting
factor to harnessing the benefits of sub band user multiplexing for NOMA. It was also found that
OLLA also improves the overall cell throughput and cell-edge user throughput of NOMA, even
when dynamic power allocation is applied. Further optimizations of dynamic transmit power
allocation and MCS adaptation for NOMA require further study.

Lei Liu et al. (2019) analyzes the achievable rate region of the iterative LMMSE multi-
user detection for both symmetric and asymmetric MIMO-NOMA. For the symmetric case, it is
proved that iterative LMMSE detection achieves the capacity of MIMO-NOMA with any
number of users; while for the asymmetric case, it is proved that the iterative LMMSE detection
achieves the sum capacity of MIMONOMA with any number of users. In addition, all the
maximal extreme points in the capacity region of MIMO-NOMA with any number of users are
achievable, and all points in the capacity regions of two-user and three-user systems are also
achievable. Finally, a kind of IRA multiuser code is designed for the iterative LMMSE receiver.
Simulation results show that under different channel loads, the BERs of the proposed iterative
LMMSE detection are within 0.8dB from the Shannon limits and outperform the existing
methods. Furthermore, the improvement is more notable for large system overloads (e.g. f > 3),
while for small system overloads (e.g. B < 0.5), the AWGN SU-IRA and the MMSE SIC with
SU-IRA is good enough since the user interference is negligible.

J. Nicholas Laneman et al.(2004) develop a variety of low-complexity, cooperative
protocols that enable a pair of wireless terminals, each with a single antenna, to fully exploit
spatial diversity in the channel. These protocols blend different fixed relaying modes,
specifically amplify-and-forward and decode-and-forward, with strategies based upon adapting
to CSI between cooperating source terminals (selection relaying) as well as exploiting limited
feedback from the destination terminal (incremental relaying). For delay-limited and nonergodic
environments, we analyze the outage probability performance, in many cases exactly, and in all
cases using accurate, high-SNR approximations.

Yuanwei Liu et al. (2016) the application of SWIPT to NOMA has been considered. A
novel cooperative SWIPT NOMA protocol with three different user selection criteria has been
proposed. We have used the stochastic geometric approach to provide a complete framework to
model the locations of users and evaluate the performance of the proposed user selection

schemes. Closed-form results have been derived in terms of outage probability and delay-
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sensitive throughput to determine the system performance. The diversity gain of the three user
selection schemes has also been characterized and proved to be the same as that of a
conventional cooperative network. For the proposed protocol, the decreasing rate of the outage

) while it is (

InSNR
SNR?

1
SNR?

probability of far users is ( ) for a conventional cooperative network.

Numerical results have been presented to validate our analysis. We conclude that by carefully
choosing the parameters of the network, (e.g. transmission rate or power splitting coefficient),
acceptable system performance can be guaranteed even if the users do not use their own batteries
to power the relay transmission.

Zhiguo Ding et al. (2015) discussed a proposed a cooperative NOMA transmission
scheme which uses the fact that some users in NOMA systems have prior information about the
others’ messages. Analytical results have been developed to demonstrate the performance gain of
this cooperative NOMA scheme. Fixed choices of power allocation coefficients have been used
in this paper, and it is important to study optimal power allocation for cooperative NOMA [8],
[9]. Another promising future direction is to apply simultaneous wireless information and power
transfer to NOMA in order to alleviate practical constraints.

Jung-Bin Kim et al. (2015) discussed the proposed the CRS using NOMA, and
presented the exact and asymptotic expressions for the achievable average rate of the proposed
system in independent Rayleigh fading channels. In addition, we presented the suboptimal power
allocation scheme for NOMA that provides almost the same performance as the optimal power
allocation for high SNR. The proposed CRS using NOMA can achieve more spectral efficiency
than the conventional CRS when the SNR is high and the average channel power of the S-to-R
link is better than those of the S-to-D and R-to-D links.

Manav R. Bhatnagar (2013) In this paper described the probability density function
(PDF) and cumulative distribution function (CDF) of the minimum of two non-central Chi-
square random variables with two degrees of freedom in terms of power series. With the help of
the derived PDF and CDF, we obtain the exact ergodic capacity of the following adaptive
protocols in a decode-and forward (DF) cooperative system over dissimilar Rician fading
channels: (i) constant power with optimal rate adaptation; (ii) optimal simultaneous power and
rate adaptation; (iii) channel inversion with fixed rate. By using the analytical expressions of the
capacity, it is observed that the optimal power and rate adaptation provides better capacity than

the optimal rate adaptation with constant power from low to moderate signal to-noise ratio values
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over dissimilar Rician fading channels. Despite low complexity, the channel inversion based
adaptive transmission is shown to suffer from significant loss in capacity as compared to the
other adaptive transmission based techniques over DF Rician channels.

Ali Abdi et al. (2001). In this paper we have studied the statistical behavior of two
moment-based estimators for the parameter of Rice fading distribution, as simple alternatives to
the more complex maximum likelihood estimator. We have shown, analytically, that there is a
tradeoff between the simplicity and the efficiency of these two estimators. The normalized
asymptotic variance of the more complex estimator is very close to the Cramer—Rao lower
bound, whereas for the simpler estimator, the normalized asymptotic variance deviates from the
Cramer—Rao lower bound, slightly. The effect of finite sample size is also investigated via Monte
Carlo simulation. Moreover, we have analyzed the impact of fading correlation on the
performance of the two estimators. Our results suggest that for low mobile speed (small Doppler
spread), which introduces significant correlation among signal samples, the estimators’
performance becomes deteriorated due to the reduction in the number of independent samples. In
summary, the simpler estimator, which shows a good compromise between computational
convenience and statistical efficiency, could be recommended for practical applications.

E. Tekin and A. Yener (2008) In this paper, we have considered the Gaussian multiple-
access and two-way channels in the presence of an external eavesdropper who receives the
transmitted signals through a multiple-access channel, and provided achievable secrecy rates. We
have shown that the multiple-access nature of the channels considered can be utilized to improve
the secrecy of the system. In particular, we have shown that the total extra randomness is what
matters mainly concerning the eavesdropper, rather than the individual randomness in the codes.
As such, it may be possible for users whose single-user wiretap capacity are zero, to
communicate with nonzero secrecy rate, as long as it is possible to put the eavesdropper at an
overall disadvantage. This is even clearer for two-way channels, where even though the
eavesdropper’s channel gain may be better than a terminal’s, the extra knowledge of its own
codeword by that terminal enables communication in perfect secrecy as long as the
eavesdropper’s received signal is not strong enough to allow single-user decoding. We found
achievable secrecy rate regions for the GGMAC-WT and the GTW-WT. We also showed that
for the GGMAC-WT the secrecy sum rate is maximized when only users with “strong” channels

to the intended receiver as opposed to the eavesdropper transmit, and they do so using all their
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available power. For the GTW-WT, the sum rate is maximized when both terminals transmit
with maximum power as long as the eavesdropper’s channel is not good enough to decode them
using single-user decoding. Finally, we proposed a scheme termed cooperative jamming, where a
disadvantaged user may help improve the secrecy rate by jamming the eavesdropper. We found
the optimum power allocations for the transmitting and jamming users, and we showed that
significant rate gains may be achieved, especially when the eavesdropper has much higher SNR
than the receivers and normal secret communications is not possible. The gains can be significant
for both the GGMAC-WT and the GTW-WT. This cooperative behavior is useful when the
maximum secrecy sum rate is of interest. We have also contrasted the secrecy rates of the two
channels we considered, noting the benefit of the two-way channels where the fact that each
receiver has perfect knowledge of its transmitted signal brings an advantage with each user
effectively encrypting the communications of the other user. In this paper, we only presented
achievable secrecy rates for the GGMAC-WT and the GTW-WT. The secrecy capacity region
for these channels are still open problems. In [45], we also found an upper bound for the secrecy
sum rate of the GGMAC-WT and noted that the achievable secrecy sum rate and the upper
bound we found only coincide for the degraded case, so that we have the secrecy sum capacity
for the degraded GMAC-WT. Even though there is a gap between the achievable secrecy sum
rates and upper bounds, cooperative jamming was shown in [45] to give a secrecy sum rate that
is close to the upper bound in general. Finally, we note that the results provided are of mainly
theoretical interest, since as of yet there are no currently known practical codes for multiple-
access wiretap channels unlike the single-user case where in some cases practical codes have
been shown to be useful for the wiretap channel [46], [47]. Furthermore, accurate estimates of
the eavesdropper channel parameters are required for code design for wiretap channels where the
channel model is quasi-static, as in our models considered in this paper.
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CHAPTER 3
Mathematical Modeling of NOMA-based cooperative relaying

system

3.1 SYSTEM MODEL:

The system model of the NOMA-based cooperative relaying system is introduced in this chapter.
.We consider a simple cooperative relaying system (CRS) consisting of a source (S), decode-
and-forward relay (R) which works in half-duplex mode, and a destination (D).We assume that
all links between them (i.e., S-to-D, S to-R, and R-to-D) are available. The independent Rician
fading channel coefficients of S-to-D, S-to-R, and R-to-D links are denoted as gsp ,gsr, and gro ,
with the average powers of wsp , wsr , and ®rp , respectively. It is also assumed that wsp < wsr ,
since in general the path loss of the S-to-D link is usually worse than that of the S-to-R link [81].
In the traditional CRS presented in Fig. 1(a), the source transmits s; to the relay and destination
in the first time slot. Then in the second time slot, the relay transmits s to the destination. In this
way, the destination only receives one signal in two time slots. In the NOMA-based CRS showed
in Fig. 1(b), the destination is able to receive two different signals in two time slots, so it
outperforms the traditional CRS in terms of throughput. Specifically, in the first time slot, the
source transmits the superposition of two different data symbols s: and s, to the relay and the

destination as follows:
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Fig. 3.1. System models of two cooperative relaying systems: (a) Traditional cooperative relaying

systems; (b) NOMA-based cooperative relaying systems.

y =/ a,;P;s; +/a,P;s, (3.1)

where s; denotes the i-th data symbol with normalized power E[|s;|?] =1, W, is the total

transmit power, and a; is the power allocation coefficient. It is noted that a; + a2 = 1, and a1 > az

due to Q%, < Q2 [76]. Thus, the received signals rsr and rsp at the relay and the destination in
the first time slot are respectively expressed as

Tsr = hsp(\/a1Pesy +y/azPes;) + ngg (3.2)

Tsp = hSD(\/ a,Ps; + athsz) + ngp (3.3)

where ngz and ngp denote the additive white Gaussian noise (AWGN) with zero mean and
variance ¢°. The destination only decodes symbol s; by treating symbol x, as noise, while the
relay acquires symbol s, from (3.1) using SIC. Thus, the received signal-to-interference plus

noise ratios (SINRs) for symbols s; and s, at the relay can be respectively obtained as
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2
1 _  |hsgl®a Pt 4
VSR |hsrl?a; P+ o2 (3.4)
2 |hSR|2a2Pt 3 5
sR=— 57— (3.9)

0—2
and the received SINR for symbol s, at the destination is obtained as

_ |hspl®as Pt ( 6)

Vsp = |hspl?a, Pe+ o2

perfectly decode symbol s, in the first time slot [76], the received signal at the destination in the

second time slot can be expressed as
Trp = hgpy/PeS2 + ngp (3.7)

where ngp, is the AWGN with zero mean and variance o2, and the received SINR for symbol x,

in (3.7) can be obtained as
h 2
YrD = l?# (3.8)

As the expressions for received signals and SINRs are already acquired, we will calculate both
the exact and approximated achievable rates in the NOMA-based CRS in the next section.

In this chapter, we first derive the exact expression of the average achievable rate of the NOMA-
based CRS over Rician fading channel. As the exact value of achievable rates are difficult to
calculate, we further propose an approximation method using Gauss-Chebyshev Integration to

simplify the numerical calculation.
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3.2 Achievable Rate Analysis :

In this subsection, we analyze the average achievable rate of s; and s,. Let Aqp 2 |hgp|?, Agg 2
|hsr|?, Arp 2 |hgpl? and 2 Pt/cz , where p represents the transmit SNR. As both the relay and

the destination must successfully decode s; and s,, the rates of these two signals should be lower
than the rates of both links calculated by Shannon formula, so the achievable rate is the
minimum of the rates of two different links. According to [81], we can obtain the achievable

rates C,, and C,, of signals s, and s, respectively as
1 ,
Cs, = Emln{logz(l +v¥sp), 10g (1 + v3r)}

:élogz(l + min{Asp , Asr}p — %1092(1 + min{ Asp , Asr}pa; (3.9)

1,
Cs, = Emm{logz(l +vé), loga(1 + vrp)}

= 10g2(1 + min{azdsg , Aro}p (3.10)
Let z; 2 min{Asp,Asr}, Z, £ min{a,Asg, Arp}p-According to [82],we can get the cumulative
distribution function (CDF) of z; as
F(2z1) =1—AA, Yoo Xm0 B B, ()T (n + 1, ay 2,)x T(K + 1, ay, 7;)

(@) .

i J ..
21— A Ay T Yoo B (M)By (J)nlkl e~ (axtan zuxyn sk (T S+ (397)

ilj!
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Where B, (n) = (K¢ (1 +K)"/(QF(n))? , By(K) = (K¢ (1 + K,)"/(Q5(K))? ,a, = (1 +
K/, ay = (1 +K))/Qy,A, = ae ™ A, = aye™ B, (n) = By(n)/al*, B, (k) =
By(k)/af,“.The subscript x denotes the S-to-D link, y denotes the S-to-R link, w denotes the R-

to-D link, and K is the Rician factor. Note that the expansion form of incomplete Gamma
function is used for the second equality (a) of (3.11).Then, we prove the convergence of the

infinite summation in (3.11) as follows:
Proof: Let P, = (K, (1 + K,)/Qy, Qy = (K, (1 + K,,)/Q,, we have

I'(n+1,axz1) < I'(n+1)

n! n!

<1, (3.12)

F'(k+1,a,2) T'(n+1)
n! < n!

<1,(3.13)

Then

= AyAy Yoo =0 Bx M)B, ()T (n + 1, ay z)x T(k+ 1, ay )

~ O PP QK T(n+1,a,27) T(k+ 1,a, )
=My ) ) Kl
k=0n=0

<A AT Yo PO

= A A ett

The final value will not change as k or n increases, so the infinite summation in (3.11) is

convergent. Similarly, we can obtain the CDF of z, as follows:

G(z2) =1 —AyAy Yoo Xio By M)B,(K)T(n + 1, ay, z,) x [(K+ LZ—Z Z)
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w(—y)

= 1— Ay A, S0 S By (B, (ke Wt s sk Ta Tz (3.14)

where the parameters in (3.14) are similarly defined as those in (3.11).After the CDF of z; £
min{ Agsp , Asg} has been obtained as (3.11),we can substitute it into (3.9), and then the average

achievable rate C, of the signal s; as shown in (3.9) can be expressed as

NI»—\

f [l0gs(1 + 20p) — logs(1 + z1paz)|dF (z1)
0

= — [P fooo =) g —pa zfoo — Zl] (3.19)

2in(2) 1+zlp 1+z1pa;

LetD(p) = p fooo 11_fz(1z;) dz,, and and substitute (3.11) into D(p), we have

D(p) =p f; =2 dz,

1+z1p

axay c)oz:l e (ax+ay)zl

= Ay Bico Do B (B, (ORIKIXERL Doy 22 [ 50 22
®) L  Zlaxtay)zy
. w© a}cai, oo titie p
2 Ay Tieco Tinco B (DB, (0N KX T oo [P22—2—d(r) (3.16)

Where (b) is obtained by setting t = z,p
—(ax+ay)21

Now we have the following Lemma 1 to calculate the integral f d(t) in (3.16)

1+t

Lemma 1: Form € Z" and > 0, we have
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fowt e -Bt

d(t) = efm!T(-m,p), (3.17)

Where I'(—m,p) = [, —

B mmil dt denotes the incomplete Gamma function.

Proof: Letx = (1 + t), we have

oo tMe—hFt (x—B)Me*
ly 5 d® = f S dx (3.18)
Then we define :

Jm(x) = ELZ 1 (3.19)

100 = 22, Im(0) €% dx (320

On the one hand, by substituting (3.19) into (3.20), we have

1) = —ﬁj G PP ey
ef =P ef (PE-p"Imx-x—p)
~gm o + ﬁmj 22 e *d(x)

= O I () edx (321)
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We can observe from (3.21) that as long as f3 is a root of J,,,(x)),the integral can be successively
calculated by using (3.21) for m times. On the other hand, we know that J,,,(x) = @ = xm!

+am X" 2+ ...+ ag + (—1)™ ™ /X, so after m times of integration by part, we will have

160 = —Z,—igwd(e‘ﬂ
I(x) = —;—ij: (xm_l + ..t+ay+ (—1)"‘%)(7@ d(e™)
1) = —;—f, fﬁ () e

=ePm!T(-m,B), (3.22)

where (-)™ denotes m-order derivation. Substitute (3.17) in Lemma 1 into (3.16), we can get the

final exact expression of C;, as

1

Cs, = 5725 (P(P) = D(par)), (3:23)

Where

(i+)lata), Zextay)

= Ay o o B (B, (OMIKIXERL, B S0 ™0 1 (=i =, (22), (3,00

iljlpity

and D(pa,) shares the same form as D(p).Similarly, we can derive the exact expression of C,

as
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(i+)tal G (owz)

——A Ay Yo 2 _o By (n)B (K)n!kIxy ™t 02 ————e P F(—i—

l!].pH']
(aw+)
p

b

Cs, = Zln(Z)

), (3.25)

Although we have derived the exact expressions of the achievable rates of s1 and s2 in (3.23) and
(3.25) respectively, such expressions are very complicated, since the incomplete Gamma
function is difficult to calculate. Thus, it is still difficult to get the exact values of the achievable
rates, which motivates us to propose an approximation method to solve this problem in the next

subsection.
3.3Achievable Rate Approximation:

In this subsection, we propose an approximation method using Gauss-Chebyshev Integration
[12] to simplify the numerical calculation of the incomplete Gamma function I'(—m,f3). However,
Gauss-Chebyshev Integration is used on the limited interval [—1, 1], while the integral intervals

in incomplete Gamma functions of (3.23) and (3.25) are infinite intervals. Thus, we set t =

Zﬁi — 1 and convert the incomplete Gamma function as

['(—m,B) = (ﬁ)m s+ )™ LTV — € dt

2B

1\m 21-1 m-1 - 21-1
= (35) 7 (cos (Grm) +1)7 xe )

28

sin (2=7)|, (3.26)

where n is the approximation order. Substituting (3.26) into the exact expression of the

achievable rate (3.23), we can finally obtain the approximation of (3.23) as

Cs, = (D(p) = D(pay)), (3.27)

1 Zln(z)
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where
D(p) =
AxAy Dik=0 2n=0 Ex (n)gy (k)n!k!x

i+j

i+ Maka’ —(ax+ay) i+j—-1

n wk (tDlaxay, 1 T wn 21-1

! z ¢ - -y p —_ _z - - +

1=044J=0 y1j1pi+j xe z(ax+ay) n<1=1 cos 2n T 1 X
)

2(ax+ay)

- P
2]-1
N cos( 0 T[)+1

sin (2;—;1 r[)|, (3.28)
and D (pa,) shares the same form as D (p). Similarly, (3.25) can be approximated as

Cs, =

2
1

2In (2 Ay Xi—o Xn=o Bx (M)B, (k)n!kix

. . ay i+j
(i+))ah G2 (o)

Tan 21-1 i+j-1
i=0 Zj:o i!j—!piﬂ' Xe P W ;Zl=1 (COS (TT[) + 1) X

sin (2;—;1 r[) |, (3.29)

Thus, the approximated achievable rates (3.27) and (3.29) can be conveniently calculated

numerically, and their accuracy will be validated by the simulation results in the next chapter.
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CHAPTER-4
RESULT

In this chapter, we compare the analytical results obtained in the previous chapter with Monte
Carlo simulations to validate their accuracy. Specifically, 10° realizations of Rician distribution
random variables are generated, and the approximation order for Gauss-Chebyshev Integration is
set as 100.
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Figure 4.1. Achievable rates for the NOMA-based CRS over Rician fading

channels.
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Figure. 4.2. Achievable rates comparison between the NOMA based CRS and
traditional CRS.

Fig. 4.1 presents the achievable rate performance of s1, s2 and the corresponding sum rate of the
NOMA-based CRS against the power allocation coefficient a.. In the model of Rician fading
channel, the parameter QQ denotes the average power gain of the channel [84], which is usually
determined by distances between transceivers. In our system , Qi (i € {SD, SR,RD}) denotes the
average power gain of link SD, link SR, and link RD [83], mainly reflecting the impacts of
distances

from S to D, from S to R, and from R to D, respectively. Thus, we set Qsp =9 < Qsg = Qrp = 36
[81], because the distances from S to R and from R to D are usually smaller than the distance
from S to D, and thus link SR and link RD have higher average power gains than link SD.
According to [82], other parameters are set as SNR = 20 dB, Ksr = Krp = 5, and Ksp = 2. From
Fig. 4.1, we can observe that the derived analytical results using Gauss-Chebyshev Integration
match well with the simulation results. In addition, as az increases, s2 will get more power and its
achievable rate increases accordingly, while the achievable rate of s1 decreases. Moreover, the

sum rate of two signals first increases and then slowly decreases with the increase of a.
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Actually, we can see from (3.10) that when az is small, the achievable rate of sz is mainly
determined by link SR, as axisr will always be smaller than Arp . Due to SIC, sz will have no
interference in link SR, so increasing a> will largely increase the achievable rate of s, and thus
increase the sum rate. However, when a, increases, axAsr Will be larger than Arp at last, and the
rate of link RD will slowly become the determinant factor, which is not influenced by az.As a
result, the increase of s, achievable rate finally cannot make up for the decrease of si’s
achievable rate, which causes the decrease of the sum rate, as shown in Fig. 4.1. Thus, there
exists an optimal power allocation coefficient to maximize the sum rate, which is an interesting
research topic deserving further investigation in the future. Fig. 4.2 compares the achievable
rates of the traditional CRS and the NOMA-based CRS against the transmit SNR, where we set
a2 = 0.4,Qsp =9, Qrp = 36, and Qsr = 144. We find that the simulation results and analytical
results are consistent, and the NOMA-based CRS achieves higher achievable sum rate than the
traditional CRS, since NOMA-based CRS can transmit two signals in two slots, while traditional

CRS can only transmit one signal during the same time.
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CONCLUSION

In this thesis, we have investigated the performance of a NOMA based cooperative relaying
system by deriving the exact analytical expressions of the achievable rates. Moreover, an
efficient approximation method using Gauss-Chebyshev Integration for the achievable rates was
also proposed, which enables the sum series of the achievable rate expressions converge quickly.
Simulation results have verified that our derived analytical results match well with the Monte

Carlo simulations,and the NOMA-based CRS is able to achieve higher achievable rate than the

traditional CRS.
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Abstract- Non-orthogonal multiple access (NOMA) is a
promising technique for the fifth generation (5G) wireless
communications. As users with good channel conditions can
serve as relays to enhance the system performance by using
successive interference cancellation (SIC), the integration of
NOMA and cooperative relaying has recently attracted
increasing interests.

In this paper, a NOMA-based cooperative relaying
system is studied, and an analytical framework is developed to
evaluate its performance. Specifically, the performance of
NOMA over Rician fading channels is studied, and the exact
expression of the average achievable rate is derived.
Moreover, we also propose an approximation method to
calculate the achievable rate by using the Gauss—Chebyshev
Integration. Numerical results confirm that our derived
analytical results match well with the Monte Carlo
simulations.

Keywords- NOMA, 5G, SIC, Rician fading, cooperative
relaying.

I. INTRODUCTION

It is highly expected that future 5G networks should
achieve a 10-fold increase in connection density, i.e., 106
connections per square kilometers [1]. Non-orthogonal
multiple access (NOMA) has been proposed as a promising
candidate to realize such an aggressive 5G goal [2]-[5].
NOMA is fundamentally different from conventional
orthogonal multiple access (OMA) schemes such as FDMA,
TDMA, OFDMA, etc., since it allows multiple users to
simultaneously transmit signals using the same time/frequency
radio resources but different power levels [3]-[5]. The key
advantage of NOMA is to explore the extra power domain to
further increase the number of supportable users. Specifically,
users are identified by their channel conditions, those with
good channel conditions are called strong users and others are
called weak users. For the sake of fairness, less power are
allocated to strong users at the transmitter side. In this way,
the transmitter sends the superposition of signals with
different power levels and the receiver applies successive
interference cancellation (SIC) to strong users to realize multi-

user detection [5], [6]. Such non-orthogonal resource
allocation enables NOMA to accommodate more users and
makes it promising to address the 5G requirement of massive
connectivity, with the cost of controllable increase of
complexity in receiver design due to SIC [5].In NOMA
systems, the use of SIC implies that strong users have prior
information about the messages of other users, so essentially
they are able to serve as cooperative relays. Moreover,
cooperative relaying is able to significantly enhance the
system performance of cellular networks [7]. Thus, combining
cooperative relaying and NOMA is promising to improve the
throughput of future 5G wireless networks, and has attracted
increasing interests recently [8]. Specifically, a cooperative
NOMA transmission scheme was proposed in [9], where
strong users decode the signals that are intended to others and
serve as relays to improve the performance of weak users.
Another NOMA-based cooperative scheme was proposed in
[10], where the performance of a NOMA-based decode-and-
forward relaying system under Rayleigh fading channel was
studied. However, most of existing NOMA schemes only
consider the Rayleigh fading channel, which is suitable for
rich scattering scenarios without line of sight (LOS), while
little attention has been drawn to the more general Rician
fading channel, which takes both LOS and non LOS (NLOS)
into consideration. In some typical 5G application scenarios,
such as massive machine-type communications (MMTC) and
Internet of things (IoT), “users” may be low-cost sensors
deployed in a small area, where both LOS and NLOS exist,
which can be better modeled by the Rician fading channel. In
this paper, we investigate the performance of the NOMA-
based cooperative relaying transmission scheme in [10] under
Rician fading channelsl Evaluating system performance under
Rician fading channel is rather challenging as the probability
density function of Rician distribution variables consists of
Bessel function, which makes it difficult to calculate the
average achievable rate through integration. In order to derive
the exact expression of the achievable rate, we propose an
analytical method using Taylor expansion of Bessel function
and incomplete Gamma function. However, the complexity of
the incomplete Gamma function makes it still difficult to get
the exact values, so we further propose an approximation
method using Gauss-Chebvshev Integration to simplify the
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calculation. Finally, simulations confirm that our analytical
results match well with the Monte Carlo results.

Comparing with wired communication, the wireless
network has been the practical communication method due to
its convenience and flexibility in varies environments. In
conjunction with the development of the beyond fifth-
generation (5G) and sixth-generation (6G) mobile
communications, various kinds of Internet of Things (loT)
devices (e.g., smart phones, smart watches and other loT
sensors) are designed and produced. The number of these
devices is predicted to keep increasing in the upcoming years.
Therefore, connecting massive number of devices through
wireless signals will become more important. The most critical
challenge for wireless systems is to find practical solutions in
performance and secrecy improvement, i.e., to achieve reliable
transmission and keep the information safe while improving
data rates as well as confidentiality.

To cope with the above challenge, in this dissertation,
a cooperative network technology is focused on, and the
modern technologies to the emerging wireless scenarios is
applied. In this paper, we will review these advanced schemes.
In order to achieve enhanced spectrum efficiency of the
wireless mobile network, non orthogonal multiple access
(NOMA) has received attention by the researchers focusing on
wireless systems [40-42]. Notably, different devices can share
the same time and frequency spectrum with cooperative power
allocation adjustment. Through the wuse of successive
interference cancellation (SIC), the devices with weak power
conditions can decode its own information after removing
those strong power condition [43, 44], which has been
investigated as an extension of the network-assisted
interference cancellation and suppression (NAICS) in 3GPP
[45, 46].

This technique significantly improve the spectral
efficiency and outperform traditional orthogonal multiple
access (OMA) schemes under the limitation of frequency
spectrum. In Fig. 1, we illustrate the difference between OMA
and NOMA. The OMA technique contains orthogonal
frequency division multiple access (OFDMA) or time division
multiple access (TDMA). In OFDMA, multiple devices are
allocated with orthogonal subcarriers contacted via the
orthogonal  frequency-division — multiplexing  (OFDM)
technique. In TDMA, the devices divide the signal into
different time slots in order to share the same frequency
channel. The downlink scenario with NOMA scheme is
demonstrated in Fig. 1.2(a), where two devices (i.e., Ul and
U2) receive information from a single base station (BS) with
the same transmission channel. The BS continuously sends the
signal to U1 and U2 simultaneously, where the two different
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signals are non-orthogonally superposed. In the decoding
process, Ul needs to decode the signal of U2 and run SIC
process of U2 signal before decoding its own signal.
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Fig. 1: Multiple access scenarios for two devices that form a
pair

1. SYSTEM MODEL

The system model of the NOMA-based cooperative
relaying system is introduced in thispaper.

We consider a simple cooperative relaying system
(CRS) consisting of a source (S), decode-and-forward relay
(R) which works in half-duplex mode, and a destination
(D).We assume that all links between them (i.e., S-to-D, S to-
R, and R-to-D) are available. The independent Rician fading
channel coefficients of S-to-D, S-to-R, and R-to-D links are
denoted as gsp ,gsr, and gro , with the average powers of wsp ,
osr , and orp , respectively. It is also assumed that ®sp < wsr
since in general the path loss of the S-to-D link is usually
worse than that of the S-to-R link [10]. In the traditional CRS
presented in Fig. 2(a), the source transmits X; to the relay and
destination in the first time slot. Then in the second time slot,
the relay transmits X, to the destination. In this way, the
destination only receives one signal in two time slots. In the
NOMA-based CRS showed in Fig. 2(b), the destination is able
to receive two different signals in two time slots, so it
outperforms the traditional CRS in terms of throughput.
Specifically, in the first time slot, the source transmits the
superposition of two different data symbols s1 and s2 to the
relay and the destination as follows:
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Fig. 2. System models of two cooperative relaying systems:
(a) Traditional cooperative relaying systems;
(b) NOMA-based cooperative relaying systems.

y :,\,-"nj_'l.-i-"r_rj_ + ‘-.-'Ilﬂf Wex, 1)
where i denotes the i-th data symbol with normalized power
Ellx;I"1=1 W: is the total transmit power, and % is the
power allocation coefficient. It is noted that a; + a, = 1, and a1

> a, due to Yo < M3z [5]. Thus, the received signals rsg and
rsp at the relay and the destination in the first time slot are
respectively expressed as

g = heg {,‘,-"nj_l-i-"r.r]_ + ,\,-"n: 1-1-'}.1’:} + N )

tep = Bep {‘\"Ilm'l.vtxl + \.,-'n: '|.-1-"t_r:} + Nep (3)

where ™sz and "™s» denote the additive white
Gaussian noise (AWGN) with zero mean and variance ¢%. The

destination only decodes symbol *1 by treating symbol *z as
noise, while the relay acquires symbol *z from (1) using SIC.
Thus, the received signal-to-interference plus noise ratios

(SINRs) for symbols *1 and *z at the relay can be
respectively obtained as

1 |hsglPam

r =
SR Rggl2a W+ o2 4)

I-'.'._l.|'|'.g :I::Hr'i_

RTT (5)

and the received SINR for symbol i at the destination is
obtained as

. _ I‘T_l".'_;. :I:||-lr'i_
Yo = hgpl?a W+ &2 (6)
perfectly decode symbol *z in the first time slot [5], the
received signal at the destination in the second time slot can be
expressed as

ap = hap w"ﬁx 2t Mgp @)
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where "zz is the AWGN with zero mean and variance “’:, and
the received SINR for symbol *z in (7) can be obtained as

_ |hgpl®w;

Yap = a2 (8)

As the expressions for received signals and SINRs
are already acquired, we will calculate both the exact and
approximated achievable rates in the NOMA-based CRS in
the next section.

In this paper, we first derive the exact expression of
the average achievable rate of the NOMA-based CRS over
Rician fading channel. As the exact value of achievable rates
are difficult to calculate, we further propose an approximation
method using Gauss-Chebyshev Integration to simplify the
numerical calculation.

Achievable Rate Analysis :

In this subsection, we analyze the average achievable

rate of Ty and Xz LetAsp £ lhspl®,

F
hsp = lhgl®. Agp £ lhap|® gng = r'zr':f: , where p represents
the transmit SNR. As both the relay and the destination must
successfully decode *1 and *z, the rates of these two signals
should be lower than the rates of both links calculated by
Shannon formula, so the achievable rate is the minimum of the

rates of two different links. According to [10], we can obtain

c

the achievable rates Cx and Cx: of signals *1 and *z

respectively as

c, = fm;'n {log: (1 + yip). log. (1 + ¥ir)}

f{ug: 1+ m:‘n{)".gn .J'.gg}p —ffug: (1+
min{Asp .AsgJpa
©)]

Cy, = min{logs (1 + y&). logy (1 + ¥an)}

L

logs (1 + min{a;Asg . dgplp (10)

Let 21 = min{Asp Asg}
z, & min{a; ey -J'LRD}P.According to [11],we can get the
cumulative distribution function (CDF) of Zi as
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Flz) = 1- A, A, X5 (X5 By () B, (KT(n + 1, a, Z1)x
[(K+1 a, Z1)

[aj
=1 - A4, E-’.‘ o Emeo By ) B, (n! ke (3r 2

.l

Theo a0y 21 (1)

By(n) = (Ky (1 + K,)"/(0F (n!))°
By(K) = (K3 (1 + K" /(5 (KD)* Loy = (1 + K) /0,
ay = (1+Ky) /0y 4, = a,e™™ Ay =aye™

B.(n) = By(n)/al*t By (k) = E (/a5 The subscript X
denotes the S-to-D link, y denotes the S-to-R link, w denotes
the R-to-D link, and K is the Rician factor. Note that the
expansion form of incomplete Gamma function is used for the
second equality (a) of (11).Then, we prove the convergence of
the infinite summation in (11) as follows:

Where

Proof: Let Pr = (Hu(1+ Ky )/ 0y @y = (B (1 + K )/ 0y e

have

Fin+Lagzy) = Fin+1) 1

n! ' (12)

mn:
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1

<1 ,(3.13)

Then
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The final value will not change as k or n increases, so
the infinite summation in (11) is convergent. Similarly, we can

obtain the CDF of £z as follows:

—ApA Eo o B
MK+ 1Yz,
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where the parameters in (14) are similarly defined as those in
(11).After the CDF of Z: = min{Asp .Asr} has been obtained
as (11),we can substitute it into (9), and then the average

achievable rate Cx.of the signal *1 as shown in (9) can be

expressed as

=

1
Cr, = ;J‘ [log.(1 + z,p) — log. (1 + z,pa,)]dF(z,)
0

_ 1 = | —-F(2y]) _ = 1-F[E4y]
T zinizm [_,; f“ 145y dz, - pa; f” 1+5ypa; zl] (15)
= 1 —=F(2q]
D = . . .
Let @ =rpl t+2,0 ©°L and and substitute (11) into

Dip) we have

= 1-F(84]
21

D{p _ﬂf

1+zyp

alal ¥

= Aydy S0 Tro By (0 By (Ot Zfeo Tico T

='=3|i .l'?—|:_-,'—::I Jxq
Iy == —de)
] . |:_.,'.|:.
= Apdy TEo To, B, 00 B ik, K=o X w0 i
g L
=g P
[y ———d®) (16)

Where (b) is obtained by setting £ = 12
Now we have the following Lemma 1 to calculate the integral

[ax+ay)zy

J,:: r': -'p 3]
C 1+t

A in (16)

Lemma 1: For ™ € Z7 and B> 0, we have

= Mg -t

Iy d(t) = efm!T(—m, B]

(17)
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Where

I":—m B) =

fﬁ o dt denotes the incomplete Gamma function.

Proof: Let* = B(1 + £} e have

= Mg At _ L = [x—-f™e T
-rl} { :] gm ¥ dI (18)
Then we define :
[X=— S'l
) =5 (19)
I Sm -IFS' .Iirﬂ dx (20)

On the one hand, by substituting (19) into (20), we have

ef =(x —gIme* L
Iix) = a8 —, 4™
ef (x—p)me | (x - )" '(mx—x—-§)
= ,!3”' —x + — a J‘ e e d(x)
= g -I:S' .|iri"| J_{-r:I E_Idx (21)

We can observe from (21) that as long as P is a root

of | m'i-r]),the integral can be successively calculated by using
(21) for m times. On the other hand, we know that

[x— S‘l
Jmlx) = = X" g oX™ 2+ L+ ag + (—1)™ B™ /X, SO
after m times of integration by part, we will have

ef =(x —gIme* .
Ix) = Ty —, 4™
[ R——

Irj‘ﬁ [
( " et ag + (D7
g

die ™)

g8

Ix) = ~gm

of = Eﬂ (m)
= -z ) (com) ae

X

= efm!T(-m.B) (22)
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where (-)™ denotes m-order derivation. Substitute (17) in
Lemma 1 into (16), we can get the final exact expression of

If'rJfl as
Cr, = - D) - D{pn:]], (23)
Where
= 4,A, T T B (W B, (nl k!,
ST ety T (g ) 2

and D(paz) shares the same form as I:":P].Similarly, we can

derive the exact expression of C, as
Cr, = pr— Ay IS el {n).i';}. (kIn! k:x
) [+ 7! Ep I?LIJ' —|.:p_._;¥': 1_.( : j [I:p_-+.§:::I)
Iy S-S B -
E=oZjz et © ¢ (25)

Although we have derived the exact expressions of
the achievable rates of x1 and x2 in (23) and (25) respectively,
such expressions are very complicated, since the incomplete
Gamma function is difficult to calculate. Thus, it is still
difficult to get the exact values of the achievable rates, which
motivates us to propose an approximation method to solve this
problem in the next subsection.

Achievable Rate Approximation:

In this subsection, we propose an approximation
method using Gauss-Chebyshev Integration [12] to simplify
the numerical calculation of the incomplete Gamma function
I'(-m,B). However, Gauss-Chebyshev Integration is used on
the limited interval [—1, 1], while the integral intervals in
incomplete Gamma functions of (23) and (25) are infinite

t=2p-—1

intervals. Thus, we set and convert the

incomplete Gamma function as

I O R e N S s
r-mp) = (5) Lo+ emivi N
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where n is the approximation order. Substituting (26) into the
exact expression of the achievable rate (23), we can finally
obtain the approximation of (23) as

C,, = ——(Dlp) — D(pay))

I 2in ()

, (27)

Where

D(p) = AAy N LrcoBy (M)B(KInlk!
i+j)lalal axidy) f \* 1
LI+ )l - 1 o 2l-1
F=DE?=D iljlptt! e = ( Llaxtdy ] EE]D:L{EDS (? T[\:I +

. i
dyldy)

i+j-1 T I:I | . -1
‘j g “HET lein (—r‘ .‘T‘:I

L (28)

and D (Pa=) shares the same form as D).
Similarly, (25) can be approximated as

1 = == P
cl’: = ml'qlﬂ]. R‘:I}Ei’!:ﬂlgl’l:”.-IE_],'l:'I".-In!k!x

a,
- | 'u_-;l—'l
L (e =) T as
I S Fa v (N S
[=0Sj=0" 5

i1jtpltl :u..-|£|

JECIERE

a =
:“u"il

15
L S A
g “Hml | sin (—r"r\:l

» (29)

j+im1
\]I+'|

Thus, the approximated achievable rates (27) and
(29) can be conveniently calculated numerically, and their
accuracy will be validated by the simulation results in the next

paper.
I1l. RESULT

In this paper, we compare the analytical results
obtained in the this paper with Monte Carlo simulations to
validate their accuracy. Specifically, 10° realizations of Rician
distribution random variables are generated, and the
approximation order for Gauss-Chebyshev Integration is set as
100.
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Fig.3. Achievable rates for the NOMA-based CRS over
Rician fading
channels.

Fig. 3 presents the achievable rate performance of s1,
s2 and the corresponding sum rate of the NOMA-based CRS
against the power allocation coefficient a,. In the model of
Rician fading channel, the parameter O denotes the average
power gain of the channel [13], which is usually determined
by distances between transceivers. In our system , Q; (i € {SD,
SR,RD}) denotes the average power gain of link SD, link SR,
and link RD, mainly reflecting the impacts of distances from S
to D, from S to R, and from R to D, respectively. Thus, we set
Qsp =9 < Qsr = Qrp = 36 [10], because the distances from S
to R and from R to D are usualy smaller than the distance
from S to D, and thus link SR and link RD have higher
average power gains than link SD. According to [11], other
parameters are set as SNR = 20 dB, Ksgr = Krp = 5, and Ksp =
2. From Fig. 3, we can observe that the derived analytical
results using Gauss-Chebyshev Integration match well with
the simulation results. In addition, as a increases, s2 will get
more power and its achievable rate increases accordingly,
while the achievable rate of s1 decreases. Moreover, the sum
rate of two signals first increases and then slowly decreases
with the increase of a;. Actually, we can see from (10) that
when a, is small, the achievable rate of s; is mainly
determined by link SR, as axisr will always be smaller than
Aro . Due to SIC, s; will have no interference in link SR, so
increasing a, will largely increase the achievable rate of sy,
and thus increase the sum rate. However, when a, increases,
axisr Will be larger than Arp at last, and the rate of link RD
will slowly become the determinant factor, which is not
influenced by a,.As a result, the increase of s, achievable rate
finally cannot make up for the decrease of s;’s achievable rate,
which causes the decrease of the sum rate, as shown in Fig. 3.
Thus, there exists an optimal power allocation coefficient to
maximize the sum rate, which is an interesting research topic
deserving further investigation in the future. Fig. 4 compares
the achievable rates of the traditional CRS and the NOMA-
based CRS against the transmit SNR, where we set a, =
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0.4,Qsp = 9, Qrp = 36, and Qsg = 144. We find that the
simulation results and analytical results are consistent, and the
NOMA-based CRS achieves higher achievable sum rate than
the traditional CRS, since NOMA-based CRS can transmit
two signals in two slots, while traditional CRS can only
transmit one signal during the same time.

*— signal 1 GRS using NOMA | 4,
—@— signal 2 CRS using NOMA
—s— sumrate CRS using NOMA[ ]

& ate traditional CRS

Achievable Rate (bits/s/Hz)

0 5 10 15 20 25 30
Transmit SNR(dB)

Fig. 4. Achievable rates comparison between the NOMA
based CRS and traditional CRS

V. CONCLUSION

In this paper, we have investigated the performance
of a NOMA based cooperative relaying system by deriving the
exact analytical expressions of the achievable rates. Moreover,
an efficient approximation method using Gauss-Chebyshev
Integration for the achievable rates was also proposed, which
enables the sum series of the achievable rate expressions
converge quickly. Simulation results have verified that our
derived analytical results match well with the Monte Carlo
simulations, and the NOMA-based CRS is able to achieve
higher achievable rate than the traditional CRS.
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