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In future wireless communication systems, full-duplex (FD) and massive multiple-input-multiple-out-
put (mMIMO) are considered as two promising technologies to overcome the capacity crunch and 
spectrum scarcity. Transmission and reception at the same frequency-time channel in FD and large an-
tenna arrays in mMIMO systems improve the spectral efficiency to a great extent compared to current 
systems. To make mMIMO systems cost-efficient, inexpensive less-accurate transmit and receive chain 
components are preferred. This leads to hardware distortions, which in turn become unfavourable for 
self-interference (SI) cancellation in FD systems.

In this thesis, our main goal is to design distortion-aware FD multi-antenna multi-carrier (MC) sys-
tems, from the aspect of resource allocation and the resulting system performance. Particularly the 
impact of distortions caused by hardware impairments, leading to residual self-interference and inter-
carrier leakage as well as the imperfect channel state information is taken into account. Initially, we 
investigate the linear transceiver design problem for an FD multiple-input-multiple-output (MIMO) 
MC decode and forward (DF) relaying system. In addition to the traditional per-carrier DF relaying, the 
case with a joint-carrier DF is also studied, taking advantage of group-wise decoding and encoding.

Furthermore, we focus on the joint sub-carrier and power allocation problem for a DF relay system, 
where multiple half-duplex (HD) single antenna (SA) MC source-destination pairs communicate with 
the aid of an FD mMIMO MC relay. Besides maximizing the sum-rate and energy efficiency, we also 
focus on minimizing the overall delivery time for a given set of communication tasks to the user no-
des. We extend the studied framework to a bi-directional MC communication system, where an FD 
mMIMO base station (BS) serves multiple FD SA user nodes.

Finally, we focus on resource allocation problem for an FD-enabled relaying system, where an mMI-
MO MC BS simultaneously activates the relay as well as the direct channel for communicating se-
parate data streams to the user terminals. This is implemented by employing successive interference 
cancellation at the MC SA user terminals. Besides the superior performance under various system 
conditions, the proposed dual-connectivity enjoys higher robustness when one of the active paths 
experience an unexpected blockage.
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1 Introduction

Increasing communication network traffic has always been a challenge in wireless com-
munication. As the number of users or network usage is increased, new technologies
are introduced to cope with the demand. In the current fourth-generation (4G) (long
time evolution (LTE)) mobile networks, multiple input multiple output (MIMO) as
well as multi-carrier modulation (orthogonal frequency division multiplexing (OFDM))
have been introduced, among other promising features, to support the user demand.
Subsequently in future wireless systems, for instance in fifth-generation (5G) networks,
full-duplex (FD) and massive multiple input multiple output (mMIMO) are considered
as two promising technologies to overcome capacity crunch and spectrum scarcity.

In FD systems, simultaneous transmission and reception at the same frequency-time
channel improve the spectral efficiency compared to the current half-duplex (HD) wire-
less systems [1], where the transmission and reception are separated either in time or
frequency. The main challenge for such systems is to suppress the strong interference it
receives from its own transmitter. A full-duplex node receives a part of its own trans-
mitted signal through the direct path (LOS) or reflections from the scatterers. Recently,
efficient self-interference cancellation (SIC) techniques are developed [2–4], which has
made feasible to incorporate FD nodes into future communication systems [5–7], and
motivated some related studies [8, 9]. Removing the known transmitted signal from
the received one is the central idea for SIC. This is significant because the strong self-
interference (SI) saturates the front-end components of the receiver, such as analog to
digital converter (ADC), low noise amplifiers, to name a few. In order to make the FD
operation feasible, SI should be mitigated to avoid saturating the limited dynamic range
of the receiver chain. Most SIC techniques work in both analog and digital domains
to remove the SI. The major part of the SI is removed at the analog domain, and the
remaining signal will be cancelled in the digital domain. This is challenging due to the
imperfect transmitter/receiver chain components, ageing of the components, imperfect
knowledge of the SI channel.

In an mMIMO communication system, the nodes are equipped with a large number
of antennas, which provides a large spatial diversity resulting in improved spectral
efficiency. In these systems, less power is required to transmit data as the antennas can
operate in conjunction with each other to enhance the gain of transmitted signals at the
receiver, which makes it a more energy-efficient system. Moreover, the huge number of
antennas makes an mMIMO network far more resistant to interference and intentional
jamming than present MIMO systems which only utilize a handful of antennas. On
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1 | Introduction

the other hand, the hardware cost for such a system becomes expensive due to a large
number of antenna arrays requirements. In order to reduce the cost, the inexpensive
or less accurate transmitter/receiver chain components such as low-resolution ADC,
digital to analog converter (DAC) [10], low-cost power amplifiers are preferred. Usage of
these less efficient components and their ageing over time will introduce more hardware
distortion to the system.

Another benefit of mMIMO is that it can support more users by utilizing spatial mul-
tiplexing. In spatial multiplexing, users in different locations will be served by separate
narrow beams by employing beamforming techniques that utilize the large-scale an-
tenna array. In the current wireless communication systems, different multiple access
techniques are available in different domains such as code (code division multiple ac-
cess (CDMA)), time (time division multiple access (TDMA)) and frequency (frequency
division multiple access (FDMA)).

A wireless multi-carrier (MC) communication system utilizes the frequency domain for
multiple access. There are different variant of MC systems currently available such as
filter bank multi carrier (FBMC), generalised frequency division multiplexing (GFDM),
OFDM, to name a few. In current 4G (LTE) mobile network system, the MC systems
used to serve multiple users is OFDM access technique, where orthogonal frequencies
are assigned to different users. For the upcoming 5G New Radio (NR) network system,
mixed numerology OFDM is considered as the multiple access technique [11,12]. In an
OFDM system, since the frequencies are orthogonal to each other, ideally there should
not be any inter-carrier leakage (ICL). However for an MC system, even in an OFDM
system, the non-linear hardware distortions at the transmit and receive chains lead to
ICL. In case of an FD MC system, due to the ICL, even if one of the sub-carriers is
employed with a high-power transmission will introduce a higher residual SI in all of
the sub-carrier channels.

Incorporating both mMIMO and FD into an MC system can lead to higher spectral
efficiency, enjoying their mutual benefits. High spatial diversity and co-existence of
transmission and reception capabilities of mMIMO FD transceiver systems have shown
great potential in various paradigms of wireless communications such as relay system,
bidirectional communication, cellular networks, physical layer security, radar systems
and spectrum sensing. However, in an FD mMIMO MC system, it is essential to have a
distortion-aware design which considers the impact of distortions due to the hardware
impairments.

1.1 Self Interference Cancellation Techniques

As mentioned earlier, the feasibility of FD communication systems relies on efficient SIC
techniques. Since the power of the SI is very high compared to signal-of-interest, the
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receiver circuitry (e.g., ADC) becomes saturated while converting the SI and signal-of-
interest simultaneously. The conversion can be only done if SI is sufficiently removed in
the analog domain to fall within the dynamic range of the ADC. The SIC techniques are
mainly classified as passive and active cancellation techniques in radio frequency (RF)
domain and digital SI cancellation in the baseband domain.

Passive Cancellation

Passive cancellation is done in the RF domain, where the SI is attenuated (isolated) from
propagating the transmit side to the receiver side. This can be attained by implementing
cross-polarization, physical separation of transmit and receive antennas, directional
isolation and RF absorptive shielding [2,13]. Furthermore, 3-port RF-circulator can be
utilized to attain passive isolation if the antennas are shared for both transmission and
reception [14]. The techniques such as directional isolation, RF absorptive shielding and
cross-polarization are very effective in suppressing the direct path between the transmit
and receive antennas. However, they are not necessarily useful in suppressing reflected
SI paths [2]. Hence, for the practical environment, passive cancellation techniques alone
are not sufficient, i.e., a combination of passive and active cancellation techniques are
necessary.

Active Cancellation

The active cancellation techniques are done in the RF domain by exploiting the knowl-
edge of its own transmit signal to mitigate SI. The main goal in active RF cancellation
techniques is to cancel the SI signal in the RF domain by subtracting a copy of the
predicted SI signal before reaching the sensitive receiver chain components. Two main
approaches in active RF cancellation techniques are antenna cancellation and signal
injection.

In the antenna cancellation technique, an additional transmit antenna is utilized to
create a null position at the location of the receiver antenna to nullify the signal from
the actual transmit antenna [1, 15, 16]. However, this approach is signal bandwidth
sensitive and leads to performance degradation in SIC in wide bandwidth scenarios. This
problem can be overcome by adopting a pair-wise symmetric antenna placement [17].
Unlike in antenna cancellation techniques where the cancellation is attained by on-air
transmissions, the signal injection approach relies on direct injection of reconstructed SI
signal. There are different ways to reconstruct the SI signal for SIC. One idea is to tap
the up-converted transmit signal at the transmit chain and process it, for example using
attenuators and phase shift units, to generate the estimate of the SI signal. In [8,14], a
copy of the tapped transmit signal is fed to the analog cancellation circuit, which consists
of fixed lines of varying delays (wires with different lengths) and a tunable attenuator.
The main challenge is to choose the fixed delays and to tune the attenuator in order to

3



1 | Introduction

maximize the SIC. Furthermore in [18], signal inversion uses a simple design based on
a balanced/unbalanced (Balun) transformer and variable attenuators and delay lines
are used to cancel the SI. Another idea to reconstruct the estimate of the SI signal
is by utilizing an additional transmit chain [19–21]. This reconstructed signal is then
subtracted from the received signal right after the reception. However, usage of an
auxiliary chain may result in more transmit distortion. After attenuating the SI by
applying the passive and active cancellation techniques to a level below the saturation
point of receiver chain components, the received signal can be down-converted. The
down-converted signal needs to be further processed in the digital domain to remove
the residual SI.

Digital Domain Cancellation

Compared to analog domain processing, the main advantage of digital domain can-
cellation is that even sophisticated processing becomes relatively easy by exploiting
advanced digital signal processing techniques. Digital processing is suited to mitigate
the SI signal due to the reflective paths (non-line of sight (NLOS) component). Digital
SI canceler subtracts the estimated residual SI after the passive and active cancellation
from the received down-converted (baseband) signal in the digital domain [14, 22]. At
the transmit side, transmit beamforming has been widely used to spatially suppress the
SI [5, 23, 24] and to limit the SI power by adding it as a constraint [25]. Furthermore,
receive beamforming can also be used for SIC. By adaptively adjusting the receive
beamforming weights corresponding to the SI channel condition, the SI can be attenu-
ated. Due to analog-circuit complexity, the receive beamforming is commonly used in
digital domain [5,26]. Moreover, the impact of hardware distortion due to non-linearities
of the transmit and receive chains can be cancelled out by employing non-linear signal
processing at the receiver [14,27–31].

1.2 Full Duplex Relaying

One of the promising applications of FD capability is on relay systems. A relay node
assists communication between a source and a destination by receiving the signal from
the source and retransmitting it to the destination. In a relay network, the transmit
power required per node can be reduced when compared to direct transmission, thereby
making the entire relay communication more energy efficient. In other words, the source
node (mostly with limited power) does not need to transmit at high power to communi-
cate with the destination which is located far from the source. However, in traditional
relay systems, the reception and retransmission frequencies are kept different in order
to avoid SI. Otherwise, the relay has to receive the entire transmit signal first, then
retransmits it to the destination in the successive time slot leading to higher latency to
the communication. While in an FD relay, simultaneous transmission and reception in
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the same frequency-time channel result in SI. The SI signal at the relay is very strong
compared to the desired received signal due to the close proximity of transmit and
receive front ends. The SI signals saturate the limited dynamic range of the receiver
chain components at the relay. The advancement of SIC contributed to consideration
of relays that are capable of transmitting and receiving at the same frequency and are
referred to as FD relays. In [5], a wide range of SI mitigation schemes, i.e., natural
isolation, time-domain cancellation, and spatial suppression such as antenna selection,
beam selection and null space projection are analyzed for an FD MIMO relay. The main
idea behind spatial suppression schemes are receiving and transmitting in orthogonal
subspaces, or joint transmit and receive beam selection to support more spatial streams
by choosing the minimum eigenmodes for overlapping subspaces. In [5, 32], various SI
mitigation schemes for an FD MIMO relay are discussed in detail. The performance of
SIC in mMIMO FD system is analyzed in [33]. The authors show that SI-subtraction
outperforms the spatial suppression for SIC in a perfect channel estimation case, and
spatial suppression performs relatively better than the SI-subtraction in an imperfect
channel estimation case. A combination of different SIC techniques is required to be
utilized in order to make FD relaying feasible.

In general, amplify and forward (AF) and decode and forward (DF) are two familiar
relaying schemes. In AF relaying, the relay amplifies the received signal and forwards
it towards the destination. Thus, AF relaying technique is much simpler and better
in terms of less complexity as compared to DF. However, this relaying scheme in the
FD system suffers from noise amplification as well as distortion amplification resulting
in a distortion loop [34]. This can be avoided in the DF scheme where the relay first
decodes the signal received from the source, re-encodes and then retransmits it to the
destination. In this thesis, since we consider an FD multi-antenna relay system with
hardware impairments, it will be more beneficial to opt DF as the relaying scheme to
avoid retransmission of the distortion loop interference, thereby increasing the reliability
of the system.

The resource allocation problems are addressed for an FD relaying system by utilizing
AF protocols in [34–36] and DF in [37–39]. In [40–42], the application of FD relays
is considered for the context of simultaneous wireless information and power transfer
(SWIPT) and wireless-powered relay. The works in [43, 44] address the problem of
secrecy rate maximization in a relay wire-tap channel by exploiting the FD capability
of the relay and show that a significantly higher secrecy rate can be achieved compared
to an HD relaying. The resource allocation problem is investigated for the FD relays
that assist device-to-device communication underlying cellular networks in [45–48] and
cognitive radio networks in [49]. As mentioned earlier, having a large-antenna array
provides more spatial diversity to the relay, thereby improving spectral and energy
efficiency compared to the MIMO relay. The resource allocation problem to improve
the spectral or energy efficiency of FD mMIMO relaying are studied in [38, 50–53]. In
this thesis, we discuss different communication scenarios that perform better with the
aid of an FD relay such as MIMO source-destination pair, multi-user scenarios and dual
connectivity.
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1 | Introduction

1.3 Thesis Outline

The goal of this thesis is to investigate the resource allocation problem for multi-antenna
FD MC communication systems by taking into account the impact of the distortions
caused by hardware impairments and the impact of imperfect channel state information
(CSI). In the following subsections, an outline and main contributions of this thesis are
summarized.

Chapter 2: Hardware Impairments-aware Linear Transceiver
Design for Multi-carrier FD MIMO DF Relaying

In Chapter 2, we discuss the linear precoding and decoding design problem for an FD
MC DF relaying system. We consider the effects of hardware distortions, which con-
tribute to residual SI and ICL. The impact of the imperfect channel estimation is
also taken into account. Initially, the problem of linear precoding and decoding de-
sign is studied to maximize the system sum-rate, leading to a non-convex optimization
problem. Then, the design is extended to power minimization and energy efficiency
maximization. In addition to the traditional per-carrier coding strategy, the case with
a joint-carrier coding strategies is also studied, taking advantage of the group-wise
decoding and encoding. An alternating quadratic convex program (AQCP) is then pro-
posed for sum-rate maximization and power minimization problem, with a monotonic
improvement at each iteration, leading to a guaranteed convergence. The proposed
AQCP framework is then extended, employing the Dinkelbach algorithm, to solve the
energy efficiency maximization problem. We investigate the operation of an FD MIMO
MC DF relay system for different system parameters such as hardware inaccuracies, im-
perfect CSI, to name a few, using numerical simulations. Numerical simulations show
a significant gain in performance of the proposed algorithms in terms of the end-to-end
system sum-rate and energy efficiency compared to HD counterparts or to the solutions
where the impact of impairments are not considered, particularly when the hardware
distortions leading to residual SI and ICL become a dominant factor.

Chapter 3: Resource Allocation for Multi-user Multi-carrier
FD mMIMO DF Relay System with Hardware Impairments
In Chapter 3, we extend our model to mMIMO scenario, where we investigate the
resource allocation problem for an FD mMIMO MC DF relay system which serves mul-
tiple MC HD single antenna source-destination pairs. In addition to the prior studies
focusing on maximizing the sum-rate and energy efficiency, we also focus on minimizing
the overall delivery time for a given set of communication tasks to the user terminals.
As our system is an FD MC system, we consider the impact of hardware distortions
resulting in residual SI and ICL. We also consider that only limited CSI is available.
We analyze the asymptotic rate of our system employed with maximum ratio transmit-
ting (MRT)/maximum ratio combining (MRC) strategy, when the number of antenna
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becomes large (goes to ∞). It is noticed that the impact of hardware distortion be-
comes significant in a large-scale antenna array regime. A joint power and sub-carrier
allocation problem to maximize the sum-rate of the system is then formulated. Due
to the intractable nature of the underlying problem, an iterative solution is proposed,
employing the successive inner approximation (SIA) framework, with guaranteed con-
vergence to the point that satisfies the Karush–Kuhn–Tucker (KKT) conditions. A
similar algorithm that follows SIA framework is also proposed to solve the delivery time
minimzation problem.

For the energy efficiency maximization problem, a double-loop iterative algorithm which
follows the SIA and Dinkelbach algorithm is proposed. The operation of an FD mMIMO
MC DF relay system is evaluated for different system parameters using numerical sim-
ulations. We also show that the importance of considering delivery time minimization
rather than the sum-rate maximization, i.e., maximizing the sum-rate of the system
does not necessarily minimize the overall delivery time. Numerical results show the
significance of distortion-aware design for such systems and also the significant gain
in terms of different objectives such as sum-rate, energy efficiency, and delivery time
compared to its HD counterpart.

Chapter 4: Resource Allocation for Multi-carrier FD mMIMO
Bidirectional Communication with Hardware Impairments

In the previous chapter, Chapter 3, we investigated an FD mMIMO MC DF relay sys-
tem where the source and destination nodes are HD nodes. In this chapter, Chapter 4,
we consider the resource allocation problem for a bidirectional MC communication sys-
tem, where an FD mMIMO base station (BS) node communicates with multiple single
antenna FD user nodes. Here, the spectral efficiency is measured as the sum of uplink
and downlink sum-rate that can be achieved by the FD users. The impact of hardware
distortions resulting in residual SI and ICL, and also imperfect CSI are jointly taken into
account. We formulate a joint sub-carrier and power allocation problem to maximize
the spectral efficiency (sum-rate maximization), and an iterative optimization method
is proposed which follows SIA framework to reach the convergence point that satisfies
the KKT conditions. Here, a quadratic approximation of our achievable rate function
is utilized to transform our non-convex optimization problem into a convex problem.
Later, we consider an energy efficiency maximization problem which is solved using a
double-loop iterative algorithm that follows the SIA and Dinkelbach algorithm. It is
observed that a notable gain can be achieved by such FD-enabled systems compared
to the traditional HD systems. It is also noticed that the implementation of hardware
distortion-aware design is essential for such bidirectional communication systems, espe-
cially in high signal to interference plus noise ratio (SINR) or high transceiver distortion
scenario.
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Chapter 5: Full-Duplex Relaying: Enabling Dual Connectivity
via Impairments-aware Successive Interference Cancellation
In Chapter 5, we address the problem of resource allocation for the downlink of a
cellular communication network, where dual connectivity (DuC) at the end-users is
enabled with the assistance of an FD relay. In particular, the BS transmits separated
data streams through the co-channel direct link as well as the FD relay channel, utilizing
the successive interference cancellation (SuIC) capability at the receiver. In addition
to the superior performance under various system conditions, the proposed DuC enjoys
higher robustness when one of the active paths experience an unexpected blockage.

As an initial setup, we consider a single-user scenario, where the relay is an FD single
antenna node. In this regard, we formulate a joint power and sub-carrier allocation
problem to maximize the total sum-rate, incorporating the impact of hardware distor-
tions resulting in residual SI and ICL, and also imperfect CSI. An iterative solution
is proposed for the non-convex underlying problem, utilizing the SIA framework, with
guaranteed convergence to a solution satisfying the KKT optimality conditions. Then
we extend our system to a multi-user scenario, where an FD mMIMO relay assists the
DuC mode. We also discuss the resource allocation problem for a multi-user HD re-
lay system enabling DuC. Numerical results show performance and roboustness gain
of our proposed SuIC scheme in terms of sum-rate compared to previously proposed
single-connectivity and HD schemes.

A summary of the main findings and an outlook for the related future research directions
are given in Chapter 6.

Parts of this thesis were already published or under consideration for publication in
[54–63].

1.4 Mathematical Notations and Conventions
Throughout the thesis, the following mathematical notations and conventions are used.
Scalar values are represented using normal italic letters (a). Lower-case and upper-case
bold letters are used to denote vectors (a) and matrices (A), respectively. Identity
matrix with dimension K is denoted by IK .

We use E{.}, |.|, Tr(.), (.)−1, (.)∗, (.)T and (.)H for mathematical expectation, determi-
nant, trace, inverse, conjugate, transpose and Hermitian transpose, respectively. The
Kronecker product is denoted by ⊗. The statistical independence is denoted by ⊥. A
complex Gaussian distribution with mean a and variance A is denoted as CN (a, A).
We use diag(.) for the diag operator, which returns a diagonal matrix by setting off-
diagonal elements to zero. All-zero matrix of size m × n is denoted by 0m×n. Euclidean
norms and Frobenius norms are respectively denoted as ‖.‖2 and ‖.‖F . The l-th element
(column) of the vector a (matrix A) is denoted by �a�l (�A�l). We define delta function
δkm such that δkm = 1 when k = m, otherwise δkm = 0. We denote the set of real,
positive real, and complex numbers as R, R+ and C, respectively. We use A for the
cardinality of a set A.
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2 Hardware Impairments-aware
Linear Transceiver Design for
Multi-carrier FD MIMO DF
Relaying

2.1 Scope

Full-duplex (FD) relay systems have received recognition as they are one of the cost-
effective solutions for throughput enhancement, system reliability, energy savings and
coverage extension. By simultaneous reception and transmission on the same frequency
channel, FD relaying can compensate for the spectral loss due to conventional half-
duplex (HD) relaying, with an expense of self-interference (SI). Utilizing multiple input
multiple output (MIMO) in relaying has also attracted research interest as it can in-
crease spectral efficiency by spatial division multiplexing technique. Apart from spectral
efficiency enhancement, MIMO relaying provides an opportunity to enable FD opera-
tion through spatial SI suppression [5]. However, the impact of hardware inaccura-
cies/impairments become significant for these FD systems compared to the HD, due to
the presence of strong SI. In this chapter we consider FD MIMO multi-carrier (MC) re-
lay system, it is essential to incorporate the impact of the hardware distortions into the
transceiver design as the non-linear distortions introduce residual SI as well as inter-
carrier leakage (ICL). We also consider the relay utilizes decode and forward (DF)
relaying scheme to avoid retransmission of the distortion (distortion-loop interference).

2.2 Related Works

In [37], the authors have proposed a design strategy for a single-carrier multi-user FD DF
relaying system to overcome its own loop-back SI, and also provide a solution to the case
with erroneous channel state information (CSI) following the worst-case enhancement
approach. The simultaneous wireless information and power transfer (SWIPT) for an
FD DF relay network is investigated in [64]. The outage probability has been derived for
multi-hop FD relaying in [65], for orthogonal frequency division multiplexing (OFDM)
FD relaying systems in [66], and for FD DF two-way relay systems in [67]. Furthermore,
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[68] shows that by optimally allocating transmit power to an FD MIMO DF relay, a
significant spectral efficiency gain can be attained over conventional HD relay, provided
that the relay SI is blocked well. In [69], the authors derive the optimal structure of
both the source precoding matrix as well as the relay amplifying matrix for the FD
MIMO OFDM DF relay networks in order to minimize the overall transmission power
from source and relay subject to a given set of quality of service (QoS) constraints. In
the works mentioned above, the hardware inaccuracies or hardware distortions are not
taken into account.

In [70], the authors have proposed a transmission scheme based on the maximization
of the lower bound on the end-to-end achievable rate of DF based FD MIMO relay
systems under limited dynamic range. Whereas in [71], a convergent block coordinate
ascent algorithm is developed for maximization of end-to-end achievable rate of the
same system. The outage analysis of an FD DF relaying with the limited dynamic
range of the analog to digital converter (ADC) is studied in [72]. The authors have
derived the optimal transmit power of the relay to minimize the outage probability. In
the above-mentioned works, the authors consider the impact of hardware distortions for
a single carrier system.

2.3 Chapter Outline

In this chapter, we study an FD MC MIMO DF relaying system, where the effect of
hardware distortions and imperfect CSI are jointly taken into account. In Section 2.4,
we model the operation of the FD MC MIMO DF relaying system. We also formulate
the impact of hardware inaccuracy with regard to the intended transmit/received signal
as well as the impact of imperfect CSI. In Section 2.5, we devise the linear transceiver
design problem for sum-rate maximization, power minimization and energy efficiency
maximization. Moreover, we extend the traditional per-carrier (PC) coding into a
joint-carrier (JC) coding strategy, where the information decoded in one sub-carrier
can be forwarded via another sub-carrier. An alternating quadratic convex program
(AQCP) is proposed for sum-rate maximization and power minimization problem. The
proposed AQCP framework is then extended, employing the Dinkelbach algorithm, in
order to maximize the system energy efficiency. In Section 2.6, we analyse the arithmetic
computational complexity of the sum-rate maximization algorithm. In Section 2.7, the
performance of the proposed designs is evaluated and compared with the available
designs in the literature. The main results of this chapter are summarized in Section
2.8.

2.4 System Model

We consider an FD MC MIMO DF relay which connects an HD MC MIMO source node
equipped with Ns transmit antenna to an HD MC MIMO destination node equipped
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Figure 2.1: Basic system model for FD MIMO relay communication between an HD
MIMO source and an HD MIMO destination node.

with Md receive antennas. A basic model of our system is depicted in Fig 2.1. The
number of transmit and receive antennas at the relay can be denoted as Nr and Mr,
respectively. Initially, the source transmits the signal to the relay through the channel
Hk

sr ∈ C
Mr×Ns with sub-carrier k ∈ K, where K := {1, 2, ...., K} and K is the total

number of sub-carriers. At the relay, after applying self-interference cancellation (SIC),
the received signal is decoded. Then, the relay transmits the decoded signal to the
destination through the channel Hk

rd ∈ C
Md×Nr . Due to SI at the relay, a part of

the relay transmit signal is received by the relay itself through the SI channel Hk
rr ∈

C
Mr×Nr . Similar to [70, 73], we also consider a weak signal (due to path loss) from the

source is received at the destination through the direct channel Hk
sd ∈ C

Md×Ns , which
is considered as interference. We assume all channels are constant for each frame,
frequency flat in each sub-carrier and only the imperfect CSI is known.

2.4.1 Imperfect Channel State Information

We adapt the channel error model used in [70, 74], where the true channel can be
decomposed into the estimated channel plus estimation error, which can be stated as

HX = ĤX + H̃X , H̃X = D
1
2
X ΔX , (2.1)

where X ∈ {sr, rd, rr, sd}, ĤX represents the estimated channel, and the entries of
ΔX are independent and identically distributed (i.i.d.) complex Gaussian with zero
mean and a variance of one. DX shapes the spatial covariance matrix of the CSI
estimation error. However, we consider that the receiver performs a minimum mean
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square error (MMSE) channel estimation. We also assume that the estimated channel
and estimation error becomes uncorrelated, i.e., ĤX ⊥ H̃X .

2.4.2 Source to Relay

The transmitted signal from the source can be written as

xk
s = V k

s sk
s︸ ︷︷ ︸

=:x̃k
s

+ ek
t,s, (2.2)

where sk
s ∈ C

ds , V k
s ∈ C

Ns×ds , and ek
t,s ∈ C

Ns represent the data symbol, the transmit
precoding matrix and transmit distortion at the source, respectively. The number of
data streams in each sub-carrier from the source is denoted by ds and E{sk

s sk
s

H} =
Ids . Furthermore, x̃k

s represents the desired signal to be transmitted from the source.
Accordingly, the received signal at the relay can be written as

yk
r = Hk

srx
k
s + Hk

rrx
k
r + nk

r︸ ︷︷ ︸
=:ỹk

r

+ ek
r,r, (2.3)

where nk
r ∼ CN

(
0Mr , σ2

r,kIMr

)
and ek

r,r are the receiver noise and receive distortion
at the relay, respectively. The transmitted signal from the relay is denoted by xk

r .
Moreover, ỹk

r represents the intended (distortion-free) signal to be received at the relay.
The distortion-free (known) part of the SI can be removed by applying a SIC. The
received signal after SIC can be stated as

yk
r = yk

r − Ĥk
rrV

k
r sk

r = Ĥk
srV

k
s sk

s + νk
r , (2.4)

where V k
r ∈ C

Nr×dr and sk
r represent the transmit precoding matrix and retransmitted

symbol at the relay, respectively. The collective interference-plus-noise at the relay can
be represented as

νk
r = H̃k

srV
k
s sk

s + Hk
sre

k
t,s + H̃k

rrV
k
r sk

r + Hk
rre

k
t,r + nk

r + ek
r,r, (2.5)

where ek
t,r ∈ C

Nr denotes the transmit distortion at the relay. The estimated signal
vector at the relay can be obtained as

s̃k
s =

(
U k

r

)H
yk

r , (2.6)

where U k
r ∈ C

Mr×ds represents the linear receive filter at the relay.

12



System Model | 2.4

2.4.3 Relay to Destination

The transmitted signal from the relay can be written as

xk
r = V k

r sk
r︸ ︷︷ ︸

=:x̃k
r

+ ek
t,r, (2.7)

where x̃k
r represents the desired signal to be transmitted from the relay. The number

of data streams in each sub-carrier from the relay is denoted by dr and E{sk
r sk

r
H} = Idr .

Consequently, the signal received at the destination including the interference from the
source can be written as

yk
d =Hk

rdxk
r + Hk

sdxk
s + nk

d︸ ︷︷ ︸
=:ỹk

d

+ ek
r,d

=Hk
rdV k

r sk
r + Hk

rdek
t,r + Hk

sdV k
s sk

s + Hk
sdek

t,s + nk
d + ek

r,d,

(2.8)

where nk
d ∼ CN

(
0Md , σ2

d,kIMd

)
and ek

r,d are the receiver noise and receive distortion at
the destination, respectively. Furthermore, ỹk

d represents the intended (distortion-free)
signal to be received at the destination. The direct link is considered as an interference
at the destination as its signal power is very weak (due to path loss). Accordingly, the
collective interference-plus-noise at the destination can be stated as

νk
d = H̃k

rdV k
r sk

r + Hk
rdek

t,r + Hk
sdV k

s sk
s + Hk

sdek
t,s + nk

d + ek
r,d. (2.9)

The estimated signal vector at the destination can be obtained as

s̃k
r =

(
U k

d

)H
yk

d, (2.10)

where U k
d ∈ C

Md×dr is the linear receive filter at the destination.

2.4.4 Limited Dynamic Range

The inaccuracies of hardware components such as ADC and digital to analog converter
(DAC) error, noises caused by power amplifiers, automatic gain control (AGC) and
oscillator on transmit and receive chains are jointly modelled for FD MIMO transceiver
in [70, 74], based on [20, 75–77]. The hardware inaccuracies of the transmit (receive)
chain for each antenna is jointly modelled as an additive distortion and can be expressed
as

xl(t) = x̃l(t) + et,l(t)
yl(t) = ỹl(t) + er,l(t),

(2.11)

such that,

et,l(t) ∼ CN
(
0, κlE{|x̃l(t)|2}

)
, et,l(t)⊥x̃l(t), et,l(t)⊥et,l′(t), et,l(t)⊥et,l(t′), l 
= l′, t 
= t′

er,l(t) ∼ CN
(
0, βlE{|ỹl(t)|2}

)
, er,l(t)⊥ỹl(t), er,l(t)⊥er,l′(t), er,l(t)⊥er,l(t′), l 
= l′, t 
= t′,

(2.12)
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i.e., the distortion terms are proportional to the intensity of the intended signals.

In [59], we discuss the characterization of the impact of these hardware distortions in the
frequency domain for an OFDM system. In this thesis, we extend this characterization
for a general orthonormal MC strategy, where the sub-carriers k are orthogonal to each
other with a linear transformation, for example orthogonal variable spreading factor
(OVSF)-MC-code division multiple access (CDMA), OFDM and cyclic prefix (CP)-
OFDM. Let Q be a N × K transformation matrix with QHQ = IK and N ≥ K,
where the columns of the matrix Q represent the basis of the generalized sub-carrier
waveforms which are orthonormal to each other. The total number of sub-carriers is K.
NTs is the duration of one communication block, where Ts is the sample period.

The linear transformation representation of the sampled time domain signal for each
communication block can be written as

xk
l =

N−1∑
n=0

xl(nTs)q∗
n,k =

N−1∑
n=0

x̃l(nTs)q∗
n,k︸ ︷︷ ︸

=:x̃k
l

+
N−1∑
n=0

et,l(nTs)q∗
n,k︸ ︷︷ ︸

=:ek
t,l

yk
l =

N−1∑
n=0

yl(nTs)q∗
n,k =

N−1∑
n=0

ỹl(nTs)q∗
k,n︸ ︷︷ ︸

=:ỹk
l

+
N−1∑
n=0

er,l(nTs)q∗
n,k︸ ︷︷ ︸

=:ek
r,l

,

(2.13)

where q∗
n,k is the element of the transformation matrix Q at the n-th row and k-th

column.

Lemma 2.4.1. Let us define x̃m
l and ỹm

l as the intended transmit and receive signal via
m-th sub-carrier at the l-th transmit/receive chain. The impact of hardware distortions
in the linear transformed domain is characterized as

ek
t,l ∼ CN

(
0,

κ̃l

K

K∑
m=1

E

{
|x̃m

l |2
})

, ek
t,l⊥x̃p

l , ek
t,l⊥ek

t,l′ , ∀p ∈ K (2.14)

ek
r,l ∼ CN

(
0,

β̃l

K

K∑
m=1

E

{
|ỹm

l |2
})

, ek
r,l⊥ỹp

l , ek
r,l⊥ek

r,l′ , ∀p ∈ K, (2.15)

transforming the statistical independence, as well as the proportional variance properties
from the time domain. Here, K represents the total number of sub-carriers. κ̃l and β̃l

correspond to the transmit and receive distortion coefficient at the l-th transmit/receive
chain.

Proof. The time domain statistical independence et,l(t)⊥x̃l(t) and et,l(t)⊥et,l′ (t), and
the linear nature of the transformation (2.13) are also applicable to the statistical inde-
pendence properties at the transformed domain. Similarly, the Gaussian and zero-mean
properties for ek

t,l becomes a linearly weighted sum of the zero-mean Gaussian values
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et,l(mTs). The variance of ek
t,l can hence be obtained as

E

{∣∣∣ek
t,l

∣∣∣2} = E

⎧⎨⎩
(

N−1∑
m=0

et,l(mTs)q∗
m,k

)
×
(

N−1∑
n=0

e∗
t,l(nTs)qn,k

)⎫⎬⎭ (2.16)

=
N−1∑
m=0

N−1∑
n=0

E

{
et,l(mTs)e∗

t,l(nTs)
}

q∗
m,kqn,k (2.17)

=
N−1∑
m=0

E

{
et,l(mTs)e∗

t,l(mTs)
}

qm,kq∗
m,k (et,l(t)⊥et,l(t′)) (2.18)

= κlE

{
|x̃l(t)|2

}
(From 2.12 and

N−1∑
m=0

qm,kq∗
m,k = 1) (2.19)

= κl

K

K∑
m=1

E

{
|x̃m

l |2
}

(Parseval’s Theorem on the energy conversation). (2.20)

Similarly, the proof to the receiver characterization can be obtained.

Following the lemma 2.4.1, the statistics of the distortion terms can be written as

ek
t,s ∼ CN

(
0Ns ,

1
K

Θ̃tx,sPtx,s

)
, (2.21)

ek
t,r ∼ CN

(
0Nr ,

1
K

Θ̃tx,rPtx,r

)
, (2.22)

ek
r,r ∼ CN

(
0Mr ,

1
K

Θ̃rx,rPrx,r

)
, (2.23)

ek
r,d ∼ CN

(
0Md ,

1
K

Θ̃rx,dPrx,d

)
, (2.24)

where
Ptx,s :=

∑
k∈K

diag
(
E

{
x̃k

s (x̃k
s )H
})

, (2.25)

Ptx,r :=
∑
k∈K

diag
(
E

{
x̃k

r (x̃k
r )H
})

, (2.26)

Prx,r :=
∑
k∈K

diag
(
E

{
ỹk

r (ỹk
r )H
})

, (2.27)

Prx,d :=
∑
k∈K

diag
(
E

{
ỹk

d(ỹk
d)H
})

. (2.28)

The diagonal matrices Θ̃tx,s (Θ̃tx,r) and Ptx,s (Ptx,r) consisting of transmit distortion
coefficients and intended transmit signal power for the corresponding transmit chains
at the source (relay), respectively. Similarly, Θ̃rx,r (Θ̃rx,d) and Prx,r (Prx,d) are diagonal
matrices consisting of receive distortion coefficients and intended receive signal power
at the corresponding receive chains at the relay (destination), respectively. Let us
define Θtx,r = 1

K
Θ̃tx,r, Θtx,s = 1

K
Θ̃tx,s, Θrx,r = 1

K
Θ̃rx,r, and Θrx,d = 1

K
Θ̃rx,d for further

calculations.
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2.4.5 Mean-Squared Error Matrix

Considering V k
s and U k

r as the linear source transmit precoder and linear relay receive
filters, the mean square error (MSE) matrix for the source-relay system can be defined
as

Ek
r = E

{(
s̃k

s − sk
s

) (
s̃k

s − sk
s

)H
}

=
(
(U k

r )HĤk
srV

k
s − Ids

) (
(U k

r )HĤk
srV

k
s − Ids

)H
+ (U k

r )HΣk
r U k

r ,

(2.29)

where Σk
r is the covariance of the received collective interference-plus-noise signal at the

relay and can be obtained as

Σk
r = E

{
νk

r νk
r

H
}

≈ Ĥk
srΘtx,sdiag

⎛⎝∑
m∈K

V m
s (V m

s )H

⎞⎠ (Ĥk
sr)H + Dk

srTr
⎛⎝Θtx,sdiag

⎛⎝∑
m∈K

V m
s (V m

s )H

⎞⎠⎞⎠
︸ ︷︷ ︸

Source transmit distortion

+ Ĥk
rrΘtx,rdiag

⎛⎝∑
m∈K

V m
r (V m

r )H

⎞⎠ (Ĥk
rr)H + Dk

rrTr
⎛⎝Θtx,rdiag

⎛⎝∑
m∈K

V m
r (V m

r )H

⎞⎠⎞⎠
︸ ︷︷ ︸

Relay transmit distortion

+ Dk
srTr

(
V k

s (V k
s )H
)

+ Dk
rrTr

(
V k

r (V k
r )H
)

︸ ︷︷ ︸
CSI error in source-relay and relay SI channel

+ Θrx,rdiag
⎛⎝∑

m∈K

(
Ĥm

srV
m
s (V m

s )H(Ĥm
sr)H + Dm

srTr
(
V m

s (V m
s )H

) )
︸ ︷︷ ︸

Relay receive distortion

+
∑

m∈K

(
Ĥm

rrV
m
r (V m

r )H(Ĥm
rr )H + Dm

rrTr
(
V m

r (V m
r )H

)
+ σ2

r,mIMr

)⎞⎠
︸ ︷︷ ︸

Relay receive distortion

+ σ2
r,kIMr︸ ︷︷ ︸

Thermal noise

, k ∈ K.

(2.30)
Here, we ignore the higher-order terms of the transmit and receive distortion since the
transmit and receive distortion coefficients of each transmit/receive chains (κ̃l/β̃l) lie
within the range of 0 and 1 and mostly have very small values.

Similarly, the MSE matrix for the relay-destination system considering V k
r and U k

d as
the linear relay transmit precoder and linear destination receive filters can be obtained
as

Ek
d = E

{(
s̃k

r − sk
r

) (
s̃k

r − sk
r

)H
}

=
(
(U k

d)HĤk
rdV k

r − Idr

) (
(U k

d)HĤk
rdV k

r − Idr

)H
+ (U k

d)HΣk
dU k

d.

(2.31)
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The covariance of the interference-plus-noise signal at the destination can be written as

Σk
d = E

{
νk

dνk
d

H
}

≈ Ĥk
rdΘtx,rdiag

⎛⎝∑
m∈K

V m
r (V m

r )H

⎞⎠ (Ĥk
rd)H + Dk

rdTr
⎛⎝Θtx,rdiag

⎛⎝∑
m∈K

V m
r (V m

r )H

⎞⎠⎞⎠
︸ ︷︷ ︸

Relay transmit distortion

+ Ĥk
sdΘtx,sdiag

⎛⎝∑
m∈K

V m
s (V m

s )H

⎞⎠ (Ĥk
sd)H + Dk

sdTr
⎛⎝Θtx,sdiag

⎛⎝∑
m∈K

V m
s (V m

s )H

⎞⎠⎞⎠
︸ ︷︷ ︸

Source transmit distortion

+ Ĥk
sdV k

s (V k
s )H (Ĥk

sd)H + Dk
sdTr

(
V k

s (V k
s )H
)

︸ ︷︷ ︸
Interference from Source

+ Dk
rdTr

(
V k

r (V k
r )H
)

︸ ︷︷ ︸
CSI error in relay-destination channel

+ Θrx,ddiag
⎛⎝∑

m∈K

(
Ĥm

rdV m
r (V m

r )H(Ĥm
rd)H + Dm

rdTr
(
V m

r (V m
r )H

) )
︸ ︷︷ ︸

Destination receive distortion

+
∑

m∈K

(
Ĥm

sdV m
s (V m

s )H(Ĥm
sd)H + Dm

sdTr
(
V m

s (V m
s )H

)
+ σ2

d,mIMd

)⎞⎠
︸ ︷︷ ︸

Destination receive distortion

+ σ2
d,kIMd︸ ︷︷ ︸

Thermal noise

, k ∈ K.

(2.32)

2.5 Optimization Problem

In this section, we discuss the linear transceiver design problem of an FD MIMO DF
relay system for sum-rate maximization, power minimization and energy efficiency max-
imization.

2.5.1 Sum-rate Maximization

In recent years, due to the scarcity of spectrum resource, spectral efficiency has become
one of the most necessitous factors in wireless communications. Here, we consider
spectral efficiency in terms of achievable sum-rate. The total achievable sum-rate for
the source-relay link and the relay-destination link are represented by Rsr and Rrd,
respectively. The rate functions can be defined as

Rsr =
∑
k∈K

Rk
sr =

∑
k∈K

log2|Ids + (V k
s )H(Ĥk

sr)H(Σk
r )−1Ĥk

srV
k
s |,

Rrd =
∑
k∈K

Rk
rd =

∑
k∈K

log2|Idr + (V k
r )H(Ĥk

rd)H(Σk
d)−1Ĥk

rdV k
r |,
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where Rk
sr and Rk

rd are the achievable sum-rate for the source-relay link and the relay-
destination link at sub-carrier k, respectively. The achievable sum-rate of the relay
system at sub-carrier k can be written as

Rk = min{Rk
sr, Rk

rd}.

The sum-rate maximization problem utilizing PC coding strategy can be defined as

maximize
Vs,Vr

∑
k∈K

Rk (2.33a)

subject to Tr
(
(INs + KΘtx,s)

∑
m∈K

V m
s (V m

s )H
)

≤ ps,max, (2.33b)

Tr
(
(INr + KΘtx,r)

∑
m∈K

V m
r (V m

r )H
)

≤ pr,max, (2.33c)

where Vs := {V k
s , ∀k ∈ K} and Vr := {V k

r , ∀k ∈ K}. ps,max and pr,max denote the maxi-
mum affordable transmit power at the source and the relay, respectively. In PC coding
strategy, encoding and decoding are performed separately over all the sub-carriers, i.e.,
the optimization constraints are considered over the sub-carriers individually. The above
optimization problem (2.33) can be written as

maximize
Vs,Vr,T

∑
k∈K

tk

subject to Rk
sr ≥ tk, Rk

rd ≥ tk,

(2.33b), (2.33c),

(2.34)

where T := {tk, ∀k ∈ K}1. It can be observed that the problem (2.34) is a non-convex
optimization problem. In the following, we apply the known weighted minimum mean
square error (WMMSE) method [78] to facilitate a convergent alternating optimization.

We can write the optimal MMSE receive filter at the relay as,

U k
r,mmse =

(
Σk

r + Ĥk
srV

k
s (V k

s )H(Ĥk
sr)H
)−1

Ĥk
srV

k
s (2.35)

and at the destination as

U k
d,mmse =

(
Σk

d + Ĥk
rdV k

r (V k
r )H(Ĥk

rd)H
)−1

Ĥk
rdV k

r . (2.36)

By applying (2.35) and (2.36) in (2.29) and (2.31), we get,

Ek
r,mmse =

(
Ids + (V k

s )H(Ĥk
sr)H(Σk

r )−1Ĥk
srV

k
s

)−1
, (2.37)

Ek
d,mmse =

(
Idr + (V k

r )H(Ĥk
rd)H(Σk

d)−1Ĥk
rdV k

r

)−1
. (2.38)

Using (2.37) and (2.38), the rate functions can be written as

Rk
sr = −log2|Ek

r,mmse|, (2.39)

Rk
rd = −log2|Ek

d,mmse|. (2.40)
1tk is an auxiliary variable.
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Lemma 2.5.1. [59, lemma III.1.] [79, lemma 2] Let E ∈ C
d×d be a positive definite

matrix. The maximization of the term −log|E| is equivalent to the maximization

maximize
E,S

− Tr(SE) + log|S| + d (2.41)

where S ∈ C
d×d is a positive definite matrix, and we have

S = E−1, (2.42)

for the optimal solution.

By using the Lemma 2.5.1, the optimization problem (2.34) can be written as

maximize
Vs,Vr,Ur,Ud,Sr,Sd,T

∑
k∈K

tk (2.43a)

subject to − Tr(Sk
r Ek

r ) + log|Sk
r | + ds ≥ tk, (2.43b)

− Tr(Sk
dEk

d) + log|Sk
d| + dr ≥ tk, (2.43c)

(2.33b), (2.33c),

where Ur := {U k
r , ∀k ∈ K}, Ud := {U k

d, ∀k ∈ K}, Sr := {Sk
r � 0, ∀k ∈ K} and

Sd := {Sk
d � 0, ∀k ∈ K}. Please note that the obtained problem is not a jointly

convex problem. However, it is a quadratic convex program over Vs, Vr and T, when
other variables are fixed. Moreover, the optimization over Ur and Ud can be obtained
from (2.35) and (2.36), respectively. Whereas, the optimization over Sr and Sd can be
acquired using (2.37) and (2.38), as Sk

r = Ek
r

−1 and Sk
d = Ek

d
−1. This facilitates an

alternating optimization, where in each step the corresponding problem is solved to
optimality. Due to the monotonic increase of the objective in each step and the fact
that the system sum-rate is bounded from above, the alternating optimization steps
lead to convergence. Algorithm 1 defines the detailed algorithm.

Algorithm 1 AQCP-WMMSE design for PC sum-rate maximization
1: a ← 0 (set iteration number to zero)
2: Vs,Vr ← right singular matrix initialization [80, Appendix A]
3: repeat
4: a ← a + 1
5: Ur,Ud ← solve (2.35) and (2.36), respectively
6: Sr, Sd ← Sk

r = Ek
r

−1 and Sk
d = Ek

d
−1, respectively

7: Vs,Vr,T ← solve (2.43), with fixed Ur,Ud, Srand Sd
8: until a stable point, or maximum number of a reached
9: return {Vs,Vr}
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Joint-carrier Decoding and Remapping

In this section, we consider that the system employs JC coding strategy, i.e., encoding
and decoding are performed jointly over all sub-carriers. In other words, the optimiza-
tion constraints are considered over all the sub-carriers jointly. This way, we can take
advantage of the MC system, by allowing the relay to decode the signal from one sub-
carrier and forward it to the destination through another sub-carrier, thereby improving
the system in terms of total sum-rate. Accordingly, the sum-rate maximization problem
with JC decoding and remapping can be defined as

maximize
Vs,Vr

min{Rsr, Rrd} (2.44)

subject to (2.33b), (2.33c). (2.45)

The optimization problem can be written as

maximize
Vs,Vr,t

t

subject to
∑
k∈K

Rk
sr ≥ t,

∑
k∈K

Rk
rd ≥ t,

(2.33b), (2.33c). (2.46)

where t is an auxiliary variable. Using the similar steps (WMMSE method) as in PC
coding strategy, the optimization problem can be written as

maximize
Vs,Vr,Ur,Ud,Sr,Sd,t

t

subject to
∑
k∈K

(−Tr(Sk
r Ek

r ) + log|Sk
r | + ds) ≥ t,

∑
k∈K

(−Tr(Sk
dEk

d) + log|Sk
d| + dr) ≥ t,

(2.33b), (2.33c). (2.47)

Alternating quadratic convex program steps that are applied to (2.43) can be used to
solve the above optimization problem (2.47). Algorithm 2 defines the detailed algorithm.

Algorithm 2 AQCP-WMMSE design for JC sum-rate maximization
1: Algorithm 1, Steps 1-2 (initialization)
2: repeat
3: Algorithm 1, Steps 4-6
4: Vs,Vr, t ← solve (2.47), with fixed Ur,Ud, Srand Sd
5: until a stable point, or maximum number of a reached
6: return {Vs,Vr}
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2.5.2 Power Minimization

In this section, our goal is to attain a design that minimizes the total power consumption
for a guaranteed pre-defined rate requirement γ. The total power consumption Ptot can
be defined as

Ptot = Ps + Pr, (2.48)
where Ps = 1

μs

∑
k∈K

E{‖xk
s‖2} + Pszero and Pr = 1

μr

∑
k∈K

E{‖xk
r ‖2} + Przero + PFD. μs and μr

are the efficiencies of the power amplifier at the source and relay, respectively. Pszero and
Przero are the power dissipated by other circuit blocks at the transmitter chain of source
and relay, respectively. PFD is the power required for SIC. By using the above definition,
the total power minimization problem for JC coding strategy can be expressed as

minimize
Vs,Vr

Ptot (2.49a)

subject to Ps ≤ Ps,max, Pr ≤ Pr,max, (2.49b)
min{Rsr, Rrd} ≥ γ, (2.49c)

where Ps,max and Pr,max denote the maximum available power for consumption at the
source and the relay, respectively. The above optimization problem can be solved by
using WMMSE method and AQCP steps similar to (2.47). However, the initialization
of the variables Vs and Vr must belong to the feasible set of the problem. In order to
find a feasible initialization point, we need to solve the following optimization problem,

minimize
Vs,Vr,ε

ε (2.50a)

subject to Ps ≤ Ps,max, Pr ≤ Pr,max, (2.50b)
Rsr + ε ≥ γ, Rrd + ε ≥ γ, ε ≥ 0. (2.50c)

Here, the solution to the above problem is obtained by an alternating one similar to
(2.47), and can be used as the initialization point for (2.49). Algorithm 3 defines the
detailed algorithm.

Algorithm 3 AQCP-WMMSE design for power minimization
1: a ← 0 (set iteration number to zero)
2: Vs,Vr ← solve (2.50)
3: repeat
4: a ← a + 1
5: Ur,Ud ← solve (2.35) and (2.36), respectively
6: Sr, Sd ← Sk

r = Ek
r

−1 and Sk
d = Ek

d
−1, respectively

7: Vs,Vr ← solve (2.49), with fixed Ur,Ud, Srand Sd
8: until a stable point, or maximum number of a reached
9: return {Vs,Vr}
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2.5.3 Energy Efficiency Maximization

The main idea behind energy efficiency is to perform the same amount of tasks utilizing
less energy. Eliminating energy waste also provides economic benefits and ecological
sustainability. Therefore, energy-efficient or green technologies have gained more at-
tention in designing a future wireless system. In this section, the energy efficiency is
defined as the ratio of the system sum-rate to the total power consumption of both
the source and the relay. The energy efficiency maximization problem for JC coding
strategy can be expressed as

maximize
Vs,Vr,t

t/Ptot (2.51a)

subject to Ps ≤ Ps,max, Pr ≤ Pr,max, (2.51b)
min{Rsr, Rrd} ≥ t. (2.51c)

Using the similar approach of sum-rate maximization problem, the above optimization
(2.51) can also be written as

maximize
Vs,Vr,Ur,Ud,Sr,Sd,t

t/Ptot (2.52a)

subject to Ps ≤ Ps,max, Pr ≤ Pr,max, (2.52b)∑
k∈K

(−Tr(Sk
r Ek

r ) + log|Sk
r | + ds) ≥ t, (2.52c)

∑
k∈K

(−Tr(Sk
dEk

d) + log|Sk
d| + dr) ≥ t. (2.52d)

We utilize Dinkelbach’s algorithm [81] to tackle the above fractional optimization prob-
lem. The optimization problem can be reformulated as

maximize
Vs,Vr,Ur,Ud,Sr,Sd,t,λ

t − λPtot (2.53a)

subject to Ps ≤ Ps,max, Pr ≤ Pr,max, (2.53b)∑
k∈K

(−Tr(Sk
r Ek

r ) + log|Sk
r | + ds) ≥ t, (2.53c)

∑
k∈K

(−Tr(Sk
dEk

d) + log|Sk
d| + dr) ≥ t. (2.53d)

For fixed Vs, Vr and t, the MMSE filters and the MMSE error matrix can be calculated
from (2.35), (2.36), and (2.37), (2.38) respectively. The λ can be determined from

t − λPtot = 0. (2.54)

The variables Vs,Vr and t are updated by solving (2.53) with fixed Ur,Ud, Sr, Sd and λ.
The optimization problem is solved iteratively until a stable point is reached. Algorithm
4 defines the detailed algorithm procedure.
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Algorithm 4 AQCP-WMMSE design for energy efficiency maximization
1: a ← 0 (set iteration number to zero)
2: Vs,Vr ← right singular matrix initialization [80, Appendix A]
3: λ = 0 ← Lambda initialization
4: repeat
5: a ← a + 1
6: Ur,Ud ← solve (2.35) and (2.36), respectively
7: Sr, Sd ← Sk

r = Ek
r

−1 and Sk
d = Ek

d
−1, respectively

8: Vs,Vr, t ← solve (2.53), with fixed Ur,Ud, Sr, Sdand λ
9: λ ← solve (2.54)

10: until a stable point, or maximum number of a reached
11: return {Vs,Vr}

2.6 Computational Complexity

In this section, we evaluate the arithmetic computational complexity corresponding to
Algorithm 1. In this algorithm, the consideration of the impact of hardware distor-
tions and CSI error escalates the problem dimension and also adds complexity to the
optimization problem structure.

In the algorithm, the optimization variables Ur,Ud, Sr, and Sd are obtained using their
closed-form solution. Therefore, the computational complexity is dominated by the
calculation of the variables Vs,Vr, and T. The optimization problem over Vs,Vr, and
T can be cast as a conic quadratic program (CQP). The general CQP can be stated as

minimize
x

{cT x : ‖Aix + bi‖2 ≤ cT
i x + di, i = 1, 2, ....m; ‖x‖ ≤ R} x ∈ R

n; bi ∈ R
ki .

For the definition of problem structure; please refer to [82, Section 4.6.2]. The arithmetic
complexity for attaining an ε-solution to the above problem is upper bounded by

O(1)(m + 1) 1
2 n
(
n2 + m +

m∑
i=0

(ki)2
)
digit(ε),

where O(1) is a positive constant, and digit(ε) corresponds to the required solution
precision [82, Section 4.6.2]. The computation necessary for each step depends on the
size of the variable space (n), the number of constraints (m) and their corresponding
block size (ki). For our problem, the size of the variable space is given as n = K(2(Ns +
Nr)+1). The block size for each constraint, ki = 2(d2

s (1+2KNs)+2KNrdsdr +KNsds +
KNrdr +2K +2) corresponding to constraint (2.43b), as ki = 2(d2

r (1+2KNr)+(2KNs +
1)dsdr + KNsds + KNrdr + 2K + 2) corresponding to constraint (2.43c), furthermore
ki = 2KNsds belongs to power constraint (2.33b) and ki = 2KNrdr belongs to constraint
(2.33c). The total number of constraints can be concluded to be m = 2K + 2.

For the JC decoding and mapping scenario, the size of the variable space changes to
n = 2K(Ns + Nr) + 1. The number of constraints will be reduced to m = 4, where the
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block size for each constraint increases by K fold. As a remark, the actual computation
load may differ from the above mentioned, as it depends on the utilized numerical solver
and other structure simplification methods.

2.7 Numerical Evaluations

In this section, we evaluate the performance of the proposed transceiver design for both
JC and PC introduced in Section 2.5 in terms of sum-rate and energy efficiency for an FD
MIMO OFDM DF relay system under various system conditions. All communication
channels follow an uncorrelated Rayleigh flat fading model. The SI channel follows the
characterization reported in [20]:

Hrr ∼ CN
(√

ρsiKR

1 + KR

H0,
ρsi

1 + KR

IMr ⊗ INr

)
,

where ρsi is the SI channel strength, H0 is a deterministic matrix of all-1 elements,
and KR is the Rician coefficient. The spatial covariance matrix of the estimated error is
assumed to be the identity matrix. The overall system performance is averaged over 100
channel realizations. For numerical analysis, the default parameter values are chosen
as in Table 2.1.

K 4
N = Ns = Mr = Nr = Md 2

ρ = ρsr = ρrd -20dB
ρsd, ρsi, KR -30 dB, 0 dB, 1

σ2
n = σ2

r,k = σ2
d,k -30 dB

Pmax = Ps,max = Pr,max 1
μs = μr 0.9

Pszero = Przero = PFD 0.01
d = ds = dr 2

κ = β, Θtx,s = Θtx,r = κIN and Θrx,r = Θrx,d = βIN -40dB

Table 2.1: Default setup

Comparison Benchmarks

For comparison using numerical simulations, the following benchmarks are considered:

• JC: It represents the proposed algorithms for joint-carrier (JC) design, with con-
sideration of the impact of imperfect CSI as well as the hardware distortions.

• PC: It represents the proposed algorithms for per-carrier (PC) design, with con-
sideration of the impact of imperfect CSI as well as the hardware distortions.
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• LD (less-distortion): It indicates the algorithms that do not consider the impact
of hardware distortions at the source and the destination in the design , i.e., only
hardware inaccuracy at the relay is considered since hardware impairments are
more significant for FD nodes.

• ND (non-distortion) : It indicates the algorithms that do not consider the impact
of hardware distortions in the design , i.e., hardware inaccuracy is not taken into
account. It only considers the impact of imperfect CSI.

• WoCSI (without-CSI) : It indicates the algorithms that assumes a perfect CSI is
attained.

• HD: It indicates the scenarios when an HD MIMO relay is employed. We consider
the HD relay utilizes TDD, hence SI is not present.

Visualization

In Fig. 2.2a, the average convergence behaviour is plotted for different values of hard-
ware inaccuracy κ dB. We apply right-singular matrix (RSM) initialization proposed
in [80, Appendix A]. It is observed that the algorithm converges within 10-25 iterations.
As expected, it can be seen that the objective has a higher value for smaller hardware
inaccuracy. Even though the global optimality of the final solution can not be verified
due to the possibility of the local solutions; the numerical simulations exhibit that the
algorithm shows good convergence behaviour when the RSM initialization is applied.

In Fig. 2.2b, the performance of the design, in terms of system sum-rate, is evaluated for
different values of transceiver inaccuracy. As we can observe, the sum-rate decreases as
the transceiver inaccuracy increases, i.e., the higher the κ, the smaller the sum-rate. It
is clear that the proposed design JC outperforms all the other benchmarks. As the value
of κ increases, JC and PC algorithms show better performance compared to their ND
counterparts. This indicates that a design with consideration of hardware impairments
is essential as transceiver inaccuracy κ increases.

In Fig. 2.2c, the impact of the receiver noise is depicted. The sum-rate of the system de-
creases as the receiver noise increases. As it can be seen that, for lower values of receiver
noise, the JC design performs better compared to all other benchmarks. It can also be
noticed that at smaller noise values, the JC (PC) design shows better performance than
the ND-JC (ND-PC) design as the hardware distortions become dominant. This im-
plies the importance of considering a hardware-distortion aware design, especially at
high signal to noise ratio (SNR) values.

In Fig. 2.2d, the system performance in terms of sum-rate for JC coding strategy is
evaluated with respect to the channel estimation error. It can be clearly observed,
as the channel estimation error increases the sum-rate of the system decreases. For
small values for channel estimation error, the JC algorithm and Wo-CSI algorithm
show almost similar performance. However, both the algorithms outperform the ND
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design. This is due to the fact that the hardware distortions become dominant for small
values of channel estimation error (similar to the receiver noise case). As the channel
estimation error value increases, the performance of the design degrades compared to
the JC and ND designs.

In Fig. 2.2e, the total sum-rate of the system is plotted against the number of antennas
(Mr = Nr) at the relay. As expected, the system sum-rate increases as the number of
antennas at the relay increases. An interesting observation is that as the number of
antennas at the relay increases, the performance of ND algorithms degrades compared
to the corresponding JC/PC algorithm performance. This implies that as the number
of antennas increases, hardware-distortion aware design becomes more relevant.

Fig. 2.2f, illustrates the dependency of our algorithms on the number of sub-carriers,
in terms of sum-rate. The performance of all the algorithms improves as the number of
sub-carriers increases. It can be observed that as the number of sub-carriers increases,
the more gain in terms of sum-rate can be achieved by the JC algorithm over the PC
algorithm and other ND algorithms. This is because the JC algorithm is more flexible
with respect to the allocation of resources. It will allocate more resources to the better
sub-carriers in both the source-relay link and the relay-destination link. Whereas in the
PC algorithm, more resources can be allocated to the sub-carriers which are better only
in the source-relay link. Sometimes, the relay to destination link is worst compared
to the source to relay link for some sub-carriers. This results in an overall reduced
sum-rate.

In Fig. 2.3a, the impact of the transceiver inaccuracy on the energy efficiency of the
systen is depicted. The general trend is similar to that in the case of the sum-rate. The
energy efficiency of the system decreases as the transceiver inaccuracy (κ) increases. It
is observed that the ND designs becomes less efficient compared to the corresponding
JC/PC design, as the value of (κ) increases. This implies the importance of considering
a hardware-distortion aware design. It is interesting to observe that the less distortion
(LD) design performs similar to the JC design except for the higher values of κ, which
is very unusual in the practical case.

In Fig. 2.3b, the performance of all the algorithms in terms of energy efficiency, with
respect to the channel estimation error is plotted. It can be clearly observed that as the
channel estimation error increases the energy efficiency of the system decreases. Similar
to the sum-rate case, the Wo-CSI design performs worst compared to the JC and ND
design, particularly for higher values of channel estimation error.

Fig. 2.3c shows the impact of power consumed for channel estimation on the energy effi-
ciency of the system. Initially, as the power consumed for channel estimation increases,
which in turn reduces the channel estimation error, improves the energy efficiency of
the system. However after a certain point, the energy efficiency starts to degrade. This
is because the energy required for the transmission becomes less as more power is allo-
cated to the channel estimation. Hence, it is better to restrict the power consumption
for channel estimation with some budget constraint to gain better energy efficiency.
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In Fig. 2.3d, the impact of the receiver noise is depicted. Similar to the sum-rate case,
it can be observed that the energy efficiency of the system decreases as the receiver
noise increases. It is observed that at smaller noise values, the JC/PC design outper-
forms their ND counterparts as the hardware distortions become dominant at high SNR
scenario. It can be also noticed the JC is more energy-efficient compared to the other
benchmarks.

Computational Time

In Table.2.2, the computational complexity of the algorithms in terms of the required
computational time (CT) is depicted for different values of transceiver accuracy 2. It
can be seen that the JC design requires a high CT compared to other algorithms. This
is due to the consideration of distortion of all the nodes as well as joint sub-carrier
optimization. It is interesting to observe that LD design performs similar to the JC
design with less CT. It also outperforms the PC design even though both designs
require almost similar CT. Hence for complex systems, one can use LD design without
significant degradation.

κdB JC PC LD LD-PC ND
-40 80.32 46.41 53.45 30.59 27.14
-20 63.18 46.15 53.45 30.59 27.18
-5 69.23 50.15 43.93 33.60 27.18

Table 2.2: Comparison of computational complexity in terms of CT (in seconds)

2.8 Conclusions
FD MC systems are usually limited by the residual SI, which spreads over multiple
subcarriers (ICL) due to the non-linear hardware distortion. We proposed a linear
transceiver design for an FD MC MIMO DF relaying system by taking into account
the impact of hardware distortions leading to ICL as well as the impact of CSI error.
We investigated the linear precoding and decoding design problem for different system
objectives such as system sum-rate maximization, power minimization and energy effi-
ciency maximization. From our numerical simulations, it is observed that a significant
gain can be obtained via the application of the proposed distortion-aware designs, when
transceiver inaccuracy increases, and ICL becomes a dominant factor. This indicates
that the consideration of hardware distortion is essential for an FD MIMO MC relay
system. Furthermore, it is observed that the JC approach performs better compared to
the PC and the HD benchmarks. It can also be noticed that the LD approach, which
is computationally less complex, performs similar to the proposed design. So for more
complex systems such as multi-user setup, LD design can be used without significant
performance degradation.

2The reported CT is obtained using an Intel Core i7-4790S processor with a clock rate of 3.2 GHz
and 16 GB RAM. We use MATLAB 2016b on a 64-bit operating system.
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Figure 2.2: Sum-rate vs. Different system parameters.
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Figure 2.3: Energy efficiency vs. Different system parameters.

29





3 Resource Allocation for
Multi-user Multi-carrier FD
mMIMO DF Relay System with
Hardware Impairments

3.1 Scope

Multiple input multiple output (MIMO) relay has been widely studied as a practi-
cal approach to extend coverage as well as to improve spectral efficiency, especially
at the cell edges. Nevertheless, these systems require complex power allocation and
precoder/decoder design. On the contrary, massive multiple input multiple output
(mMIMO) relaying has received a substantial recognition over the past years, due to
its ability to mitigate noise, inter-user interference and fast fading using simple linear
processing. Increasing the number of antennas reap all the benefits of MIMO systems
in terms of power and multiplexing gains. Moreover, large scale antennas provide more
spatial degree of freedom that helps in better self-interference cancellation (SIC). There-
fore, a relaying system with a large scale antenna array at the relay station appears to
be a viable candidate to address the above-mentioned transceiver design challenges as
well as to enable full-duplex (FD) operation.

3.2 Related Works

The spectral/energy efficiency of FD mMIMO relaying has been investigated in [38,
50–53, 83, 84]. In [51], a power allocation scheme is proposed for FD mMIMO decode
and forward (DF) to maximize the energy efficiency for a given quality of service (sum
spectral efficiency) under transmit power constraints. It is also shown that by increasing
the number of transmit/receive antenna at the relay station, the transmit power at the
source as well as the relay can be reduced. In [53], the authors demonstrate that, for
an FD mMIMO DF relay system over Rician fading channels, the self-interference (SI)
can be significantly cancelled by zero-forcing (ZF) processing at the relay station when
the number of receive and transmit antennas tend to infinity. However, the impact of
hardware distortions is not taken into account in the above-mentioned works.
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In [38, 84], the authors consider the FD mMIMO DF relaying system, where the FD
relay is equipped with a large-scale antenna array simultaneously serve multiple source-
destination pairs by taking into account the hardware impairments. In [84], an end-to-
end achievable rate of the system is derived for the large-antenna regime by assuming
maximum ratio transmitting (MRT)/maximum ratio combining (MRC) at the relay
for single antenna source-destination users. A power control scheme is also proposed
to optimize the energy efficiency of the system. Furthermore, in [38], a hardware im-
pairment aware transceiver scheme is proposed to cancel out the distortion noise for
a more general model, where the source and destination are allowed to equipped with
multiple antennas. An asymptotic end-to-end achievable rate of the system with the
proposed transceiver scheme is derived. A joint degree of freedom and power allocation
is also presented to enhance the spectral efficiency of the proposed system. However,
the aforementioned works [38,84] consider the hardware impairments in an FD mMIMO
relay for a single carrier system.

3.3 Chapter Outline

In this chapter, we consider the resource allocation problem for an FD mMIMO multi-
carrier (MC) DF relay system, which serves L number of source-destination pairs. In
Section 3.4, the system model and the operation of the relay system by taking into
account the hardware distortions leading to residual SI and inter-carrier leakage (ICL)
as well as the imperfect channel state information (CSI) are discussed. We also devise
the asymptotic rate analysis of our system employed with MRT/MRC strategy, when
the number of antennas become large (goes to ∞) in Section 3.4.4. In Section 3.5,
joint sub-carrier and power allocation problem are discussed for three different opti-
mization objectives such as sum-rate maximization (Section 3.5.1), energy efficiency
maximization (Section 3.5.2), and delivery time minimization (Section 3.5.3). The per-
formance of the proposed algorithms is evaluated in Section 3.6, and our main results
are summarized in Section 3.7.

3.4 System Model

We consider an MC DF relay setup, where L number of single antenna half-duplex (HD)
source-destination pairs communicate through an FD mMIMO relay. The FD mMIMO
relay consists of N antennas for both transmission and reception. Fig 3.1 presents a
basic model for our system. We denote the index sets of all the source-destination
pairs and sub-carriers by L and K respectively, where L = L and K = K. Initially,
the source nodes transmit signals to the relay through the source-relay channel. The
desired source-relay channel from i-th source to the relay using sub-carrier k can be
represented as hi,k

sr ∈ C
N×1. The signals received by the relay are decoded at the relay
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Source 1

Source L

Self-interf.

Interference
Desired Sig.

FD mMIMO Relay

Dest. 1

Dest. L

Figure 3.1: Basic system model for FD mMIMO relay communication between the L
single antenna source-destination pairs

after employing SIC techniques. Then, the decoded signals are retransmitted to the
destination nodes through the relay-destination channel. The hi,k

rd ∈ C
1×N represents

desired relay-destination channel between the relay and i-th destination node using k-th
sub-carrier. The SI channel at the relay can be denoted by Hk

rr ∈ C
N×N . We consider

weak signals, due to path loss, that are received at the destination nodes directly from
source nodes to be an interference [70,73]. The direct channel between the source j and
destination i through k-th sub-carrier can be represented as hi,j,k

sd ∈ C
1. We assume all

channels are constant for each frame and frequency flat in each carrier.

We consider a limited availability of CSI, i.e., only imperfect CSI of the channels are
available. As in [85], the true channel, decomposed into the estimated channel and
estimation error, can be represented as

hi,k
sr = ĥi,k

sr + h̃i,k
sr , ĥi,k

sr ⊥ h̃i,k
sr

hi,j,k
sd = ĥi,j,k

sd + h̃i,j,k
sd , ĥi,j,k

sd ⊥ h̃i,j,k
sd

hi,k
rd = ĥi,k

rd + h̃i,k
rd , ĥi,k

rd ⊥ h̃i,k
rd

Hk
rr = Ĥk

rr + H̃k
rr, Ĥk

rr ⊥ H̃k
rr, ∀i, j ∈ L, ∀k ∈ K,

(3.1)

where the estimated channels of source-relay, source-destination, relay-destination, and
SI channel are represented by ĥi,k

sr , ĥi,j,k
sd , ĥi,k

rd and Ĥk
rr, respectively. The entries of chan-

nel estimation error h̃i,k
sr , h̃i,j,k

sd , h̃i,k
rd and H̃k

rr are assumed to be independent and identi-
cally distributed (i.i.d.) complex Gaussian with zero mean and variance (σi,k

e,sr)2, (σi,j,k
e,sd )2,

(σi,k
e,rd)2 and (σk

e,rr)2, respectively. The estimated channel and the estimation error are as-

33



3 | Resource Allocation for Multi-user Multi-carrier FD mMIMO DF Relay System
with Hardware Impairments

sumed to be statistically uncorrelated. We consider the receiver employs the minimum
mean square error (MMSE) channel estimation strategy.

3.4.1 Source to Relay

As mentioned earlier, initially, all the source nodes transmit their desired signal to the
relay. The transmit signal from the i-th source node to the relay using the sub-carrier
k can be written as

xi,k
s =

√
pi,k

s si,k
s︸ ︷︷ ︸

:=x̃i,k
s

+ ei,k
t,s , i ∈ L, ∀k ∈ K, (3.2)

where si,k
s ∈ C

1 and ei,k
t,s represent the source symbol from the source i to the relay and

transmit distortion at the i-th source node, respectively. We assume the source symbols
are i.i.d. with unit power, i.e., E{si,k

s (si,k
s )∗} = 1. The intended transmit signal and

transmit power at the i-th source node are denoted by x̃i,k
s and pi,k

s .

Subsequently, the received signal at the relay from all the source nodes using k-th
sub-carrier can be stated as

yk
r =

∑
i∈L

hi,k
sr xi,k

s + Hk
rrx

k
r + nk

r︸ ︷︷ ︸
:=ỹk

r

+ ek
r,r, ∀k ∈ K,

(3.3)

where nk
r ∼ CN (0N , (σk

n,r)2IN) and ek
r,r represent the receiver noise and receive distortion

at the relay, respectively. The intended receive signal at the relay is defined as ỹk
r . The

second term in equation (3.3), i.e.,(Ĥk
rr + H̃k

rr)xk
r refers to the SI at the relay, where

xk
r is the transmitted signal at the relay. The known part of the transmit signal can

be mitigated from the SI by utilizing SIC techniques. Hence, the received signal after
applying SIC can be obtained as

yk
r = yk

r − Ĥk
rrx̃

k
r , ∀k ∈ K, (3.4)

where x̃k
r denotes the intended transmit signal at the relay. Correspondingly, the re-

ceived signal from the i-th source at the relay after SIC can be written as
yi,k

r = ĥi,k
sr x̃i,k

s + νi,k
r , ∀k ∈ K, (3.5)

where the collective interference plus noise at the relay corresponding to the i-th source
and k-th sub-carrier can be defined as

νi,k
r := ĥi,k

sr ei,k
t,s + h̃i,k

sr xi,k
s +

∑
j∈L

j �=i

hj,k
sr xj,k

s + Ĥk
rre

k
t,r + H̃k

rrx
k
r + nk

r + ek
r,r , ∀k ∈ K,

(3.6)

where ek
t,r represents the transmit distortion at the relay. The estimated received source

symbol at the relay corresponding to the source i and sub-carrier k can be obtained as
s̃i,k

s = (ui,k
r )Hyi,k

r , ∀k ∈ K, (3.7)
where ui,k

r ∈ C
N×1 is the normalized linear receive filter at the relay for the source i

and sub-carrier k.
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3.4.2 Relay to Destination

The transmit signal from the relay to the destination nodes using sub-carrier k can be
expressed as

xk
r =

∑
i∈L

vi,k
r

√
pi,k

r si,k
r︸ ︷︷ ︸

:=x̃k
r

+ ek
t,r , ∀k ∈ K,

(3.8)

where si,k
r ∈ C

1, pi,k
r and vi,k

r ∈ C
N×1 are the retransmitting source symbol, transmit

power and normalized transmit precoder at the relay for the destination i utilizing sub-
carrier k. We consider the source symbols to be i.i.d. with unit power (E{si,k

r (si,k
r )∗} =

1). Subsequently, the signal received at the destination i, including the interference
from the source nodes, can be expressed as

yi,k
d = hi,k

rd xk
r +
∑
j∈L

hi,j,k
sd xj,k

s + ni,k
d︸ ︷︷ ︸

:=ỹi,k
d

+ ei,k
r,d , i ∈ L, ∀k ∈ K,

(3.9)

where the receive distortion and receiver noise at the i-th desination node are denoted
by ei,k

r,d and ni,k
d ∼ CN (0, (σi,k

n,d)2), respectively. The intended receive signal at the desti-
nation i using sub-carrier k is defined as ỹi,k

d . The above equation (3.9) can be rewritten
as

yi,k
d = ĥi,k

rd vi,k
r

√
pi,k

r si,k
r + νi,k

d , i ∈ L, ∀k ∈ K, (3.10)

where the collective interference plus noise at the destination i can be defined as

νi,k
d :=h̃i,k

rd vi,k
r

√
pi,k

r si,k
r +

∑
j∈L

j �=i

hi,k
rd vj,k

r

√
pj,k

r sj,k
r + hi,k

rd ek
t,r

+
∑
j∈L

hi,j,k
sd xj,k

s + ni,k
d + ei,k

r,d, i ∈ L, ∀k ∈ K.

(3.11)

Similar to the previous chapter, the distortion terms are considered to be proportional
to the intensity of the intended signals. Following the Lemma 2.4.1, the statistics of the
distortion terms can be obtained as

ei,k
t,s ∼ CN

⎛⎝0,
κ̃i

s

K

∑
k∈K

(
E{x̃i,k

s (x̃i,k
s )H}

)⎞⎠ , (3.12)

ek
t,r ∼ CN

⎛⎝0N ,
1
K

Θ̃t,r
∑
k∈K

diag
(
E{x̃k

r (x̃k
r )H}

)⎞⎠ , (3.13)

ek
r,r ∼ CN

⎛⎝0N ,
1
K

Θ̃r,r
∑
k∈K

diag
(
E{ỹk

r (ỹk
r )H}

)⎞⎠ , (3.14)
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ei,k
r,d ∼ CN

⎛⎝0,
β̃i

d

K

∑
k∈K

(
E{ỹi,k

d (ỹi,k
d )H}

)⎞⎠ , (3.15)

where the transmit distortion coefficient of the i-th source node can be denoted as κ̃i
s

and the receive distortion coefficient for destination i can be represented using β̃i
d. The

diagonal matrices Θ̃t,r and Θ̃r,r consist of transmit and receive distortion coefficients for
the corresponding chains at the mMIMO relay, respectively. For further calculations,
we define κi

s = κ̃i
s

K
, βi

d = β̃i
d

K
, Θt,r = 1

K
Θ̃t,r, and Θr,r = 1

K
Θ̃r,r.

3.4.3 Collective Interference plus Noise Signal Covariance

By employing Lemma 2.4.1, and equations (3.12), (3.13), and (3.14) on (3.6), the co-
variance of received collective interference-plus-noise signal at the relay corresponding
to the i-th source node and sub-carrier k can be expressed as

Σi,k
r ≈ ∑

j∈L

j �=i

ĥj,k
sr pj,k

s (ĥj,k
sr )H +

∑
j∈L

(σj,k
e,sr)2pj,k

s IN

︸ ︷︷ ︸
Co-channel interference

+
∑
j∈L

ĥj,k
sr κj

s
∑

m∈K

pj,m
s (ĥj,k

sr )H +
∑
j∈L

(σj,k
e,sr)2κj

s
∑

m∈K

pj,m
s IN︸ ︷︷ ︸

Source transmit distortion

+ (σk
e,rr)2Tr

⎛⎝∑
j∈L

vj,k
r pj,k

r (vj,k
r )H

⎞⎠ IN︸ ︷︷ ︸
SI channel esimation error

+ Ĥk
rrΘt,rdiag

⎛⎝∑
j∈L

∑
m∈K

vj,m
r pj,m

r (vj,m
r )H

⎞⎠ (Ĥk
rr)H

︸ ︷︷ ︸
Relay transmit distortion

+ (σk
e,rr)2Tr

⎛⎝Θt,rdiag
⎛⎝∑

j∈L

∑
m∈K

vj,m
r pj,m

r (vj,m
r )H

⎞⎠⎞⎠ IN︸ ︷︷ ︸
Relay transmit distortion

+ Θr,r
∑

m∈K

diag
(∑

j∈L

ĥj,m
sr pj,m

s (ĥj,m
sr )H +

∑
j∈L

(σj,m
e,sr)2pj,m

s IN + Ĥm
rr
∑
j∈L

vj,m
r pj,m

r (vj,m
r )H(Ĥm

rr )H

︸ ︷︷ ︸
Relay receive distortion

+ (σm
e,rr)2Tr

⎛⎝∑
j∈L

vj,m
r pj,m

r (vj,m
r )H

⎞⎠ IN + (σm
n,r)2IN

)
︸ ︷︷ ︸

Relay receive distortion

+ (σk
n,r)2IN︸ ︷︷ ︸

Thermal noise

.

(3.16)
Since the transmit and receive distortion coefficients lie within the range of 0 and 1
and mostly have very small values, the higher-order terms of the transmit and receive
distortion are ignored.
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Similarly, the covariance of the received collective interference-plus-noise signal for sub-
carrier k at the i-th destination node can be calculated as

Σi,k
d ≈ ĥi,k

rd
∑
j∈L

j �=i

vj,k
r pj,k

r (vj,k
r )H(ĥi,k

rd )H + (σi,k
e,rd)2Tr

⎛⎝∑
j∈L

vj,k
r pj,k

r (vj,k
r )H

⎞⎠
︸ ︷︷ ︸

Co-channel interference

+ ĥi,k
rd Θt,rdiag

⎛⎝∑
j∈L

∑
m∈K

vj,m
r pj,m

r (vj,m
r )H

⎞⎠ (ĥi,k
rd )H

︸ ︷︷ ︸
Relay transmit distortion

+ (σi,k
e,rd)2Tr

⎛⎝Θt,rdiag
⎛⎝∑

j∈L

∑
m∈K

vj,m
r pj,m

r (vj,m
r )H

⎞⎠⎞⎠
︸ ︷︷ ︸

Relay transmit distortion

+
∑
j∈L

ĥi,j,k
sd pj,k

s (ĥi,j,k
sd )∗ +

∑
j∈L

(σi,j,k
e,sd )2pj,k

s︸ ︷︷ ︸
Direct channel interference

+
∑
j∈L

ĥi,j,k
sd κj

s
∑

m∈K

pj,m
s (ĥi,j,k

sd )∗ +
∑
j∈L

(σi,j,k
e,sd )2κj

s
∑

m∈K

pj,m
s︸ ︷︷ ︸

Source transmit distortion

+ βi
d
∑
j∈L

∑
m∈K

(
ĥi,m

rd vj,m
r pj,m

r (vj,m
r )H(ĥi,m

rd )H + (σi,m
e,rd)2Tr

(
vj,m

r pj,m
r (vj,m

r )H
))

︸ ︷︷ ︸
Destination receive distortion

+ βi
d
∑

m∈K

⎛⎝∑
j∈L

ĥi,j,m
sd pj,m

s (ĥi,j,m
sd )∗ +

∑
j∈L

(σi,j,m
e,sd )2pj,m

s + (σi,m
n,d )2

⎞⎠
︸ ︷︷ ︸

Destination receive distortion

+ (σi,k
n,d)2︸ ︷︷ ︸

Thermal noise

.

(3.17)

3.4.4 Achievable Information Rate

In this section, we analyze the achievable information rate of our system under hardware
impairments. The achievable information rate between the relay and the i-th source
node using k-th sub-carrier can be obtained as

Ri,k
sr = γ0log2

⎛⎜⎜⎝1 + μi,k
s pi,k

s

αi,k
n,r + ∑

m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s + γi,j,k,m
r pj,m

r )

⎞⎟⎟⎠ , (3.18)

where
μi,k

s = |(ui,k
r )Hĥi,k

sr |2, (3.19)
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γi,j,k,m
s =δkm(1 − δij)(ui,k

r )Hĥj,k
sr (ĥj,k

sr )Hui,k
r + δkm(ui,k

r )H(σj,k
e,sr)2INui,k

r

+ (ui,k
r )Hĥj,k

sr κj
s(ĥj,k

sr )Hui,k
r + (ui,k

r )H(σj,k
e,sr)2κj

sINui,k
r

+ (ui,k
r )HΘr,rdiag

(
ĥj,m

sr (ĥj,m
sr )H

)
ui,k

r + (ui,k
r )HΘr,r(σj,m

e,sr)2ui,k
r ,

(3.20)

γi,j,k,m
r =δkm(ui,k

r )H(σk
e,rr)2ui,k

r + (ui,k
r )HĤk

rrΘt,rdiag
(
vj,m

r (vj,m
r )H

)
(Ĥk

rr)Hui,k
r

+ (ui,k
r )H(σk

e,rr)2Tr
(
Θt,rdiag

(
vj,m

r (vj,m
r )H

))
INui,k

r

+ (ui,k
r )HΘr,rdiag

(
Ĥm

rr v
j,m
r (vj,m

r )H(Ĥm
rr )H

)
ui,k

r + (ui,k
r )HΘr,r(σm

e,rr)2ui,k
r ,

(3.21)

αi,k
n,r = (ui,k

r )H

(
Θr,r

∑
m∈K

(σm
n,r)2IN + (σk

n,r)2IN

)
ui,k

r (3.22)

and 0 < γ0 < 1 indicates the portion of the frame duration dedicated to data commu-
nication.

Subsequently, the achievable information rate between the relay and the i-th destination
node using k-th sub-carrier can be obtained as

Ri,k
rd = γ0log2

⎛⎜⎜⎝1 + μi,k
r pi,k

r

αi,k
n,d + ∑

m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s + γi,j,k,m
r pj,m

r )

⎞⎟⎟⎠ , (3.23)

where
μi,k

r = |ĥi,k
rd vi,k

r |2, (3.24)

γi,j,k,m
s =δkmĥi,j,k

sd (ĥi,j,k
sd )∗ + δkm(σi,j,k

e,sd )2 + ĥi,j,k
sd κj

s(ĥ
i,j,k
sd )∗ + (σi,j,k

e,sd )2κj
s

+ βi
d

(
ĥi,j,m

sd (ĥi,j,m
sd )H + (σi,j,m

e,sd )2
)

,
(3.25)

γi,j,k,m
r =δkm(1 − δij)ĥi,k

rd vj,k
r (vj,k

r )H(ĥi,k
rd )H + δkm(σi,k

e,rd)2

+ ĥi,k
rd Θt,rdiag

(
vj,m

r (vj,m
r )H

)
(ĥi,k

rd )H + (σi,k
e,rd)2Tr

(
Θt,rdiag

(
vj,m

r (vj,m
r )H

))
+ βi

d

(
ĥi,m

rd vj,m
r (vj,m

r )H(ĥi,m
rd )H + (σi,m

e,rd)2
)

(3.26)
and

αi,k
n,d = βi

d
∑

m∈K

(σi,m
n,d )2 + (σi,k

n,d)2. (3.27)

Since the relay is equipped with a large antenna array, well-studied linear beamforming
and precoding techniques such as MRT/MRC, ZF, MMSE can be considered for the
precoder-decoder strategies at the relay.

The achievable information rate for the i-th source-destination pair using k-th sub-
carrier can be written as

Ri,k = min{Ri,k
sr , Ri,k

rd }. (3.28)
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3.4.5 Asymptotic Rate Analysis for MRC/MRT Strategy

In Section 3.4.4, the calculation of the γ variables will become a computationally expen-
sive task, especially when N becomes large. In this section, we discuss how to reduce
the complexity with some assumptions on the channel model and channel estimation.

First, we consider a similar channel model used in [84, 86, 87]. The channel vectors
between the relay and i-th source node, and between the relay and i-th destination
node can be written as

hi,k
sr =

√
ψi,k

sr gi,k
sr ∈ C

N×1,

hi,k
rd =

√
ψi,k

rd gi,k
rd ∈ C

1×N .
(3.29)

The variables ψi,k
sr and ψi,k

rd correspond to the large-scale fading of the source i to relay
and relay to i-th destination channel, respectively. Moreover, the vectors gi,k

sr ∈ C
N×1

and gi,k
rd ∈ C

1×N , whose entries are i.i.d. with distribution CN (0, 1), characterize the
small-scale fading of the channel between the relay and i-th source node, and the channel
between the relay and i-th destination node, respectively. The channel hi,j,k

sd and entries
of SI channel Hk

rr are assumed to be i.i.d. with distribution CN (0, ψi,j,k
sd ) and CN (0, ψk

rr),
respectively.

We assume that a good estimation of the channel (for our channel error model (3.1))
can be achieved such that

HX = ĤX + H̃X , X ∈ {sr, rr, rd, sd}, (3.30)

where the entries of ĥi,k
sr , ĥi,k

rd , ĥi,j,k
sd and Ĥk

rr are i.i.d. with distribution CN (0, ψ̂i,k
sr ),

CN (0, ψ̂i,k
rd ), CN (0, ψ̂i,j,k

sd ) and CN (0, ψ̂k
rr), respectively. Subsequently, the covariance ma-

trix of the estimated desired channels ĥi,k
sr and ĥi,k

rd can be obtained as E{ĥi,k
sr (ĥi,k

sr )H} =
ψ̂i,k

sr IN , E{(ĥi,k
rd )Hĥi,k

rd } = ψ̂i,k
rd IN , respectively. We also assume that the estimated chan-

nels of each user at each sub-carrier are mutually independent.

We consider MRT/MRC as transmit precoding/receive filter strategy at the relay. The
normalized receive filter coefficients and normalized transmit precoders can be formu-
lated as ui,k

r = ĥi,k
sr /||ĥi,k

sr || ∈ C
N×1 and vi,k

r = (ĥi,k
rd )H/||ĥi,k

rd || ∈ C
N×1, respectively. Then

we know that (ui,k
r )H(ui,k

r ) = Tr
(
ui,k

r (ui,k
r )H

)
= 1, and (vi,k

r )Hvi,k
r = Tr

(
vi,k

r (vi,k
r )H

)
= 1.

We assume the transmit and receive distortion coefficient are same for all the transmit
and receive chains of the relay, i.e., Θt,r = κrIN = κ̃r

K
IN and Θr,r = βrIN = β̃r

K
IN .

We introduce Lemma 3.4.1 and Lemma 3.4.2, which will be used for further calculations.

Lemma 3.4.1. [88, Lemma 1] Assuming p = [p1....pN ]T and q = [q1....qN ]T to be mu-
tually independent N ×1 vectors whose elements are i.i.d. zero-mean complex-Gaussian
random variables with variances of E|pi|2 = σ2

p and E|qi|2 = σ2
q , respectively, i = 1, ..., N .
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According to the law of large numbers [89], we have

1
N

pHp
a.s.
−→

N→∞
σ2

p,

1
N

pHq
a.s.
−→

N→∞
0,

(3.31)

where a.s.
−→

N→∞
represents the almost sure convergence when the length of vector N ap-

proaches to infinity.

According to the Lindeberg-Levy central limit theorem [89], we have

1√
N

pHq
d

−→
N→∞

CN (0, σ2
pσ2

q ), (3.32)

where d
−→

N→∞
denotes the convergence in distribution, when the length of vector N ap-

proaches to infinity.

Remark 1: From Lemma 3.4.1, we can deduce that

pHp
a.s.
−→

N→∞
E{pHp} = E

{
N∑

i=1
|pi|2

}
= Nσ2

p. (3.33)

On the same context, we assume that as N → ∞, ∑N
i=1 |pi|4 also converges to its

expectation. The expected value E{∑N
i=1 |pi|4} can be obtained as 2Nσ4

p [89]. It is
calculated by assuming that the real and the imaginary parts of the complex Gaussian
variable pi to be mutually independent and has equal variance (σ2

p/2). In other words,
for large N regime, the deterministic equivalent of∑N

i=1 |pi|4 becomes its expected value.

Lemma 3.4.2. [87, Lemma 1] Let A be a deterministic N × N complex matrix
with uniformly bounded spectral radius for all N . Let p = 1√

N
[p1, ...., pN ]T and q =

1√
N

[q1, ..., qN ]T denote two mutually independent N × 1 complex random vectors, whose
elements are i.i.d. zero-mean random complex variables with unit variance and finite
eighth moment. Then

pHAp → 1
N

Tr(A) (3.34)

pHAq → 0, (3.35)

almost surely as N → ∞.

Further calculations are done by considering large N regime (N → ∞ ). We use a
similar approach as in [87] to perform asymptotic rate analysis, i.e., to calculate the
deterministic equivalent rate in large N regime. With this model, the achievable rate
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between the relay and i-th source node using k-th sub-carrier (3.18) can be rewritten
as

Ri,k
sr = γ0log2

⎛⎜⎜⎝1 +
1
N

μi,k
s pi,k

s
1
N

(
αi,k

n,r + ∑
m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s + γi,j,k,m
r pj,m

r )
)
⎞⎟⎟⎠ (3.36)

with
1
N

μi,k
s = 1

N

(ĥi,k
sr )H

||ĥi,k
sr || ĥi,k

sr (ĥi,k
sr )H ĥi,k

sr

||ĥi,k
sr ||

= 1
N

(ĥi,k
sr )Hĥi,k

sr
a.s.
−→

N→∞
ψ̂i,k

sr .[from Lemma 3.4.1]
(3.37)

Now, 1
N

γi,j,k,m
s can be reformulated as

1
N

γi,j,k,m
s = 1

N
δkm(1 − δij)

(ĥi,k
sr )H

||ĥi,k
sr || ĥj,k

sr (ĥj,k
sr )H ĥi,k

sr

||ĥi,k
sr ||︸ ︷︷ ︸

γi,j,k,m
s,1

+ 1
N

δkm(σj,k
e,sr)2︸ ︷︷ ︸

γi,j,k,m
s,2

+ 1
N

(ĥi,k
sr )H

||ĥi,k
sr || ĥj,k

sr κj
s(ĥj,k

sr )H ĥi,k
sr

||ĥi,k
sr ||︸ ︷︷ ︸

γi,j,k,m
s,3

+ 1
N

(σj,k
e,sr)2κj

s︸ ︷︷ ︸
γi,j,k,m

s,4

+ 1
N

(ĥi,k
sr )H

||ĥi,k
sr || βrdiag

(
ĥj,m

sr (ĥj,m
sr )H

) ĥi,k
sr

||ĥi,k
sr ||︸ ︷︷ ︸

γi,j,k,m
s,5

+ 1
N

βr(σj,m
e,sr)2︸ ︷︷ ︸

γi,j,k,m
s,6

(3.38)

We compute deterministic equivalent in large N regime for each term in (3.38),

γi,j
s,1 := 1

N

(
(ĥi,k

sr )H

||ĥi,k
sr || ĥj,k

sr (ĥj,k
sr )H ĥi,k

sr

||ĥi,k
sr ||

)

= ||ĥj,k
sr ||2

N ||ĥi,k
sr ||2

(
(ĥi,k

sr )Hhj,k

sr (hj,k

sr )Hĥi,k
sr

) [
where hj,k

sr = (ĥj,k
sr )H

||ĥj,k
sr ||

]

= ψ̂i,k
sr

||ĥj,k
sr ||2

||ĥi,k
sr ||2

(
(ĥi,k

sr )H√
Nψ̂i,k

sr

hj,k

sr (hj,k

sr )H (ĥi,k
sr )√

Nψ̂i,k
sr

)
.

(3.39)

Employing (3.34) from Lemma 3.4.2 and by knowing Tr
(
hj,k

sr (hj,k

sr )H
)

= 1, we obtain

(ĥi,k
sr )H√

Nψ̂i,k
sr

hj,k

sr (hj,k

sr )H (ĥi,k
sr )H√

Nψ̂i,k
sr

a.s.
−→

N→∞

1
N

, (3.40)

For i 
= j

γi,j
s,1 = 1

N

(ĥi,k
sr )H

||ĥi,k
sr || ĥj,k

sr (ĥj,k
sr )H ĥi,k

sr

||ĥi,k
sr ||

a.s.
−→

N→∞

1
N

ψ̂j,k
sr (3.41)
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For i = j,

γi,i
s,1 = 1

N

(ĥi,k
sr )H

||ĥi,k
sr || ĥj,k

sr (ĥj,k
sr )H ĥi,k

sr

||ĥi,k
sr || = 1

N
μi,k

s = 1
N

(ĥi,k
sr )H

||ĥi,k
sr || ĥi,k

sr (ĥi,k
sr )H ĥi,k

sr

||ĥi,k
sr ||

= 1
N

(ĥi,k
sr )Hĥi,k

sr
a.s.
−→

N→∞
ψ̂i,k

sr

[
from (3.37)

]
.

(3.42)

Using (3.44), the term γi,j,k,m
s,1 in large N regime can be obtained as

γi,j,k,m
s,1

a.s.
−→

N→∞

1
N

δkmψ̂j,k
sr . (3.43)

Similarly, by employing (3.42), γi,j,k,m
s,3 in large N regime can be calculated as

γi,j,k,m
s,3

a.s.
−→

N→∞
δijκ

j
sψ̂

i,k
sr . (3.44)

Let us consider the term γi,j,k,m
s,5 , for i 
= j and i = j; k 
= m

γi,j,k,m
s,5 = 1

N

(ĥi,k
sr )H

||ĥi,k
sr || βrdiag

(
ĥj,m

sr (ĥj,m
sr )H

) ĥi,k
sr

||ĥi,k
sr ||

= βrψ̂
i,k
sr ||ĥj,m

sr ||2
||ĥi,k

sr ||2
(ĥi,k

sr )H√
Nψ̂i,k

sr

diag
(
hj,m

sr (hj,m

sr )H
) (ĥi,k

sr )√
Nψ̂i,k

sr

[
where hj,m

sr = (ĥj,m
sr )H

||ĥj,m
sr ||

]
,

(3.45)
and we know Tr

(
hj,m

sr (hj,m

sr )H
)

= 1 and similar to (3.40) using Lemma 3.4.2, we obtain

γi,j,k,m
s,5

a.s.
−→

N→∞

1
N

βrψ̂
j,m
sr for i 
= j and i = j; k 
= m. (3.46)

For i = j; k = m

γi,i,k,k
s,5 = βr

1
N

(ĥi,k
sr )H

||ĥi,k
sr || diag

(
ĥi,k

sr (ĥi,k
sr )H

) ĥi,k
sr

||ĥi,k
sr || = βr

∑N
l=1 |�ĥi,k

sr �l|4
N ||ĥi,k

sr ||2 . (3.47)

Using Remark 1, for large N regime the deterministic equivalent of term ∑N
l=1 |�ĥi,k

sr �l|4
can be calculated as E{∑N

l=1 |�ĥi,k
sr �l|4} = 2N(ψ̂i,k

sr )2, where �ĥi,k
sr �l denotes the l-th el-

ement of the vector ĥi,k
sr . Hence the term γi,i,k,k

s,5 in large N regime can be obtained
as

γi,i,k,k
s,5

a.s.
−→

N→∞

2βr

N
ψ̂i,k

sr . (3.48)

Finally, 1
N

γi,j,k,m
s in large N regime can the obtained as

1
N

γi,j,k,m
s

a.s.
−→

N→∞
δijκ

j
sψ̂

i,k
sr , (3.49)
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and the rest of terms goes to zero as N goes to infinity.

Similarly, 1
N

γi,j,k,m
r can be reformulated as

1
N

γi,j,k,m
r = 1

N
δkm(σk

e,rr)2︸ ︷︷ ︸
γi,j,k,m

r,1

+ 1
N

(ĥi,k
sr )H

||ĥi,k
sr || Ĥk

rrκrdiag
(

(ĥj,m
rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||

)
(Ĥk

rr)H ĥi,k
sr

||ĥi,k
sr ||︸ ︷︷ ︸

γi,j,k,m
r,2

+ 1
N

(σk
e,rr)2Tr

(
κrdiag

(
(ĥj,m

rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||

))
︸ ︷︷ ︸

γi,j,k,m
r,3

+ 1
N

(ĥi,k
sr )H

||ĥi,k
sr || βrdiag

(
Ĥm

rr
(ĥj,m

rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||(Ĥ

m
rr )H

)
ĥi,k

sr

||ĥi,k
sr ||︸ ︷︷ ︸

γi,j,k,m
r,4

+ 1
N

βr(σm
e,rr)2︸ ︷︷ ︸

γi,j,k,m
r,5

.

(3.50)

The term γi,j,k,m
r,4 of the above equation (3.50) can be rewritten as

γi,j,k,m
r,4 = 1

N

(ĥi,k
sr )H

||ĥi,k
sr || βrdiag

(
Ĥm

rr
(ĥj,m

rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||(Ĥ

m
rr )H

)
ĥi,k

sr

||ĥi,k
sr ||

= βr

N ||ĥj,m
rd ||2||ĥi,k

sr ||2 (ĥi,k
sr )Hdiag

(
Ĥm

rr (ĥ
j,m
rd )Hĥj,m

rd (Ĥm
rr )H

)
ĥi,k

sr

= βrψ̂
i,k
sr

||ĥj,m
rd ||2||ĥi,k

sr ||2
(ĥi,k

sr )H√
Nψ̂i,k

sr

diag
(
Ĥm

rr (ĥ
j,m
rd )Hĥj,m

rd (Ĥm
rr )H

) ĥi,k
sr√

Nψ̂i,k
sr

.

(3.51)

Using Lemma 3.4.2, we can write

γi,j,k,m
r,4

a.s.
−→

N→∞

βr

N2ψ̂j,m
rd

1
N

Tr
(
Ĥm

rr (ĥ
j,m
rd )Hĥj,m

rd (Ĥm
rr )H

)
, (3.52)

where

Tr
(
Ĥm

rr (ĥ
j,m
rd )Hĥj,m

rd (Ĥm
rr )H

)
= ĥj,m

rd (Ĥm
rr )HĤm

rr (ĥ
j,m
rd )H

=Nψ̂j,m
rd

ĥj,m
rd√

Nψ̂j,m
rd

(Ĥm
rr )HĤm

rr
(ĥj,m

rd )H√
Nψ̂j,m

rd

a.s.
−→

N→∞
Nψ̂j,m

rd
1
N

Tr
(
(Ĥm

rr )HĤm
rr

) a.s.
−→

N→∞
Nψ̂j,m

rd
1
N

N∑
l=1

|�Ĥm
rr�l|2 a.s.

−→
N→∞

N2ψ̂j,m
rd ψ̂m

rr .

(3.53)

Hence
γi,j,k,m

r,4
a.s.
−→

N→∞

βr

N2ψ̂j,m
rd

1
N

Tr
(
Ĥm

rr (ĥ
j,m
rd )Hĥj,m

rd (Ĥm
rr )H

)
a.s.
−→

N→∞

βr

N2ψ̂j,m
rd

1
N

N2ψ̂j,m
rd ψ̂m

rr
a.s.
−→

N→∞

1
N

βrψ̂
m
rr .

(3.54)
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For the calculation of γi,j,k,m
r,2 , we approximate the term Ĥk

rrdiag
(
(ĥj,m

rd )Hĥj,m
rd

)
(Ĥk

rr)H

to diag
(
Ĥk

rr(ĥ
j,m
rd )Hĥj,m

rd (Ĥk
rr)H
)

as in [38]. The term γi,j,k,m
r,2 can be written as

γi,j,k,m
r,2 ≈ 1

N

(ĥi,k
sr )H

||ĥi,k
sr || κrdiag

(
Ĥk

rr
(ĥj,m

rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||(Ĥ

k
rr)H

)
ĥi,k

sr

||ĥi,k
sr || (3.55)

By using the similar steps to calculate γi,j,k,m
r,4 , we get

γi,j,k,m
r,2

a.s.
−→

N→∞

1
N

κrψ̂
k
rr. (3.56)

The term γi,j,k,m
r,3 can be rewritten as

1
N

(σk
e,rr)2Tr

(
κrdiag

(
(ĥj,m

rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||

))

= 1
N

(σk
e,rr)2κrTr

(
diag

(
(ĥj,m

rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||

))
= 1

N
(σk

e,rr)2κr

(3.57)

It can be noticed that, since all the terms in 1
N

γi,j,k,m
r contain N in its denominator, as

N goes to infinity all the terms goes to zero. Similarly, terms in 1
N

αi,k
n,r also vanish in

large N regime.

Now, using a similar approach for achievable information rate between the relay and
i-th destination node using k-th sub-carrier can be obtained as

Ri,k
rd = γ0log2

⎛⎜⎜⎜⎜⎝1 +
1
N

μi,k
r pi,k

r

1
N

(
αi,k

n,d + ∑
m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s + γi,j,k,m
r pj,m

r )
)
⎞⎟⎟⎟⎟⎠ (3.58)

with
1
N

μi,k
r = 1

N
ĥi,k

rd
(ĥi,k

rd )H

||ĥi,k
rd ||

ĥi,k
rd

||ĥi,k
rd ||(ĥ

i,k
rd )H [ĥi,k

rd ∈ C
1×N ]

= 1
N

ĥi,k
rd (ĥi,k

rd )H a.s.
−→

N→∞
ψ̂i,k

rd [from (3.37)],
(3.59)

1
N

γi,j,k,m
s = 1

N
δkmĥi,j,k

sd (ĥi,j,k
sd )∗ + 1

N
δkm(σi,j,k

e,sd )2 + 1
N

ĥi,j,k
sd κj

s(ĥ
i,j,k
sd )∗ + 1

N
(σi,j,k

e,sd )2κj
s

+ 1
N

βi
d

(
ĥi,j,m

sd (ĥi,j,m
sd )∗ + (σi,j,m

e,sd )2
)

(3.60)
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It can be easily observed, when N goes to infinity all the terms in 1
N

γi,j,k,m
s goes to zero.

The term 1
N

γi,j,k,m
r can be written as

1
N

γi,j,k,m
r =δkm(1 − δij)

1
N

ĥi,k
rd

(ĥj,k
rd )H

||ĥj,k
rd ||

ĥj,k
rd

||ĥj,k
rd ||(ĥ

i,k
rd )H + 1

N
δkm(σi,k

e,rd)2

+ 1
N

ĥi,k
rd κrINdiag

(
(ĥj,m

rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||

)
(ĥi,k

rd )H

+ 1
N

(σi,k
e,rd)2Tr

(
κrINdiag

(
(ĥj,m

rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||

))

+ 1
N

βi
d

(
ĥi,m

rd
(ĥj,m

rd )H

||ĥj,m
rd ||

ĥj,m
rd

||ĥj,m
rd ||(ĥ

i,m
rd )H + 1

N
(σi,m

e,rd)2
)

(3.61)

By utilizing a similar approach as for source-relay case, we obtain,

1
N

γi,j,k,m
r

a.s.
−→

N→∞
δijβ

i
dψ̂i,m

rd , (3.62)

and rest of terms vanish as N goes to infinity. Similar to the source-relay case, the
terms in 1

N
αk

n,d will also vanish in large N regime.

Finally, the upper bound on the achievable information rate for the i-th source-destination
pair using k-th sub-carrier can be obtained as

Ri,k = min{Ri,k
sr , Ri,k

rd }

= γ0log2

⎛⎜⎜⎜⎝1 + min
⎧⎨⎩ K

κ̃i
s
∑

m∈K

pi,m
s

pi,k
s

,
K

β̃i
d
∑

m∈K

pi,m
r ψ̂i,m

rd
pi,k

r ψ̂i,k
rd

⎫⎬⎭
⎞⎟⎟⎟⎠ .

(3.63)

A similar achievable rate expression is obtained for the case of the single carrier system
in [38, Remark 1]. It can be noticed that the effect of multi-user interference and
receiver noise vanish in large N regime (N → ∞). Another interesting observation is
that the achievable rate for an FD MC DF system, where the relay equipped with a
large number of antennas (N → ∞), is restricted by the hardware distortions at the
single antenna source and destination nodes.

Special Case: Perfect CSI

In the case of the perfect CSI, ψj,m
X are known, where X ∈ {sr, rd, rr, sd}, j represents the

destination as well as the relay, and m represents the sub-carrier. Moreover, the (σj,m
e,X )2

in the gamma equations vanish. We can use the same approach as in the above section

45



3 | Resource Allocation for Multi-user Multi-carrier FD mMIMO DF Relay System
with Hardware Impairments

and the upper bound on the achievable information rate for the i-th source-destination
pair using k-th sub-carrier for perfect CSI can be obtained as

Ri,k = min{Ri,k
sr , Ri,k

rd }

= γ0log2

⎛⎜⎜⎜⎝1 + min
⎧⎨⎩ K

κ̃i
s
∑

m∈K

pi,m
s

pi,k
s

,
K

β̃i
d
∑

m∈K

pi,m
r ψi,m

rd
pi,k

r ψi,k
rd

⎫⎬⎭
⎞⎟⎟⎟⎠ .

(3.64)

This signifies the importance of considering the hardware distortion in the resource
allocation problem for an FD mMIMO MC DF relay system, even when the number of
relay antennas goes to infinity and a perfect CSI can be achieved.

3.5 Optimization

In this section, we formulate the joint sub-carrier and power allocation optimization
problem for FD mMIMO DF relay system. We incorporate the sub-carrier allocation
into the power allocation problem such that if the power allocated to a particular
sub-carrier associated with the source/destination node is zero, then the node is not
transmitting or receiving in that sub-carrier. We consider the joint-carrier (JC) coding
strategy introduced in Section 2.5.1 for each source-destination pair. Three optimization
problems namely weighted sum-rate maximization, energy efficiency maximization, and
delivery time minimization, are considered in the following.

3.5.1 Weighted Sum-rate Maximization

In this section, we present the joint sub-carrier and power allocation optimization prob-
lem to maximize spectral efficiency in terms of the total sum-rate under transmit power
constraints. The sum-rate maximization problem for an FD mMIMO DF relay system
can be formulated as

maximize
pi,k

s ≥0,pi,k
r ≥0

∑
i∈L

wi

∑
k∈K

Ri,k

subject to
∑
i∈L

∑
k∈K

pi,k
r ≤ pr,

∑
k∈K

pi,k
s ≤ pi

s, i ∈ L,
(3.65)

where pi
s and pr are the maximum available transmit power at the i-th source node and

the relay, respectively. The weight corresponding to the i-th source-destionation pair is
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denoted by wi. The optimization problem can be rewritten as

maximize
pi,k

s ≥0,pi,k
r ≥0,ti

∑
i∈L

witi

subject to
∑
k∈K

Ri,k
sr ≥ ti,

∑
k∈K

Ri,k
rd ≥ ti,∑

i∈L

∑
k∈K

pi,k
r ≤ pr,

∑
k∈K

pi,k
s ≤ pi

s, i ∈ L.

(3.66)

It can be clearly seen that the above optimization problem belongs to the class of smooth
difference-of-convex (DC) optimization problems. We propose an iterative algorithm
that utilizes the successive inner approximation (SIA) framework [90], which reaches a
converging point that satisfies the Karush–Kuhn–Tucker (KKT) optimality conditions.
Let us first select pi,k

s,o and pi,k
r,o as a feasible transmit power value at the i-th source and

relay node, respectively. Next, we use Taylor’s approximation on the concave terms of
Ri,k

sr , and a lower-bound of Ri,k
sr can be obtained as

Ri,k
sr ≥ γ0log2

(
αi,k

n,r +
∑

m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s + γi,j,k,m
r pj,m

r ) + |(ui,k
r )Hĥi,k

sr |2pi,k
s

)

− γ0log2

(
αi,k

n,r +
∑

m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s,o + γi,j,k,m
r pj,m

r,o )
)

−
γ0
∑

m∈K

∑
j∈L

(
γi,j,k,m

s (pj,m
s − pj,m

s,o ) + γi,j,k,m
r (pj,m

r − pj,m
r,o )
)

log(2)
(

αi,k
n,r + ∑

m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s,o + γi,j,k,m
r pj,m

r,o )
) =: R

i,k
sr .

(3.67)

Similarly, the lower bound R
i,k

rd of Ri,k
rd , after applying Taylor’s approximation, can be

written as

Ri,k
rd ≥ γ0log2

(
αi,k

n,d +
∑

m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s + γi,j,k,m
r pj,m

r ) + |ĥi,k
rd vi,k

r |2pi,k
r

)

− γ0log2

(
αi,k

n,d +
∑

m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s,o + γi,j,k,m
r pj,m

r,o )
)

−
γ0
∑

m∈K

∑
j∈L
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γi,j,k,m

s (pj,m
s − pj,m

s,o ) + γi,j,k,m
r (pj,m

r − pj,m
r,o )
)

log(2)
(

αi,k
n,d + ∑

m∈K

∑
j∈L

(γi,j,k,m
s pj,m

s,o + γi,j,k,m
r pj,m

r,o )
) =: R

i,k

rd .

(3.68)

By replacing the actual rate functions with the obtained lower bounds, the objective of
the above optimization problem (3.66) becomes a jointly concave function over pi,k

s and
pi,k

r . We propose an iterative algorithm, where for each iterative update, we now solve
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the convex problem:

maximize
pi,k

s ≥0,pi,k
r ≥0,ti

∑
i∈L

witi

subject to
∑
k∈K

R
i,k

sr ≥ ti,
∑
k∈K

R
i,k

rd ≥ ti∑
i∈L

∑
k∈K

pi,k
r ≤ pr,

∑
k∈K

pi,k
s ≤ pi

s, i ∈ L,

(3.69)

to obtain the optimality. At each iteration, the approximated rate functions are updated
with the solution of (3.69) from the previous iteration as their initial points. The
iterative update is continued until a stable point is reached. Since we use a first-
order Taylor approximation on a smooth concave terms, we can conclude that R

i,k

sr
represents a global and tight lower bound to Ri,k

sr , with a shared slope at the point of
approximation [91] 1 . The proposed iterative update also fulfils the requirements set
in [90, Theorem 1], so that the solution can achieve a convergence point that satisfies
KKT optimality conditions. Algorithm 5 defines the detailed algorithm.

Algorithm 5 For sum-rate maximization
1: a ← 0 (set iteration number to zero)
2: pi,k

s,o, pi,k
r,o ← feasible power value initialization

3: repeat
4: a ← a + 1
5: pi,k

s , pi,k
r , ti ← solve (3.69)

6: pi,k
s,o, pi,k

r,o ← pi,k
s,o = pi,k

s and pi,k
r,o = pi,k

r , respectively
7: until a stable point, or maximum number of a reached
8: return {pi,k

s , pi,k
r }

3.5.2 Energy Efficiency Maximization

Energy efficiency has become an essential measure for designing a future wireless system.
In this section, the energy efficiency is defined as the ratio of the sum-rate to the total
power consumption of all the user nodes and the relay. The total power consumption
Ptot can be expressed as

Ptot =
∑
i∈L

P i
s + Pr, (3.70)

where

P i
s := 1

μi
s

∑
k∈K

E{‖xi,k
s ‖2} + P i

s,zero,

Pr := 1
μr

∑
k∈K

E{‖xk
r ‖2} + Pr,zero + Pr,FD.

1Similarly for the approximation R
i,k

rd in relation to Ri,k
rd
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The efficiency of the power amplifier and power dissipated by other circuit blocks at
the transmitter chain of the i-th source node (relay) are respectively denoted by μi

s (μr)
and P i

s,zero (Pr,zero) . Pr,FD is the power required for SIC at the relay. By using the above
definition, the energy efficiency maximization problem can be expressed as

maximize
pi,k

s ≥0,pi,k
r ≥0

∑
i∈L

wi

∑
k∈K

Ri,k

Ptot

subject to Pr ≤ Pr,max, P i
s ≤ P i

s,max, i ∈ L,

(3.71)

where P i
s,max and Pr,max are the maximum total available power for consumption at

the i-th source node and the relay, respectively. The optimization problem can be
reformulated as

maximize
pi,k

s ≥0,pi,k
r ≥0,ti

∑
i∈L

witi

Ptot

subject to
∑
k∈K

Ri,k
sr ≥ ti,

∑
k∈K

Ri,k
rd ≥ ti,

Pr ≤ Pr,max, P i
s ≤ P i

s,max, i ∈ L.

(3.72)

To solve the above fractional non-convex problem, we propose a double-loop iterative
algorithm (Algorithm 6) using SIA framework and Dinkelbach algorithm. Let us first
select pi,k

s,o and pi,k
r,o as a feasible transmit power value at the i-th source node and relay,

respectively. In the outer loop, we calculate the rate approximations R
i,k

sr and R
i,k

rd using
(3.67) and (3.68) for the point of approximation pi,k

s,o and pi,k
r,o. We fix these values for

the inner loop. In the inner loop, we use Dinkelbach algorithm [81], using which we can
rewrite the optimization problem as

maximize
pi,k

s ≥0,pi,k
r ≥0,ti

∑
i∈L

witi − λPtot

subject to
∑
k∈K

R
i,k
sr ≥ ti,

∑
k∈K

R
i,k
rd ≥ t,

Pr ≤ Pr,max, P i
s ≤ P i

s,max, i ∈ L.

(3.73)

For fixed pi,k
s,o and pi,k

r,o, we iteratively solve for pi,k
s , pi,k

r and ti, and λ. The value of λ can
be determined from ∑

i∈L

witi − λPtot = 0. (3.74)

Since Dinkelbach algorithm is applied to the concave-affine fractional problem, we can
conclude that a global optimal can be achieved [92, Section 3.2]. Then in the outer loop,
we update pi,k

s,o and pi,k
r,o in order to calculate the new rate approximations and solve the

optimization problem until a stable point is reached. Algorithm 6 defines the detailed
algorithm.
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Algorithm 6 For energy efficiency maximization

1: pi,k
s,o, pi,k

r,o ← feasible power value initialization
2: λ = 0 ← Lambda initialization
3: a ← 0 (set iteration number to zero for outer loop)
4: repeat
5: a ← a + 1
6: repeat
7: pi,k

s , pi,k
r , ti ← solve (3.73)

8: λ ← solve (3.74)
9: until a stable point is reached

10: pi,k
s,o ← pi,k

s and pi,k
r,o ← pi,k

r
11: until a stable point, or maximum number of a reached
12: return {pi,k

s , pi,k
r }

3.5.3 Delivery Time Minimization

In this section, we address the joint sub-carrier and power allocation optimization prob-
lem to minimize the overall delivery time of an FD mMIMO relay system. Let us con-
sider delivery time as the amount of time required to transmit Di number of bits (size
of a file) from i-th source to the i-th destination. It can be defined as the ratio of the
size of the file (amount of information Di) required to be communicated between i-th
source-destination pairs to the achievable information rate. In this work, as the source-
destination pair communicate using an FD mMIMO relay, the achievable information
rate will be the minimum of the achievable information rate between i-th source and
the relay, and the achievable information rate between the relay and i-th destination as
mentioned in Section 3.4.4. Here, we formulate the optimization problem to minimize
the overall delivery time for all the source-destination pairs.

The overall delivery time minimization problem can be defined as

minimize
pi,k

s ≥0,pi,k
r ≥0

∑
i∈L

Di∑
k∈K

Ri,k

subject to
∑
i∈L

∑
k∈K

pi,k
r ≤ pr,

∑
k∈K

pi,k
s ≤ pi

s, i ∈ L.

(3.75)

The above optimization can be rewritten as

minimize
pi,k

s ≥0,pi,k
r ≥0,ti

∑
i∈L

Di

ti

subject to
∑
k∈K

Ri,k
sr ≥ ti,

∑
k∈K

Ri,k
rd ≥ ti,∑

i∈L

∑
k∈K

pi,k
r ≤ pr,

∑
k∈K

pi,k
s ≤ pi

s, i ∈ L.

(3.76)
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This optimization belongs to the class of smooth DC optimization problems similar
to (3.65). After applying Taylor’s approximation (3.67) and (3.68) for the point of
approximation pi,k

s,o and pi,k
r,o, the convex optimization can be reformulated as

minimize
pi,k

s ≥0,pi,k
r ≥0,ti

∑
i∈L

Di

ti

subject to
∑
k∈K

R
i,k
sr ≥ ti,

∑
k∈K

R
i,k
rd ≥ ti,∑

i∈L

∑
k∈K

pi,k
r ≤ pr,

∑
k∈K

pi,k
s ≤ pi

s, i ∈ L.

(3.77)

Here, the optimization problem is solved using an iterative algorithm similar to Algo-
rithm 5 that follows SIA framework, which reaches a converging point that satisfies the
KKT optimality conditions. Algorithm 7 defines the detailed algorithm.

Algorithm 7 For delivery time minimization
1: a ← 0 (set iteration number to zero)
2: pi,k

s,o, pi,k
r,o ← feasible power value initialization

3: repeat
4: a ← a + 1
5: pi,k

s , pi,k
r , ti ← solve (3.77)

6: pi,k
s,o, pi,k

r,o ← pi,k
s,o = pi,k

s and pi,k
r,o = pi,k

r , respectively
7: until a stable point, or maximum number of a reached
8: return {pi,k

s , pi,k
r }

3.6 Simulation Results

In this section, using numerical simulations, we evaluate the performance of the pro-
posed algorithms introduced in Section 3.5 for an FD mMIMO MC DF relay system.
We evaluate the performance in terms of different optimization strategies such as sum-
rate maximization, delivery time minimization, and energy efficiency maximization for
different system parameters.

We consider a relay communication setup where the distance between the sources/ des-
tinations to the FD mMIMO relay varying from 200m to 400m. The minimum distance
between a source and a destination node is 400m. We adopt simulation system parame-
ters from [93,94], which are chosen as in Table 3.1. We consider our path loss model as
a simplified path loss model in [95]. We consider the relay system employs orthogonal
frequency division multiplexing (OFDM) as MC strategy. The weight corresponding
to the i-th source-destination pair is chosen as wi = 1, ∀i ∈ L. To provide fairness in
resource allocation, the transmit power budget is restricted to support the number of
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active sub-carriers (K) , i.e., the transmit power budgets are factorized by kt, where
kt = K/Ksys. The total number of sub-carriers available in the system are denoted by
Ksys. For energy efficiency maximization problem, the power dissipated by circuit com-
ponents other than power amplifier and power for SIC is also considered. The power
dissipated by circuit blocks other than power amplifier at the transmitter chain of the
i-th source node P i

s,zero and relay including SIC (Pr,zero + Pr,FD) are chosen as 10dBm
and 14dBm, respectively. For the delivery time minimization case, the file size (amount
of information Di) for each source-destination pair is chosen between 0 and 100 bits.
All communication channels follow an uncorrelated Rayleigh flat fading model. The SI
channel follows the Rician distribution as characterization reported in [20] with Rician
coefficient Kr and the SI channel strength after SIC ρsi. We assume the covariance for
the SI channel to be low rank as in [5]. Here, the rank of the covariance matrix of
SI channel is chosen as 5. The overall system performance is then averaged over 100
channel realizations.

Carrier center frequency and system bandwidth 2.5 GHz and 5MHz
Number of sub-carriers (Ksys), and sub-carrier bandwidth 64 and 78kHz

Number of active sub-carriers (K) 10
Number of source-destination pairs (L) 3

Reference distance and path loss exponent 15m and 3.6
Efficiency of power amplifier at relay (μr) and source (μi

s) 0.39
Noise power at destination i and relay (σ2

n) -125dBm and -125dBm
Max. tx. power at the source and relay 22dBm and 37dBm

Number of antennas at the relay N 32
Hardware distortion coefficient κ = β -90dB

Covariance of the CSI estimation error
(σk

e,sr)2 = (σk
e,rd)2 = (σk

e,sd)2 = (σk
e,rr)2∀k ∈ K,

-150dB

SI channel strength ρsi after SIC and Rician coeffient Kr -50 dB and 10

Table 3.1: Default System parameters used for numerical simulations

Benchmarks

For comparison, we consider different transmit/receive strategies at the relay for differ-
ent system designs. The benchmarks considered for the numerical simulations are as
follows.

• MRT/MRC: It represents the proposed algorithms Algorithms 5 to 7 employing
MRT/MRC as its transmit/receive strategy at the relay for the sum-rate maxi-
mization, energy efficiency maximization and delivery time minimization, respec-
tively.
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• MRT/MRC-SI-ZF: In addition to considering MRT/MRC as its transmit/receive
strategy at the relay, spatial suppression scheme (null-space projection [5]) for ZF
the SI is employed at the transmit side of the relay. This algorithm allows to
eliminate the receive distortion caused by the SI channel, as the transmit beams
are projected to the null-space of the SI channel.

• ZF: The proposed algorithms Algorithms 5 to 7 employ ZF as its transmit/receive
strategy at the relay for the sum-rate maximization, energy efficiency maximiza-
tion and delivery time minimization, respectively.

• ZF-SI-ZF: In addition to considering ZF as its transmit/receive strategy at the
relay, spatial suppression scheme (null-space projection [5]) is also employed at
the transmit side of the relay.

For the above-mentioned transmit strategies, we consider joint decoding and remapping
strategy at the relay, see Section 2.5.1. It allows the relay system to decode the signal
from one sub-carrier and forward it to the destination through another sub-carrier,
thereby improving the performance of the system. We compare it to the per-carrier
(PC) design, where the optimization constraints are considered for each sub-carrier
individually, please refer Section 2.5.1. Moreover, the JC and PC designs for above-
mentioned transmit strategies are further classified as:

• OPT: It represents the proposed algorithms employing different transmit-receive
strategies for both joint-carrier and per-carrier design, with consideration of the
impact of imperfect CSI as well as the hardware distortions.

• ND (non-distortion): It indicates the algorithms that do not consider the impact
of hardware distortions in the design , i.e., hardware inaccuracy is not taken into
account. It only considers the impact of imperfect CSI.

• HD: It indicates the scenarios when an HD mMIMO relay is employed. We
consider the HD relay utilizes time division duplex (TDD) to seperate the source-
relay and relay-destination links, hence SI is not present.

Visualization

Figs. 3.2a to 3.2f illustrate the performance of the system for the sum-rate maximization
algorithm with respect to different system parameters. In general, it can be observed
that the algorithms employing ZF perform better compared the algorithms employed
with MRT/MRC. However, the ZF strategy is more complex (computationally expen-
sive) compared to MRT/MRC as it involves inversion of matrices with large dimensions.
Even there is a gain in performance of algorithms using ZF compared to MRT/MRC,
the algorithms (OPT, ND, HD) show almost similar behaviour for the different system
parameters irrespective of the transmit strategies used.
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The performance of the algorithm in terms of sum-rate with respect to the hardware
inaccuracies (κ) is shown in Fig. 3.2a. As it can be clearly seen, the sum-rate decreases
as hardware inaccuracies increases. The JC algorithms show a similar or better per-
formance than the PC algorithms for different values of κ. It can be observed that a
performance gain can be achieved by utilizing spatial suppression scheme (null-space
projection) in addition to the transmit strategies. By transmitting along the null-space
of the SI channel, the impact of receive distortion leading to residual SI (caused by
the SI channel) can be eliminated at the receive side of the relay. Furthermore, the
non-distortion (ND) algorithms performance similar to the proposed OPT algorithm
for small values of κ. A gain in performance of JC strategy can also be noticed com-
pared to the PC strategy algorithm employing MRT/MRC. However, as the value of
κ increases, the performance of the ND algorithms degrades drastically compared to
the OPT. As it can be observed, the achievable sum-rate of FD algorithms become less
than that of the HD algorithms for higher values of κ. This implies that the impact of
hardware distortion is more in FD systems compared to HD systems due to the presence
of SI.

The system performance with respect to κ for different SI channel strength (ρsi =
−30dB, −50dB and −70dB) is depicted in Fig. 3.2b. It can be noticed that as the
strength of the SI channel decreases (or better SIC techniques), the performance of the
FD systems also improves compared to the HD counterpart. For smaller values of SI
channel strength, the FD systems also become more robust to the hardware distortion
(hardware inaccuracies) indicating the impact of hardware distortions leading to resid-
ual SI. In other words, HD mMIMO MC DF relay system shows better performance
compared to the FD mMIMO MC DF relay system if sufficient SIC can not be achieved.
For higher values of κ, the HD-ND algorithm performance degrades compared to the
HD. This shows that even for HD mMIMO systems, consideration of hardware dis-
tortions into the design improves the system robustness and performance, especially in
high hardware inaccuracies scenario.

In Fig. 3.2c, the performance of the algorithm for different values of receiver noise at
the relay and the destination nodes is plotted. As expected, the sum-rate decreases
as the receiver noise increases. The OPT algorithm (ZF-SI-ZF) employing JC and ZF
with SI suppression scheme performs better compared to other benchmarks. A similar
trend can be observed in Fig. 3.2d concerning channel estimation error. For both the
parameters, it is interesting to notice that, for small values of receiver noise or channel
estimation error, the OPT algorithm in both JC and PC strategies attains a better gain
compared to its ND counterpart. Employing spatial suppression scheme also provides an
additional gain, especially when the receiver noise or channel estimation error is small.
This is due to the fact that, for small values of receiver noise or channel estimation
error, the impact of hardware distortion becomes dominant compared to receiver noise
or channel estimation error resulting in degradation of algorithm performance that does
not consider the hardware distortion.

In Figs. 3.2e and 3.2f, the performance of the algorithm in terms of sum-rate for different
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values of transmit power at the relay and source nodes is depicted, respectively. It
can be noticed that when the maximum transmit power at the source/relay increases
the overall sum-rate also increases. It is interesting to observe that for high transmit
power the ND algorithm performs worse compared to its OPT counterpart. This is
because as the power increases, the distortion part becomes dominant and therefore not
considering hardware distortion will lead to performance degradation at high transmit
power scenario. The performance of the system in terms of sum-rate can be improved
by considering hardware distortion and spatial suppression scheme, especially in high
transmit power, low receiver noise or less channel estimation error scenarios.

In Figs. 3.3a to 3.3d, the performance of the energy efficiency algorithm for differ-
ent system parameters is evaluated. In Fig. 3.3a, the energy efficiency of the system
degrades as the hardware inaccuracies increases, even for HD design. The proposed al-
gorithm shows similar behaviour as in the case of sum-rate maximization. Moreover, as
the hardware inaccuracies increase, the HD algorithm performs better compared to the
ND algorithm indicating that consideration of hardware distortion provides better gain
for higher values of κ. Furthermore, Fig. 3.3b shows that, the energy efficiency of the
system degrades when the receiver noise at the relay and destination nodes increases.
When the receiver noise is small, the OPT algorithms perform better compared to
ND counterparts as the hardware distortion becomes dominant. In Fig. 3.3c the per-
formance of the system in terms of energy efficiency is depicted with respect to the
transmit power of the source node. As it can be observed, when the transmit power of
the source node increases, the energy efficiency of the system also increases. However,
for high transmit power values, the performance of the OPT algorithm utilizing JC
spatial suppression scheme attained better gain in terms of energy efficiency compared
to algorithm ND algorithm as the hardware distortion becomes dominant. Another
interesting observation is that the energy efficiency of the system becomes saturated at
high transmit power budget. After a certain point, the optimum energy-efficient design
does not consume more power if it degrades the energy efficiency of the system, i.e., if
more power is required for a small improvement in sum-rate. Furthermore, Figure 3.3d
reveals that as the CSI estimation error in the system increases the energy efficiency of
the system decreases. It can also be observed that employing spatial suppression scheme
helps to make the system more energy efficient. For the above-mentioned system pa-
rameters except κ, it can be noticed that the algorithm utilizing JC and ZF with spatial
suppression scheme is more energy efficient compared to all the other benchmarks.

Figs. 3.4a to 3.4d illustrate the performance of the proposed delivery time minimiza-
tion algorithm for different system parameters. Similarly as in sum-rate and energy
efficiency maximization case, it is observed that the ZF algorithms outperform the al-
gorithms utilizing MRT/MRC. In Fig. 3.4a, the performance of our proposed algorithm
in terms of delivery time is evaluated for different values of transceiver inaccuracy. It
can be observed that the delivery time increases as the transceiver inaccuracy increases,
i.e., higher the κ higher the delivery time. The OPT algorithms show better perfor-
mance gain, i.e., less overall delivery time, compared to ND algorithms as the value
of transceiver inaccuracies increases. This signifies the importance of consideration of
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the impact of hardware inaccuracies in an FD mMIMO MC relay system. However,
for high transceiver inaccuracy, the FD algorithm performs worst compared to the HD
algorithms. Due to strong SI, the impact of hardware distortions is more in the FD
system compared to HD resulting in higher residual SI. Fig. 3.4b is plotted in terms
of delivery time with respect to different values of receiver noise at the relay and the
destination. Furthermore, we can observe that the proposed OPT algorithms outper-
form their respective benchmarks. As the receiver noise increases, the overall delivery
time also increases. It is interesting to observe that for small values of receiver noise
variance, the ND algorithm performance degrades compared to OPT algorithm. It is
because, in high signal to noise (SNR) scenarios, the hardware distortions become domi-
nant, thereby affecting the performance of ND algorithms which does not consider these
hardware distortions. As the receiver noise variance increases, hardware distortions be-
comes less significant compared to the receiver noise results in better performance of
ND algorithms compared to HD algorithms. A similar behaviour of the algorithm is ob-
served in Fig. 3.4c for channel estimation error. As channel estimation error increases,
the overall delivery time also increases. It can also be observed that when the channel
estimation error is small, the ND algorithms require more delivery time compared to
its OPT algorithm counterpart. Similar as in the case of receiver noise, the hardware
distortion becomes dominant when channel estimation error has small values.

In Fig. 3.4d the performance of the proposed algorithm in terms of the delivery time
for different values of transmit power at the relay is depicted. It can be noticed, as the
maximum transmit power at the relay increases the overall delivery time decreases for
all the algorithms except ND. For low transmit power values, the algorithms employing
JC require less delivery time compared to PC counterparts. This is because JC strat-
egy has the flexibility to select the better channel on both the link, i.e., source-relay
and relay-destination for each source-destination pair, which becomes significant in low
transmit power scenarios. As the transmit power increases, the overall delivery time
for all the algorithms decreases. However after a certain point, the performance of the
ND algorithms degrade compared to its OPT counterparts. It can also be observed
that for a high transmit power scenario, the ND algorithm requires higher delivery time
compared to OPT algorithm. This is due to the fact that as transmit power increases
the impact of hardware distortions also increases (because of the presence of SI), re-
sulting in performance degradation of ND algorithms. This signifies the importance of
consideration of the impact of hardware inaccuracies leading to residual SI and ICL in
an FD mMIMO MC relay system, especially for high transmit power and low noise sce-
narios (high signal to interference plus noise ratio (SINR) scenarios). In case of delivery
time minimization also, it is observed that the proposed algorithm (ZF-SI-ZF) with JC
outperforms all the other benchmarks. Moreover, the proposed algorithm (MRT/MRC-
SI-ZF) with JC outperforms all the algorithms utilizing MRT/MRC. This shows the
benefit of considering hardware distortions, imperfect CSI, and utilizing JC and spatial
suppression scheme in designing an FD mMIMO MC DF relay system for both the
transmit strategies (MRT/MRC and ZF).

In Fig. 3.4e, the performance of our proposed delivery time minimization algorithm
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is compared with the sum-rate maximization algorithm in terms of the delivery time
for different values of transceiver accuracy. Here, the maximum file size (amount of
information Di) is chosen to be 10 Mbits. As it can be noticed, the delivery time
algorithm performs better compared to the sum-rate algorithm, which implies that
maximizing the throughput/sum-rate of the system does not necessarily minimize the
overall delivery time. Fig. 3.4f shows the performance gain of delivery time algorithm
compared to sum-rate algorithm for different maximum allowed file size (Di). Here, the
hardware distortion coefficients are chosen as κ = β = −60dB. It can be noticed that as
the amount of information (Di) to be communicated increases, the overall delievery time
also increases. Furthermore, when the file size (Di) is large, a significant gain in terms
delivery time can be achieved (the overall delivery time can be reduced) by utilizing the
delivery time minimization algorithm in comparison with the sum-rate maximization
algorithm.

3.7 Conclusions

In this chapter, we addressed a joint sub-carrier and power allocation problem for an
FD mMIMO MC DF relay system, which relays the communication between multiple
single antenna HD source-destination pairs. We modelled the operation of the system
by jointly considering the impact of hardware distortion leading to residual SI and ICL,
and imperfect CSI. Asymptotic rate for the system employing MRT/MRC is analyzed.
It is noticed that the consideration of the hardware distortion is crucial in the resource
allocation problem for an FD mMIMO MC relay system, even when the number of
antennas at the relay goes to infinity and a perfect CSI can be achieved. An iterative
algorithm that follows the SIA framework is proposed for both the sum-rate maximiza-
tion and delivery time minimization problems, which converge to the point that satisfies
the KKT conditions. We extend it to energy efficiency maximization problem, which is
solved by utilizing the SIA framework and Dinkelbach algorithm. The performance of
the proposed algorithms are evaluated using numerical simulations. It can be noticed
that the algorithm utilizing JC and ZF with spatial suppression scheme performs better
compared to all the other benchmarks. It is also observed that a performance gain can
be achieved by utilizing spatial suppression scheme (null-space projection) in addition
to the transmit strategies. A notable gain in terms of delivery time is achieved when
compared with the sum-rate maximization algorithm, shows the benefit of considering
delivery time as an objective. Significance of distortion-aware design for FD mMIMO
MC DF relay system is observed, especially for high SINR scenarios.
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Figure 3.2: Sum-rate vs. Different system parameters.
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Figure 3.3: Energy efficiency vs. Different system parameters.
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4 Resource Allocation for
Multi-carrier FD mMIMO
Bidirectional Communication
with Hardware Impairments

4.1 Scope

Utilizing massive antenna array at the base station (BS) improves the spectral and
energy efficiency of the system and reduces the inter-user interference even by employing
simple linear processing such as maximum ratio transmitting (MRT)/maximum ratio
combining (MRC) and zero-forcing transmitting (ZFT)/zero-forcing receiving (ZFR)
precoding scheme [96]. By using these linear transmit/receive strategies, the overall
power requirement of the system can be reduced, i.e., the transmit power of the BS
as well as the user equipment (UE) can also be reduced through coherent combining
and an increased antenna aperture. In cooperating the full-duplex (FD) capability into
the large-scale antenna cellular system exploits the entire spectral resources that are
limited to the half-duplex (HD) systems. However, the performance of these systems is
restricted due to the hardware distortions and self-interference (SI).

4.2 Related Works

In [97–99], the resource allocation is addressed for an FD multi-carrier (MC) system
while considering the single antenna transceivers. In recent years, some studies were
done in the context of FD massive multiple input multiple output (mMIMO) cellular
networks [87,100–102]. In [101], for an FD multi-cell multi-user mMIMO system, an SI
aware fractional power control mechanism is proposed where the user nodes adjust their
transmit power based on the distance-dependent path-loss, SI, and maximum available
transmit power. In [87], for a multi-user multiple input multiple output (MIMO) system
with an FD mMIMO BS and multiple FD users equipped with two antennas, the authors
derived the asymptotic expressions of signal to interference plus noise ratio (SINR) of
uplink and downlink by adopting MRC/MRT at the BS when the number of antennas
of the BS tends to infinity. It is also shown through the theoretical derivation that
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the detrimental impact of the loop interference, multi-user interference and inter-user
interference can be eliminated by the very large number of antennas at the BS utilizing
the power scaling scheme. However, in [87,101], the impact of hardware distortions are
not considered for the single carrier multi-user mMIMO FD BS system.

4.3 Chapter Outline

In this chapter, we investigate an MC bidirectional communication between an FD
mMIMO transceiver BS and multiple FD user nodes equipped with a single antenna.
In Section 4.4, we model the operation of a bidirectional MC communication system
by taking into account the impact of imperfect channel state information (CSI) as
well as the impact of hardware distortions. In Section 4.5.1, we frame an optimiza-
tion problem to maximize the system sum-rate, which falls into the class of smooth
difference-of-convex (DC) optimization problems. We propose a successive inner ap-
proximation (SIA) iterative optimization solution, which converges to the point that
satisfies Karush–Kuhn–Tucker (KKT) conditions. We also extend it to an energy ef-
ficiency maximization problem in Section 4.5.2 and solve it using SIA and Dinkelbach
algorithm [81]. In Section 4.6, we evaluate the performance of our proposed algorithms
for both the energy efficiency and sum-rate maximization problem using numerical sim-
ulations. In Section 4.7, we summarize our main results.

4.4 System Model

We consider an MC bidirectional communication setup, where an FD mMIMO BS serves
L FD single antenna user nodes. The number of transmit and receive antennas at the BS
node is represented as NBS and MBS, respectively. Fig 4.1 illustrates the bidirectional
communication between the mMIMO FD BS and L FD single antenna user nodes. We
denote the index set of all user nodes and sub-carriers by L and K, respectively. Let
us define a set of nodes including the BS as L̃ = {L ∪ 0}, where 0 is the index of the
BS. Furthermore, hk

0i ∈ C
MBS×1 and hk

i0 ∈ C
1×NBS represent the k-th sub-carrier uplink

and downlink channel, respectively. hii ∈ C
1 is the SI of the user node i ∈ L. The SI

channel of the BS is denoted by Hk
00 ∈ C

MBS×NBS . hk
ij ∈ C

1 represents the co-channel
interference channel from the j-th node to i-th user node when i 
= j.

In this chapter, we assume all the channels are constant for each frame, frequency-flat
in each sub-carrier, and only the imperfect CSI is known. Similarly, as in the previous
chapter, we adapt the channel error model used in [85], where the actual channel can
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   BS
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Figure 4.1: Basic system Model for Bidirectional communication between FD mMIMO
BS and single antenna FD users

be decomposed into the estimated channel plus estimation error, can be stated as

hk
i0 = ĥk

i0 + h̃k
i0, ĥk

i0 ⊥ h̃k
i0,

hk
0i = ĥk

0i + h̃k
0i, ĥk

i0 ⊥ h̃k
i0,

hk
ij = ĥk

ij + h̃k
ij, ĥk

ij ⊥ h̃k
ij,

Hk
00 = Ĥk

00 + H̃k
00, Ĥk

00 ⊥ H̃k
00, ∀i, j ∈ L, ∀k ∈ K,

(4.1)

where ĥk
i0, ĥk

0i, ĥk
ij and Ĥk

00 represent the estimated channels. The entries of channel
estimation error h̃k

i0, h̃k
0i, h̃k

ij and H̃k
00 are independent and identically distributed (i.i.d.)

complex Gaussian with zero mean and variance (σk
e,i0)2, (σk

e,0i)2, (σk
e,ij)2 and (σk

e,00)2,
respectively. We assume that the estimated channel and the estimation error become
statistically uncorrelated. We consider the receiver performs the minimum mean square
error (MMSE) channel estimation strategy.

The source symbol to BS from the i-th user node using the k-th sub-carrier can be
represented as sUL

i,k ∈ C
1. sDL

i,k ∈ C
1 denotes the source symbol from the BS to the i-th

user node. We assume the symbols are i.i.d. with unit power, i.e. E{sUL
i,k (sUL

i,k )∗} = 1
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and E{sDL
i,k (sDL

i,k )∗} = 1. Let vk
i and uk

i represent the normalized transmit precoders and
receive decoders (linear filters) at the BS for the i-th user node utilizing sub-carrier k,
respectively. The transmit power of i-th user node for sub-carrier k is denoted by pUL

i,k ,
where i ∈ L. The transmit power dedicated to the i-th user node and sub-carrier k for
downlink at the BS is pDL

i,k . The transmit signal of the i-th user node and the BS at
sub-carrier k can be written as

xk
i =

√
pUL

i,k sUL
i,k︸ ︷︷ ︸

:=x̃k
i

+ ek
t,i, i ∈ L, ∀k ∈ K,

xk
0 =

∑
i∈L

vk
i

√
pDL

i,k sDL
i,k︸ ︷︷ ︸

:x̃k
0

+ ek
t,0, ∀k ∈ K,

(4.2)

where ek
t,i (x̃k

i ) and ek
t,0 (x̃k

0) are the transmit distortion (intended transmit signal) at
the i-th user node and the BS, respectively.

Correspondingly, the received signal at the i-th user node and the BS for sub-carrier k
can be obtained as

yk
i = hk

i0xk
0 +
∑
j∈L

hk
ijx

k
j + nk

i︸ ︷︷ ︸
:=ỹk

i

+ ek
r,i, i ∈ L, ∀k ∈ K,

yk
0 =

∑
i∈L

hk
0ix

k
i + Hk

00xk
0 + nk

0︸ ︷︷ ︸
:=ỹk

0

+ ek
r,0, ∀k ∈ K,

(4.3)

where the receiver noise at the i-th user node and the BS are represented using nk
i ∼

CN
(
0, (σk

ni
)2
)

and nk
0 ∼ CN

(
0MBS , (σk

n0)2IMBS

)
. The receive distortion (intended re-

ceived signal) at the i-th user node and BS are denoted by ek
r,i (ỹk

i ) and ek
r,0 (ỹk

0),
respectively. The self-interference cancellation (SIC) is applied to the received signal,
i.e., only the known part of the transmit signal can be mitigated. The received signal
after SIC can be expressed as

yk
i = yk

i − ĥk
ii

√
pUL

i,k sUL
i,k , i ∈ L, ∀k ∈ K,

yk
0 = yk

0 −∑
i∈L

Ĥk
00vk

i

√
pDL

i,k sDL
i,k , ∀k ∈ K.

(4.4)

Similarly as in the previous chapter, the inaccuracies of hardware components such as
analog to digital converter (ADC) and digital to analog converter (DAC) error, noises
caused by power amplifiers, automatic gain control (AGC) and oscillator on transmit
and receive chain are considered. The distortion terms are proportional to the intensity
of the intended signals. Following the Lemma 2.4.1, the statistics of the distortion terms
can be formulated as

ek
t,i ∼ CN

⎛⎝0,
κ̃i

K

∑
k∈K

(
E{x̃k

i (x̃k
i )H}

)⎞⎠ , (4.5)
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ek
t,0 ∼ CN

⎛⎝0NBS ,
1
K

Θ̃t,0
∑
k∈K

diag
(
E{x̃k

0(x̃k
0)H}

)⎞⎠ , (4.6)

ek
r,i ∼ CN

⎛⎝0,
β̃i

K

∑
k∈K

(
E{ỹk

i (ỹk
i )H}

)⎞⎠ , (4.7)

ek
r,0 ∼ CN

⎛⎝0MBS ,
1
K

Θ̃r,0
∑
k∈K

diag
(
E{ỹk

0(ỹk
0)H}

)⎞⎠ , (4.8)

where the transmit and receive distortion coefficient of the i-th user node are given by
κ̃i and β̃i, respectively. The diagonal matrix Θ̃t,0 (Θ̃r,0) consists of transmit (receive)
distortion coefficients for the corresponding chains at the BS. For the detailed definition
of the used distortion model, please refer to Section 2.4.4. The equations (4.5), (4.6),
(4.7), and (4.8) explicitly indicate the impact of the inter-carrier leakage (ICL), i.e., the
distortion signal variance at each sub-carrier is related to the total distortion-free signal
power over all the sub-carriers at the corresponding chain.

Let us define κi = κ̃i

K
, βi = β̃i

K
, Θt,0 = 1

K
Θ̃t,0, and Θr,0 = 1

K
Θ̃r,0 for further calculations.

By employing Lemma 2.4.1, and equations (4.5), (4.6), (4.7), and (4.8) on (4.4), the
covariance of the received collective interference-plus-noise signal at the i-th user node
for sub-carrier k can be calculated as

Σk
i ≈ ∑

j∈L

j �=i

ĥk
ijp

UL
j,k (ĥk

ij)∗ +
∑
j∈L

(σk
e,ij)2pUL

j,k +
∑
j∈L

j �=i

ĥk
i0vk

j pDL
j,k (vk

j )H(ĥk
i0)H +

∑
j∈L

(σk
e,i0)2pDL

j,k

︸ ︷︷ ︸
Co-channel interference

+
∑
j∈L

κj

∑
m∈K

ĥk
ijp

UL
j,m(ĥk

ij)∗ +
∑
j∈L

(σk
e,ij)2κj

∑
m∈K

pUL
j,m︸ ︷︷ ︸

User transmit distortion

+ (σk
ni

)2︸ ︷︷ ︸
Thermal noise

+
∑
j∈L

ĥk
i0Θt,0diag

(∑
m∈K

vm
j pDL

j,m(vm
j )H

)
(ĥk

i0)H+
∑
j∈L

(σk
e,i0)2Tr

(
Θt,0diag

(∑
m∈K

vm
j pDL

j,m(vm
j )H

))
︸ ︷︷ ︸

BS transmit distortion

+ βi

∑
m∈K

⎛⎝∑
j∈L

(
ĥm

ij pUL
j,m(ĥm

ij )H+(σm
e,ij)2pUL

j,m + ĥm
i0vm

j pDL
j,m(vm

j )H(ĥm
i0)H+(σm

e,i0)2pDL
j,m

)
+(σm

ni
)2

⎞⎠
︸ ︷︷ ︸

User receive distortion

.

(4.9)
Here, we ignore the higher-order terms of the transmit and receive distortion since the
transmit and receive distortion coefficients lie within the range of 0 and 1 and mostly
have minimal values. Similarly, the covariance of the received collective interference-
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plus-noise signal at the BS for user node i and sub-carrier k can be expressed as

Σk
0,i ≈ ∑

j∈L

j �=i

(ĥk
0jp

UL
j,k (ĥk

0j)H) +
∑
j∈L

(σk
e,0j)2pUL

j,k IMBS

︸ ︷︷ ︸
Co-channel interference

+
∑
j∈L

κj

∑
m∈K

ĥk
0jp

UL
j,m(ĥk

0j)H +
∑
j∈L

κj

∑
m∈K

(σk
e,0j)2pUL

j,mIMBS︸ ︷︷ ︸
User transmit distortion

+
∑
j∈L

(σk
e,00)2pDL

j,k IMBS︸ ︷︷ ︸
SI channel estimation error

+
∑
j∈L

Ĥk
00Θt,0diag

⎛⎝∑
m∈K

vm
j pDL

j,m(vm
j )H

⎞⎠ (Ĥk
00)H

︸ ︷︷ ︸
BS transmit distortion

+
∑
j∈L

(σk
e,00)2Tr

⎛⎝Θt,0diag
⎛⎝∑

m∈K

vm
j pDL

j,m(vm
j )H

⎞⎠⎞⎠ IMBS︸ ︷︷ ︸
BS transmit distortion

+ Θr,0
∑
j∈L

diag
(∑

m∈K

ĥm
0jp

UL
j,m(ĥm

0j)H

)
+ Θr,0

∑
j∈L

∑
m∈K

(
(σm

e,00)2pDL
j,m + (σm

e,0j)2pUL
j,m

)
︸ ︷︷ ︸

BS receive distortion

+ Θr,0
∑
j∈L

diag
(∑

m∈K

Ĥm
00vm

j pDL
j,m(vm

j )H(Ĥm
00)H

)
+ Θr,0

∑
m∈K

(σm
n0)2

︸ ︷︷ ︸
BS receive distortion

+ (σk
n0)2IMBS︸ ︷︷ ︸

Thermal noise

.

(4.10)

4.4.1 Achievable Information Rate

The achievable information rate for the uplink of the i-th user node using sub-carrier k
can be expressed as

RUL
i,k =γ0log2

⎛⎜⎜⎝1 +
μi,kpUL

i,k

αi,k
n0 + ∑

m∈K

∑
j∈L

(γ̃km
ij pUL

j,m + γ̂km
ij pDL

j,m)

⎞⎟⎟⎠ (4.11)

where
μi,k = |(uk

i )Hĥk
0i|2, (4.12)

γ̃km
ij =δkm(1 − δij)(uk

i )H(ĥm
0j(ĥm

0j)H)(uk
i ) + δkm(uk

i )H(σm
e,0j)2(uk

i )
+ (uk

i )Hκjĥk
0j(ĥk

0j)H(uk
i ) + (uk

i )Hκj(σk
e,0j)2(uk

i )
+ (uk

i )HΘr,0diag(ĥm
0j(ĥm

0j)H)(uk
i ) + (uk

i )HΘr,0(σm
e,0j)2(uk

i ),
(4.13)

γ̂km
ij =δkm(uk

i )H(σk
e,00)2(uk

i ) + (uk
i )HĤk

00Θt,0diag
(
vm

j (vm
j )H

)
(Ĥk

00)Huk
i

+ (uk
i )H(σk

e,00)2Tr
(
Θt,0diag

(
vm

j (vm
j )H

))
(uk

i ) + (uk
i )HΘr,0(σm

e,00)2(uk
i )

+ (uk
i )HΘr,0diag

(
Ĥm

00vm
j (vm

j )H(Ĥm
00)H

)
(uk

i ),

(4.14)
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αi,k
n0 =

(
uk

i )H
(
(σk

n0)2IMBS + Θr,0
∑

m∈K

(σm
n0)2
)
(uk

i ) (4.15)

and δkm = 1 when k = m and otherwise δkm = 0. The portion of the frame duration
dedicated to data communication is indicated by 0 < γ0 < 1.

Similarly, the achievable information rate for the downlink of the i-th user node using
sub-carrier k can be expressed as

RDL
i,k =γ0log2

⎛⎜⎜⎝1 +
μi,kpDL

i,k

αk
ni

+ ∑
m∈K

∑
j∈L

(
γkm

ij pUL
j,m + γ́km

ij pDL
j,m

)
⎞⎟⎟⎠ (4.16)

where
μi,k = |ĥk

i0vk
i |2, (4.17)

γkm
ij =δkm
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(1 − δij)(ĥm

ij (ĥm
ij )∗) + (σm

e,ij)2
)

+ κjĥ
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+ βi(ĥm
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(4.18)
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i0)H

+ (σk
e,i0)2Tr

(
Θt,0diag

(
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j (vm
j )H
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+ βi(ĥm

i0vm
j (vm

j )H(ĥm
i0)H) + βi(σm

e,i0)2

(4.19)
and

αk
ni

= (σk
ni

)2 + βi

∑
m∈K

(σm
ni

)2. (4.20)

For the selection of transmit precoders and receive decoders at the large antenna array
BS, well-studied linear precoder-decoder strategies such as MRT/MRC, zero-forcing
(ZF), MMSE can be considered. With some assumptions that are common in mMIMO
studies, the computational complexity to obtain the achievable rates can be reduced [38].
We can also use a similar approach as in Chapter 3 for asymptotic rate analysis in large
antenna regime.

Now, the total achievable information rate for the i-th user node and sub-carrier k can
be written as

Ri,k = RUL
i,k + RDL

i,k . (4.21)

4.5 Optimization

In this section, we formulate the joint sub-carrier and power allocation optimization
problem in terms of sum-rate and energy efficiency maximization for a bidirectional FD
mMIMO communication system. Here also, similar to Chapter 3, we incorporate the
sub-carrier allocation into the power allocation problem such that if the power allocated
to a particular sub-carrier associated with a user for uplink/downlink is zero, then the
user node is not transmitting/receiving in that sub-carrier.
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4.5.1 Weighted Sum-rate Maximization

The sum-rate maximization problem for an FD MC bidirectional communication can
be formulated as

maximize
pUL

i,k
≥0,pDL

i,k
≥0

∑
i∈L

wi

∑
k∈K

Ri,k

subject to
∑
k∈K

pUL
i,k ≤ pi, i ∈ L

∑
i∈L

∑
k∈K

pDL
i,k ≤ p0,

(4.22)

where pi and p0 are the available transmit power at the user node i and the BS. The
weight corresponding to the user i is denoted by wi. We propose an iterative algorithm
that utilizes the SIA framework [90] employing quadratic approximations, which reaches
a converging point that satisfies the KKT optimality conditions.

Quadratic approximations

In this chapter, we use a quadratic approximation of the logarithmic function, to ap-
proximate the rate function as a tight lower bound quadratic function [103]. Let us
define qi,k

u =
√

pUL
i,k and qi,k

d =
√

pDL
i,k . We observe the equivalent expression for the

uplink rate function 1 RUL
i,k [103] as

−γ0

ln(2)ln

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 − μi,kx2

αi,k
n0 + μi,k(qi,k

u )2 +
∑

m∈K

∑
j∈L

(
γ̃km

ij (qi,m
u )2 + γ̂km

ij (qj,m
d )2

)
︸ ︷︷ ︸

:=y

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
(4.23)

where x := qi,k
u . Without any loss of generality, the constant γ0

ln(2) is eliminated for
following joint-convexity calculations. In order to observe the joint-convexity of the
rate function with respect to x, y, we first calculate the corresponding Hessian as

2μi,kx

(y − μi,kx2)2︸ ︷︷ ︸
:=ψ0

⎡⎣ y
x

(
1 + μi,kx2

y

)
−1

−1 x
y

(
1 − μi,kx2

2y

)
⎤⎦ , (4.24)

where ψ0 > 0. Given x ≥ 0, y > 0 and y > μi,kx2, we obtain x
y

(
1 − μi,kx2

2y

)
≥ 0.

The positive semi-definite nature of the above Hessian is obtained by employing Schur
1Similar for downlink rate function RDL

i,k .
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complement condition for positive semi-definiteness as

y
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(a)
>
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y
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y + μi,kx2

)−1
⎞⎠ = 0,

(4.25)
where (a) is obtained as 2y > y + μi,kx2. Please note that the joint-convexity of the
equivalent rate function over x, y provides a tight global lower bound, via the first-
order Taylor’s approximation [91]. This consequently results in the tight quadratic
approximations over the variables qi,k

u and qi,k
d as given in the following.

Let RUL
i,k (qu, qd) represent the achievable rate for the uplink as a function of qu and qd,

where qX := {qi,k
X , ∀i, k} with X = {u, d}. Let us select qi,k

u,0 and qi,k
d,0 as the square

root of feasible transmit power values at the i-th user node and the BS, respectively 2.
The lower bound on the rate function RUL

i,k by applying quadratic approximation can be
obtained as

RUL
i,k (qu, qd) ≥ R

UL
i,k (qu, qd, qu,0, qd,0) := RUL
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where
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and
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(4.29)

Here, R
UL
i,k is a tight concave quadratic approximation of the rate function RUL

i,k at
the point (qu,0, qd,0), such that RUL

i,k (qu,0, qd,0) = R
UL
i,k (qu,0, qd,0, qu,0, qd,0). Similarly, let

RDL
i,k (qu, qd) denote the achievable rate for the downlink as a function of qu and qd. The

2 qX ,0 := {qi,k
X ,0, ∀i, k} with X = {u, d}
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lower bound of RDL
i,k by applying quadratic approximation can be obtained as

RDL
i,k (qu, qd) ≥ R

DL
i,k (qu, qd, qu,0, qd,0) := RDL
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(4.33)
where R

DL
i,k is a tight concave quadratic approximation of the rate function RDL

i,k at the
point (qu,0, qd,0), such that RDL

i,k (qu,0, qd,0) = R
DL
i,k (qu,0, qd,0, qu,0, qd,0).

Using this approximation, we can write Ri,k = R
UL
i,k + R

DL
i,k , which is a jointly concave

function over qi,k
u and qi,k

d . We propose an iterative algorithm, where for each iterative
update, we now solve the approximate convex quadratic problem,

maximize
qi,k

u ≥0,qi,k
d

≥0,

∑
i∈L

wi

∑
k∈K

Ri,k

subject to
∑
k∈K

(qi,k
u )2 ≤ pi, i ∈ L

∑
i∈L

∑
k∈K

(qi,k
d )2 ≤ p0,

(4.34)

to optimality. The iterative update is continued until a stable point is reached. Since we
use a first-order Taylor approximation on the equivalent rate functions, we can conclude
that Ri,k represents a global and tight lower bound to Ri,k, with a shared slope at the
point of approximation [91]. We can deduce that the solution converges to a point that
satisfies KKT conditions as the proposed iterative update fulfils the requirements set
in [90, Theorem 1]. Algorithm 8 defines the detailed algorithm procedure.

4.5.2 Energy Efficiency Maximization

Due to the rapid expansion of wireless networks, ecological concerns and economical
benefits makes energy efficiency an important metric for designing a future wireless
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Algorithm 8 For sum-rate maximization
1: a ← 0 (set iteration number to zero)
2: qi,k

u,0, qi,k
d,0 ← feasible point initialization

3: repeat
4: a ← a + 1
5: qi,k

u , qi,k
d ← solve (4.34)

6: qi,k
u,0, qi,k

d,0 ← qi,k
u,0 = qi,k

u and qi,k
d,0 = qi,k

d , respectively
7: until a stable point, or maximum number of a reached
8: return {qi,k

u , qi,k
d }

system. In this section, the energy efficiency is defined as the ratio of the system sum-
rate to the total power consumption of all the user nodes and the BS. The total power
consumption Ptot can be expressed as

Ptot =
∑
i∈L̃

Pi, (4.35)

where Pi := 1
μi

∑
k∈K

E{‖xk
i ‖2} + Pizero + PiFD . μi are the efficiency of the power amplifier

at the i-th user node and the BS when i = 0. Pizero is the power dissipated by other
circuit blocks at the transmitter chain of each node. PiFD is the power required for
SIC. By using the above definition, the energy efficiency maximization problem can be
expressed as

maximize
pUL

i,k
≥0,pDL

i,k
≥0

∑
i∈L

wi

∑
k∈K

Ri,k

Ptot

subject to Pi ≤ Pi,max, i ∈ L̃,

(4.36)

where Pi,max is the total available power for consumption at the user node i and the BS
(when i = 0). To solve the above fractional non-convex problem, we propose a double-
loop iterative algorithm (Algorithm 9) that utilizes SIA and Dinkelbach algorithm.
We consider a similar approach for approximation of rate functions as in sum-rate
maximization. Let us first select qi,k

u,0 and qi,k
d,0 as the square root of feasible transmit

power value at the i-th user node and the BS, respectively. In the first or the outer
loop, we calculate the rate approximations using (4.26) and (4.30) for the point of
approximation qi,k

u,0 and qi,k
d,0 . We fix these values for the inner loop. In the inner loop,

we use Dinkelbach algorithm [81], using which we can rewrite the optimization problem
as

maximize
qi,k

u ≥0,qi,k
d

≥0,

∑
i∈L

wi

∑
k∈K

Ri,k − λPtot

subject to Pi ≤ Pi,max, i ∈ L̃.
(4.37)

In the inner loop, we iteratively solve for qi,k
u and qi,k

d , and λ with fixed qi,k
u,0 and qi,k

d,0.
The λ can be determined from∑

i∈L

wi

∑
k∈K

Ri,k − λPtot = 0. (4.38)
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Here, we can conclude that a global optimal can be achieved as Dinkelbach algorithm
is applied to the concave-affine fractional problem [92, Section 3.2]. Then in the outer
loop, we update qi,k

u,0 and qi,k
d,0 in order to calculate the new rate approximations and

solve the optimization problem until a stable point is reached. Algorithm 9 defines the
detailed algorithm procedure.

Algorithm 9 For energy efficiency maximization

1: qi,k
u,0, qi,k

d,0 ← feasible point initialization
2: a ← 0 (set iteration number to zero for outer loop)
3: λ = 0 ← Lambda initialization
4: repeat
5: a ← a + 1
6: repeat
7: qi,k

u , qi,k
d ← solve (4.37)

8: λ ← solve (4.38)
9: until a stable point is reached

10: qi,k
u,0 ← qi,k

u and qi,k
d,0 ← qi,k

d

11: until a stable point, or maximum number of a reached
12: return {qi,k

u , qi,k
d }

4.6 Numerical Evaluations

In the numerical simulations, we evaluate the performance of the proposed algorithms
introduced in Section 4.5 for a bidirectional communication setup between an FD MC
mMIMO BS and multiple MC single antenna FD nodes employing orthogonal frequency
division multiplexing (OFDM). We consider a cell for radius 400m with an FD mMIMO
BS at the center. We adopt simulation system parameters from [93,94], and are chosen
as in Table 4.1. We consider our path loss model as a simplified path loss model
in [95]. We assume the BS utilizes its antennas for both transmission and reception
(shared antenna), i.e., NBS = MBS = N . The weight corresponding to the i-th user
is chosen as wi = 1, ∀i ∈ L. To provide fairness in resource allocation, the transmit
power budget is restricted to support the number of active sub-carriers (K), i.e., the
transmit power budgets are factorized by kt, where kt = K/Ksys. Ksys denotes the total
number of sub-carriers available in the system. For energy efficiency maximization
problem, pizero + piF D

= 10dBm and p0zero + p0F D
= 14dBm are the power dissipated by

circuit components other than power amplifier and SIC at the i-th user node and BS,
respectively. All communication channels follow an uncorrelated Rayleigh flat fading
model. The SI channel follows the Rician distribution as characterization reported
in [20] with Rician coefficient Kr and the SI channel strength after SIC ρsi. We assume
the covariance for the SI channel to be low rank as in [5], and is chosen as 5. The overall
system performance is then averaged over 100 channel realizations.
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Carrier center frequency and system bandwidth 2.5 GHz and 5MHz
Number of sub-carriers (Ksys), and sub-carrier bandwidth 64 and 78kHz

Number of active sub-carriers (K) 10
Number of users (L) 3
Reference distance 15m
Path loss exponent 3.6

Noise power at user i and BS (σ2
n) -125dBm and -125dBm

Efficiency of power amplifier (μi) 0.39
Max. tx. power at the user and BS 22dBm and 37dBm

Number of antennas at the BS (NBS = MBS = N) 32
Hardware distortion coefficient κ = β -90dB

Covariance of the CSI estimation error
(σk

e,i0)2 = (σk
e,0i)2 = (σk

e,ij)2 = (σk
e,00)2∀k ∈ K,

-150dB

SI channel strength ρsi and Rician coeffient Kr -50 dB and 10

Table 4.1: Default System parameters used for numerical simulations

Benchmarks

For comparison using numerical simulations, we consider different transmit/receive
strategies at the BS for different system designs. The benchmarks considered for the
numerical simulations are as follows.

• MRT/MRC: It represents the proposed Algorithms 8 and 9 employing MRT/MRC
as BS transmit/receive strategy for the sum-rate maximization and energy effi-
ciency maximization, respectively.

• ZF: The proposed Algorithms 8 and 9 employ ZF as BS transmit/receive strategy
for the sum-rate maximization and energy efficiency maximization, respectively.

• SI-ZF: In addition to transmit strategies such as considering MRT/MRC or ZF
strategy, spatial suppression scheme (null-space projection [5]) is also employed at
the transmit side of the BS. This allows to eliminate the receive distortion caused
by the SI channel, as the transmit beams are projected to the null-space of the SI
channel.

• OPT: It refers to the algorithms which jointly take into account the impact of
hardware distortions as well as the impact of CSI error.

• ND (non-distortion): The impact of hardware distortions is not considered in the
design. It only considers the impact of imperfect CSI.

• HD: It indicates the scenarios when both users and BS operate in HD mode,
where the uplink and downlink transmission take place in two consecutive time
slots, similar to, e.g., [104].
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Visualization

Figs. 4.2a to 4.2e illustrate that the performance of the proposed Algorithm 8 is evalu-
ated in terms of sum-rate for different system parameters. In Fig. 4.2a, we can observe
that the overall system performance degrades as the hardware inaccuracies increases.
For small values of κ, all the algorithms considering FD outperforms its HD coun-
terpart. As the hardware inaccuracies increases, the HD algorithms outperform the
non-distortion (ND) algorithms for both the transmit strategies (MRT/MRC and ZF).
For higher values of κ, the HD algorithms outperform all the other FD algorithms.
This implies that the impact of hardware distortion is more significant in an FD system
than in an HD system, as these non-linear distortions lead to higher residual SI and
ICL (due to strong SI). Furthermore in Fig. 4.2b, the system performance is evaluated
with respect to the transmit power of BS. As expected, the performance of the sys-
tem increases as the transmit power at the BS increases. The algorithm that utilizes
ZF and null space projection scheme outperforms all the other benchmarks. In the
case of the system with MRT/MRC, the algorithm MRT/MRC-SI-ZF shows a better
performance compared to the other algorithms. It is interesting to observe that, for
high transmit power values, the performance of the ND algorithms degrade compared
to the OPT algorithms. Furthermore, the impact of receiver noise and CSI estimation
error in the system performance is depicted in Figs. 4.2c and 4.2d, respectively. As
expected, the performance of the system degrades as the receiver noise/channel esti-
mation error increases. However, it is interesting to observe that for small values of
both the receiver noise and channel estimation error the OPT algorithms show a signif-
icant gain compared to corresponding ND algorithm. It can be observed that at high
transmit power, low receive and low channel estimation error scenarios, the impact of
hardware distortion leading to residual SI and ICL becomes dominant. Moreover, Fig.
4.2e shows the performance gain of the algorithms as the number of antennas at BS
increases. We consider as the number of antennas at BS increases, the rank of the SI
channel covariance also increases (BS antenna receives more reflection as the number of
antennas at the BS increases). The rank of the SI channel covariance is chosen as N/8.
It can be noticed that the sum-rate attained by the system increases as the number of
antennas increases. Another interesting observation is that more gain in performance of
the OPT algorithms is achieved when compared to the ND algorithms, as more number
of antennas at the BS introduces more hardware distortions to the system.

In Figs. 4.3a to 4.3d, the performance of the algorithms (OPT) for different system
parameters is evaluated in terms of energy efficiency. For energy efficiency evaluations,
the number of active sub-carriers (K) and hardware distortion coefficient κ = β are cho-
sen as 5 and −80dB, respectively. The proposed algorithms show similar behaviour as
in the case of sum-rate maximization. The algorithm ZF-SI-ZF that employs ZF along
with spatial suppression scheme outperforms all the other benchmarks. In Fig. 4.3a, the
energy efficiency of the system degrades as the hardware inaccuracies increases, even for
HD design. Moreover, as the hardware inaccuracies increases, the HD algorithm per-
forms better compared to the ND algorithm indicating that consideration of hardware
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distortion provides an additional gain in performance of FD systems. Furthermore, in
Fig. 4.3b the performance of the system in terms of energy efficiency is depicted with
respect to the transmit power of BS, respectively. In general, as a transmit power of
the BS increases, the energy efficiency of the system also increases. However, as trans-
mit power values at the BS increases, the performance of the ND algorithms degrade
compared to the corresponding OPT algorithms due to the hardware distortions. It is
also observed that is that the energy efficiency of the system saturates for high transmit
power budget. This is because the optimum energy-efficient design does not consume
more power if it degrades the energy efficiency of the system, i.e., only a small im-
provement in sum-rate is achieved by consuming more power. Moreover, Figs. 4.3c and
4.3d show that the energy efficiency of the system degrades when the receiver noise and
CSI estimation error in the system increase, respectively. When the receiver noise and
channel estimation error are small, OPT algorithms perform better compared to ND as
the hardware distortion of the system becomes dominant. The numerical performance
evaluation of the system signifies the importance of consideration of hardware distortion
in designing an mMIMO FD MC system for both the sum-rate and energy efficiency
maximization problem, especially in high SINR scenarios.

4.7 Conclusions

In this chapter, we addressed the resource allocation problem for an MC bidirectional
communication setup between an FD mMIMO BS and multiple FD user nodes with a
single antenna. We take into account the impact of hardware distortions and imperfect
CSI for modelling the system. We formulated joint power and sub-carrier allocation
problems to maximize the sum-rate and energy efficiency of the system. An iterative
optimization approach, which follows the SIA framework is proposed for the sum-rate
maximization problem, which converges to the point that satisfies the KKT conditions.
A double-loop algorithm, which utilizes the SIA framework and Dinkelbach algorithm,
is proposed for the energy efficiency maximization problem. Numerical results show
that the proposed distortion-aware design attains a significant gain, especially when
the transceiver accuracy degrades and ICL becomes dominant. It is also observed
that utilizing null space projection scheme together with linear transmit strategy at
the transmit side of the BS to spatial suppression the SI provides an additional per-
formance gain. Also for higher hardware inaccuracy, HD system outperforms the FD
system indicating the importance of considering hardware inaccuracies in designing FD
bidirectional communication systems.
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Figure 4.2: Sum-rate vs. Different system parameters.
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Figure 4.3: Energy Efficiency for different system parameters, with the number of active
sub-carriers (K) = 5 and hardware distortion coefficient κ = β = −80dB.
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5 Full-Duplex Relaying: Enabling
Dual Connectivity via
Impairments-aware Successive
Interference Cancellation

5.1 Scope

Dual connectivity (DuC) is proposed by 3rd Generation Partnership Project (3GPP)
in the long time evolution (LTE) Release 12 specification as a promising technological
approach to achieve higher per-user throughput, mobility robustness, and load balancing
[105]. It allows a user terminal to simultaneously transmit and receive data from two cell
groups via a Master evolved Node B (MeNB) and a Secondary evolved Node B (SeNB),
which operate on different carrier frequencies and are interconnected by traditional
backhaul links.

In upcoming fifth-generation (5G) networks, the mixed numerology orthogonal fre-
quency division multiplexing (OFDM) has opted as the multiple access technique [11,
12]. However, various non-orthogonal multiple access (NOMA) schemes have been pro-
posed to improve the performance of the system in terms of spectral efficiency as well
as to support a massive number of dramatically different classes of users and appli-
cations. In contrast to conventional orthogonal multiplexing schemes, where multiple
users are served in orthogonal frequency or time domains, NOMA schemes serve more
than one user in the same frequency-time resource block by multiplexing users in other
domains such as the power domain or code domain. Power domain NOMA as well as
rate-splitting (RS) is implemented using the successive interference cancellation (SuIC)
approach at the receiver. In a two-level SuIC approach, during the first phase, the re-
ceived signal is processed by acknowledging the strong signal as the desired signal while
treating the rest of the received signal as noise. During the second phase, the receiver
processes the received signal after removing the known part of the signal, the strong
signal, which in turn reduces the total interference.

In this chapter, we are incorporating both the DuC and the SuIC schemes to enable
dual connectivity between the base station (BS) and user terminals in the same carrier
frequency with the aid of full-duplex (FD) relaying. The FD relaying has the capability
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to simultaneously transmit and receive in the same frequency. However, it suffers from
self-interference (SI) and interference through the direct source-destination channel.
While the coexistence of the direct link regarded as interference on the desired relay
link, it can be also be utilized as a concurrent path of information transfer, where the
receiver is enabled with SuIC.

5.2 Related Works

DuC for LTE networks has been investigated in [105–107]. Furthermore, [108] provides a
brief overview of DuC technology considering the integration between fourth-generation
(4G) and 5G cellular networks. The authors also present open issues and challenges
such as user-cell association, the interaction between BSs, and resource allocation in
such scenarios. A utility-based resource allocation algorithm is also proposed. The
resource allocation problem for FD massive multiple input multiple output (mMIMO)
communication systems have been studied in [38, 84, 101, 102, 109]. In [38, 84], the
resource allocation is addressed for an FD mMIMO relay with consideration of hardware
distortion as well as imperfect CSI in case of the single carrier system. For the above
works on FD mMIMO relay systems, the direct link is not considered. By utilizing the
direct link, spectral efficiency can be enhanced by implementing the SuIC technique
at the receiver. NOMA and RS approach with SuIC techniques are used in different
scenarios to improve the overall system performance [110–115]. In [110], the authors
propose a resource and power allocation technique for a downlink cellular system which
employs the power-domain NOMA scheme using SuIC. The use of RS employing SuIC
at the receiver in an mMIMO system has been investigated in [113] with imperfect CSI,
and to mitigate hardware impairments in [114].

5.3 Chapter Outline

In this chapter, we first investigate a relay-assisted downlink communication between
an mMIMO multi-carrier (MC) BS and a half-duplex (HD) single antenna user node,
where the BS simultaneously communicates to the user through the direct link as well
as the relay link. We consider that the relay employs joint-carrier (JC) coding strategy,
please refer Section 2.5.1. Initially, we consider a single-user scenario where the relay
is a single antenna FD node, and the single antenna user node uses SuIC techniques to
process the received signal. In Section 5.4, we model the operation of an MC decode
and forward (DF) relay communication system and formulate the impact of imperfect
channel state information (CSI) as well as the impact of hardware distortions. In
Section 5.5, we devise an optimization problem for joint sub-carrier and power allocation
to maximize the system sum-rate, which belongs to the class of smooth difference-of-
convex (DC) optimization problems. In Section 5.6, We extend the single-user scenario
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User

Self-interf.

Interference

Relay link

FD Relay

mMIMO BS
Direct link

Figure 5.1: System model of FD relaying-enabled DuC system for single-user scenario

to the multi-user scenario where an FD mMIMO relay assists the DuC mode. The
case of utilizing HD relay for DuC is also investigated. In Section 5.7, using numerical
simulations, we evaluate the performance of our proposed algorithms. Our main results
are summarized in Section 5.8 .

5.4 System Model

We consider a relay-assisted MC downlink communication between an mMIMO BS and
an HD single antenna user node. The BS uses the DuC (similar to NOMA/RS) approach
to communicate with the user directly and also using a single antenna FD DF relay.
In other words, two messages, both transmitted from the BS and destined to the same
user are precoded separately and simultaneously transmitted; one through the direct
link (DL) and one through the relay link (RL). At the user node, the received signal
is processed in two phases using the SuIC technique. In the first phase, the received
signal from the BS is considered as noise while considering the strong received signal
from the relay as the desired signal. In the second phase, as the received signal from
the relay becomes known, this part can be removed from the received signal, which
reduces the total interference. Fig.5.1 illustrates the system model for the single-user
scenario. Since we consider the relay to be FD, it can receive and transmit the signal
simultaneously with a small processing delay. In this chapter, we assume the processing
delay to be negligible.
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Let NBS be the number of transmit antennas at the BS node. We denote the index set
of all sub-carriers by K, where K = K. Furthermore, hk

sr and hk
sd ∈ C

1×NBS represent
the k-th sub-carrier channel from the BS to the relay and the user, respectively. The
relay-destination channel and SI channel at the relay are respectively denoted by hk

rd
and hk

rr.

In this chapter, we assume all the channels are constant for each frame, frequency-flat in
each sub-carrier, and only the imperfect CSI is known. Similar to the previous chapters,
we consider a channel error model [85], where the actual channel can be decomposed into
the estimated channel and estimation error. The channel error model can be expressed
as

hk
X = ĥk

X + h̃k
X , ĥk

X ⊥ h̃k
X , ∀X ∈ {sr, rd, sd, rr}, ∀k ∈ K, (5.1)

where ĥk
X and h̃k

X represent the estimated channel and channel estimation error for
the k-th sub-carrier. The entries of channel estimation error h̃k

X are independent and
identically distributed (i.i.d.) complex Gaussian with zero mean and variance (σk

e,X )2.
We assume that the estimated channel and the estimation error are statistically in-
dependent. We consider that the relay and the user utilize minimum mean square
error (MMSE) channel estimation strategy.

The source symbol from the BS to the user using the k-th sub-carrier through DL and
through RL can be represented as sk

sd ∈ C
1 and sk

sr ∈ C
1. We assume the symbols are

i.i.d. with unit power, i.e., E{sk
sd(sk

sd)∗} = 1 and E{sk
sr(sk

sr)∗} = 1. The transmit power
(normalized transmit precoders) at the BS dedicated to the RL and the DL using the
k-th sub-carrier are denoted by pk

sr (vk
sr) and pk

sd (vk
sd), respectively.

The transmit signal from the BS can be written as

xk
s = vk

sr

√
pk

srs
k
sr + vk

sd

√
pk

sdsk
sd︸ ︷︷ ︸

:=x̃k
s

+ ek
t,s, ∀k ∈ K, (5.2)

where ek
t,s and x̃k

s are the transmit distortion and the intended (distortion-free) transmit
signal at the BS, respectively.

Correspondingly, the transmit and receive signal at the relay node can be expressed as

xk
r =

√
pk

rdŝk
rd︸ ︷︷ ︸

:=x̃k
r

+ ek
t,r, ∀k ∈ K,

yk
r = hk

srx
k
s + hk

rrx
k
r + nk

r︸ ︷︷ ︸
:=ỹk

r

+ ek
r,r, ∀k ∈ K,

(5.3)

where nk
r ∼ CN

(
0, (σk

n,r)2
)
, ek

t,r and ek
r,r are the receiver noise, transmit distortion and

receive distortion at the relay node, respectively. The intended transmit and receive sig-
nal at the relay are represented using x̃k

r and ỹk
r , respectively. The symbol ŝk

rd represents
the decoded symbol at the relay, which is then retransmitted to the user. The transmit
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power at the relay using the k-th sub-carrier is denoted by pk
rd. The signal, which is

obtained after applying self-interference cancellation (SIC) to the received signal, can
be expressed as

yk
r = yk

r − ĥk
rr

√
pk

rdŝk
rd, ∀k ∈ K. (5.4)

Here, the known part of the transmitted signal (corresponding to estimated part of SI
channel) can be eliminated.

Furthermore, the received signal at the user can be obtained as

yk
d = hk

sdxk
s + hk

rdxk
r + nk

d︸ ︷︷ ︸
:=ỹk

d

+ ek
r,d, ∀k ∈ K,

(5.5)

where nk
d ∼ CN

(
0, (σk

n,d)2
)
, ek

r,d and ỹk
d are the receiver noise, receive distortion and the

intended received signal at the user, respectively.

Distortion Signal Statistics

Following the Lemma 2.4.1, the statistics of the distortion terms can be obtained as

ek
t,s ∼ CN

⎛⎝0NBS ,
1
K

Θ̃t,s
∑
k∈K

diag
(
E{x̃k

s (x̃k
s )H}

)⎞⎠ , (5.6)

ek
t,r ∼ CN

⎛⎝0,
κ̃r

K

∑
k∈K

(
E{x̃k

r (x̃k
r )H}

)⎞⎠ , (5.7)

ek
r,r ∼ CN

⎛⎝0,
β̃r

K

∑
k∈K

(
E{ỹk

r (ỹk
r )H}

)⎞⎠ , (5.8)

ek
r,d ∼ CN

⎛⎝0,
β̃d

K

∑
k∈K

(
E{ỹk

d(ỹk
d)H}

)⎞⎠ , (5.9)

where κ̃r and β̃r represent the transmit and receive distortion coefficients of the relay.
The receive distortion coefficient at the user is given by β̃d. The diagonal matrices Θ̃t,s
consist of transmit distortion coefficients for the corresponding chains at the BS. Let us
define κr = κ̃r

K
, βr = β̃r

K
, βd = β̃d

K
, and Θt,s = 1

K
Θ̃t,s for further calculations. Please refer

to Section 2.4.4 for the detailed description of the used distortion model. The above
equations (5.6), (5.7), (5.8), and (5.9) explicitly indicate the impact of the inter-carrier
leakage (ICL), i.e., the distortion signal variance at each sub-carrier is associated to
the total distortion-free transmit/receive power at the corresponding chain. In other
words, even if one of the sub-carriers is employed with a high-power transmission, the
hardware distortions will introduce a higher residual self-interference in all of the sub-
carrier channels.
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Collective Interference plus Noise Signal Covariance

In this section, we calculate the covariance of the collective interference-plus-noise signal
at the user and the relay. By employing Lemma 2.4.1, and equations (5.6), (5.7), (5.8),
and (5.9) on (5.4), the covariance of the received collective interference-plus-noise signal
at the relay can be formulated as

Σk
r ≈ ĥk

srv
k
sdpk

sd(vk
sd)H(ĥk

sr)H + (σk
e,sr)2Tr

(
vk

srp
k
sr(vk

sr)H
)

+ (σk
e,sr)2Tr

(
vk

sdpk
sd(vk

sd)H
)

︸ ︷︷ ︸
Co-channel interference

+ ĥk
rrκr

∑
m∈K

pm
rd(ĥk

rr)∗ + (σk
e,rr)2κr

∑
m∈K

pm
rd︸ ︷︷ ︸

Relay transmit distortion

+ (σk
e,rr)2pk

rd︸ ︷︷ ︸
SI channel estimation error

+ ĥk
srΘt,s

∑
m∈K

(
diag

(
vm

srp
m
sr(vm

sr )H
)

+ diag
(
vm

sdpm
sd(vm

sd)H
))

(ĥk
sr)H

︸ ︷︷ ︸
Source transmit distortion

+ (σk
e,sr)2Tr

(
Θt,s

∑
m∈K

(
diag

(
vm

srp
m
sr(vm

sr )H
)

+ diag
(
vm

sdpm
sd(vm

sd)H
)))

︸ ︷︷ ︸
Source transmit distortion

+ βr
∑

m∈K

(
ĥm

srv
m
srp

m
sr(vm

sr )H(ĥm
sr )H + ĥm

srv
m
sdpm

sd(vm
sd)H(ĥm

sr )H + (σm
e,sr)2Tr

(
vm

srp
m
sr(vm

sr )H
)

︸ ︷︷ ︸
Relay receive distortion

+ (σm
e,sr)2Tr

(
vm

sdpm
sd(vm

sd)H
)

+ ĥm
rrp

m
rd(ĥm

rr )∗ + (σm
e,rr)2pm

rd + (σm
n,r)2

)
︸ ︷︷ ︸

Relay receive distortion

+ (σk
n,r)2︸ ︷︷ ︸

Thermal noise

. (5.10)

Since the transmit and receive distortion coefficients (κ̃ and β̃) lie within the range of
0 and 1 and mostly have very small values, the higher-order terms of the transmit and
receive distortion are ignored.

At the user node, the received signal is processed in two phases using the SuIC technique.
In the first phase, the strong received signal from the relay is considered as the desired
signal while treating the received signal from the BS as noise. In the next phase, the
known part of the received signal, i.e., received signal from the relay, can be removed
from the whole received signal, which reduces the total interference. The covariance of
the received collective interference-plus-noise signal at the user for the first phase can
be expressed as

Σk
d,1 ≈ ĥk

sd

(
vk

srp
k
sr(vk

sr)H + vk
sdpk

sd(vk
sd)H

)
(ĥk

sd)H +(σk
e,sd)2Tr

(
vm

srp
m
sr(vm

sr )H + vm
sdpm

sd(vm
sd)H

)
︸ ︷︷ ︸

Direct channel interference

+ ĥk
rdκr

∑
m∈K

pm
rd(ĥk

rd)∗ + (σk
e,rd)2κr

∑
m∈K

pm
rd︸ ︷︷ ︸

Relay transmit distortion

+ (σk
e,rd)2pk

rd︸ ︷︷ ︸
Relay-dest. channel estimation error
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+ ĥk
sdΘt,s

∑
m∈K

(
diag

(
vm

srp
m
sr(vm

sr )H
)

+ diag
(
vm

sdpm
sd(vm

sd)H
))

(ĥk
sd)H

︸ ︷︷ ︸
Source transmit distortion

+ (σk
e,sd)2Tr

(
Θt,s

∑
m∈K

(
diag

(
vm

srp
m
sr(vm

sr )H
)

+ diag
(
vm

sdpm
sd(vm

sd)H
)))

︸ ︷︷ ︸
Source transmit distortion

+ βd
∑

m∈K

(
ĥm

sdvm
srp

m
sr(vm

sr )H(ĥm
sd)H + ĥm

sdvm
sdpm

sd(vm
sd)H(ĥm

sd)H + (σm
e,sd)2Tr

(
vm

srp
m
sr(vm

sr )H
)

︸ ︷︷ ︸
Destination receive distortion

+ (σm
e,sd)2Tr

(
vm

sdpm
sd(vm

sd)H
)

+ ĥm
rdpm

rd(ĥm
rd)∗ + (σm

e,rd)2pm
rd + (σm

n,d)2
)

︸ ︷︷ ︸
Destination receive distortion

+ (σk
n,d)2︸ ︷︷ ︸

Thermal noise

.

(5.11)

For the second phase, the signal from the relay is known, and it can be removed from
the received signal. The signal from the BS to the user becomes the desired signal.
The covariance of the received collective interference-plus-noise signal at the user for
the second phase can be obtained as

Σk
d,2 := Σk

d,1 − ĥk
sd

(
vk

sdpk
sd(vk

sd)H
)

(ĥk
sd)H . (5.12)

5.4.1 Achievable Information Rate

In this section, we calculate the achievable information rate for communication links
such as BS-relay, relay-user and BS-user. The achievable information rate for the BS
to relay link using sub-carrier k can be obtained as

Rk
sr = γ0log2

⎛⎜⎜⎝1 + |ĥk
srvk

sr|2pk
sr

αk
r + ∑

m∈K

(
γkm

sr pm
sr + γkm

rd pm
rd + γkm

sd pm
sd

)
⎞⎟⎟⎠ , (5.13)

where 0 < γ0 < 1 indicates the portion of the frame duration dedicated to data com-
munication,

γkm
sr = δkm(σm

e,sr)2 + ĥk
srΘt,sdiag

(
vm

sr (vm
sr )H

)
(ĥk

sr)H + (σk
e,sr)2Tr

(
Θt,sdiag

(
vm

sr (vm
sr )H

))

+ βr

(
ĥm

srv
m
sr (vm

sr )H(ĥm
sr )H + (σm

e,sr)2
)

,

(5.14)
γkm

rd =δkm(σm
e,rr)2 + κr

(
ĥk

rr(ĥk
rr)∗ + (σk

e,rr)2
)

+ βr

(
ĥm

rr (ĥm
rr )∗ + (σm

e,rr)2
)
, (5.15)
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γkm
sd =δkm

(
ĥm

srv
m
sd(vm

sd)H(ĥm
sr )H + (σm

e,sr)2
)

+ ĥk
srΘt,sdiag

(
vm

sd(vm
sd)H

)
(ĥk

sr)H

+ (σk
e,sr)2Tr

(
Θt,sdiag

(
vm

sd(vm
sd)H

))
+ βr

(
ĥm

srv
m
sd(vm

sd)H(ĥm
sr )H + (σm

e,sr)2
)

,

(5.16)
αk

r = (σk
n,r)2 + βr

∑
m∈K

(σm
n,r)2

(5.17)

and δkm = 1 when k = m and otherwise δkm = 0.

Similarly, the achievable information rate for the relay to user link using sub-carrier k
can be expressed as

Rk
rd =γ0log2

⎛⎜⎜⎝1 + |ĥk
rd|2pk

rd

αk
d + ∑

m∈K

(
γkm

sr pm
sr + γkm

rd pm
rd + γkm

sd pm
sd

)
⎞⎟⎟⎠ , (5.18)

where

γkm
sr =δkm

(
ĥm

sdvm
sr (vm

sr )H(ĥm
sd)H + (σm

e,sd)2
)

+ ĥk
sdΘt,sdiag

(
vm

sr (vm
sr )H

)
(ĥk

sd)H

+ (σk
e,sd)2Tr

(
Θt,sdiag

(
vm

sr (vm
sr )H

))
+ βd

(
ĥm

sdvm
sr (vm

sr )H(ĥm
sd)H + (σm

e,sd)2
)

,

(5.19)

γkm
rd =δkm(σm

e,rd)2 + κr

(
ĥk

rd(ĥk
rd)∗ + (σk

e,rd)2
)

+ βd

(
ĥm

rd(ĥm
rd)∗ + (σm

e,rd)2
)

, (5.20)

γkm
sd =δkm

(
ĥm

sdvm
sd(vm

sd)H(ĥm
sd)H + (σm

e,sd)2
)

+ ĥk
sdΘt,sdiag

(
vm

sd(vm
sd)H

)
(ĥk

sd)H

+ (σk
e,sd)2Tr

(
Θt,sdiag

(
vm

sd(vm
sd)H

))
+ βd

(
ĥm

sdvm
sd(vm

sd)H(ĥm
sd)H + (σm

e,sd)2
)
(5.21)

and
αk

d = (σk
n,d)2 + βd

∑
m∈K

(σm
n,d)2. (5.22)

Finally, the achievable information rate for the BS to user link using sub-carrier k can
be formulated as

Rk
sd =γ0log2

⎛⎜⎜⎝1 + |ĥk
sdvk

sd|2pk
sd

αk
d + ∑

m∈K

(
γkm

sr pm
sr + γkm

rd pm
rd + γ̃km

sd pm
sd

)
⎞⎟⎟⎠ , (5.23)

where
γ̃km

sd =γkm
sd − δkmĥm

sdvm
sd(vm

sd)H(ĥm
sd)H . (5.24)

In this chapter, we consider that the BS has a large antenna array. Therefore, different
well-studied linear precoder-decoder strategies, such as, maximum ratio transmitting
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(MRT)/maximum ratio combining (MRC), zero-forcing (ZF), MMSE, to name a few,
are available for the selection of transmit precoders and receive decoders at the BS.
Asymptotic rate analysis of the system can be calculated as in chapter 3. We can
also reduce the computational complexity of obtaining the achievable rates as discussed
in [38], with some common assumptions from mMIMO studies on the channel covariance
matrices (such as Hermitian and Toeplitz).

Now, the total achievable information rate for the system can be written as

R =
∑
k∈K

Rk
sd + min

⎧⎨⎩∑
k∈K

Rk
sr,
∑
k∈K

Rk
rd

⎫⎬⎭ . (5.25)

5.5 Optimization Problem

In this section, we present the joint sub-carrier and power allocation optimization prob-
lem to maximize spectral efficiency in terms of total sum-rate, under transmit power
constraints. The node is not transmitting or receiving in a particular sub-carrier if the
power allocated to a particular sub-carrier is zero, thereby incorporating the sub-carrier
allocation into the power allocation problem.

5.5.1 Sum-rate Maximization

The sum-rate maximization problem for our DuC system can be expressed as

maximize
pk

sd≥0,pk
sr≥0,

pk
rd≥0

R

subject to
∑
k∈K

pk
rd ≤ Pr,

∑
k∈K

pk
sd + pk

sr ≤ Ps,

(5.26)

where Ps and Pr are the total available transmit power at the BS and the relay, respec-
tively. The optimization problem can be rewritten as

maximize
pk

sd≥0,pk
sr≥0,

pk
rd≥0,t

∑
k∈K

Rk
sd + t

subject to
∑
k∈K

Rk
sr ≥ t,

∑
k∈K

Rk
rd ≥ t,

∑
k∈K

pk
rd ≤ Pr,

∑
k∈K

pk
sd + pk

sr ≤ Ps,

(5.27)

where t is an auxiliary variable. The above optimization problem (5.27) belongs to the
class of smooth DC optimization problems. We propose an iterative algorithm which
reaches a converging point that satisfies the Karush–Kuhn–Tucker (KKT) optimality
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conditions using the successive inner approximation (SIA) framework [90]. Now, we use
Taylor’s approximation on the concave terms of rate to obtain a lower bound. For the
approximation, we first select pk

rd,0, pk
sd,0 and pk

sr,0 as a feasible transmit power value for
the relay-user link, BS-relay link, and BS-user link, respectively.

A lower-bound of Rk
sr, after applying Taylor’s approximation on the concave terms, can

be expressed as

Rk
sr ≥ γ0log2

(
αk

r +
∑

m∈K

(
γkm

sr pm
sr + γkm

rd pm
rd + γkm

sd pm
sd

)
+ |ĥk

srv
k
sr|2pk

sr

)

− γ0log2

(
αk

r +
∑

m∈K

(
γkm

sr pm
sr,0 + γkm

rd pm
rd,0 + γkm

sd pm
sd,0

))

−
γ0
∑

m∈K

(
γkm

sr

(
pm

sr − pm
sr,0

)
+ γkm

rd

(
pm

rd − pm
rd,0

)
+ γkm

sd

(
pm

sd − pm
sd,0

))

log(2)
(

αk
r + ∑

m∈K

(
γkm

sr pm
sr,0 + γkm

rd pm
rd,0 + γkm

sd pm
sd,0

)) =: R
k
sr.

(5.28)

Similarly, after applying Taylor’s approximation, the lower bound of Rk
sd and Rk

rd can
be obtained as

Rk
sd ≥ γ0log2

(
αk

d +
∑

m∈K

(
γkm

sr pm
sr + γkm

rd pm
rd + γ̃km

sd pm
sd

)
+ |ĥk

sdvk
sd|2pk
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)

− γ0log2

(
αk

d +
∑

m∈K

(
γkm

sr pm
sr,0 + γkm

rd pm
rd,0 + γ̃km

sd pm
sd,0
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−
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∑

m∈K

(
γkm
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(
pm

sr − pm
sr,0

)
+ γkm

rd

(
pm

rd − pm
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)
+ γ̃km

sd

(
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sd − pm
sd,0

))

log(2)
(

αk
d + ∑

m∈K

(
γkm

sr pm
sr,0 + γkm

rd pm
rd,0 + γ̃km

sd pm
sd,0

)) =: R
k

sd

(5.29)

and

Rk
rd ≥ γ0log2

(
αk

d +
∑

m∈K

(
γkm

sr pm
sr + γkm

rd pm
rd + γkm

sd pm
sd

)
+ |ĥk

rd|2pk
rd

)

− γ0log2

(
αk

d +
∑

m∈K

(
γkm

sr pm
sr,0 + γkm

rd pm
rd,0 + γkm

sd pm
sd,0

))

−
γ0
∑

m∈K

(
γkm

sr

(
pm

sr − pm
sr,0

)
+ γkm

rd

(
pm

rd − pm
rd,0

)
+ γkm

sd

(
pm

sd − pm
sd,0

))

log(2)
(

αk
d + ∑

m∈K

(
γkm

sr pm
sr,0 + γkm

rd pm
rd,0 + γkm

sd pm
sd,0

)) =: R
k

rd,

(5.30)

respectively.
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Using this approximation, we can rewrite the optimization problem as

maximize
pi,k

sd ≥0,pk
sr≥0,

p
i,k
rd ≥0,t

∑
k∈K

R
k

sd + t

subject to
∑
k∈K

R
k

sr ≥ t,
∑
k∈K

R
k

rd ≥ t,

∑
k∈K

pk
rd ≤ Pr,

∑
k∈K

pk
sd + pk

sr ≤ Ps.

(5.31)

Here, the above optimization is a jointly convex problem and hence can be solved to
optimality using a standard convex solver [91]. We propose an iterative algorithm,
where at each iteration the approximated rate functions are updated with the solution
of (5.31) from the previous iteration as their initial points. The iterative update is
continued until a stable point is reached. Please note that due to the application of
the first-order Taylor’s approximation on the smooth concave terms, the approximation
R

k

sr is a global and tight lower bound to rate function Rk
sr with a shared slope at the

point of approximation, i.e.,pk
rd,0, pk

sd,0 and pk
sr,0. Similarly for the approximations R

k
rd

and R
k

sd in relation to Rk
rd and Rk

sd. As a result, it complies with the conditions stated
in [90, Theorem 1] and enjoys convergence to a KKT solution. Algorithm 10 provides
the detailed procedure.

Algorithm 10 Sum-rate maximization for single-user scenario
1: a ← 0 (set iteration number to zero)
2: pk

rd,0, pk
sd,0, pk

sr,0 ← feasible power value initialization
3: repeat
4: a ← a + 1
5: pk

rd, pk
sd, pk

sr, t ← solve (5.31)
6: pk

rd,0, pk
sd,0, pk

sr,0 ← pk
rd,0=pk

rd, pk
sd,0=pk

sd and pk
sr,0=pk

sr, respectively
7: until a stable point, or maximum number of a reached
8: return {pk

rd, pk
sd, pk

sr}

5.6 Multi-user Scenario
In this section, we extend our previous single-user scenario with a single antenna relay
to a multi-user scenario with an FD mMIMO relay. We consider a relay-assisted MC
downlink communication between an mMIMO BS and L downlink users, which are
connected to the BS through the direct link as well as the FD relay link. We denote
the index sets of all the downlink users by L, where L = L. We consider that the relay
is equipped with a single directive1 receive antenna, which serve the fronthaul link and

1This is since unlike the user links, the BS-relay link is static and enjoys a line-of-sight condition.
Hence, it acts as a single fronthaul link, carrying downlink information associated with multiple
users.
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Figure 5.2: System model for multi-user FD relaying-enabled DuC system

Nr transmit antennas, which serve the relay-user communications. Nevertheless, due to
the FD capability at the relay node, the fronthaul link as well as the relay-user links
coexist at the same channel resource, i.e., time and frequency. Moreover, both the users
and the relay will be affected by multi-user interference. The schematic of the studied
multi-user FD relaying-enabled DuC system depicted in Fig 5.2. Due to the similarities
with the previous single-user scenario, we only discuss additional details in this section.

The transmit signal from the BS using k-th sub-carrier can be written as

xk
s,MU = vk

sr

√
pk

srs
k
sr +

∑
i∈L

vi,k
sd

√
pi,k

sd si,k
sd︸ ︷︷ ︸

:=x̃k
s,MU

+ ek
t,s, ∀k ∈ K,

(5.32)

where x̃k
s,MU is the intended transmit signal at the BS. The normalized precoding matrix

and transmit power at the BS corresponding to the user i using sub-carrier k are denoted
by vi,k

sd and pi,k
sd , respectively. The si,k

sd represents the unit power transmit symbol for
the user i using sub-carrier k, i.e., E{si,k

sd (si,k
sd )∗} = 1.

At the relay, it receives the desired transmit signal from the BS along with the multi-
user interference, then decodes the symbols dedicated to each user and then forwards it
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to the respective users. We assume the retransmitted symbol, ŝi,k
rd , to be i.i.d. with unit

power. Accordingly, the transmit and receive signal at the relay node can be expressed
as

xk
r,MU =

∑
i∈L

vi,k
rd

√
pi,k

rd ŝi,k
rd︸ ︷︷ ︸

:=x̃k
r,MU

+ ek
t,r , ∀k ∈ K,

yk
r,MU = hk

srx
k
s,MU + hk

rrx
k
r,MU + nk

r︸ ︷︷ ︸
:=ỹk

r,MU

+ ek
r,r, ∀k ∈ K,

(5.33)

where ek
t,r ∈ C

Nr×1, and hk
rr ∈ C

1×Nr are the transmit distortion and SI channel at
the relay node, respectively. The normalized precoding matrix and transmit power at
the relay corresponding to the user i using sub-carrier k are denoted by vi,k

rd and pi,k
rd ,

respectively. The intended transmit and received signal at the relay can be represented
as x̃k

r,MU and ỹk
r,MU, respectively. After removing the known transmit part from the

received signal by applying SIC, we get

yk
r,MU = yk

r,MU − ĥk
rrx̃

k
r,MU, ∀k ∈ K. (5.34)

Subsequently, the received signal at the user node i can be obtained as

yi,k
d = hi,k

sd xk
s,MU + hi,k

rd xk
r,MU + ni,k

d︸ ︷︷ ︸
:=ỹi,k

d

+ ei,k
r,d, ∀k ∈ K,

(5.35)

where ni,k
d ∼ CN

(
0, (σi,k

n,d)2
)
, ei,k

r,d and ỹk
d are the receiver noise, receive distortion and

intended received signal at the user node i, respectively. Moreover, hi,k
sd and hi,k

rd rep-
resent the BS-user and relay-user channels for i-th user node using k-th sub-carrier,
respectively.

Using Lemma 2.4.1, the statistics of the distortion terms for the multi-user system can
be obtained as

ek
t,s ∼ CN

⎛⎝0NBS ,
1
K

Θ̃t,s
∑
k∈K

diag
(
E{x̃k

s,MU(x̃k
s,MU)H}

)⎞⎠ , (5.36)

ek
t,r ∼ CN

⎛⎝0Nr ,
1
K

Θ̃t,r
∑
k∈K

diag
(
E{x̃k

r,MU(x̃k
r,MU)H}

)⎞⎠ , (5.37)

ek
r,r ∼ CN

⎛⎝0,
β̃r

K

∑
k∈K

(
E{ỹk

r,MU(ỹk
r,MU)H}

)⎞⎠ , (5.38)

ei,k
r,d ∼ CN

⎛⎝0,
β̃i

d

K

∑
k∈K

(
E{ỹi,k

d (ỹi,k
d )H}

)⎞⎠ , (5.39)

where diagonal matrix Θ̃t,r consists of transmit distortion coefficients for the corre-
sponding chains at the relay node. β̃i

d represents the receive distortion coefficient at the
user node i. For further calculations, let us define βi

d = β̃i
d

K
, and Θt,r = 1

K
Θ̃t,r.
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5.6.1 Achievable Information Rate for Multi-user Scenario

The achievable information rate for the BS to relay link using sub-carrier k can be
obtained as

Rk
sr,MU =γ0log2

⎛⎜⎜⎜⎜⎝1 + |ĥk
srvk

sr|2pk
sr

αk
r + ∑

m∈K

(
γkm

sr pm
sr + ∑

j∈L

(
γj,k,m

rd,MUpj,m
rd + γj,k,m

sd,MUpj,m
sd

))
⎞⎟⎟⎟⎟⎠ (5.40)

where

γj,k,m
rd,MU = δkm(σm

e,rr)2 + ĥk
rrΘt,rdiag

(
vj,m

rd (vj,m
rd )H

)
(ĥk

rr)H

+ (σk
e,rr)2Tr

(
Θt,rdiag

(
vj,m

rd (vj,m
rd )H

))
+ βr

(
ĥm

rr v
j,m
rd (vj,m

rd )H(ĥm
rr )H + (σm

e,rr)2
)

,

(5.41)

γj,k,m
sd,MU =δkm

(
ĥm

srv
j,m
sd (vj,m

sd )H(ĥm
sr )H + (σm

e,sr)2
)

+ ĥk
srΘt,sdiag

(
vj,m

sd (vj,m
sd )H

)
(ĥk

sr)H

+ (σk
e,sr)2Tr

(
Θt,sdiag

(
vj,m

sd (vj,m
sd )H

))
+ βr

(
ĥm

srv
j,m
sd (vj,m

sd )H(ĥm
sr )H + (σm

e,sr)2
)

.

(5.42)

Similarly, the achievable information rate for the link between the relay to the user i,
using sub-carrier k can be expressed as

Ri,k
rd,MU = log2

⎛⎜⎜⎜⎜⎝1 + |ĥi,k
rd vi,k

rd |2pi,k
rd

αi,k
d + ∑

m∈K

(
γi,k,m

sr,MUpm
sr + ∑

j∈L

(
γi,j,k,m

rd,MU pj,m
rd + γi,j,k,m

sd,MU pj,m
sd

))
⎞⎟⎟⎟⎟⎠ , (5.43)

where

γi,k,m
sr,MU =δkm

(
ĥi,m

sd vm
sr (vm

sr )H(ĥi,m
sd )H + (σi,m

e,sd)2
)

+ ĥi,k
sd Θt,sdiag

(
vm

sr (vm
sr )H

)
(ĥi,k

sd )H

+ (σi,k
e,sd)2Tr

(
Θt,sdiag

(
vm

sr (vm
sr )H

))
+ βi

d

(
ĥi,m

sd vm
sr (vm

sr )H(ĥi,m
sd )H + (σi,m

e,sd)2
)

,

(5.44)
γi,j,k,m

rd,MU =δkm(1 − δij)ĥi,k
rd vj,m

rd (vj,m
rd )H(ĥi,k

rd )H + δkm(σi,m
e,rd)2

+ ĥi,k
rd Θt,rdiag

(
vj,m

rd (vj,m
rd )H

)
(ĥi,k

rd )H + (σi,k
e,rd)2Tr

(
Θt,rdiag

(
vj,m

rd (vj,m
rd )H

))

+ βi
d

(
ĥi,m

rd vj,m
rd (vj,m

rd )H(ĥi,m
rd )H + (σi,m

e,rd)2
)

,

(5.45)
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γi,j,k,m
sd,MU =δkm

(
ĥi,m

sd vj,m
sd (vj,m

sd )H(ĥi,m
sd )H + (σi,m

e,sd)2
)

+ ĥi,k
sd Θt,sdiag

(
vj,m

sd (vj,m
sd )H

)
(ĥi,k

sd )H

+ (σi,k
e,sd)2Tr

(
Θt,sdiag

(
vj,m

sd (vj,m
sd )H

))
+ βi

d

(
ĥi,m

sd vj,m
sd (vj,m

sd )H(ĥi,m
sd )H + (σi,m

e,sd)2
)

(5.46)
αi,k

d = (σi,k
n,d)2 + βi

d
∑

m∈K

(σi,m
n,d )2. (5.47)

Subsequently, the achievable information rate between the BS and user i, using sub-
carrier k can be expressed as

Ri,k
sd,MU = log2

⎛⎜⎜⎜⎜⎝1 + |ĥi,k
sd vi,k

sd |2pi,k
sd

αi,k
d + ∑

m∈K

(
γi,k,m

sr,MUpm
sr + ∑

j∈L

(
γi,j,k,m

rd,MU pj,m
rd + γ̃i,j,k,m

sd,MU pj,m
sd

))
⎞⎟⎟⎟⎟⎠ (5.48)

where
γ̃i,j,k,m

sd,MU =γi,j,k,m
sd,MU − δkmδij

(
ĥi,m

sd vj,m
sd (vj,m

sd )H(ĥi,m
sd )H

)
. (5.49)

The total achievable information rate for the system can be written as

RMU =
∑
i∈L

∑
k∈K

Ri,k
sd,MU + min

⎧⎨⎩∑
k∈K

Rk
sr,MU,

∑
i∈L

∑
k∈K

Ri,k
rd,MU

⎫⎬⎭ . (5.50)

5.6.2 Sum-rate Maximization for the Multi-user Scenario

Here, we present the joint sub-carrier and power allocation optimization problem for
the multi-user case, to maximize spectral efficiency in terms of total sum-rate under
transmit power constraints. The sum-rate maximization problem for the multi-user
case can be formulated as

maximize
pi,k

sd ≥0,pk
sr≥0,

p
i,k
rd ≥0

RMU

subject to
∑
i∈L

∑
k∈K

pi,k
rd ≤ Pr,

∑
i∈L

∑
k∈K

pi,k
sd +

∑
k∈K

pk
sr ≤ Ps,

(5.51)

where Ps and Pr are the available transmit power at the BS and the relay, respectively.
The above optimization problem can be reformulated as

maximize
pi,k

sd ≥0,pk
sr≥0,

p
i,k
rd ≥0,t

∑
i∈L

∑
k∈K

Ri,k
sd,MU + t

subject to
∑
k∈K

Rk
sr,MU ≥ t,

∑
i∈L

∑
k∈K

Ri,k
rd,MU ≥ t,

∑
i∈L

∑
k∈K

pi,k
rd ≤ Pr,

∑
i∈L

∑
k∈K

pi,k
sd +

∑
k∈K

pk
sr ≤ Ps.

(5.52)
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The above optimization belongs to the class of smooth DC optimization problems similar
to (5.52), which is solved using an iterative algorithm using the SIA framework which
reaches a converging point that satisfies the KKT optimality conditions [90]. Similar
to (5.28), (5.29), and (5.30), after applying Taylor’s approximation on the concave rate
terms, we can obtain the lower bound for the rates (5.40), (5.43), (5.48) as R

k

sr,MU,
R

i,k

rd,MU and R
i,k

sd,MU , respectively.

The optimization problem is rewritten using this approximation and can be stated as

maximize
pi,k

sd ≥0,pk
sr≥0,

p
i,k
rd ≥0,t

∑
i∈L

∑
k∈K

R
i,k

sd,MU + t

subject to
∑
k∈K

R
k

sr,MU ≥ t,
∑
i∈L

∑
k∈K

R
i,k

rd,MU ≥ t,

∑
i∈L

∑
k∈K

pi,k
rd ≤ Pr,

∑
i∈L

∑
k∈K

pi,k
sd +

∑
k∈K

pk
sr ≤ Ps.

(5.53)

The iterative algorithm similar to Algorithm 10 can be used to solve the above convex
optimization problem, where the solution can achieve a convergence point that satisfies
the KKT conditions. Algorithm 11 provides a detailed procedure of the algorithm.

Algorithm 11 Sum-rate maximization for multi-user scenario
1: a ← 0 (set iteration number to zero)
2: pi,k

rd,0, pi,k
sd,0, pk

sr,0 ← feasible power value initialization
3: repeat
4: a ← a + 1
5: pi,k

rd , pi,k
sd , pk

sr, t ← solve (5.53)
6: pi,k

rd,0, pi,k
sd,0, pk

sr,0 ← pi,k
rd,0 = pi,k

rd , pi,k
sd,0 = pi,k

sd and pk
sr,0 = pk

sr, respectively
7: until a stable point, or maximum number of a reached
8: return {pi,k

rd , pi,k
sd , pk

sr}

5.6.3 Half Duplex Relay

In this section, we derive the optimization problem in terms of sum-rate maximization
for our system, where the relay is an HD relay, and the receiver is capable of performing
SuIC, so that DuC can be established. Unlike the FD relay, which can receive and
transmit at the same frequency-time channel, the HD relay 2 has to listen to the BS
at the first time slot and then forwards the signals to the users in the second time
slot. The user receives signals from the BS via DL in both time slots. Hence the SuIC
is applicable only in the second time slot, where the user receives signals from both

2which operates in time division duplex (TDD) mode to separate source-relay and relay-destination
link
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the relay and the BS simultaneously. Moreover, in the first time slot, the BS transmit
the signals to the relay and the user. Since the relay is operated in HD, there is no
SI at the relay. We also assume the channel remains the same throughout the entire
communication (both the time slots).

During the first time slot, the BS transmits signal to the users as well as the relay.
There is no communication between the relay and user nodes. Therefore, there is no SI
at the relay. The transmit signal from the BS during the first time slot can be expressed
as

xk
s,1 = vk

sr,1

√
pk

sr,1sk
sr,1 +

∑
i∈L

vi,k
sd,1

√
pi,k

sd,1si,k
sd,1︸ ︷︷ ︸

:=x̃k
s,1

+ ek
t,s,1, ∀k ∈ K,

(5.54)

where x̃k
s,1 and ek

t,s,1 represent the intended transmit signal and transmit distortion at
the BS during the first time slot, respectively. For the first time slot, the normalized pre-
coding matrix, unit power transmit symbol and transmit power at the BS corresponding
to the user i (relay) using sub-carrier k are denoted by vi,k

sd,1 (vk
sr,1), si,k

sd,1 (sk
sr,1) and pi,k

sd,1
(pk

sr,1), respectively. The received signal at the relay and user i can be formulated as

yk
r,1 = hk

srx
k
s,1 + nk

r︸ ︷︷ ︸
:=ỹk

r,1

+ ek
r,r,1,

yi,k
d,1 = hi,k

sd xk
s,1 + ni,k

d︸ ︷︷ ︸
:=ỹi,k

d,1

+ ei,k
r,d,1, ∀k ∈ K, ∀i ∈ L

(5.55)

where the intended receive signal and receive distortion at the relay (user i) during the
first time slot are denoted by ỹk

r,1 (ỹi,k
d,1) and ek

r,r,1 (ei,k
r,d,1), respectively.

Subsequently, during the second time slot, the user receives signals from both the relay
and the BS simultaneously and uses SuIC technique to decode both the signals. Sim-
ilarly, as the previous FD relay case, we assume the relay link between the relay and
user nodes are stronger compared to the direct link between the BS and the user nodes.
Therefore, the user node first decodes the relay link considering the direct link as noise,
and then removes the signal of the relay link from the received signal and decodes the
signal from the direct link.

The transmit signal at the BS and the relay during second time slot can be written as

xk
s,2 =

∑
i∈L

vi,k
sd,2

√
pi,k

sd,2si,k
sd,2︸ ︷︷ ︸

:=x̃k
s,2

+ ek
t,s,2, ∀k ∈ K,

xk
r,2 =

∑
i∈L

vi,k
rd,2

√
pi,k

rd,2ŝi,k
rd,2︸ ︷︷ ︸

:=x̃k
r,2

+ ek
t,r,2,

(5.56)
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where the intended transmit signal and transmit distortion at the BS (relay) during
the second time slot are denoted by x̃k

s,2 (x̃k
r,2) and ek

t,s,2 (ek
t,r,2), respectively. Moreover,

vi,k
sd,2 (vi,k

rd,2), si,k
sd,2 (ŝi,k

rd,2) and pi,k
sd,2 (pi,k

rd,2) represent the normalized precoding matrix, unit
power transmit symbol and transmit power at the BS (relay) corresponding to the user
i using sub-carrier k during the second time slot, respectively. The received signal at
user i during the second time slot can be stated as

yi,k
d,2 = hi,k

sd xk
s,2 + hi,k

rd xk
r,2 + ni,k

d︸ ︷︷ ︸
:=ỹi,k

d,2

+ ei,k
r,d,2, ∀k ∈ K.

(5.57)

The statistics of the distortion term for the HD relay system can be expressed as

ek
t,s,X ∼ CN

⎛⎝0NBS ,
1
K

Θ̃t,s
∑
k∈K

diag
(
E{x̃k

s,X (x̃k
s,X )H}

)⎞⎠ , (5.58)

ek
t,r,2 ∼ CN

⎛⎝0Nr ,
1
K

Θ̃t,r
∑
k∈K

diag
(
E{x̃k

r,2(x̃k
r,2)H}

)⎞⎠ , (5.59)

ek
r,r,1 ∼ CN

⎛⎝0,
β̃r

K

∑
k∈K

(
E{ỹk

r,1(ỹk
r,1)H}

)⎞⎠ , (5.60)

ei,k
r,d,X ∼ CN

⎛⎝0,
β̃i

d

K

∑
k∈K

(
E{ỹi,k

d,X (ỹi,k
d,X )H}

)⎞⎠ , (5.61)

where X ∈ {1, 2}.

The achievable rate for the BS to relay link using sub-carrier k during the first time
slot can be obtained as

Rk
sr,HD1 = Rk

sr,MU

(
γj,k,m

rd,MU = 0, pj,m
rd = 0

)

= γ0log2

⎛⎜⎜⎜⎜⎝1 +
|ĥk

srvk
sr,1|2pk

sr,1

αk
r + ∑

m∈K

(
γkm

sr,1pm
sr,1 + ∑

j∈L

γj,k,m
sd,1 pj,m

sd,1

)
⎞⎟⎟⎟⎟⎠ ,

(5.62)

where γkm
sr,1 = γkm

sr

(
vm

sr = vm
sr,1

)
and γj,k,m

sd,1 = γj,k,m
sd,MU

(
vj,m

sd = vj,m
sd,1

)
. The achievable

information rate for the BS to user i using sub-carrier k can be formulated as

Ri,k
sd,HD1 = Ri,k

sd,MU

(
γj,k,m

rd,MU = 0, pj,m
rd = 0

)

= log2

⎛⎜⎜⎜⎜⎝1 +
|ĥi,k

sd vi,k
sd,1|2pi,k

sd,1

αi,k
d + ∑

m∈K

(
γi,k,m

sr,1 pm
sr,1 + ∑

j∈L

γ̃i,j,k,m
sd,1 pj,m

sd,1

)
⎞⎟⎟⎟⎟⎠ ,

(5.63)
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where γi,k,m
sr,1 = γi,k,m

sr,MU

(
vm

sr = vm
sr,1

)
and γ̃i,j,k,m

sd,1 = γ̃i,j,k,m
sd,MU

(
vj,m

sd = vj,m
sd,1

)
. Since there

is no communication between the relay and user nodes during the first time slot, the
achievable rate for relay-user links is considered to be zero, i.e., Ri,k

rd,HD1 = 0.

Similarly, during the second time slot, the achievable rate between the BS and relay
becomes zero as there is no communication between them, i.e., Rk

sr,HD2 = 0. The
achievable rate between the relay and user node i during the second time slot can be
written as

Ri,k
rd,HD2 = Ri,k

rd,MU

(
γi,k,m

sr,MU = 0, pm
sr = 0

)

= log2

⎛⎜⎜⎝1 +
|ĥi,k

rd vi,k
rd,2|2pi,k

rd,2

αi,k
d + ∑

m∈K

∑
j∈L

(
γi,j,k,m

rd,2 pj,m
rd,2 + γi,j,k,m

sd,2 pj,m
sd,2

)
⎞⎟⎟⎠ ,

(5.64)

where γi,j,k,m
rd,2 = γi,j,k,m

rd,MU

(
vj,m

rd = vj,m
rd,2

)
and γi,j,k,m

sd,2 = γi,j,k,m
sd,MU

(
vj,m

sd = vj,m
sd,2

)
. Furthermore,

the achievable rate between the BS and user node i during the second time slot can be
written as

Ri,k
sd,HD2 = Ri,k

sd,MU

(
γi,k,m

sr,MU = 0, pm
sr = 0

)

= log2

⎛⎜⎜⎝1 +
|ĥi,k

sd vi,k
sd,2|2pi,k

sd,2

αi,k
d + ∑

m∈K

∑
j∈L

(
γi,j,k,m

rd,2 pj,m
rd,2 + γ̃i,j,k,m

sd,2 pj,m
sd,2

)
⎞⎟⎟⎠ ,

(5.65)

where γ̃i,j,k,m
sd,2 = γ̃i,j,k,m

sd,MU

(
vj,m

sd = vj,m
sd,2

)
. The total achievable information rate for the HD

relay system for the entire communication (both the time slots) can be formulated as

RHD =
∑
i∈L

∑
k∈K

(
Ri,k

sd,HD1 + Ri,k
sd,HD2

)
+ min

{∑
k∈K

Rk
sr,HD1 ,

∑
i∈L

∑
k∈K

Ri,k
rd,HD2

}
(5.66)

In order to compare it with the FD relay, we need to take the average of the achievable
rate during the two slots. As a result, the sum-rate maximization problem for the HD
relay case can be written as

maximize
pi,k

rd,2≥0,pk
sr,1≥0

p
i,k
sd,1≥0,p

i,k
sd,2≥0,t

0.5
(∑

i∈L

∑
k∈K

(
Ri,k

sd,HD1 + Ri,k
sd,HD2

)
+ t

)

subject to
∑
k∈K

Rk
sr,HD1 ≥ t,

∑
i∈L

∑
k∈K

Ri,k
rd,HD2 ≥ t,

∑
i∈L

∑
k∈K

pi,k
rd,2 ≤ Pr,

∑
i∈L

∑
k∈K

pi,k
sd,1 +

∑
k∈K

pk
sr,1 ≤ Ps,

∑
i∈L

∑
k∈K

pi,k
sd,2 ≤ Ps.

(5.67)

The above optimization problem follows the same structure as (5.52). Therefore it
can be solved using similar steps as in algorithm 10. Algorithm 12 provides a detailed
procedure of the algorithm.
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Algorithm 12 For sum-rate maximization for half-duplex relay
1: a ← 0 (set iteration number to zero)
2: pi,k

rd,2,0, pi,k
sd,1,0, pi,k

sd,2,0, pk
sr,1,0 ← feasible power value initialization

3: repeat
4: a ← a + 1
5: pi,k

rd,2, pi,k
sd,1, pi,k

sd,2, pk
sr,1, t ← solve (5.67)

6: pi,k
rd,2,0, pi,k

sd,1,0, pi,k
sd,2,0, pk

sr,1,0 ← pi,k
rd,2,0 = pi,k

rd,2, pi,k
sd,1,0 = pi,k

sd,1, pi,k
sd,2,0 = pi,k

sd,2, and pk
sr,1,0 =

pk
sr,1, respectively

7: until a stable point, or maximum number of a reached
8: return {pi,k

rd,2, pi,k
sd,1, pi,k

sd,2, pk
sr,1}

5.7 Performance Evaluations

By using numerical simulations, we evaluate the performance of the proposed algorithms
(Algorithm 10, Algorithm 11 and Algorithm 12) for a relay-assisted OFDM downlink
communication. We consider the MRT/MRC strategy as our transmit precoder and re-
ceive filters at the BS as well as the relay. All communication channels follow an uncor-
related Rayleigh flat fading model. The SI channel follows the characterization reported
in [20], i.e., hrr ∼ CN

(√
ρsiKR

1+KR
h0, ρsi

1+KR
INr

)
, where ρsi is the SI channel strength, h0 is

a deterministic vector of all-1 elements, and KR is the Rician coefficient. The overall
system performance is then averaged over 250 channel realizations.

Comparison Benchmarks

The following performance benchmarks are evaluated to provide a meaningful compar-
ison:

• SuIC:3 It represents the proposed algorithm (Algorithm 10/Algorithm 11), which
consider the impact of the harware distortion as well as the imperfect CSI.

• SuIC-ND: The algorithm does not consider hardware distortion (non-distortion
(ND)), i.e, a perfect hardware is assumed and only the impact of CSI is taken into
consideration.

• ODL:4 The case where only the direct link is available,. i.e, there is no relay in
the system.

• ORL:4 The case where only the relay link is available. The user does not employ
SuIC scheme, and the signal from the BS is considered as interference.

3results from single connectivity that perform better are used as the feasible power value initialization
for DuC algorithms

4uniform power initialization is used for single connectivity algorithms
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• HD: It represents the proposed algorithm (Algorithm 12) introduced in Section
5.6.3, where a HD relay is employed. The SuIC scheme is only utilize in the second
time slot.

Single-user Scenario

In this section, we evaluate the performance of the proposed algorithm (Algorithm 10)
introduced in Section 5.5, where the relay is a single antenna FD node. For numerical
analysis, the default parameter values for single-user scenario are chosen as in Table
5.1.

K = K 4
NBS 32

ρ = ρsr = ρrd -10dB
ρsd, ρsi, KR -30 dB, 0 dB, 10

σ2
n = σ2

r,k = σ2
d,k -40 dB

Ps, Pr 0 dB, -10dB
σ2

e = (σk
e,sr)2 = (σk

e,rd)2 = (σk
e,sd)2 = (σk

e,rr)2 -50 dB
κ = β, Θt,S = κIN -30dB

Table 5.1: Default simulation setup for single-user scenario

In Fig. 5.3a, the performance of Algorithm 10 in terms of system sum-rate is evaluated
against the strength of the DL. As the strength of DL increases, it can be observed
that the performance of all the algorithms expect only relay link (ORL) improves. As
expected, the sum-rate attained by only direct link (ODL) increases as the strength of
the DL increases. When the strength of the DL is weak, the algorithms SuIC and SuIC-
ND communicates with the user equipment (UE) only using the RL. As the strength
of DL rises, the algorithms utilize both the DL and the RL. As the DL becomes
stronger compared to RL, the algorithms utilize only the DL. Furthermore, the ORL
performance degrades for strong DL as the UE suffers from substantial interference from
the BS through DL.

In Fig. 5.3b, the performance of our proposed algorithm is plotted in terms of total
sum-rate, for different values of receiver noise at the user and the relay (σ2

n). As we
expected, the sum-rate decreases as the noise increases, i.e., lower sum-rate for higher
noise values. It is clear that the proposed algorithm (SuIC) outperforms all the other
benchmarks. We can also notice that at high signal to noise ratio (SNR) scenario, the
SuIC-ND algorithm performs worse compared to the SuIC algorithm as the impact of
hardware distortion becomes dominant.

Fig. 5.3c illustrates the system performance for different values of hardware inaccuracy
κ = β. It can be observed that as the hardware inaccuracy increases the performance
of all the algorithms in terms of sum-rate decreases. The proposed algorithm SuIC
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outperforms all the other benchmarks. When the values the hardware inaccuracy κ
becomes large, the performance of SuIC-ND algorithm degrades compared to SuIC.
This signifies that the consideration of hardware distortion for DuC scenario utilizing
FD relay.

In Fig. 5.3d, the dependency of Algorithm 10 in terms of system sum-rate on the channel
estimation error is plotted. It can be observed that as the channel estimation error
increases the performance of all the algorithms decreases. The performance of the ORL
degrades rapidly compared to the ODL shows that the impact of channel estimation
error in SIC at the FD relay. At lower values of channel estimation error, the hardware
inaccuracy κ becomes the dominant factor resulting in performance degradation of
SuIC-ND algorithms.

Multi-user Scenario

In this section, we evaluate the performance of the proposed algorithms (Algorithms 11
and 12) introduced in Section 5.6 for multi-user scenario. For simulations, we consider
a circular cell with BS at the center. The distance between the relay and the BS is
fixed. Since the relay is stationary and it knows from which direction it will receive the
signal from the BS, the BS can communicate with the relay using a strong directive
channel, i.e., the better antenna gain can be achieved between the BS and the relay.
We also assume that all users are operated within the vicinity of the relay and have
a line of sight (LOS). The BS only opts for the DuC approach for the user which are
within the vicinity of the relay. In order to provide fairness in resource allocation, the
transmit power budget is restricted to support the number of active sub-carriers (K),
i.e., the transmit power budgets are factorized by kt, where kt = K/Ksys. Ksys denotes
the total number of sub-carriers available in the system. For the numerical simulations,
we adapt our system parameters from [93, 3GPP LTE Specifications], and our default
system parameters are chosen as in Tables 5.2. The channels between the BS and users
are assumed to obtain a LOS with the probability

PLOS(d) = min(0.018/d, 1) × (1 − exp(−d/0.063)) + exp(−d/0.063), (5.68)

where d is the distance between the BS and users in km.

Visualization

Figs. 5.4a and 5.4b portrait the system performance with respect to the strength of
the direct channel between the BS and the UE in terms of antenna gain and transmit
power at the BS, respectively. It can be observed that as the antenna gain between the
BS and UE (direct link) increases, the performance of all the algorithms except ORL
increases. A similar trend can be seen in the plot concerning the maximum transmit
power at the BS. Another interesting observation is regarding the robustness of the

100



Performance Evaluations | 5.7

Carrier center frequency and system bandwidth 2 GHz and 10MHz
Number of available sub-carrier (Ksys) and sub-carrier spacing 600 and 15kHz

Number of active sub-carriers (K) 12
Number of users (L) 4

Maximum service distance of the BS and the relay 500m and 100m,
Maximum transmit power at the BS and the relay 30dBm and 27dBm

Number of transmit antennas at the BS and the relay 32 and 16
Distance between BS and relay 400m

Receive antenna gain at the relay 20dBi

Pathloss (dB) between BS and users (d in km) LOS: 103.4 + 24.2 log10(d)
NLOS: 131.1 + 42.8 log10(d)

Pathloss (dB) between BS and relay (d in km) LOS: 100.7 + 23.5 log10(d)
Pathloss (dB) between relay and users (d in km) LOS: 103.8 + 20.9 log10(d)

Shadowing standard deviation
Between BS and relay: 6dB
Between BS and UE: 10dB

Between relay and UE: 10dB
Thermal noise density -174dBm/Hz

Noise figure at relay and UE 5dB and 9dB
Hardware distortion coefficient κ = β -50dB

SI channel strength after SIC ρsi and Rician coefficient KR -90dB and 10
Covariance of the CSI estimation error

(σk
e,sr)2 = (σk

e,rd)2 = (σk
e,sd)2 = (σk

e,rr)2∀k ∈ K,
-150dB

Table 5.2: Default system parameters used for multi-user scenario

SuIC against unexpected blockage. For lower values of antenna gain, for instance, in
case of blockage the strength of the channel reduces drastically, the SuIC utilizes only
the RL, thereby providing better throughput compared to ODL case. As the strength of
the DL increases, SuIC utilizes both the links resulting in better performance compared
to the ODL and ORL case and also becomes more robust to blockage. This implies the
benefit of DuC compared to single-connectivity schemes, especially in case of blockage.
Moreover, for weak DL scenario, the SuIC-ND becomes worst compared to ORL and
SuIC algorithms; this is because the UE is connected to BS only through an FD relay,
where hardware distortion is dominant.

Fig. 5.4c illustrates the performance of the algorithm in terms of system sum-rate for
different values of transceiver inaccuracy κ dB. As it can be observed, the performance
of the system decreases as the transceiver hardware distortion increases. Since the
ORL operates in FD mode, the performance of ORL degrades more compared to other
algorithms as the hardware-distortion increases. This shows the impact of hardware-
distortion in FD system in the presence of SI. It can also be noticed that the SuIC
algorithm utilizes only the RL when the hardware inaccuracy is small. As the hardware
inaccuracy increases, the performance of the SuIC also decreases. However, It can be
seen that when the algorithms ORL and ODL have similar performance, the perfor-
mance gain of SuIC attains maximum compared to ORL and ODL. For higher values
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of hardware inaccuracy, the RL is severely affected by hardware distortion due to SI,
the SuIC opts the DL, thereby reducing its impact. Furthermore, the proposed SuIC
algorithm always performs better compared to SuIC-ND algorithm. This indicates that
the consideration of hardware-distortion in designing the system will improve the overall
performance of the system.

In Fig. 5.4d, the impact of the UE receiver noise in the system performance is depicted.
As expected, the sum-rate of the system decreases as the receiver noise at the UE
increases. As we considered the strength of DL is weaker compared to the RL in the
system, the performance of ODL degrades more compared to other algorithms as the
UE receiver noise increases. For higher values of UE receiver noise, the SuIC utilizes
the RL more where the hardware distortion becomes dominant due to SI, resulting in
more performance gain of SuIC compared to SuIC-ND. Furthermore, the performance
of the system is evaluated with respect to the channel estimation error in Fig. 5.4e. A
similar trend can be observed that the performance of all the algorithms degrades as
the channel estimation error increases. For small values of channel estimation error, the
hardware distortion becomes dominant, thus resulting in better performance of SuIC
algorithm compared to the SuIC-ND algorithm.

In Fig. 5.4f, the performance of the system is evaluated with respect to the probability
of LOS (PLOS) of the direct channel between the BS and the UE. As it can be clearly
observed, the performance of all the algorithms except for ORL increases as PLOS in-
creases. Another interesting observation is that the performance gap between the SuIC
and SuIC-ND reduces as PLOS increases since the SuIC algorithm uses the DL when BS
has LOS with its UEs, i.e., PLOS has a higher value.

In Figs. 5.5a to 5.5b, the system performance is evaluated for different parameters of
the relay. Fig. 5.5a plots the performance of the system with respect to the maximum
transmit power available at the relay. As expected, the performance of all the algo-
rithms except ODL improves as the maximum transmit power available at the relay
increases. A similar trend in the performance of the system is observed for the different
number of transmit antenna used at the relay in fig. 5.5b. Furthermore, in 5.5c, the
performance of the system is evaluated for different values of receiver noise at the relay.
The performance of all the algorithms except ODL degrades as the receiver noise at
the relay increases. However, as the receiver noise decreases, the SuIC-ND performance
degrades compared to the SuIC, due to the fact that the hardware distortion becomes
dominant when the receiver noise becomes small. It can also be noticed that, as the
receiver noise at the relay increases, the performance of ORL decreases while the per-
formance of ODL remains almost similar. The SuIC shows slightly better performance
compared to ORL for higher values of receiver noise at the relay as it also utilizes the
DL.
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5.8 Conclusions

In this chapter, we investigated an FD DF relay assisted downlink communication
between an mMIMO MC BS and HD MC single antenna user nodes. We considered
the scenario, where the BS simultaneously utilizes both the direct link as well as the relay
link to communicate with the user node to improve the spectral efficiency of the system.
In the user node, a SuIC approach is employed to enable DuC. The impact of hardware
distortions resulting in residual self-interference and ICL, and also imperfect CSI are
considered to model the system. A joint sub-carrier and power allocation problem to
maximize the total sum-rate of the system is studied. An iterative optimization method
is proposed, to solve the non-convex resource allocation problem, which follows the SIA
framework to reach the convergence point that satisfies the KKT optimality conditions.
The case of SuIC approach using HD relay is also investigated. Numerical results
show that our SuIC approach performs better compared to single-connectivity and HD
schemes, and also implies the importance of the hardware-distortion aware system. It
is also observed that the proposed SuIC approach shows higher robustness when one of
the active links experience an unexpected blockage.
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Figure 5.3: Sum-rate for single-user scenario vs. different system parameters

104



Conclusions | 5.8

-20 -10 0 10 20 30
0

5

10

15

20

(a) Sum-rate vs. Antenna gain between BS and
UE

20 30 40 50
2

4

6

8

10

12

14

16

18

(b) Sum-rate vs. Maximum transmit power at
BS

-60 -40 -20 0
0

5

10

15

(c) Sum-rate vs. Hardware inaccuracy

-140 -120 -100 -80
0

5

10

15

20

(d) Sum-rate vs. Receiver noise at the UE

-160 -140 -120 -100
4

6

8

10

12

14

(e) Sum-rate vs. Channel estimation error

0 0.2 0.4 0.6 0.8 1
6

8

10

12

14

16

18

(f) Sum-rate vs. Probability of LOS between
BS and UE

Figure 5.4: Sum-rate for multi-user scenario vs. Different system parameters.
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Figure 5.5: Sum-rate for multi-user scenario vs. Different relay system parameters.
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6 Conclusions

In this dissertation, the resource allocation problem for FD multi-antenna MC systems
has been investigated. The impact of hardware distortions leading to residual SI and
ICL are considered under the imperfect CSI condition. We mainly focused on the
relaying system, where the relay uses the DF relaying protocol as AF relaying results
in distortion loop interference.

In Chapter 2, we addressed a transceiver design problem for an FD MIMO MC DF
relay system, where source, relay and destination are MIMO nodes. In addition to
the traditional per-carrier DF relay, a joint sub-carrier DF relay is also considered
which takes advantage of group-wise decoding and encoding. It also provides more
flexibility by jointly considering the optimization constraints over all the sub-carriers.
It is observed that, due to the SI, the impact of non-linear hardware distortions leading
to residual SI and ICL becomes crucial for an FD MC system. Consideration of the
impact of channel estimation error is also significant to improve the energy efficiency
of the system. The power consumed for channel estimation has to be restricted with
power constraints, otherwise only less power will be available for transmission results
in energy efficiency degradation. Hence, it is vital to consider the impact of non-linear
hardware distortions as well as channel estimation error in designing an FD MIMO MC
DF relay system.

In Chapter 3, a joint sub-carrier and power allocation problem is investigated for an
FD mMIMO MC DF relay system which serves multiple HD single antenna source-
destination pairs. Preference of using inexpensive transmit and receive chains compo-
nents to make the system with large antenna array cost-efficient, results in more hard-
ware distortions. It becomes unfavorable for an FD MC system, as it introduces more
residual SI and ICL, due to strong SI . The asymptotic rate of our system employed with
the MRT/MRC strategy is analyzed when the number of the antenna becomes large
(goes to ∞). It is noticed that the achievable rate for an FD MC DF relay system,
where the relay is equipped with a large number of antennas (N → ∞), is restricted
by the hardware distortions at the single antenna source and destination nodes. This
implies the significance of distortion-aware design for an multi-user FD mMIMO MC
relay system. In addition to the prior studies focusing on maximizing the sum-rate and
energy efficiency, we also focused on minimizing the overall delivery time for a given
set of communication tasks to the user terminals. It is beneficial to consider delivery
time as an objective as maximizing the throughput/sum-rate of the system does not
necessarily minimize the overall delivery time.
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In Chapter 4, bidirectional communication between an FD mMIMO MC BS with multi-
ple FD single antenna user nodes is investigated. Utilizing FD capability at both the BS
and end-user allows operating uplink and downlink in the same frequency-time channel.
This results in higher spectral efficiency, but the system also suffers from multi-user in-
terference and SI . However, taking advantage of a large antenna array which provides
more spatial diversity compared to MIMO system helps to reduce the overall interfer-
ence of the system. For both the relay and the bidirectional communication scenarios,
it is observed that the performance of the system can be improved by considering the
impact of hardware distortions and imperfect CSI . It is also observed that by employing
the null-space projection SI suppression scheme along with linear transceiver strategies
such as MRT/MRC, ZF, at the transmit side of relay/BS provides a gain in system
performance.

Finally, in Chapter 5, the problem of resource allocation for the downlink of an FD
relay-assisted MC communication network, where an mMIMO MC BS communicates
with multiple single antenna user nodes. By making use of the direct channel, which is
usually considered as interference, the robustness and performance of the system can be
improved. In particular, we consider a scenario that simultaneously activates the relay as
well as the direct channel for communicating separate data streams, by employing SuIC
at the end-user. As a result, the downlink communication data can be interchangeably
loaded to separate sub-carriers, employing an orthogonal MC strategy, or to different
available links, i.e., direct or FD relay link, employing the non-orthogonal SuIC at the
receiver. In addition to the superior performance under various system conditions, the
proposed dual-connectivity becomes robust when one of the active paths experiences
an unexpected blockage. It is observed that a significant performance and robustness
gain can be attained by enabling dual-connectivity utilizing FD relay when compared
to the previously proposed single-connectivity and HD schemes. It is also noticed that
the hardware-distortion aware design is important for such system, especially when the
hardware accuracy degrades.

6.1 Outlook

In case of the FD MIMO MC relay system, Chapter 2, the performance of a DF relay
is studied. It would be interesting to extend this study to other relay protocols, such as
compress and forward relay protocol where quantization noise also needs to consider, or
AF relaying protocol where a different approach is required to mitigate the distortion
loop.

In Chapter 3, we considered an FD mMIMO MC DF relay, by limiting the number of
antennas at the source/destination to one. An extension of this would be to investigate
the system with multiple-antenna source-destination nodes. Another interesting con-
tinuation of this work will be consideration of systems with hybrid beamforming design
for mMIMO array. Similarly, the system in Chapter 4 can also be extended to a system
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with multiple-antenna users and also mMIMO BS antenna array with hybrid beam-
forming design. Moreover, it would be interesting to extend the provided bi-directional
communication system to a cell-free mMIMO scenario, where different antenna arrays
are kept in different locations.

For the DuC system, Chapter 5, a possible continuation of the provided framework
would be to investigate a system having multiple relays. Here the end terminals can
access more stream from different relays and BS, thereby increasing the overall through-
put of the system. It is beneficial to extend the proposed design framework to other
system design objectives, such as energy efficiency maximization, power minimization,
caching memory minimization and delivery time minimization.

In this thesis, we considered only the hardware distortions that can be modeled into
noise that is additive in nature, such as ADC/DAC impairments, the non-linearity of
the power amplifier, to name a few. However, there exists another category of hardware
distortions, for instance, distortions due to phase drifts from the local oscillators, that
are multiplicative in nature to the channel vector. It would be promising to extend
the studied framework by including these hardware distortions. Furthermore, it will be
interesting to extend the studied framework of this thesis to systems in which passive
relay such as intelligent-reflecting-surface (IRS) is also incorporated. Another promis-
ing direction to extend this thesis is to investigate the utilization of machine learning
algorithms to tackle resource allocation problems.
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List of Acronyms

3GPP 3rd Generation Partnership Project

4G Fourth-generation

5G Fifth-generation

ADC Analog to digital converter

AF Amplify and forward

AGC Automatic gain control

AQCP Alternating quadratic convex program

BS Base station

CDMA Code division multiple access

CP Cyclic prefix

CQP Conic quadratic program

CSI Channel state information

CT Computational time

DAC Digital to analog converter

DC Difference-of-convex

DF Decode and forward

DL Direct link

DuC Dual connectivity

FBMC Filter bank multi carrier

FD Full-duplex

FDMA Frequency division multiple access

GFDM Generalised frequency division multiplexing

HD Half-duplex

ICL Inter-carrier leakage
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i.i.d. Independent and identically distributed

IRS Intelligent-reflecting-surface

JC Joint-carrier

KKT Karush–Kuhn–Tucker

LD Less distortion

LOS Line of sight

LTE Long time evolution

MC Multi-carrier

MeNB Master evolved Node B

MIMO Multiple input multiple output

mMIMO Massive multiple input multiple output

MMSE Minimum mean square error

MRC Maximum ratio combining

MRT Maximum ratio transmitting

MSE Mean square error

ND Non-distortion

NLOS Non-line of sight

NOMA Non-orthogonal multiple access

NR New Radio

ODL Only direct link

OFDM Orthogonal frequency division multiplexing

ORL Only relay link

OVSF Orthogonal variable spreading factor

PC Per-carrier

QoS Quality of service

RF Radio frequency

RL Relay link

RS Rate-splitting

RSM Right-singular matrix
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SeNB Secondary evolved Node B

SI Self-interference

SIA Successive inner approximation

SIC Self-interference cancellation

SINR Signal to interference plus noise ratio

SNR Signal to noise ratio

SuIC Successive interference cancellation

SWIPT Simultaneous wireless information and power transfer

TDMA Time division multiple access

TDD Time division duplex

UE User equipment

WMMSE Weighted minimum mean square error

Wo-CSI Without channel state information error

ZF Zero-forcing

ZFT Zero-forcing transmitting

ZFR Zero-forcing receiving
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