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Abstract

The widespread proliferation of wireless services in daily life has boosted the demand for
very high data rates. This plunge in data rate leads to an increase in energy consumption.
As a result, in order to meet the enormous demand, next-generation wireless networks must
be spectrally and energy-efficient. Full-Duplex (FD) systems have the potential to double
the spectral efficiency (SE) of current half-duplex (HD) communication systems. The FD
system utilizes the same time-frequency resource for both transmission and reception. Likewise,
intelligent reflecting surfaces (IRSs) have recently been proposed as a passive FD technique
that could achieve the aforementioned sustainable growth goals of high energy efficiency (EE)
and high SE. Inherently, IRS is a large surface comprising of tiny low-cost reflective elements
(REs) that can modify the phase and amplitude of the reflected wave. The multiple reflected
paths get coherently added to enhance the received signal power. Since the IRS passively
reflects the incident signal, there is no RF chain, resulting in a considerable reduction in energy
consumption. Thus, with its low cost and low energy usage, IRS is expected to play a crucial
role in the beyond 5G wireless networks. Commercially, low-grade transceiver hardware is
frequently used in modern communication systems to reduce the cost of prospective networks.
It is critical to take into account the impact of hardware impairments (HIs) caused by low-
quality transceiver hardware while designing and developing reliable communication systems.
These transceiver HIs cause residual self-interference (SI) in the FD systems. Likewise, these
transceiver HIs saturate the SE for the IRS-assisted systems. In addition, the HIs in IRS-assisted
systems also arise due to the inability of infinite precision of the IRS phase shifts. Consequently,
the impact of HIs should be considered while analyzing the performance of FD/IRS-enabled
wireless communication systems, and this motivates the work done in this dissertation.

The first part of this dissertation analyzes the impact of residual SI on the performance
of FD-based wireless systems. Further, the SI has also been utilized for recycling energy,
commonly referred to as self-energy recycling (S-ER). S-ER improves the overall EE of the
FD system. The proposed work also provides valuable insights on the impact of the antenna



allocation for S-ER. The analytical formulation derives closed-form expressions for the EE, SE
and outage probability (OP). In addition, we have also proposed an adaptive antenna allocation
scheme based on transmit antenna selection (TAS), which compensates for the reduction in
antenna array gain and consequently improves the SE and OP while enhancing the EE.

In the second part, the performance of IRS-assisted wireless systems is analyzed under the
impact of transceiver HIs. Specifically, in the presence of non-ideal hardware at the base station
(BS), IRS and users, the performance is evaluated by deriving the closed-form expressions
for the OP, SE and EE. The results show the importance of modeling and compensating for
hardware impairment as they significantly restrict the performance of such systems. Further,
the results show that although the IRS phase error degrades the performance, the transceiver
HIs severely limit the system performance. Moreover, regardless of the number of reflecting
elements (REs), transmit power, phase error and fading parameter, the transceiver HI imposes a
finite limit on the SE, which cannot be further enhanced.

In the end, this dissertation presents the performance comparison of an IRS-assisted wireless
communication system with the FD relay-assisted system in the presence of a transceiver HIs.
Specifically, the performance is compared in terms of SE and EE. The results show that the IRS
can never achieve more SE than the ideal FD relaying in the presence of a non-ideal transceiver,
irrespective of the placement of the IRS and FD relay.

The frameworks proposed in this dissertation can be efficiently utilized in various wireless
standards. They will be helpful for a communication engineer to design a link budget for
FD/IRS-based wireless systems without performing extensive simulations or tedious experi-
ments.
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Chapter 1
Introduction

This chapter discusses the motivation and objectives for this work. Further, it also summarizes
the dissertation’s significant contributions and related publications.

1.1 Motivation

Over the last decade, there has been a widespread proliferation of wireless services to cater to
diversified applications with varying quality of service (QoS) requirements. The tremendous
growth and ubiquitous access to wireless services have led to a manifold increase in the mobile
broadband data traffic volume [1, 2]. Further, innovative applications such as augmented and
virtual reality, unmanned mobility, big data analytics, three-dimensional media, digital twin,
etc., are highly data-intensive. A major characteristic of the futuristic wireless network is
the propensity to support such massive traffic. Thus, it requires a very large area spectral
efficiency (SE) (hundreds of bits/s/Hz/sq. km) and ultra-high throughput per user equipment
(UE) (multiple Gbps) [3].

This explosion of wireless data has continuously driven the advancement in wireless
technologies such as millimeter-wave (mmWave) communication, large-scale multiple-input
multiple-output (MIMO), capacity-achieving turbo and polar codes. The combination of
mmWave with massive MIMO has also been proposed to enhance the data rate further. However,
the deployment of large-scale MIMO usually results in a high cost of implementation and
increased power consumption. Further, the combination of mmWave and massive MIMO needs
sophisticated signal processing techniques, which require expensive and energy-consuming
hardware [4].

The growing data traffic has heightened the energy requirements of wireless networks. The
deployment of next-generation wireless networks may also lead to severe environmental and
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economic concerns. Environmental concerns are mainly related to the harmful impact of the
gaseous discharge in the atmosphere due to the consumption of fossil-fuel-based energy sources.
The economic concerns are also fueled by the escalating costs of operating the wireless network
due to the enormous energy consumption. Moreover, these devices will also raise significant
environmental and economic concerns, such as radiation hazards and escalation of fuel costs
due to the increase in the consumption of electricity. Hence, energy efficiency (EE) is one of
the crucial performance metrics while designing the next-generation wireless network. The
goal is to shift the paradigm towards a green and sustainable wireless standard that supports an
increase in capacity without adversely impacting the environment and energy consumption.

Due to the scarcity of wireless spectrum, increasing spectrum efficiency has been viewed
as a more efficient way to fully exploit the limited spectrum resources that we currently have,
rather than seeking more spectrum resources in high-frequency bands such as millimeter waves
and terahertz (THz) bands. Further, the excessive charges associated with the radio spectrum
increase the significance of higher SE. Full-duplex (FD) transmission can be exploited to
increase the SE without expanding the bandwidth of the system. Theoretically, FD systems can
double the SE of the half-duplex (HD) systems, as they transmit and receive simultaneously
over the same temporal and spectral resources. FD also gives the flexibility to point-to-point
handshaking and multiple access techniques and reduces latency caused by HD operation
delays [5].

Further, with the advent of metasurfaces, an intelligent reflecting surface (IRS) has also
emerged as a cost-effective promising solution for the next-generation futuristic wireless
systems. In contrast to FD relaying, the beamforming gain in the IRS is achieved through
intelligent reflection without consuming any additional energy for re-transmission. Using the
phase-adjusted reflections from each reflecting element (RE), IRS is capable of creating a
constructive combination at the desired receiver. Since IRS does not employ a power amplifier,
the circuit power consumption is much less than that of the FD relay. Thus, in terms of energy
usage, the IRS is significantly more energy-efficient than FD relaying [6, 7].

Motivated by the above, in this research, we aim to investigate the performance of recently
emerging beyond fifth-generation (5G) technologies viz. FD and IRS-based wireless commu-
nication systems under practical non-ideal hardware scenarios. In wireless communications
systems, hardware impairments (HIs) are always present, yet, they are frequently neglected in
the study of modern communication systems. However, the performance analysis and charac-
terization under practical non-ideal hardware scenarios are vital in designing and executing
modern reliable communication systems.
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1.2 Objectives

The main aim of this dissertation is to create an analytical framework for evaluating the end-to-
end performance of FD/IRS-based systems in the presence of residual HIs. Specifically, the
objectives of this dissertation are as follows:

• To analytically evaluate the performance of FD systems under non-ideal transceiver
hardware and residual self-interference (RSI). Further, to enhance the performance of
FD systems through self-energy recycling (S-ER).

• To investigate the impact of transceiver HIs and IRS HIs on the performance of IRS-aided
systems. Further, to characterize the performance of cascaded dual IRS-based systems
with non-ideal hardware.

• To compare and analyze the performance of FD and IRS-based systems under non-ideal
transceiver hardware.

1.3 Contributions

The major contributions of this work are summarized below, along with the relevant publica-
tions.

• The performance of a FD-relay system is investigated under the impact of RSI and
transceiver HIs. Further, the performance of the FD-relay system is enhanced through
S-ER. In particular, two S-ER schemes, the fixed S-ER scheme and the adaptive S-ER
scheme, are proposed. The closed-form expressions for outage probability (OP), SE
and EE are derived for the FD-relay-based system with proposed S-ER schemes. The
analytical framework is further extended for FD multiuser MIMO (FD-MU-MIMO)
scenario. Moreover, the trade-off between SE and EE is studied, and useful design
insights have also been provided.

– M. H. N. Shaikh, V. A. Bohara and A. Srivastava, "Performance Analysis of a Full-
Duplex MIMO Decode-and-Forward Relay System With Self-Energy Recycling,"
IEEE Access, vol. 8, pp. 226248-226266, 2020.

– M. H. N. Shaikh, V. A. Bohara, P. Aggarwal and A. Srivastava, "Energy Efficiency
Evaluation for Downlink Full-Duplex Nonlinear MU-MIMO-OFDM System With
Self-Energy Recycling," IEEE Systems Journal, vol. 14, no. 3, pp. 3313-3324,
2020.

3



– M. H. N. Shaikh, V. A. Bohara and A. Srivastava, "Performance Enhancement in
Full-Duplex AF Relay System through Smart Antenna Allocation," 2020 IEEE 3rd
5G World Forum (5GWF), Bangalore, India, 2020, pp. 303-308.

– M. H. N. Shaikh, V. A. Bohara, A. Srivastava and G. Ghatak, "EE Enhancement in
FD MIMO Relay System through Adaptive Antenna Allocation and Self-Energy
Recycling," 2020 IEEE International Conference on Communications Workshops
(ICC Workshops), Dublin, Ireland, 2020, pp. 1-6.

– M. H. N. Shaikh, V. A. Bohara, and A. Srivastava, "Energy Efficiency Enhancement
in Full-Duplex Relay System through Adaptive Antenna Allocation," 2019 IEEE
International Conference on Advanced Networks and Telecommunications Systems
(ANTS), BITS-Goa, India, 2019, pp. 1-5.

– M. H. N. Shaikh, V. A. Bohara, P. Aggarwal and A. Srivastava, "On EE-SE Trade-
Off for Downlink Full-Duplex MISO Systems with Self-Energy Recycling," 2019
IEEE 89th Vehicular Technology Conference (VTC2019-Spring), Kuala Lumpur,
Malaysia, 2019, pp. 1-5.

• The performance of an IRS-assisted wireless system is investigated under practical and
non-ideal hardware. We present a model to jointly characterize the impact of transceiver
HIs and IRS HIs on the performance of IRS-assisted wireless systems, taking into account
the effect of channel fading as well as the size of the IRS. The number of REs in the
IRS characterizes its size. Next, we derive the closed-form expressions for the OP,
SE and EE of the IRS-assisted wireless systems by first obtaining the instantaneous
signal-to-distortion-plus-noise ratio (SDNR) and then utilizing it to derive the above
performance metrics. Further, the analytical framework is extended for a dual IRS-based
communication system.

– M. H. N. Shaikh, V. A. Bohara and A. Srivastava, "On the Performance of Dual
RIS-Aided Communication System under Non-Ideal Transceiver over Nakagami-m
Fading Channels," Internet Technology Letters, vol. 5, no. 6, 2022.

– M. H. N. Shaikh, V. A. Bohara, A. Srivastava and G. Ghatak, "A Downlink RIS-
aided NOMA System with Hardware Impairments: Performance Characterization
and Analysis," IEEE Open Journal of Signal Processing, vol. 3, pp. 288-305, 2022.

– M. H. N. Shaikh, V. A. Bohara and A. Srivastava, "IRS-Aided Communication
System with Phase Noise and Hardware Impairments: Performance Analysis and
Characterization," accepted in COMSNETS 2023.
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– M. H. N. Shaikh, V. A. Bohara, A. Srivastava and G. Ghatak, "On the SE and EE
of RIS-Aided NOMA System with Non-ideal Transceiver," 2022 IEEE Wireless
Communications and Networking Conference (WCNC), 2022, pp. 1737-1742.

– M. H. N. Shaikh, V. A. Bohara, A. Srivastava and G. Ghatak, "Performance
Analysis of Intelligent Reflecting Surface-Assisted Wireless System with Non-
Ideal Transceiver," IEEE Open Journal of the Communications Society, vol. 2, pp.
671-686, 2021.

• We compare the performance of IRS-supported transmission and FD relaying in the
presence of transceiver HIs. Further, this work also analyzed the impact of the placement
of IRS and compared it with HD and FD relaying.

– M. H. N. Shaikh, V. A. Bohara, A. Srivastava and G. Ghatak, "Intelligent Reflecting
Surfaces Versus Full-Duplex Relaying: Performance Comparison for Non-Ideal
Transmitter Case," 2021 IEEE 32nd Annual International Symposium on Personal,
Indoor and Mobile Radio Communications (PIMRC), Helsinki, Finland, 2021, pp.
513-518.

1.4 Other Contributions

Apart from the main contributions mentioned above, the author of this thesis has also contributed
to the following publications.

• M. H. N. Shaikh, V. A. Bohara, A. Srivastava and G. Ghatak, "An Energy Efficient
Dual IRS-aided Outdoor-to-Indoor Communication System," submitted in IEEE Systems
Journal.

• K. Lata, V. A. Bohara, A. Srivastava and M. H. N. Shaikh, “Intelligent Reflecting
Surfaces Versus Optical Mirrors: Performance Comparison for Indoor Physical Layer
Security Environments,” IEEE International Conference on Advanced Networks and
Telecommunications Systems (ANTS), IIT-Gandhinagar, India, 2022, pp. 1-6.

• K. Joshi, M. H. N. Shaikh, S. A. Naqvi, and V. A. Bohara, "On the performance of
IRS-assisted OFDM system with non-ideal oscillator and amplifier," Internet Technology
Letters, vol. 5, no. 4, 2022.

• M. H. N. Shaikh, V. A. Bohara, and A. Srivastava, "Spectral Analysis of WOLA-
OFDM in the Presence of DPD and HPA," 2020 Twenty-sixth National Conference on
Communications (NCC), Kharagpur, India, 2020, pp. 1-6.
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• M. H. N. Shaikh, A. Agarwal, P. Aggarwal and V. A. Bohara, "On the Spectral Content
of Nonlinear Carrier Aggregated Windowed OFDM Systems," 2018 IEEE International
Conference on Advanced Networks and Telecommunications Systems (ANTS), Indore,
India, 2018, pp. 1-5.

These works are not discussed in this dissertation; however, they are relevant because the
first two works investigate a practical use case scenario of IRS, while the third work analyzes
the performance of an OFDM-based IRS-assisted communication system in the presence of
non-ideal transceiver and oscillator. Likewise, the later two works evaluate the performance of
a novel 5G waveform, i.e., WOLA-OFDM, in the presence of a non-ideal transceiver.

1.5 Organization

The rest of the thesis is organized as follows:

• Chapter 2 presents the background and related work of this dissertation. Initially, the
basics of FD communication are briefly discussed, along with its potential benefits and
limitations. This chapter also provides the concept of S-ER. It is followed by a discussion
of literature related to the performance of a FD-based communication system. Further,
the fundamentals of the IRS are discussed, along with the motivation for the IRS and
its architecture. Likewise, the related literature on the performance of IRS-assisted
communication is also reviewed.

• Chapter 3 investigates the performance of a FD-based communication system in the
presence of RSI and S-ER. It also presents the proposed antenna allocation techniques
for S-ER in a FD-MIMO relay. Further, in the latter part of this chapter, the analytical
framework is extended to evaluate the performance of a FD MU-MIMO system with
S-ER under RSI and transceiver HIs.

• Chapter 4 presents an analytical framework to investigate the performance of IRS-assisted
communication systems in the presence of practical and non-ideal hardware. Further,
comparisons are drawn between the performance of an ideal IRS-based system and
non-ideal hardware-based IRS-assisted communication systems. In addition, a dual
IRS-based communication system is also proposed for specific use cases. Further, the
performance of a dual-IRS-based system is compared with that of a single-IRS-based
system under practical, non-ideal hardware scenarios.
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• In Chapter 5, the performance of FD relay-assisted and IRS-assisted communication
systems under transceiver HIs is compared. It also discusses the relative placement
scenario of IRS and FD relay and how it affects performance.

• Chapter 6 concludes the dissertation and discusses possible future research directions.
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Chapter 2
Background and Related Work

This chapter, the first part, provides a brief overview of FD communication. The second part of
this chapter reviews the IRS-assisted communication systems.

2.1 Full-Duplex Communication

2.1.1 Motivation for FD Communication

The wireless revolution has led to ever-increasing demands on our limited wireless spectrum,
necessitating the search for solutions with greater SE. With the advent of the 5G wireless
standard, data traffic volume is expected to increase further. Further, the 5G standard has to
support massive connectivity, i.e., serving a huge number of devices with seamless connectivity.
Thus, future wireless communication systems must operate in highly congested regions of
the frequency spectrum, particularly the sub-6-GHz bands, where the channel has favorable
propagation characteristics. Among the various ways to increase SE, in-band full-duplex
(IBFD) operation has recently gained attention. Known as simultaneous transmit and receive,
this method allows users to simultaneously transmit and receive on the same or different bands
at the same time.

2.1.2 System Architecture for FD Communication

The basic concept of IBFD is as follows: Most modern communication systems include
terminals such as base stations (BSs) or relays that serve as transmitters and receivers. Most
of the time, these terminals work in HD mode or out-of-band FD mode, which means that
they send and receive at different times or on different frequency bands. Allowing these
wireless terminals to transmit and receive over the same frequency band simultaneously (i.e.,
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a. Full Duplex Two-way Communication

b. Full Duplex Relaying

Simultaneous 
Transmission

Simultaneous 
Transmission

Figure 2.1: Two modes of FD communication: (a)FD Two-way Communication and (b) FD Relaying.

IBFD operation) can double their SE, as measured by the number of information bits reliably
communicated per second per Hz. Additionally, two communication modes can be selected for
FD communications for any wireless terminal with a FD radio, namely full-duplex relay mode
and two-way communication (TWC) mode as illustrated in Fig. 2.1. Thus, IBFD operation is
of great interest for next-generation wireless networks [8, 9].

2.1.3 Full-Duplex Relaying

Relaying techniques have gained considerable attraction over the past decade for their ability
to extend connectivity and network coverage and provide higher capacity and better energy
efficiency. In a dual-hop network, the source and destination are connected through an interme-
diate terminal acting as a relay. In conventional relaying networks, two orthogonal channels are
required for effective communication. Usually, time-division duplexing (TDD) or frequency-
division duplexing (FDD) is utilized to provide out-of-band FD operations. However, this
results in a significant loss of precious spectral resources. Utilizing the same time-frequency
resource for concurrent transmission and reception, i.e., FD relaying (FDR), can theoretically
double the SE of the conventional HD relaying systems [5].

2.1.4 Self-Interference

Full-duplex operation is not new and has long been used successfully in wireline communica-
tions. The interference, also known as line echo, is caused by the transmitting and receiving
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Figure 2.2: Schematic for the Full-Duplex Relaying.

wires’ coupling. This line echo is 3 to 6 dB lower than the intended signal, requiring a relatively
low cancellation level of 20-30 dB [10].

However, the receiver is co-located with the transmitter within the transceiver in FD wireless
systems. Thus, this self-interference (SI) has a magnitude that is several orders higher than
the magnitude of the intended signal because the latter crosses a longer distance than the SI.
For example, if two transceivers are 500 meters apart, the intended signal from the remote
transceiver is attenuated by approximately 120 dB. Further, if there is 20 dB isolation within
the transmit and receive paths of the FD transceiver, the SI will be 100 dB higher than the
intended signal. This massive difference between SI and received signal power levels increases
with transceiver distance. FD wireless systems require higher SI cancellation than wireline
systems. This power difference dictates SI-cancellation techniques and strategies for high-SI-
cancellation requirements. A schematic of an FD-relay system is shown in Fig. 2.2, with the
relay transmitting the source signal in FD mode to the destination. The relay experiences SI in
the received signal since the transmission and reception occur within the same time-frequency
resource block.

2.1.5 Self-Interference Cancellation Techniques

The literature has reported extensive work for suppressing SI [11–13]. These techniques include
passive and active RF, analog suppression, and digital cancellation schemes. As a first step,
passive techniques like antenna separation, isolation, etc., mitigate a significant part of SI [11].
Subsequently, passive techniques are generally followed by active RF, and analog cancellation
[12]. The leftover SI is alleviated through a digital cancellation scheme [13].

11



Modulator

DACDAC

PAPA

Demodulator

DACADC

PALNA

SI

RF 
SI Cancellation

Digital
SI Cancellation

Figure 2.3: Schematic for the FD transceiver with RF and Digital Self-Interference Cancellation Stages.
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Given that the transmitted SI is known at the transceiver, it might be utilized to mitigate
the SI from the received signal. However, if this operation is directly performed in the digital
domain at the baseband, the dynamic range of the analog-to-digital converter (ADC) will be
the substantial bottleneck. Since the RF input is scaled down, the strong SI level matches
the ADC’s dynamic range. For example, for a 10-bit ADC, the resulting quantization noise
is 6.02*10 + 1.76 = 61.96 dB. Thus, if the SI is 100 dB higher than the desired signal, the
quantization noise will be around 38 dB higher. As a result, even if the SI is totally canceled
at the ADC output, the receiver can no longer comprehend the intended signal. To avoid this
issue, the SI must first be decreased at the receiver’s input before the low-noise amplifier (LNA)
and ADC, as shown in Fig. 2.3. The SI can be further lowered at the baseband after the ADC to
improve signal detection. As a result, simply subtracting the SI based on the known transmitted
symbols in the digital domain can result in a significant residual SI [14].

2.1.6 Residual Self Interference

In FD systems, SI cancellation is usually achieved in multiple stages. Passive SI suppression
techniques like antenna separation, antenna isolation, etc., can eliminate SI by 50 ⇠ 80 dB.
Further, analog and digital domain cancellations can mitigate up to 50 ⇠ 60 dB SI [15].
However, due to hardware imperfections in the transmit RF chain and SI cancellation circuitry,
complete mitigation of SI is inevitable. The leftover SI is termed as RSI, which can be modeled
in two ways.

• Fading Model: RSI is characterized through a statistical fading model like Rayleigh/Rician
fading [16].

• Complex Gaussian Random Model: RSI is characterized as a Gaussian random variable
with its variance depending on the underlying SIC methods [17].

Practical measurements have confirmed the Gaussian model, which has been widely used
in literature, thanks to its generality in modeling the RSI [18–20]. As per the central limit
theorem (CLT), the Gaussian assumption stands valid. Even if the assumptions are incorrect,
the Gaussian characterization can be considered as the lower bound of the performance [21].

2.1.7 Signal Model for a FDR-aided Communication System under RSI

Considering the system model as depicted in Fig. 2.2 where a single antenna source communi-
cates with a single antenna destination with the help of a FD relay. The FD relay is assumed to
have a pair of antennas for simultaneous transmission and reception. The received signal yr at
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the FD relay can be expressed as

yr = hsrxs +hrrxr +nR, (2.1)

where hsr and hrd are the source-to-FD relay and FD relay-to-destination channel. Likewise, xs

and xr are the transmitted symbol of source and relay. Because the relay is in FD mode, the SI
channel is hrr. Further, nr is the additive white Gaussian noise (AWGN) at the FD-relay. The
received signal at the destination, yd , can be expressed as

yd = hrdxr +nd, (2.2)

where nd denotes the AWGN at the destination.
Now the self-interference component can be estimated at the FD relay since xr is known

to the FD relay. The estimated SI can be subtracted from the received signal. However, the
complete cancellation of SI is inevitable due to the various imperfections associated with the
estimation and cancellation. After subtracting the estimated SI from the received signal yr in
(2.1), the updated received signal can be rewritten as

yr = hsrxs +dr +nr, (2.3)

where dr denotes the RSI where dR ⇠ C N (0,s2
rsi) and s2

rsi = aPn
r . The value of constants a

and n (0  n  1) depends on the efficacy of the employed SI cancellation technique [19].

2.1.8 Related Work

FD relay-based systems have been widely studied in literature [16, 18–20, 22–24]. A multi-hop
FD relay-based system is analyzed in [16], where the authors have evaluated the number of
FD relays corresponding to the minimum outage. An optimal relay selection scheme for a
multi-relay scenario has been considered in [18], where the relay selection is optimized for
maximizing the signal-to-interference and noise ratio (SINR) in a two-way FD relay network.
The impact of RSI on the error and diversity performances of a FD amplify-and-forward
(AF) relay system has been investigated in [19]. Further, in [20], authors have proposed an
optimal power allocation scheme for maximizing the capacity of an AF-based FD relay system
under the impact of RSI. In [22], a FD AF relay system is optimized for minimizing symbol
error rate (SER) in terms of power allocation and relay location. Further in [23], authors
have optimized power allocation and relay position for the FD decode-and-forward (DF) relay
system for minimizing the outage probability. A novel two-timeslot two-way FD relaying has
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been proposed in [24], where the authors have evaluated the rate and outage performance of
the access and backhaul links served by a FD relay.

Since RF waves are capable of transmitting information as well as transferring energy, si-
multaneous wireless information and power transfer (SWIPT) protocol, which combines power
transfer and information transmission, have also been recently investigated. The fundamental
trade-off between energy and information transmission with respect to SWIPT has been ex-
plored in the seminal work of [25]. In [26], authors have discussed the application of SWIPT in
improving the EE and the trade-offs between the performance and system complexity. Several
works have been reported in the literature that analyzed the performance of SWIPT-based
FD relay systems [27–29]. Specifically, [27] proposed optimal and sub-optimal solutions for
maximizing throughput in a MIMO-FD relay system employing a time-switching protocol
for energy transfer to the relay. In [28], authors studied the performance of wireless-powered
dual-hop AF relaying systems and the impact of channel state information and antenna correla-
tions on system performance. A SWIPT-based FD system has been analyzed in [29], where
the authors have evaluated throughput performance considering both the AF and DF relaying
protocol.

S-ER-based FD relay systems have been studied in [30] for efficient energy transfer and
relay of information. Joint transmission in uplink and downlink for an S-ER-based FD system
has been investigated in [31] for power allocation and data transmission. The impact of the
time split parameter on the EE of the S-ER-based FD downlink system has been studied in [32].
Further [33] discusses a quality-of-service aware beamforming design in S-ER based FD relay
system. As evident from above, a considerable amount of literature is available on the impact
of S-ER in FD systems. However, to the best of our knowledge, the stand-alone impact of S-ER
in a FD system has yet to be investigated. Further, most of the prior work on FD overlooked
the impact of hardware impairments while assuming the presence of an ideal transceiver at the
transmitter.

2.2 Intelligent Reflecting Surface

2.2.1 Motivation for IRS

With the global commercialization of 5G networks, the research community has focused on
the sixth-generation (6G) wireless communication networks. The significant drivers of 6G
networks are the increased demand for wireless networks, the technology-driven paradigm
shift, and the constraints and performance limitations of the 5G networks [34]. As discussed
in Ref. [35], the three critical communication scenarios that will dominate the 6G networks
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are ubiquitous mobile ultra-broadband (uMUB), ultra-high data density (uHDD) and ultra-
high-speed with low-latency communications (uHSLLC). Based on this, the key performance
indicators (KPIs) for the 6G networks would be; a peak data rate of 1⇠10 Tbit/s and an EE of
10⇠100 times that of 5G networks, along with the connection density of 107 devices/km2 [36].

IRS is specifically a reconfigurable array of passive reflecting elements wherein each
of the elements can independently alter the phase and/or attenuation of the incident signal.
Cumulatively, the reflected signal is altered so that the desired channel response can be realized
through proper phase shifting at each of the reflecting elements. The reflected signal can
be combined constructively from all the paths to enhance the received signal power or can
be combined destructively to mitigate the undesired interference, thus improving the overall
performance of the wireless system. Reconfigurable intelligent surfaces (RISs) and large
intelligent surfaces (LISs) are also commonly referred terminologies for IRSs and are used
interchangeably in the literature. With these benefits, IRS has been acknowledged as one of the
critical enablers technology for the 6G wireless network [37–39].

Moreover, due to the low-cost hardware and low energy consumption, IRS enables inex-
pensive, reconfigurable and software-controlled wireless communication for a green future [7].
The low hardware footprint of the IRS structure facilitates the broader deployment across the
different urban structures in the outdoor environment, such as buildings, factory ceilings, roof-
tops, etc. Consequently, IRS can seamlessly integrate into the existing wireless communication
environment without altering its infrastructure or operational standards. Thus, IRS may be
densely deployed in wireless networks at a low and scalable cost while also providing a high
level of flexibility, and interoperability [40, 41].

Contrary to conventional relaying, the beamforming gain in the IRS is achieved through
intelligent reflection and without consuming additional energy for re-transmission. IRS reflects
the incoming signal by suitably adjusting the phase of the reflected signal from each of the
reflecting elements in order to have a constructive combination of the signal at the desired
receiver. Additionally, the IRS does not require dedicated time/frequency resources to re-
transmit the incoming signal. Since IRS does not employ a power amplifier, the circuit power
consumption is much less than that in a regular AF relay. Thus, from an energy consumption
standpoint, the IRS is far more energy-efficient as compared to conventional relaying [6, 7].

2.2.2 System Architecture for IRS

The IRSs’ hardware implementation is based on the concept of a meta-surface, which is a
controlled two-dimensional meta-material. According to the operating frequency, the meta-
surface consists of a planar array with a high number of meta-atoms with a sub-wavelength
electrical thickness (as illustrated in Fig. 2.4). Meta-atoms are metals or dielectrics that may
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Figure 2.4: Illustration of a meta-surface made up of an array of passive reflective elements.

change electromagnetic radiation. The properties of these elements and the array’s structural
layout influence the transformations of the incident waves. PIN diodes, ferroelectric devices, or
varactor diodes are used to implement the tunable chips implanted in the meta-surface to interact
with the scattering element and communicate with an IRS controller. Further, with the advent of
Micro-Electrical-Mechanical Systems (MEMS) and metamaterials, a real-time reconfiguration
of the phase shifts of IRS has already been demonstrated. The real-time reconfiguration of
IRS phase-shift has widely enhanced its applicability for deployment across various wireless
networks [42].

2.2.3 Signal Model for a IRS-assisted Communication System

Consider a scenario where a source node communicates with a destination node via IRS, as
illustrated in Fig. 2.5. The IRS comprises of M number of REs. Further, it is assumed that
the direct link between the source and destination is unavailable due to a blockage. At the
destination, the received reflected signal from IRS, yd , can be expressed as

yd =
M

Â
i=1

higirix̃s +nd, (2.4)

where hi and gi are the fading channel between the source-to-ith-RE and ith-RE-to-destination.
Further, xs is the transmitted symbol from the source, and nd denotes the AWGN noise modeled
as a zero-mean complex Gaussian process having a variance of s2.
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Figure 2.5: Schematic for the IRS-Assisted Wireless System.

Now representing the equivalent source-to-IRS-to-destination channel by G , (2.4) can be
represented as

yd = G rixs +nd, (2.5)

with

G =
M

Â
i=1

|hi| |gi| , (2.6)

where, ri represents the response of the ith RE and it can be obtained as

ri = |ri|exp( jji) , (2.7)

where ji denotes the phase shift that is applied by the ith-RE of the IRS. Further, without losing
generality, we assume that |ri|= 1. This assumption aligns with realistic implementations, as
discussed in [43].

The IRS can be configured to provide optimal phase shift, assuming that the perfect channel
estimates are available at IRS. Thus, the optimal phase can be adjusted as

ji =�(jhi +jgi) , (2.8)

so, for the optimal phase at IRS, (2.7) can be rewritten as

ri = exp(� j (jhi +jgi)) . (2.9)
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Now by substituting (2.9) into (2.4), the received signal at the destination can be expressed as

yd = G xs +nd. (2.10)

2.2.4 Related Work

IRS was first introduced as a novel concept in [44] and has gotten much buzz in the wireless
communication world. Initially, the authors in [45, 46] show that IRS technology can be used
in wireless data transfer and position estimation. In [47], the authors have investigated the
approximate achievable data rate assuming that the channels between transmitter-to-IRS and
IRS-to-receiver are independent and Rician distributed. In [48], authors have analyzed the
asymptotic uplink sum rate of an IRS-assisted system in the Rician channel. IRS is adopted
for downlink communication in the multi-user scenario to enhance EE in [7]. Specifically,
in [7], the authors have reported a 300% increase in the EE of IRS vis-a-vis traditional AF
relaying-based resource allocation. Similarly, the authors in [7, 40] considered the IRS for
assisting downlink transmission scenarios for multiple users and worked on maximizing the
sum rate. Further, in [6] and [49], the authors have derived the upper bound for the error
performance of IRS-assisted wireless systems. These upper bounds are pretty tight for IRS with
a large number of reflecting elements; however, the lower bound is not entirely accurate when
the number of reflecting elements is small. Further, in [50], authors have provided bit error rate
(BER) analysis for IRS-assisted non-orthogonal multiple access (NOMA) systems. However,
the authors employed the CLT to characterize the distribution of the equivalent channel; the
results are precise for IRS having a large number of reflecting elements.

In [51], IRS has been employed in a SWIPT-aided system, where the IRS enhances en-
ergy harvesting. Further, a self-sustainable IRS has been proposed for a wireless powered
communication network (WPCN), where IRS improves downlink energy transfer, and uplink
information transmission for multiple users [52]. Similarly, in [53], IRS has been proposed
to the realm of index modulation (IM), where the author has proposed IRS-space shift keying
(SSK) and IRS-spatial modulation (SM) schemes for future wireless communication systems.
The joint passive and active beamforming at IRS has been studied in [54] for obtaining the
average received power at the user. IRS has also been explored for physical layer security
(PLS) in [55]. Lastly, [56] employs IRS for vehicular communications, where the IRS enhances
the link-performance of both the vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I)
link. The seminal work of Renzo et al. comprehensively discussed the concept and state-of-art
research for IRSs [57]. Further, it also presented the communication-theoretic framework based
on electromagnetic theory for modeling, analysis, optimization and deployment of a futuristic
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IRS-empowered smart radio environment. In addition, the work of [6, 37, 58, 59] presented a
comprehensive review of IRS-empowered communication.

Performance comparison of IRS with an ideal AF relay was studied in [7], where the IRS
shows a large EE. Further, in [43], the performance IRS-assisted system is compared with
the ideal AF relay in terms of outage probability, SER and ergodic capacity. Here also, the
IRS-assisted system outperforms the conventional AF relaying. Likewise, in [60], Bjornson et
al. have compared the performance of IRS-assisted systems against DF relaying. The authors
have shown that the IRS-aided transmission only sometimes outweighs the conventional DF
relaying. However, for a very large number of REs, the IRS can outperform the DF relaying.
Moreover, in [61], the authors have considered some novel 5G channel models and revised the
results for IRSs. DF relays, where they have shown that the IRS and DF relay can complement
each other’s strengths and can both have a place in 5G and beyond 5G (B5G) architectures.
Finally, Renzo et al. have summarized the key differences and similarities between IRSs and
the relays in [62].

However, these works have considered the unrealistic assumption of ideal hardware, whereas
omitting the impact of HIs for a practical IRS implementation could lead to misleading design
conclusions. Specifically, for the IRS-assisted systems, two major categories of HIs are
transceiver HIs (T-HIs) and IRS-HI. T-HI accounts for the combined impact of all the non-ideal
hardware across the transceiver chain, such as a high-power amplifier, oscillator, ADC or
digital-to-analog converter (DAC) etc., and can be modeled as an additive Gaussian distributed
noise. Further, the IRS-HI results are due to the inability of infinite precision of the IRS
phase shifts. Consequently, the impact of both T-HIs and IRS-HIs should be considered while
analyzing the performance of IRS-enabled wireless communication systems.
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Chapter 3
Performance Analysis of Full-Duplex
Communication System

This chapter investigates the performance of FD systems under the impact of RSI. In the first
part of this chapter we have considered a single user scenario, where a multi-antenna FD relay
is assisting the BS to communicate with the user. Further, in part I, we consider a DF protocol
for the FD relay. Likewise, in the second part of this chapter we generalized it to a multiuser
scenario. Further, in part II, the performance of a multiuser-based FD system is studied under
non-ideal hardware and RSI. The analytical evaluation comprises of deriving the closed-form
expressions for the OP, SE and EE for both parts.

Part I - Single User Scenario

3.1 Overview of Part I

In this part of the chapter, we investigate the performance of a FD-MIMO-DF relay system
under RSI. The proposed analysis considers a multi-antenna-based FD relay system where the
FD relay facilitates the transfer of information between a single antenna source and destination.
The proposed scenario suits well for a typical wireless cellular architecture, wherein the multi-
antenna BS works as a relay facilitating the exchange of information among the UEs. In
general, the UEs are constrained by form-factor and complexity issues, so the half-duplex
mode is preferred for UEs. Further, it is assumed that BS has enough computational and
hardware resources to support FD operations. The multiple antennas at the FD relay have also
been utilized for S-ER, along with information transmission and reception. It has been shown
that allocating more antennas for S-ER increases the EE by contributing more towards EH
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Figure 3.1: Schematic for the FD-MIMO-DF Relay System Model.

and reducing circuit power consumption. However, this also reduces the antenna array gain,
adversely impacting the system’s SE and OP. The impact of S-ER on the SE, EE and OP in the
FD-MIMO-DF relay-based system is studied in this part.

The major contributions of this part of the proposed work is as follows

• The performance of a FD-MIMO-DF relay system in the presence of S-ER has been
investigated. It has been shown that the source-to-FD relay link dictates the system
performance since the SI impacts the source-to-FD relay link, whereas the relay-to-
destination link is interference-free. Hence, the antennas at the transmit-end of the FD
relay can efficiently be utilized for S-ER, which improves the EE of the system.

• It has been shown that S-ER improves the EE of the system, but it also slightly degrades
the SE and OP. Further, an adaptive S-ER scheme is proposed, improving the EE and
compensating for the degradation in the SE and OP.

• It has also been shown that the EE of the FD-MIMO-DF relay system depends on the
total circuit power, which in turn depends on the number of active RF chains. Hence,
employing S-ER further enhances the EE of the system by reducing the circuit power
consumption by lowering the number of active RF chains.

• Closed-form expressions of OP, SE and EE have been derived for the FD-MIMO-DF
relay system for both fixed and adaptive S-ER schemes.
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3.2 System Model for FD-MIMO-DF Relay

In this work, we consider a dual-hop communication between source and destination via relay,
and this can also be illustrated as Fig. 3.1. The source and destination are considered to be
single-antenna and operating in a HD mode. In contrast, the relay is multi-antenna with Nt

antennas at the transmit end and Nr antennas at the receiving end and is operating in a FD
mode. Since the performance of the FD relay is impacted by the RSI, the received signal
through the source-to-FD relay link experience interference from the SI. However, the relay-
to-destination link is interference-free, i.e., the transmission of information from the FD relay
node is not impacted by RSI. To exploit the above scenario, the proposed antenna allocation
(AA) scheme allocates antennas at the FD relay node for information transmission/reception in
an adaptive manner. Further, apart from information relaying, the FD relay also recycles a part
of transmitted power through harvesting the SI by S-ER, which enhances the EE of the overall
FD relay system.

3.2.1 Antenna Allocation

The antennas at the FD relay can either be allotted for S-ER or information relaying at both
transmit and receive end of the relay. The allocation of antennas at the FD relay is defined
by an antenna allocation ratio, ha, where a 2 (t,r) and t,r refers to the transmit and receiving
ends of the FD relay respectively. This can be mathematically represented as: ha = NS-ER

a /Na.
Hence, the number of antennas for S-ER is NS�ER

a = haNa, and NI
a = (1�ha)Na antennas are

used for information relaying at both the transmit and receive-end of the FD relay. This has
also been illustrated in Fig. 3.2.

3.2.2 Channel Model

The source-to-FD relay channel as well as FD relay-to-destination channel is modeled as
flat Rayleigh fading channel denoted by hSR and hRD with dimensions NI

r ⇥ 1 and 1⇥NI
t

respectively. The channel elements of both hSR and hRD are independent and identically
distributed (i.i.d.) with C N (0,1). The transmit data symbol xS is transmitted from the
source. In contrast, the relay transmits NI

t ⇥ 1 transmit data vector, denoted as xR, which
may be thought of as the time-delayed and refined version of the data transmitted by the
source. The elements of the transmit data are assumed to be i.i.d. with zero mean and variance
Ps = E

�
xSxH

S
 

and Pr = tr
�
E
�

xRxH
R
 �

respectively, where Ps and Pr are constrained by the
total transmit power constraint at the source and the FD relay respectively. Furthermore, the
(htNt +hrNr)⇥NI

t S-ER channel is modeled as flat Rayleigh fading channel denoted by HRR
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Figure 3.2: Illustration for the antenna allocation at the FD Relay for S-ER and information transmission
and reception.

with i.i.d. elements, hi, j ⇠ C N (0,1) [63]. Further, we assume that the direct link between the
source and destination does not exist, or the direct path between the source and destination is
blocked due to obstacles, i.e., hSD = 0. Hence, the transmission occurs through the relay only
[24]. It is also assumed that full channel state information (CSI) of source-to-FD relay channel
(hSR), FD relay-to-destination channel (hRD) and the relay-to-relay channel (HRR) is available
at the FD relay [64].

SI Cancellation  
& Information 

Decoding 

EH Circuitry 

SI Cancellation  
&  Information 

Decoding 

EH Circuitry 

(a). Fixed S-ER Scheme (b). Adaptive S-ER Scheme 

Figure 3.3: Utilizing antenna for S-ER: (a) Fixed and (b) Adaptive S-ER Scheme.
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3.2.3 S-ER Schemes

Two different ways are proposed to implement the S-ER scheme, namely adaptive and fixed
S-ER schemes. This has also been illustrated in Fig. 3.3

Adaptive S-ER Scheme: In the adaptive S-ER scheme, the Nt antennas at the transmit end
of the FD relay are arranged in the decreasing order of channel gain. Then, the NI

t = (1�ht)Nt

antennas corresponding to the largest channel gains are taken adaptively for information
transmission while the remaining NS�ER

t = htNt are utilized for S-ER.
Fixed S-ER Scheme: In case of fixed S-ER scheme, the initial NI

t = (1�ht)Nt antennas
out of Nt antennas are used for transmission purpose, while the remaining NS�ER

t = htNt are
utilized for S-ER scheme.

Similarly, the Nr antennas at the receive-end of the relay can be allocated for both the S-ER
schemes.

3.2.4 Received Signal Model

The NI
r ⇥1 received signal vector yR at the relay can be expressed as

yR = hSRxS +HRRxR +wR, (3.1)

where wR is the AWGN noise vector of dimension NI
r ⇥1 with its element being C N (0,s2).

The received signal at the destination, yD, can be expressed as

yD = hRDxR +wD, (3.2)

where wD ⇠ C N (0,s2) denotes the AWGN.
The self-interference component can be estimated at the FD relay since xR is known to the

relay. The estimated SI can be subtracted from the received signal. However, the complete
cancellation of SI is inevitable due to the various imperfections associated with the estimation
and cancellation. After subtracting the estimated SI from the received signal yR in (3.1), the
updated received signal can be rewritten as

yR = hSRxS +dR +wR, (3.3)

where dR denotes the RSI vector of dimension NI
r ⇥ 1 with its element dR ⇠ C N (0,s2

rsi)

and s2
rsi = aPn

r . The value of constants a and n (0  n  1) depends on the efficacy of the
employed SI cancellation technique [19].
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3.3 Performance Analysis of the proposed FD-MIMO-DF
Relay System

In this section, we derive the analytical expressions for the SE, outage, symbol error rate (SER)
performance and EE for the adaptive S-ER and fixed S-ER schemes. Initially, the rate equations
are formulated for both the source-to-FD relay and FD relay-to-destination links, which are
utilized in deriving the SE and outage probability. Further, a circuit power consumption model
is also discussed in detail. The EE expressions are derived based on the SE, S-ER and the
power consumption model.

3.3.0.1 Spectral Efficiency

The normalized instantaneous rate Rin for the source-to-FD relay link can be formulated from
(3.3) and can be expressed as

Rin
SR = log2 (1+r1(g)) ,

= log2

✓
1+

g1Ps

s2
rsi +s2

◆
, (3.4)

where r1(g) is the SINR at the FD relay, g1 = ÂNI
r

i=1 |hi|2 denotes the channel gain for the
source-to-FD relay link based on maximal ratio combining and s2 denotes the additive noise
variance. The average SE (ASE) of the source-to-FD relay link can be defined as

ASESR = E
⇥
Rin

SR
⇤
= E


log2

✓
1+

g1Ps

s2
rsi +s2

◆�
. (3.5)

The closed-form expression for ASE of the source-to-FD relay link can be evaluated by solving
the expectation over the distribution of channel gain g1.

ASESR =
Z •

0
log2

✓
1+

g1Ps

s2
rsi +s2

◆
fG(g1)dg1. (3.6)

Similarly, the normalized instantaneous rate Rin for the FD relay-to-destination link can be
expressed as

Rin
RD = log2 (1+r2(g))

= log2

✓
1+

g2Pr

s2

◆
, (3.7)
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where r2(g) denotes the signal-to-noise ratio (SNR) at the destination, g2 = ÂNI
i=1 |hi|2, is the

channel gain for the FD relay-to-destination link based on maximal ratio transmission. The
ASE of the FD relay-to-destination link can be defined as

ASERD = E
⇥
Rin

RD
⇤
,

= E


log2

✓
1+

g2Pr

s2

◆�
,

=
Z •

0
log2

✓
1+

g2Pr

s2

◆
fG(g2)dg2. (3.8)

Now based on DF protocol, the end-to-end (e2e) ASE of the source-to-destination link via FD
relay can expressed as

ASEe2e = min{ASESR,ASERD} . (3.9)

3.3.0.2 Outage

The e2e outage from source-to-destination via FD relay Pe2e can be defined in the terms of Pout
SR

and Pout
RD as

Pe2e =1�
�
1�Pout

SR
��

1�Pout
RD
�
,

=Pout
SR +Pout

RD �Pout
SR Pout

RD , (3.10)

where Pout
SR is the outage probability for the source-to-FD relay link and Pout

RD is the outage
probability for the FD relay-to-destination link.

The e2e outage can be evaluated in terms of a rate threshold, Rth, as discussed below. As a
first step, we calculate the outage probability for the source-to-FD relay link, Pout

SR , which can
be formulated as

Pout
SR = Pr

⇥
Rin

SR < Rth
⇤
. (3.11)
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From (3.4), Pout
SR can be given as

Pout
SR = Pr


log2

✓
1+

g1Ps

s2
rsi +s2

◆
< Rth

�
,

= Pr


g1Ps

s2
rsi +s2 < 2Rth �1

�
,

= Pr

"
g1 <

�
2Rth �1

��
s2

rsi +s2�

Ps

#
,

= Pr [g1 < z1] , (3.12)

where z1 =
(2Rth�1)(s2

rsi+s2)
Ps

.
Thus, the closed-form expression of the outage probability for the source-to-FD relay link

can be evaluated as

Pout
SR =

Z z1

0
fG(g1)dg1. (3.13)

Similarly, in the second step, outage probability for the FD relay-to-destination link, Pout
RD ,

can be formulated as

Pout
RD = Pr

⇥
Rin

RD < Rth
⇤
. (3.14)

From (3.7), Pout
RD can be evaluated as

Pout
RD = Pr


log2

✓
1+

g2Pr

s2

◆
< Rth

�
,

= Pr


g2Pr

s2 < 2Rth �1
�
,

= Pr


g2 <
2Rth �1
Pr/s2

�
,

= Pr [g2 < z2] , (3.15)

where z2 =
2Rth�1
Pr/No

. Thus, the closed-form expression of the outage probability for the relay-to-
destination link can be evaluated as

Pout
RD =

Z z2

0
fG(g2)dg2. (3.16)
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3.3.0.3 Energy Efficiency

The average EE (AEE) can now be defined in bits/Joule/Hz as the ratio of ASE over the total
power budget

AEE =
ASE

Ptot �Pser
, (3.17)

where Ptot is the total power consumed in transmission and circuitry at the source, FD relay
and the destination, and Pser is the harvested power through S-ER. The modelling of Ptot and
Pser are described as below.

Power Consumption Modelling: The power consumption at the source comprises of
the transmission power, Ps, the power consumed by the high power amplifier (HPA) at the
source PS

amp, and the other circuit power PS
c (excluding the HPA power consumption)1. The

power consumption of HPA is modeled as PS
amp = bPs, where b = e

V � 1 and e , V are the
peak-to-average ratio and the drain efficiency of HPA, respectively. The value of b depends on
the modulation scheme and the associated constellation size.

The other circuit power PS
c can be expressed as

PS
c = PS

mix +PS
syn +PS

DAC +PS
ecc (3.18)

where the PS
mix is the mixer power consumption, the PS

syn is the frequency synthesizer power
consumption, PDAC is the digital-to-analogy converter power consumption, and the Pecc is the
encoder power consumption. Therefore, the source power consumption can be written as

PS
tot = (1+b )Ps +PS

c , (3.19)

which is a linear function over the transmission power at the source Ps. Since the HPA is not
present at the destination, the power consumption at the destination can be expressed as

PD
tot = PD

c , (3.20)

where PD
c is the circuit power consumption at the destination.

Since the relay is equipped with multiple antennas, for ease of exposition and without any
loss of generality, it is assumed that each active RF-chain consumes identical power [65]. So,

1The other circuit power accounts for the power consumed by other blocks such as mixer, DAC, frequency
synthesizer.
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the power consumption at the relay can be given as

PR
tot = (1+b )Pr +PR

c , (3.21)

where PR
c is the circuit power consumption (excluding the HPA power consumption) at the FD

relay.
Further, since the relay needs extra power to cancel the RSI, denoting it as PSIC. Based on

state-of-the-art SI cancellation technologies discussed in the literature, PSIC can be modeled as
a linear function over the Pr. So, it can be expressed as below,

PSIC = a(1+b )Pr +Pc0, (3.22)

where a is the isolating factor, and Pc0 comprises of all other constant power consumption in
the analog and digital SI cancellation circuit [66].

Thus, the total circuit power consumption of the FD relay system can be expressed as

PFD
c = PS

c +PR
c +PD

c +PSIC. (3.23)

Further, expressing Pt = Ps +Pr as the total transmit power, the total power consumption in the
FD relay system, Ptot , can be written as:

Ptot = (1+b )Pt +PFD
c . (3.24)

Self-Energy Recycling: The FD relay node not only collects the transmitted signal from
the source node but also recycles part of its transmitted power as few of the antennas are
being activated simultaneously for the energy harvesting purpose. The FD relay employs
self-interference cancellation techniques in the remaining antennas to eliminate the SI signal
[30]. The harvested energy at the relay will be stored in the battery, which prolongs the battery
life at the FD-relay [67]. So, in the S-ER process, hNt antennas are allotted for S-ER out of Nt

antennas at the FD relay transmit-end. The amount of power harvested through S-ER can be
expressed as

Pser =k ⇥E
⇥
tr
�

HRRQxx(HRR)
H ⇤ ,

=k(htNt +hrNr)(1�ht)NtPr, (3.25)

where Qxx = E
�

xRxH
R
 

is the covariance matrix for relay transmitted signal xR and k is the
RF-to-DC conversion efficiency [68]. Since the strength of received SI is several orders larger
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than the strength of the received signal from the source, its contribution can be neglected in the
harvested energy.

Based on the above formulations of SE, OP and EE, the subsequent subsections present the
detailed derivation of the closed-form expressions of these quantities.

3.3.1 Adaptive S-ER Scheme

In the adaptive S-ER scheme, the antennas for information transmission at the FD relay are
allocated adaptively based on the channel gain. So, the distribution of the channel gain for
transmit antenna selection can be invoked utilizing the results derived in ordered statistics. From
[69], the effective probability density function (PDF) for the sum of Ls largest exponentially
distributed random variable out of L random variables can be given as

fS(g) =
✓

L
Ls

◆"
exp(�g)gLs�1

(Ls �1)!
+

L�Ls

Â
t=1

(�1)Ls+t�1
✓

L�Ls

t

◆

⇥
✓

Ls

t

◆Ls�1
exp(�g)

(
exp
✓
�(tg)

Ls

◆
�

Ls�2

Â
m=0

1
m!

✓
�tg
Ls

◆m
)#

. (3.26)

The above PDF, as described in (3.26), is utilized to evaluate the performance of the adaptive
S-ER scheme in terms of SE, OP and EE.

3.3.1.1 Spectral Efficiency for Adaptive S-ER Scheme

From (3.6), the closed-form expression for ASE of the source-to-FD relay link can be evaluated
as

ASESR =
Z •

0
log2

✓
1+

g1Ps

s2
rsi +s2

◆
fG(g1)dg1, (3.27)

or equivalently

ASESR =
1

ln2

Z •

0
ln(1+g1A1) fG(g1)dg1, (3.28)

where A1 =
Ps

s2
rsi+s2 .
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Now by substituting (3.26), the above expression can be expanded as

ASESR =
1

ln2

Z •

0
ln(1+g1A1)

✓
Nr

NI
r

◆
exp(�g1)

"
gNI

r�1
1

(NI
r �1)!

+
hNr

Â
t=1

(�1)NI
r+t�1

✓
NI

r
t

◆NI
r�1✓hNr

t

◆

⇥

8
<

:exp
✓
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NI
r

◆
�

NI
r�2

Â
m=0

1
m!

✓
�tg1

NI
r

◆m
9
=

;

3

5dg1. (3.29)

After some mathematical manipulations, (3.29) can be reformulated as

ASESR =
1

ln2

✓
Nr

NI
r

◆"Z •

0

exp(�g1) ln(1+g1A1)gNI
r�1

1
(NI

r �1)!
dg1

+
hNr

Â
t=1

X1 (t)
⇢Z •

0
ln(1+g1A1)exp(�g1)exp

✓
�(tg1)

NI
r

◆
dg1

�
NI

r�2

Â
m=0

X2 (m)
Z •

0
ln(1+g1A1)exp(�g1)gm

1 dg1

9
=

;

3

5 , (3.30)

where

X1 (t) = (�1)NI
r+t�1

✓
NI

r
t

◆NI
r�1✓hNr

t

◆
(3.31)

and

X2 (m) =
1

m!

✓
�t
NI

r

◆m
, (3.32)

or equivalently

ASESR =
1

ln2

✓
Nr

NI
r

◆2

4 1
(NI

r �1)!
I1 +

hNr

Â
t=1

X1 (t)

8
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:I2 �
NI

r�2
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9
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3
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with
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and
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ln(1+g1A1)exp(�g1)gm
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Using [70, Appendix A] and [71, eq. (4.337.2)], I1,I2 and I3 can be evaluated as
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where the exponential integral EJ (q) denotes a special case of complementary incomplete
gamma function defined as [70]

EJ (q) = q (J�1)G(1�J ,q) , (3.40)

for v = 0,1,2 . . . and Re(q)> 0.
Finally by substituting I1,I2,I3, X1 and X2 in (3.33) and rearranging the terms, the

closed-form expression for ASE of the source-to-FD relay link can be expressed as
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Now the closed-form expression for ASE of the FD relay-to-destination link as defined in
(3.8) can be formulated identically by utilizing (3.26) as
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Z •

0
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or equivalently
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where A2 =
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s2 . Now by substituting (3.26), the above expression can be expanded as
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which can be solved based on a similar approach that has been undertaken above while
evaluating the expression in (3.29). Thus, the closed-form expression for the ASE of the FD
relay-to-destination link, ASERD, can be expressed as
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where A2 =
Pr
s2 .

So, the e2e ASE of the source-to-destination link for adaptive S-ER scheme, ASEad p
e2e can

now be expressed as

ASEad p
e2e = min{ASESR,ASERD} . (3.46)

3.3.1.2 Energy Efficiency for Adaptive S-ER Scheme

The AEE for adaptive S-ER scheme, AEEad p
e2e , as defined in (3.17) can now be evaluated by

utilizing (3.24), (3.25), and (3.46). Hence, it can be written as

AEEad p
e2e =

ASEad p
e2e

(1+b )Pt +PFD
c �k(htNt +hrNr)(1�ht)NtPR

. (3.47)
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3.3.1.3 Outage for Adaptive S-ER Scheme

The outage probability for the source-to-FD relay link Pout
SR as defined in (3.13) can be evaluated

as
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0
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which by utilizing (3.26) can be re-written as
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After some mathematical manipulations (3.49) can be reformulated as
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with
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Now by using [71, eq. (3.351.1)], J1, J2 and J3 can be evaluated as:
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Finally by substituting J1,J2,J3, X1 and X2 in (3.53) and rearranging the terms, the
closed form expression for the outage probability for the source-to-FD relay, Pout

SR can now be
expressed as
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Similarly, the outage probability for the FD relay-to-destination link Pout
RD as defined in

(3.16) can be formulated as
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RD =
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which by utilizing (3.26) can be re-written as
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Similar to (3.49), the integral in (3.62) can be evaluated; thus, the closed form expression for
the outage probability for the FD relay-to-destination link, Pout

RD , can be expressed as
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So the e2e outage probability, i.e., of the source-to-destination link via relay, for adaptive
S-ER scheme Pad p

e2e can be evaluated by substituting (3.60) and (3.63) in (3.10). Hence, this can
be expressed as

Pad p
e2e = Pout

SR +Pout
RD �Pout

SR Pout
RD . (3.64)

3.3.2 Fixed S-ER Scheme

In the fixed S-ER scheme, the antennas for information transmission are selected sequentially.
The combined channel gain g is the sum of NI

r independent Rayleigh fading channel gains. So,
from [72], the distribution of resultant g is chi-square distribution with 2NI

r degrees of freedom,
which can be expressed as

fG(g) =
1

(NI
r �1)!

exp(�g)gNI
r�1. (3.65)
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3.3.2.1 Spectral Efficiency for Fixed S-ER Scheme

Using (3.65), the ASE of the source-to-FD relay link as defined in (3.6) can be evaluated as
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After some mathematical manipulations and using [70, Appendix A], (3.66) can be evaluated
and the simplified closed-form expression for ASE of the source-to-FD relay link for the fixed
S-ER scheme can be expressed as below:
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where A1 =
Ps

s2
rsi+s2 .

Similarly, the ASE for FD relay-to-destination link for the fixed S-ER scheme can be
evaluated from (3.8) utilizing (3.65),
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where A2 =
Pr
s2 .

The e2e ASE of the source-to-destination link for fixed S-ER scheme, ASE f ix
e2e, can now be

expressed as

ASE f ix
e2e = min{ASESR,ASERD} . (3.69)

3.3.2.2 Energy Efficiency for Fixed S-ER Scheme

The AEE for fixed S-ER scheme as defined in (3.17) can now be evaluated utilizing (3.24),
(3.25) and (3.69)

AEE f ix
e2e =

ASE f ix
e2e

(1+b )Pt +PFD
c �k(htNt +hrNr)(1�ht)NtPR

. (3.70)
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3.3.2.3 Outage for Fixed S-ER Scheme

Now, Pout
SR and Pout

RD as defined in (3.13) and (3.16) respectively, can be evaluated for the fixed
S-ER schemes as below:

Solving (3.13) by utilizing (3.65), the outage probabilities Pout
SR can be evaluated as
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. (3.71)

Similarly by utilizing (3.65) for solving (3.16), the outage probabilities Pout
RD can be evaluated as
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Further, the e2e outage probability for the source-to-destination link via relay, Pe2e can be
evaluated by substituting (3.71) and (3.72) in (3.10). After simplification the outage probability
for fixed S-ER scheme, P f ix

e2e can be expressed as,

P f ix
e2e =Pout

SR +Pout
RD �Pout

SR Pout
RD ,

=1� G(NI
r ,z1)

G(NI
r )

G(NI
t ,z2)

G(NI
t )

. (3.73)

From (3.73), it can be observed that as NI
r or NI

t increases, the overall outage probability
decreases. Since NI

r and NI
t are inversely proportional to hr and ht respectively, hence that

outage increases along with increasing hr and ht .

3.4 Simulation Results

In this section, we show the ASE, OP and AEE results for the FD-MIMO-DF relay system
in the presence of proposed S-ER schemes. As discussed before, the channel assumed is flat
Rayleigh fading. Further, the transmit power at the source and FD-relay is taken as Ps = Pr = PT .
Similarly, the circuit power consumption at the source, destination, self interference cancellation
circuit and the relay is assumed to be Pc, i.e., PS

c = PR
c = PD

c = Pco = Pc. The remaining
simulation parameters are listed in Table 3.1.
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Table 3.1: Simulation Parameters for FD-MIMO-DF Relaying System

Parameter Simulation Values

Antennas at the FD Relay Nt=10, Nr=10
Rate Threshold Rth = 3 bps/Hz

RF-to-DC conversion efficiency k = 0.5
Variance of AWGN Noise s2 = 0 dB

Variance of channel elements 1
RSI parameter n =1 , a = 0.01

Co-efficient for HPA Power Consumption Model b = 0.8
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Figure 3.4: Analytical (solid lines) and simulation (marker points) shows the SE for the source-to-FD
relay, relay-to-destination, and source-to-destination link various distinct transmit power level.
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Figure 3.5: Analytical (solid lines) and simulation (marker points) results of SE and EE with respect to
PT for various S-ER cases at hr = 0, ht = 0.3 and Pc = 0.

3.4.0.1 SE and EE results

Fig. 3.4 shows the ASE of the source-to-FD relay link, FD relay-to-destination and source-
to-destination link via the FD relay. From the result, it can be observed that the ASE of the
e2e source-to-destination link primarily depends on the source-to-FD relay link. For instance,
at PT = 20 dB, the ASE of the source-to-FD relay link is 9 bps/Hz, whereas for the FD relay-
to-destination link ASE is 10 bps/Hz and the source-to-destination link is also 9 bps. This is
because the SI impacts the source-to-FD relay link, and the FD relay-to-destination link is free
from interference. Thus, the antennas at the transmit side of the FD relay can be employed for
S-ER.

Fig. 5.2 shows the impact of S-ER on ASE and AEE for hr = 0, ht = 0.3 and Pc = 0. The
results show that the adaptive S-ER scheme provides the best AEE compared to fixed S-ER
and without S-ER. Further, ht = 0.3 implies that NI

t = 7 antennas are utilized for information
transmission. The remaining 3 antennas are used for S-ER at the transmit end of the FD relay,
whereas hr = 0 implies that all the antennas are used for information reception at the receiving
end of the FD relay. As discussed earlier, the e2e ASE primarily depends on the source-to-FD
relay link. Thus, nearly the same ASE can be observed with, and without S-ER, as evident from
Fig. 5.3(a), specifically the ASE for adaptive S-ER is almost equivalent to the ASE without
S-ER. However, there is a considerable gain in AEE. For instance, as shown in Fig. 5.3(b), the
AEE at PT = 10 dB is 0.3 bits/Hz/Joule without S-ER, whereas, with S-ER, it increases to 0.6
bits/Hz/Joule.
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Figure 3.6: Analytical (solid lines) and simulation (marker points) results of SE and EE with respect to
PT for various S-ER cases at hr = 0.3, ht = 0.3 and Pc = 0.

Fig. 5.3 shows the ASE and AEE for hr = 0.3, ht = 0.3, which implies that S-ER is
employed at both transmit and receive end of relay. As discussed before, this will reduce
the antenna array gain of the source-to-FD relay link, and hence, there would be a slight
degradation in SE, as shown in Fig. 5.3(c). However, by utilizing the adaptive S-ER scheme,
the loss due to antenna array gain can be compensated, as shown through the results. Fig. 5.3
also validates that adaptive S-ER provides nearly equal ASE vis-a-vis full antenna transmission
and contributes to the AEE compared to the case without S-ER. For instance, in Fig. 5.3(c),
at PT = 15 dB, the ASE without S-ER is 7.8 bps/Hz; however, with a fixed S-ER scheme, the
ASE reduces to 7.2 bps/Hz. The degradation in ASE can somewhat be compensated through
an adaptive S-ER scheme, which results in an ASE of 7.7 bps/Hz, nearly equal to the ASE
of without S-ER case. Similarly, from Fig. 5.3(d) the AEE at PT = 10 dB for without S-ER
case is 0.3 bit/Hz/Joule, whereas with S-ER AEE increases significantly to 1 bit/Hz/Joule. The
results confirm that the adaptive S-ER scheme provides the best performance in terms of AEE
while also providing the ASE, which is nearly equivalent to the case of without S-ER.

3.4.0.2 Impact of circuit power on EE

Fig. 3.7 shows the impact of circuit power on the AEE of a FD-MIMO-DF relay system for
h = 0.3. Fig. 3.7(a) and 3.7(b) shows the AEE of various S-ER schemes at Pc = 3 dB and
Pc = 10 dB respectively. It can be observed from Fig. 3.7(b) that at PT = 10 dB, the AEE
without S-ER is 0.10 bits/Hz/Joule, whereas, with S-ER, it increases to 0.13 bits/Hz/Joule for
fixed S-ER scheme and 0.14 bits/Hz/Joule for adaptive S-ER scheme. This improvement in
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Figure 3.7: Analytical (solid lines) and simulation (marker points) results of EE with respect to PT for
various S-ER cases at h = 0.3 and different Pc

AEE is also due to the fact that in the case of adaptive S-ER, there is a reduction in circuit power
consumption as the number of active RF chains is reduced, and the antennas corresponding
to the inactive RF chains are being utilized for S-ER. It can be observed that initially, AEE
increases and then decreases with PT . This is because PT increases exponentially, whereas the
SE increases linearly with respect to the PT . Thus when PT is small, AEE increases due to
an increase in ASE, whereas for larger values, the exponential increase of PT dominates, and
hence AEE decreases again. This can also be observed from (3.17). It is obvious from Fig.
3.7 that, for Pc = 3 dB the maximum AEE is at PT = 9 dB, whereas when the circuit power is
increased to Pc = 10 dB the maximum AEE shifts between 12 to 15 dB of PT .

3.4.0.3 Trade-off between the EE and SE

The trade-off between the EE and the SE in the context of the proposed S-ER scheme is shown
in Fig. 3.8. It can be observed from the results that increasing the SE reduces the EE of the
FD-relay system. However, the adaptive S-ER scheme provides the best EE for a fixed SE.
Specifically, Fig. 3.8(a) shows the FD relay system performance trade-off between the EE and
SE without considering the impact of circuit power. As evident from the result, the adaptive
S-ER scheme provides the best EE for any given SE. Further, it can also be observed that
increasing the SE reduces the EE, whereas the most energy-efficient region is the one that
corresponds to the least SE.

The impact of circuit power on the trade-off of the EE with the SE can be seen in Fig.
3.8(b). It can be observed from the result that the most energy-efficient region is not the one
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Figure 3.8: Analytical (solid lines) and simulation (marker points) shows the trade-off between the SE
and the EE with respect to antenna allocation for both the S-ER schemes at h = 0.3 and different Pc.

corresponding to the least SE. However, the maximum EE is obtained at the SE of around 6
bps/Hz, whereas a further increase in SE leads to reduced EE in the FD-relay system. Moreover,
the adaptive S-ER scheme provides the best EE for any given SE, consistent with the earlier
observations.

3.4.0.4 Outage Performance

Fig. 3.9 shows the outage performance for both fixed S-ER and adaptive S-ER schemes. The
analytical results agree with the simulation results, which validate the closed-form expressions
obtained in the paper. It can be observed from Fig. 3.9(a) that the outage increases with h . This
is due to the fact that increasing h implies that NS�ER increases and subsequently NI decreases,
which lowers the diversity gain, consequently increasing the outage. Fig. 3.9(a) also shows that
the outage performance for the adaptive S-ER scheme outperforms the fixed S-ER scheme. For
instance, at h = 0.5 the outage probability for PT = 15dB is 10�5 for adaptive S-ER scheme,
whereas for fixed S-ER scheme it is 10�2. Further, it can also be observed that for PT = 15 dB,
the outage probability for the case of without S-ER, i.e., h = 0 is 10�6 which is quite closer to
what can be achieved by adaptive S-ER scheme. Thus, as evident from the results, the adaptive
S-ER scheme compensates for the performance loss observed in the fixed S-ER scheme. Since
in the adaptive S-ER, adaptive antenna allocation based on channel gain provides additional
diversity gain for the same number of antennas as compared to fixed antenna allocation, hence,
the adaptive S-ER scheme performs considerably better than the fixed S-ER scheme.
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Figure 3.9: Analytical (solid lines) and simulation (marker points) shows the outage performance with
respect to h and various distinct transmit power levels for both the two S-ER schemes.

Fig. 3.9(b) shows the outage probability with respect to transmit power. It can be observed
from the result that S-ER increases the outage probability. However, in the adaptive S-ER
scheme, the degradation in outage performance is somewhat compensated. For instance, at
PT = 6 dB for Rth = 3 bps/Hz the outage probability for without S-ER case is 3⇥10�5 and for
the fixed S-ER the outage increases to 4⇥10�3. However, the adaptive S-ER scheme nearly
compensates for the degradation in the outage. Specifically, the outage probability for adaptive
S-ER for the same parameters is 5⇥ 10�5. Further, it can also be observed that the outage
increases when the rate threshold Rth increases. Thus as evident from the results, the adaptive
S-ER provides nearly the same outage performance as without S-ER case. Thus, the adaptive
S-ER technique enhances the EE and maintains the outage performance.

3.5 Conclusion of Part I

This part of the chapter investigates the impact of S-ER on the SE, OP and EE of a FD-MIMO-
DF relaying system. Two S-ER schemes, namely fixed S-ER scheme and adaptive S-ER
scheme, are proposed and analyzed. The closed-form expressions for OP, ASE and EE are
also derived for the proposed S-ER schemes. As the number of antennas for S-ER at the FD
relay increases, there is a corresponding gain in the EE due to recycling a part of transmitted
signal power. However, this reduces array gain and leads to a slight degradation in the ASE
and OP. Further, we have shown that the degradation in ASE and OP can be compensated via
the proposed adaptive S-ER scheme while increasing the EE. The results also confirm that the
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adaptive S-ER scheme enhances the EE while maintaining the ASE and the OP. Along with
the analytical expressions, simulation results were also presented to verify the efficacy of the
proposed analytical framework.

Part II - Multiuser Scenario

3.6 Overview of Part II

In the previous part, we presented the performance of a FD-MIMO-DF relay system with
S-ER under RSI. However, the study was limited to point-to-point communication where two
terminals were communicating with the help of a FD-MIMO-DF relay. In contrast, in this part,
we consider a MU-MIMO set-up where the FD BS serves multiple users. Specifically, the
performance of the FD MU-MIMO system is evaluated in terms of OP, SE and EE. Further,
the multiple antennas at the BS can be utilized for S-ER and information transmission in
the downlink. The number of antennas reserved for S-ER depends on the QoS requirement.
Allocating more antennas for S-ER increases the EE and reduces circuit power consumption.
However, this also reduces the antenna array gain, which impacts the system’s SE. Consequently,
there is a trade-off in EE-SE with respect to the number of antennas allocated for S-ER.

In this part, a comprehensive study is conducted to analyze the trade-off between SE and
EE, with and without S-ER, for a linear and nonlinear FD MU-MIMO-OFDM system. The
significant contributions of this part of work is as follows:

• This work investigates the impact of S-ER on the SE and EE of the FD MU-MIMO-
OFDM system. Reserving a few antennas for the S-ER improves the EE of the system
and reduces the circuit power consumption; however, it reduces the antenna array gain
and consequently affects the SE.

• The proposed analytical formulation consists of closed-form derivation for SE, EE and
outage probability for both linear and nonlinear FD MU-MIMO-OFDM systems.

• From the derived expressions, it has been shown that initially, EE increases with an
increase in the number of antennas for S-ER. However, after attaining the maximum
value, it again starts decreasing for both linear and nonlinear FD MU-MIMO-OFDM
systems. Further, the maximum value of EE is also a function of circuit power.

• The proposed work also shows that the HPA nonlinearity severely impacts both SE and
EE of the FD MU-MIMO OFDM system. The results confirm that the HPA nonlinearity
reduces the SE, thus consequently affecting the EE of the system.
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Figure 3.10: Transceiver architecture of the downlink FD MU-MIMO-OFDM System

3.7 System Model for FD MU-MIMO-OFDM

In this section, we describe the transceiver architecture of the downlink FD MU-MIMO-OFDM
system. As shown in Fig.3.10, we consider a FD BS having NT antennas and U users each
having Nu receive antennas. At the BS, NS-ER antennas are allocated for S-ER and the remaining
Nt = NT �NS-ER antennas are used for data transmission. The allocation of antennas for S-
ER is based on the desired QoS requirement, whereas Nt is preconditioned on the inter-user
interference cancellation requirement, which is described in the subsequent sections.

Let bu(k) represents the Lu ⇥1 transmit data symbol vector at kth subcarrier for uth user
where Lu represents the number of parallel data symbols for the uth user, where the index u
refer to uth user (u = 1, . . . ,U). Without loss of generality, it is assumed that transmit complex
data symbols are i.i.d. with zero mean and variance Pu. The bu(k) is passed through a transmit
precoder matrix, Gu(k) of dimension Nt ⇥ Lu to eliminate the inter-user interference. The
corresponding output can be expressed as:

zu(k) = Gu(k)bu(k), (3.74)

where zu(k) is a Nt ⇥1 precoded transmit vector for the uth user at the kth subcarrier. The power
of each element of the precoded transmit vector zu(k) is Pzu , which can be given as [73]:

Pzu =
LuPu

Nt
. (3.75)
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The data of all the users are combined before passing through the OFDM modulator; hence the
combined precoded data can be represented as:

z(k) =
U

Â
u=1

zu(k). (3.76)

The time domain representation of an OFDM modulation with N subcarriers, appended with
the guard interval, NGI , and the discrete-time index n (�NGI  n  N �1), can be expressed
as:

xt [n] =
1
N

N�1

Â
k=0

zt(k)exp( j2pkn/N), (3.77)

where zt(k) is a complex data symbol at the tth transmit antenna on the kth subcarrier. By
the CLT, when the number of subcarriers N is large, xt [n] can be assumed to be a complex
Gaussian process with zero mean and PT = Pz/N variance. Pz is the variance of zt(k) and it can
be evaluated as Pz = E

⇥��zt(k)
��2⇤. Using (3.76), we have

Pz =
U

Â
u=1

E
⇥��zt

u(k)
��2⇤,

=
U

Â
u=1

Pzu ,

=
U

Â
u=1

Lu

Nt
Pu. (3.78)

Hence, PT can be re-written as:

PT =
1
N

U

Â
u=1

Lu

Nt
Pu. (3.79)

The MIMO channel between Nt transmit antennas and NS-ER receive antennas can be
denoted as HS-ER with dimension NS-ER ⇥Nt whose elements are assumed to be i.i.d. with
C N (0,s2

S-ER) [74]. On the other hand, the MIMO channel between Nt transmit antennas and
uth user is assumed to be a multipath Rayleigh fading channel denoted as Hu[n] and can be
expressed as:

Hu[n] =
L

Â
l=1

Hl
ud [n� l], (3.80)
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where L denotes the total number of delay taps. Hl
u with dimension Nu ⇥Nt is the channel

response between BS and uth user at the lth tap delay with elements being i.i.d. and C N (0,1).
At the receiver of uth user, the received signal can be written as:

ru[n] =
L

Â
l=1

Hl
ux[n� l]+wu[n], (3.81)

where ru[n] is Nu ⇥1 received signal vector at uth user, x[n] is Nt ⇥1 transmit OFDM symbol
vector, and wu[n] is a Nu ⇥1 AWGN noise vector, whose elements are i.i.d. and C N (0,s2).

After the removal of the guard interval and applying discrete Fourier transform (DFT) at
the receiver, the Nu ⇥1 complex data symbol vector for uth user of the kth subcarrier can be
expressed as [73]:

ru(k) = Hu(k)x(k)+wu(k), (3.82)

where Hu(k) is Nu⇥Nt effective MIMO channel related to the kth subcarrier for uth user whose
elements can be obtained by taking DFT of Hl

u over all the delay taps, and wu(k) is the noise
vector at kth subcarrier and uth user. Using (3.74) and (3.76), the Nt ⇥1 signal vector x(k) in
(3.82) can be expressed as:

x(k) =DFT

"
U

Â
i=1

xi[n]

#

=
U

Â
i=1

zi(k)

=
U

Â
i=1

Gi(k)bi(k). (3.83)

Using (3.83), the received vector ru(k) in (3.82) can be written as:

ru(k) = Hu(k)
U

Â
i=1

Gi(k)bi(k)+wu(k),

=Hu(k)Gu(k)bu(k)| {z }
I

+Hu(k)
U

Â
i=1,i 6=u

Gi(k)bi(k)

| {z }
II

+wu(k). (3.84)

The I term is the intended signal for the uth user, whereas the II term is an inter-user in-
terference to uth user from the remaining U � 1 users. This interference can be eliminated
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through a transmit preprocessing technique, which selects U nonzero precoding matrices
(G1(k),G2(k), . . . ,GU(k)) for all U users. The matrix Gu(k) can be expressed as [75]

Gu(k) = Vu(k)Tu(k), (3.85)

where Vu(k) is a Nt ⇥Nq matrix whose columns are the orthonormal basis for the null space
of Ĥu(k) and Tu(k) is a nonzero Nq ⇥Lu equivalent transmit precoding matrix. The sufficient
condition to guarantee the existence of the nonzero precoding matrix Gu(k) is that the number
of the transmit antennas should always be greater than the total number of receive antennas of
all the users[75]. This can be given as [75]

Nt > max

(
U

Â
i=1,i 6=u

Ni,u = 1,2, . . . ,U

)
. (3.86)

Under the sufficient condition given in (3.86), Nq can be defined as:

Nq = Nt �
U

Â
i=1,i6=u

Ni. (3.87)

The matrix Vu(k) can be computed through the singular value decomposition (SVD) of Ĥu(k)
as:

Ĥu(k) = Fu(k)

"
SSSu(k) 0

0 0

#"
V̂u(k)H

Vu(k)H

#
, (3.88)

where the matrix Ĥu(k) can be defined as [75]:

Ĥu(k) =

2

6666666664

H1(k)
...

Hu�1(k)
Hu+1(k)

...
HU(k)

3

7777777775

,

Fu(k) is a unitary matrix of dimension Nt �Nq⇥Nt �Nq, u(k) is a Nt �Nq⇥Nt �Nq diagonal
matrix and V̂u(k) is an orthonormal matrix of dimension Nt ⇥Nt �Nq, whose columns are the
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row space of Ĥu(k). Using (3.85), the received vector ru(k) can be rewritten as:

ru(k) =Hu(k)Vu(k)Tu(k)bu(k)+wu(k). (3.89)

Note that the MU-MIMO system as represented by (3.89) has now been resolved to U
parallel SU-MIMO systems. A closer inspection of (3.89) also reveals that the equivalent
SU-MIMO channel of user u is H̃u(k) = Hu(k)Vu(k), where the dimension of H̃u(k) is Nu⇥Nq.
Tu(k) is the equivalent transmit processing matrix and it consists of the right singular vectors
of H̃u(k). Hence, (3.89) can be rewritten as:

ru(k) = H̃u(k)Tu(k)bu(k)+wu(k). (3.90)

The received signal in (3.90) is processed by Lu ⇥Nu decoding matrix Du(k), which can be
expressed as:

r̆u(k) = Du(k)Hru(k). (3.91)

Since H̃u(k) is known at receiver, Du(k) can be obtained as:

H̃u(k) = Du(k)LLLu(k)Tu(k)H, (3.92)

where Du(k) and Tu(k) are left and right singular matrices, and LLLu(k) can be denoted as a
diagonal matrix comprising of the singular values.

The preprocessing technique converts the MIMO channel into an equivalent parallel SISO
channel for each user. On substituting (3.90) and (3.92) in (3.91), we obtain

r̆u(k) =Du(k)HDu(k)LLLu(k)Tu(k)HTu(k)bu(k)+ Du(k)Hwu(k)

=LLLu(k)bu(k)+ w̃u(k)

=

2

6666664

q
l (1)

u (k)b(1)u (k)q
l (2)

u (k)b(2)u (k)
...q

l (Lu)
u (k)b(Lu)

u (k)

3

7777775
+

2

66664

w̃(1)
u (k)

w̃(2)
u (k)

...
w̃(Lu)

u (k)

3

77775
, (3.93)

where
p

lu(k) are the singular values of the equivalent channel matrix H̃u(k). Since Du(k) is a
unitary matrix, the elements of w̃u(k) are also i.i.d and C N (0,s2).
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3.8 Outage Analysis

In this section, the outage probability expressions are formulated for linear and nonlinear FD
MU-MIMO-OFDM systems with S-ER. The desired outage performance dictates the allocation
of antennas for S-ER. As discussed in Section II, the NS-ER antennas are allocated for S-ER out
of the total NT antennas at the BS. The remaining Nt = NT �NS-ER antennas are used for data
transmission. This allocation can be represented through h (0  h < 1), which can be defined
as: h = NS-ER/NT . Thus, NS-ER and Nt can be written as:

NS-ER = hNT ; Nt = (1�h)NT . (3.94)

The outage expressions are derived for both linear and nonlinear systems in the following
subsections.

3.8.1 Linear System

The SNR of the qth data stream for uth user at the kth subcarrier can be defined from the received
symbol expression of (3.93) and can be expressed as:

SNR(q)
u (k) =

l (q)
u (k)Pu

s2 . (3.95)

The normalized instantaneous rate for the kth subcarrier can be defined as:

Rinst(k) =log2

⇣
1+SNR(q)

u (k)
⌘

=log2

⇣
1+Aol (q)

u (k)
⌘
, (3.96)

where Ao =
Pu
s2 .

The outage probability per subcarrier per user can be defined in terms of the desired rate
threshold, Ro, where Ro is the per subcarrier desired rate threshold for each user. The outage
probability for the kth subcarrier can be expressed as:

Pout(k) = Pr [Rinst(k)< Ro] . (3.97)
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From (3.96) and (3.97), the outage probability expression can be written as:

Pout(k) = Pr
h
log2

⇣
1+Aol (q)

u (k)
⌘
< Ro

i
,

= Pr
h
Aol (q)

u (k)< 2Ro �1
i
,

= Pr


l (q)
u (k)<

2Ro �1
Ao

�
,

=
Z 2Ro�1

Ao

0
plu (lu (k))d(lu (k)) , (3.98)

where lu(k) is randomly selected from l (q)
u (k) whose distribution function is given as [70]:

pl (lu (k)) =
1
Lu

Lu�1

Â
q=0

q

Â
t=0

2t

Â
r=0

⇢
(�1)r

22q�rt!r!
(2t)!

(z + t)!

✓
2q�2t
q� t

◆✓
2t +2z
2t �r

◆
l r+z

u (k)exp(�lu(k))
�
,

(3.99)

where z is the difference between the maximum and minimum of Nq and Nu, i.e., z =

max(Nq,Nu)�min(Nq,Nu).
Hence by utilizing (3.99), (3.98) can be evaluated as:

Pout(k) =
1
Lu

Lu�1

Â
q=0

q

Â
t=0

2t

Â
r=0

⇢
(�1)r

22q�rt!r!
(2 j)!

(z + t)!

✓
2q�2t
q� t

◆

⇥
✓

2t +2z
2t �r

◆Z 2Ro�1
Ao

0
l z+r

u (k)exp(�lu(k))dlu (k)

)
. (3.100)

After some mathematical manipulations and solving (3.100), the average outage probability per
user and subcarrier can be expressed as below:

Pout =
1

ULu

U

Â
u=1

Lu�1

Â
q=0

q

Â
t=0

2t

Â
r=0

⇢
(�1)r

22q�rt!r!
(2t)!

(z + t)!

✓
2q�2t
q� t

◆

⇥
✓

2t +2z
2t �r

◆
g
✓

z +r +1,
2Ro �1

Ao

◆�
. (3.101)

From (3.87) and (3.94), increasing h decreases Nt , which further reduces the value of Nq.
Hence, z decreases on increasing h and thus, the outage probability in (3.101) increases with
increasing h . This implies that as the number of antennas for S-ER increases, the outage
probability also increases. Thus, NS-ER antennas can be allocated based on the desired outage
requirement from (3.101).
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3.8.2 Nonlinear System

In the nonlinear FD MU-MIMO-OFDM system, there would be an impairment due to the
nonlinearity of HPA. For ease of analysis, we assume the HPAs in all transmit chains have
identical behavioral characteristics [76]. The nonlinear HPA can be characterized by a memory
polynomial model, which is given as [77]:

yt [n] =
P

Â
p=1

M�1

Â
m=0

cp,mxt [n�m]
��xt [n�m]

��p�1
, (3.102)

where yt [n] is the output of nonlinear HPA of the OFDM signal xt [n]. cp,m is the nonlinearity
coefficient of HPA, P is the nonlinearity order, and M corresponds to the memory depth.
After DFT and removing the cyclic prefix, the received data signal yt(k) can be canonically
decomposed into attenuation factor, which multiplies with the desired signal, and an additive
nonlinear interference. It can be expressed as [76]:

yt(k) = µ(k)xt(k)+Yt(k), (3.103)

where µ(k) is the attenuation factor. Yt(k) is the additive nonlinear interference, modeled as a
zero-mean Gaussian process uncorrelated to the input signal, whose variance is defined as PI .
Restricting the nonlinearity to the third order, the expressions of µ(k) and Yt(k) can be defined
as [76]:

µ(k) =
M�1

Â
m=0

(c1,m +2c3,mPT )exp(� j2pkm/N),

Yt(k) =
N

Â
n=1

M�1

Â
m=0

⇣
c1,mxt [n�m]+ c3,mxt [n�m]⇥

��xt [n�m]
��2
⌘

exp(� j2pkn/N)�µ(k)xt(k).

(3.104)

Based on (3.104), the SINR of the qth data stream for uth user in the nonlinear FD MU-
MIMO-OFDM system can be defined as:

SINR(q)
u (k) =

l (q)
u (k)|µ(k)|2Pu

l (q)
u (k)PI +s2

. (3.105)
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The normalized instantaneous rate for the qth stream of uth user can be defined as:

Rinst(k) =log2

⇣
1+SINR(q)

u (k)
⌘
,

=log2

 
1+

A1(k)l
(q)
u (k)

A2(k)l
(q)
u (k)+1

!
. (3.106)

where A1(k) =
Pu|µ(k)|2

s2 and A2(k) = PI
s2 . The outage probability for nonlinear FD MU-MIMO-

OFDM system can be evaluated utilizing (3.97) and (3.106) as below:

Pout(k) = Pr

"
log2

 
1+

A1(k)l
(q)
u (k)

A2(k)l
(q)
u (k)+1

!
< Ro

#
,

= Pr

"
A1(k)l

(q)
u (k)

A2(k)l
(q)
u (k)+1

< 2Ro �1

#
,

= Pr

2

4l (q)
u (k)<

1
A1(k)
2Ro�1 �A2(k)

3

5 ,

=
Z 1

A1(k)
2Ro�1

�A2(k)

0
plu (lu (k))dlu (k) . (3.107)

On substituting plu(lu(k)) from (3.99) and solving the above equation (3.107), the average
outage probability per user and per subcarrier for nonlinear FD MU-MIMO-OFDM system can
be expressed as:

Pout =
1

NULu

N

Â
k=1

U

Â
u=1

Lu�1

Â
q=0

q

Â
t=0

2t

Â
r=0

⇢
(�1)r

22q�rt!r!
(2t)!

(z + t)!

✓
2q�2t
q� t

◆

⇥
✓

2t +2z
2t �r

◆
g

 
z +r +1,

✓
A1(k)

2Ro �1
�A2(k)

◆�1
!)

.

(3.108)

3.9 EE with S-ER

In this section, we evaluate the EE for the FD MU-MIMO-OFDM system for both linear and
nonlinear cases.
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3.9.1 Linear System

The per subcarrier SE of the linear FD MU-MIMO-OFDM system can be defined from (3.95)
as:

SE =
1
N

U

Â
u=1

N�1

Â
k=0

E [log2 (1+Aolu(k))] . (3.109)

The SE in (3.109) can be evaluated as:

SE =
1
N

U

Â
u=1

N�1

Â
k=0

Z •

0
log2 (1+Aolu(k)) pl (lu (k))dlu (k) . (3.110)

From (3.99), we can re-write the above as:

SE =
1

NLu

U

Â
u=1

N�1

Â
k=0

Lu�1

Â
q=0

q

Â
t=0

2t

Â
r=0

⇢
(�1)r

22q�rt!r!
(2t)!

(z + t)!

✓
2q�2t
q� t

◆✓
2t +2z
2t �r

◆

⇥
Z •

0
log2 (1+Aolu(k))l r+z

u (k)exp(�lu (k))dlu (k)
�
.

(3.111)

After some mathematical manipulation, the above expression can be further simplified as [70]
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where En(z) =
R •

1 exp(�zx)x�ndx is the exponential integral function of order n [71].
We can now define the EE in terms of bits/Joule/Hz as the ratio of SE over the total

consumed power (Ptotal) [78]. Ptotal comprises of circuit power Pc and the transmitted power
Pt . Pc includes the power consumed by the filter, mixer, digital-to-analog converter and power
amplifier. Without any loss of generality, we assume that the power consumed in each RF-chain
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is identical [65]. Hence, the EE of the system can be expressed as:
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where Pt =NtPT is the total transmit power. In the S-ER process, the amount of power harvested
can be expressed as [67]

PS-ER = ks2
S-ER (1�h)hN2

T Pt , (3.114)

where k is the conversion efficiency for RF-to-DC conversion. The value of k is assumed to be
constant, 0 < k  1, depending on rectification and circuitry design. As the contribution of
noise power in harvested energy is negligible compared to signal power, noise power is not
considered.

This harvested energy contributes to the transmitted power so that we can rewrite (3.113)
as:

EE =
SE
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(3.115)

The expression for EE in (3.115) shows that increasing h increases PS-ER till h = 0.5. Further,
increasing h also decreases NtPc, the total circuit power consumption. Consequently, the EE of
the system increases with h .

3.9.2 Non-Linear System

In the nonlinear system, there would be impairment due to the nonlinearity of HPA. Thus,
the interference due to nonlinearity has to be considered while evaluating the performance of
nonlinear systems. The overall SE of the nonlinear system can be evaluated by summing over
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all the users and the data stream to each user; hence the SE can now be defined from (3.105) as:

SE =
1
N

U

Â
u=1

N�1

Â
k=0

E

"
log2

 
1+

A1l (q)
u (k)

A2l (q)
u (k)+1

!#
. (3.116)

The expectation operator is defined over l (q)
u (k). Here, the nonlinear interference term is also

impacted by the fading, which is why this derivation differs from the linear system’s derivation.
Hence, SE can be evaluated as:
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After some mathematical manipulations, (3.117) can be re-written as:
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Utilizing (3.99), the SE can be formulated as:
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The above expression can be simplified as [79]:
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(3.120)

Hence, the EE of the nonlinear system can be evaluated as:

EE =
SE

NtPc +Pt �PS-ER
. (3.121)
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Table 3.2: Simulation Parameters for FD MU-MIMO-OFDM System

Parameter Simulation Values

Antennas at BS (NT ) 20
Antennas at uth user (Nu) 2

Users (U) 5
Sub carrier (N) 1024

Guard Interval (NGI) 256
Memory depth (M) 4

Nonlinearity Order (P) 3
Delay Taps (L) 6

Rate Threshold (Ro) 2
RF-to-DC conversion efficiency (k) 0.5

Variance of AWGN Noise (s2) 0 dB
Variance of channel elements of HS-ER (s2

S-ER) -20 dB

Substituting SE from (3.120), the EE of the nonlinear FD MU-MIMO-OFDM system can be
expressed as:

EE =
1

N ln2(NtPc +Pt �PS-ER)
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(3.122)

As formulated above, the EE of the nonlinear FD MU-MIMO-OFDM system consists of an
additional term, which accounts for the impact of nonlinear interference. Thus it reduces the
EE of the system compared to the linear case. The analytical expressions for EE and SE for
linear and nonlinear systems are derived. Furthermore, the EE and SE for the S-ER case are
also considered.

3.10 Simulation Results

This section presents the simulation results for the SE and EE of FD MU-MIMO-OFDM
systems with and without S-ER. The simulation parameters are listed in Table 3.2.
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Figure 3.11: Outage performance for the linear FD MU-MIMO-OFDM system in a multipath Rayleigh
fading channel with varying h .

The HPA nonlinearity is modeled through the memory polynomial model with a memory
depth of 4 and a nonlinearity order of 3. The impact of nonlinearity can be reduced by operating
the system with input backoff (IBO), which can be defined as IBO = A2/PT , where A is the input
voltage that saturates the HPA output power. The MIMO channel between each user and BS is
assumed to be a multipath Rayleigh fading channel with six delay taps and a uniform power
delay profile. In the following subsections, the outage performance, SE and EE results are
discussed for the linear and nonlinear FD MU-MIMO-OFDM systems. Further, it is followed
by insights on the trade-off between SE and EE with respect to different parameters.

3.10.1 Linear FD MU-MIMO-OFDM System

This section presents the outage performance, SE and EE result for the linear FD MU-MIMO-
OFDM system. Fig. 3.11 shows the outage performance of linear FD MU-MIMO-OFDM
system with respect to h2. The simulation results align with the analytical results, which
validates the above analysis. It can be observed from Fig. 3.11 that the outage decreases by
increasing the value of h . This is because the higher value of h leads to the low number of
antennas for data transmission, i.e., Nt , which reduces the system’s instantaneous rate.

Hence, depending on the desired outage probability, we can fix the value of h . For instance,
if the QoS requirement for the linear system is 10�6 outage, then from Fig. 3.11, we can select
h = 0.35 at Pt = 10 dB. This implies that NS-ER = 7, i.e., seven antennas can be spared for

2From (3.86), the required number of transmit antennas should be more than 20�4⇤2= 8 for data transmission;
thus h can vary from 0 to 0.55.
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Figure 3.12: SE for linear FD MU-MIMO-OFDM system for different values of h .

S-ER purposes. Further, the outage performance improves when Pt is increased. For a Pt = 15
dB, as depicted from the Fig. 3.11, the outage performance of 10�6 corresponds to h = 0.4,
which implies that now we can have NS-ER = 8, i.e., eight antennas for S-ER purpose. The
outage performance shows the QoS variation with respect to h for a fixed transmit power Pt .
Similar observations can be made if we vary the transmit power Pt while fixing h as some
constant.

Fig. 3.12 shows the SE for linear FD MU-MIMO-OFDM system with respect to transmit
power Pt for different values of h . The curves show that SE reduces gradually along with
increasing h due to the low number of antennas for data transmission. For instance at Pt = 15
dB, the SE is 68 bps/Hz for h = 0, while it reduces to 67, 65, 63, 56, and 44 bps/Hz for
h = 0.1,0.2,0.3,0.4 and 0.5, respectively.

Fig. 3.13 shows the EE results for the FD linear MU-MIMO-OFDM system with respect to
h for two different values of Pc. The results show that EE initially increases with Pt , and after
maximum EE, it again starts decreasing. This is due to the fact that for lower values of Pt , NtPc

term dominates as can be seen from (3.115), and also as the SE increases with increasing Pt , so
EE initially increases with Pt . For larger values of Pt , Pt dominates as it increases exponentially,
whereas the corresponding SE increases linearly; thus, the overall effect decreases the EE
while increasing Pt . Specifically, these results show the maximum energy efficient region
of the system in terms of Pt for a particular value of Pc. Moreover, while increasing Pc, Pt

corresponding to the maximum EE region also increases.
The results in Fig. 3.13 also show that EE can be improved through S-ER, as EE increases

with increasing h till h = 0.4. However, further increasing h reduces the EE due to considerable
degradation in corresponding SE while going from h = 0.4 to h = 0.5. The results confirm
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Figure 3.13: Analytical (solid lines) and simulation (marker points) results of EE for the linear FD
MU-MIMO-OFDM system for different values of h .

that although S-ER degrades the system’s SE, it improves the EE of the system. Therefore, as
long as the degradation in SE is within acceptable limits and satisfies the QoS requirement,
S-ER can be used to improve the EE of the system.

Fig. 3.14 shows the joint impact of h and transmit power Pt on the EE of the linear FD
MU-MIMO-OFDM system with Pc = 10 dB. As discussed above, the EE increases with h till
a maximum value of EE is reached; afterward, it starts degrading. The EE corresponding to the
region h = 0.4 to h = 0.5 and Pt = 15 dB to Pt = 21 dB is maximum as depicted in the Fig.
3.14.

The EE and SE trade-off for the linear FD MU-MIMO-OFDM system is shown in Fig. 3.15.
It can be observed here that h = 0.5 provides the best EE for lower values of SE. However, as
the SE value increases, h = 0.4 and h = 0.3 are the most energy efficient, respectively. As the
EE of the system depends on both SE and Ptotal , the overall EE varies along with h . Increasing
h decreases Ptotal; however, it also decreases the SE, as discussed previously. Hence, there is a
trade-off between EE and SE with respect to h .

3.10.2 Nonlinear FD MU-MIMO-OFDM System

This section presents the outage performance, SE and EE result for the nonlinear FD MU-
MIMO-OFDM Systems. Fig. 3.16 shows the outage performance for nonlinear FD MU-
MIMO-OFDM system with respect to h . A good agreement between the simulation and
analytical results verifies the abovementioned analysis. As evident from the result, the outage
performance of the nonlinear system is worse than that of the linear case due to nonlinear
distortion. Moreover, as we increase the Pt , the outage performance improves further, as shown
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Figure 3.14: EE for linear FD MU-MIMO-OFDM system with respect to varying h and transmit power
Pt .
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Figure 3.15: EE and SE trade-off for linear FD MU-MIMO-OFDM system for different values of h .
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Figure 3.16: Outage performance for the nonlinear FD MU-MIMO-OFDM system in a multipath
Rayleigh fading channel with varying h for IBO = 10 dB.

in Fig. 3.16. Further, depending upon the required outage performance, we can fix the value of
h . For instance, if the QoS requirement is 10�6, then from Fig. 3.16, we can select h = 0.25,
i.e., NS-ER = 5 at Pt = 15 dB.

Fig. 3.17 shows the SE for the nonlinear FD MU-MIMO-OFDM system with varying
h . The results show that SE of the nonlinear system saturates and further starts decreasing
at higher transmit power due to the impact of nonlinearity. Further, increasing h decreases
the system’s SE, as depicted in Fig. 3.17. Moreover, it can be observed that the considerable
reduction in the SE is only observed for the large value of h . This is due to the fact for a
higher value of h , Nt is decreased, which leads to lower channel gain, and hence SE reduces.
For instance, Fig. 3.17(a) shows that SE decreases considerably while going from h = 0.4 to
h = 0.5. In the nonlinear system, the impact of nonlinearity can be reduced by operating the
HPA in the backoff region. IBO reduces the nonlinearity; hence, the SE performance improves,
as depicted in Fig. 3.17(b), respectively.

Fig.3.18(a) and 3.18(b) shows the EE plots for the nonlinear FD MU-MIMO-OFDM system
with and without IBO. It can be observed from the results that EE increases with increasing
h . However, for a large value of h , it reduces slightly. As discussed earlier, EE depends on
the SE as well as Ptotal , while SE decreases on increasing h , reducing the EE of the system.
However, Ptotal also decreases due to reduced NtPc and larger PS-ER, which in turn increases the
EE of the system. Therefore, a collective impact of both SE and Ptotal on EE is observed, as
shown in Fig. 3.18(a). Hence, there is a trade-off between EE and SE with respect to h , and
this trade-off can be observed by comparing the EE and SE results in Fig. 3.17 and Fig. 3.18.
The EE results also offer insight into the impact of reasonable selection of h , and that particular
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Figure 3.17: Analytical (solid lines) and simulation (marker points) results of SE for the nonlinear FD
MU-MIMO-OFDM system with Pc = 10 dB for different values of h .
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Figure 3.18: Analytical (solid lines) and simulation (marker points) results of EE for the nonlinear FD
MU-MIMO-OFDM system with Pc = 10 dB for different values of h .

value of h gives the best EE performance. For instance, h = 0.4 corresponds to the best EE
result as depicted in Fig. 3.18(b). It can also be observed that increasing the IBO improves the
EE of the nonlinear FD MU-MIMO-OFDM system, as can be seen, while comparing the result
in Fig. 3.18(a) with Fig. 3.18(b).

Fig. 3.19 shows the joint impact of h and Pt on the EE of the nonlinear FD MU-MIMO-
OFDM system. It can be observed that an increase in h increases the EE of the overall system.
However, for the large value of h , the EE slightly degrades, similar to the linear case. This is
because of the significant reduction in SE for h = 0.5 compared to h = 0.4. As depicted in the
Fig. 3.19, the region corresponding to h = 0.4 to h = 0.5 and Pt = 12 dB to Pt = 18 dB is the
providing the maximum EE in the nonlinear MU-MIMO-OFDM system.

65



0
5

10
15

20
25

30

0

0.1

0.2

0.3

0.4

0.5

0

0.05

0.1

0.15

0.2

 

 

E
E

 (
b

its
/H

z/
Jo

u
le

)

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

η
P

t
 (dB)

Figure 3.19: EE for nonlinear FD MU-MIMO-OFDM system with respect to varying h and transmit
power Pt at IBO = 10 dB.
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Figure 3.20: EE and SE trade-off for nonlinear FD MU-MIMO-OFDM system for different values of h
at IBO = 10 dB.
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However, the system’s overall EE is much lower than the linear system due to the impact of
nonlinearity. Fig. 3.20 shows the EE and SE trade-off for nonlinear FD MU-MIMO-OFDM
system. It can be observed that h = 0.5 provides the best EE for lower SE performances.
However, as the SE requirement increases, h corresponding to maximum EE decreases, as
shown in Fig. 3.20. This is obvious; as the system requires more SE, fewer antennas can be
allocated for S-ER. The curves also show that after a particular EE, there is a sharp decrease in
EE. This is because initially SE increases with Pt , but afterward, it starts decreasing, whereas
the transmit power Pt increases exponentially, which causes the EE to decrease sharply.

3.11 Conclusion of Part II

In this part, we investigated the impact of S-ER on the EE for the downlink FD MU-MIMO-
OFDM system under RSI and transmitter nonlinearity. The SI present inherently in the FD
systems is utilized opportunistically to harvest energy, thereby enhancing the EE of the system.
However, this comes at the cost of slightly degrading the system’s SE due to reduced array
gain. The allocation of antennas for S-ER and information transmission can be done based on
the desired QoS requirement for a FD MU-MIMO-OFDM system. Analytical expressions are
derived for outage probability. Further closed-form expressions of EE and SE are formulated
for both linear and nonlinear FD MU-MIMO-OFDM systems. Through the obtained results, it
has been shown that S-ER improves the EE of the systems for both linear as well as a nonlinear
systems. S-ER improves the EE of the system by re-cycling the transmitted energy portion at
the cost of a slight degradation in the SE. As long as this degradation in SE satisfies the desired
QoS, S-ER can be utilized to improve the EE of the FD MU-MIMO-OFDM system.
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Chapter 4
Performance Analysis of IRS-assisted
Communication System

This chapter investigates the performance of an IRS-assisted communication system. Specifi-
cally, the first part of this chapter investigates the performance of a single IRS-based communi-
cation system, while the latter deals with a dual IRS-based communication system. Further,
the performance of the single and double IRS-based communication system is analyzed in the
presence of HIs.

Part I - Single IRS Scenario

4.1 Overview of Part I

Recently, IRS has emerged as a revolutionary technology that can reconfigure the radio prop-
agation environment by dynamically altering the amplitude and/or phase of wireless signals
via a large number of reflecting units. In contrast to the vast literature on the performance
analysis of IRS-enabled systems, this paper considers the theoretical characterization of the
combined effect of IRS phase error and transceiver hardware impairments on the performance
of an IRS-aided wireless communication system.

This part of the work investigates the combined impact of T-HIs and IRS-HIs on the
performance of IRS-aided communication systems. The significant contributions in this part
can be summarized as

• We present a model to characterize the impact of T-HIs and IRS-HIs on the performance
of IRS-aided wireless systems taking into account both scenarios, viz with and without a
direct link.
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• Specifically, we derive the novel closed-form expressions for the SE, EE and OP for both
scenarios, viz., in the presence of a direct link and when the direct link is obstructed.
Further, the two special cases of high transmit SNR and large N are also discussed, where
N is the number of REs at the IRS.

• The results show that the SE got saturated in the high transmit power regime and large
N regimes, where N is the number of REs at the IRS. Numerical and simulation results
reveal that T-HI and IRS-HI negatively impact the system’s performance. However, the
impact of T-HI is far more severe than the IRS-HI, as T-HI limits the received signal
power and makes it independent of N, whereas IRS-HI reduces the order of the channel
gain in the received signal power.

4.2 System Model for Single IRS-assisted Communication

Fig. 4.1 illustrates that the downlink single-antenna BS communicates with a single antenna
UE. An IRS is employed to enhance the performance of UE, consisting of the N number of REs
(here, N > 1). We consider the scenario where the direct link between the BS and UE is also
present. Later, as a special case, we will consider the scenario where the direct link between
the BS and UE is blocked. The channel between the BS and UE is assumed to be quasi-static
and flat fading with the assumption of perfectly-known CSI. Since the IRS is deployed to
have a line-of-sight (LoS) with the BS and the UE, the small-scale fading coefficients for the
BS-to-IRS and IRS-to-UE, h1 and h2 can be characterized through the Rician fading model
[80]. In contrast, the direct link between the BS-to-UE may not have the LoS; hence, h can be
characterized through the Rayleigh fading model, thus, h ⇠ C N (0,1).

4.2.1 Transceiver Hardware Impairments

The assumption of ideal hardware when evaluating the performance of wireless communication
systems is not practical. As discussed in the literature, the transceiver architecture at the RF
front-end is prone to several inevitable additive impairments, such as in-phase/quadrature (I/Q)
imbalance, radio front-end nonlinearity, and phase noise at the oscillator. A generic approach
for modeling the combined effect characterizes the resultant ’distortion’ noise to be Gaussian
distributed1.

1As discussed in [81], the Gaussian characterization has also been validated experimentally.
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Figure 4.1: Schematic showing the proposed IRS-assisted communication scenario.

Consequently, there will be a mismatch between the actual broadcasted signal, x̃, and the
desired signal, x, where x 2 C N

�
0,s2�. Thus, x̃ can be expressed as

x̃ = x+w. (4.1)

Here, w is the zero-mean complex Gaussian random variable representing the aggregated
distortion noise. The variance of w can be modeled as

s2
w = k2s2

in, (4.2)

where k is the proportionality constant that dictates the severity of the HIs.

4.2.2 IRS Hardware Impairments

Ideally, the IRS is configured to provide a phase shift that cancels the overall phase shift and
thus maximizes the received signal power at the desired receiver. However, a residual phase
error exists in the actual phase shift imparted by the IRS due to these two possible reasons. This
deviation of the actual phase shift from the ideally desired phase shift is modeled by setting the
phase noise Q, a random variable in [�p,p).

• The first reason for the residual phase error is the imperfect channel estimate at the IRS
and termed the phase estimation error. Specifically, Q is modeled for this scenario as a
zero-mean von Mises variable [82]. Here, t is the concentration parameter that captures
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the channel estimation accuracy. Further, in this case, the characteristic function can be
expressed as

jp =
Ip (t)
Ip (t)

. (4.3)

• Likewise, the second reason is the hardware imperfection due to practical hardware at
the IRS. Here only a set of discrete phase shifts, 2q (q � 1), are available instead of the
ideally infinite phase shifts. Moreover, the error Q is assumed to be uniformly distributed
over [�2�qp, 2�qp] [82]. For this case, the characteristic function can be defined as

j1 =
sin(2�qp)

2�qp
, (4.4)

and

j2 =
sin
�
2�q+1p

�

2�q+1p
. (4.5)

4.3 Received Signal Model

This section describes the received signal model and evaluates the SNR formulation at UE for
both scenarios, with and without a direct link.

4.3.1 With Direct Link

The received signal at the UE comprises the direct link as well as the reflected link via IRS.
Thus, the received signal at UE, y1, can be expressed as

y1 =
hp

PLh h+
p

PLh1PLh2 h2 Fh1

i
(xs +ws)

p
Ps +wd +No, (4.6)

where PLh is the pathloss for the direct path between BS and UE, while PLh1 and PLh2

are the pathloss for the reflected link, i.e., BS-to-IRS and IRS-to-UE, respectively. Like-
wise, ws 2 C N

�
0,k2

s Ps
�

is the distortion noise due to T-HI at the BS, and Ps denotes the
transmit power at the BS. Further, F is the reflection coefficient matrix of the IRS and
wd 2 C N

⇣
0,k2

d
��pPLh h+

p
PLh1 PLh2 h2 Fh1

��2 Ps

⌘
represents the aggregated distortion

noise due to the T-HIs at the UE. Also, h = |h|e� jf is the small-scale fading co-efficient for
the direct link between the BS and the UE, where |h| is the channel amplitude that can be
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characterized through the Rayleigh random variable (RV) and f is the channel phase. Finally,
No is the AWGN with No 2 C N (0,s2).

On expanding (4.6), we can re-write the received signal at NU as

y1 =

"
p

PLh h+
p

PLh1PLh2

N

Â
i=1

hi
2 Fi hi

1

#
(xn +ws)

p
Ps +wd +No, (4.7)

where, hi
1 =

��hi
1
��e� jf i

1 is the channel co-efficient between the BS to the i-th RE of IRS with
amplitude,

��hi
1
��, and phase, f i

1. Similarly, hi
2 =

��hi
2
��e� jf i

2 is the channel coefficient between the
i-th RE of the IRS to UE with amplitude,

��hi
2
��, and phase, f i

2. The envelopes of hi
1 and hi

2 for
i = 1, · · · ,N are i.i.d and characterized through Rician RV with a shape and scale factor of K1,
K2 and W1, W2, respectively. It is also assumed that h1 and h2 are mutually independent of h
and of each other.

4.3.1.1 IRS Reflection Parameters

Now by optimizing the reflection matrix, F, the total channel gain for the UE can be maxi-
mized, i.e.,

��pPLh h+
p

PLh1PLh2 h1Fh2
��. This can be achieved by adjusting q i to cancel the

resultant phase of hi
1, hi

2 and h. Thus, by applying q i = f �f i
1 +f i

2, the channel gain will be
maximized and can be expressed as

|H1|2 =
���
p

PLh h+
p

PLh1PLh2 h1 Fh2

���
2
,

=

 
p

PLh |h|+
p

PLh1PLh2

N

Â
i=1

��hi
1
�� ��hi

2
��
!2

. (4.8)

However, due to non-ideal hardware at the IRS, q i may not be able to cancel the resultant phase
of hi

1, hi
2 and h. Thus, the resultant channel gain will comprise of the phase error, which can be

expressed as

|H1|2 =
 
p

PLh |h|+
p

PLh1PLh2

N

Â
i=1

��hi
1
�� ��hi

2
�� e jQi

!2

, (4.9)

or equivalently

|H1|2 =
⇣p

PLh |h|+
p

PLh1PLh2 N |H|
⌘2

, (4.10)
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where

H =
1
N

N

Â
i=1

��hi
1
�� ��hi

2
�� e jQi . (4.11)

Utilizing (4.10), the received signal at UE in (4.7) can now be expressed as

y1 = |H1|2 xs
p

Ps +w+No, (4.12)

where

w = |H1|2 ws +wd, (4.13)

denotes the aggregated distortion caused by the transceiver impairments at the BS and UE.

4.3.1.2 SNR Formulation

Based on (4.12), the SDNR at UE can be expressed as

SDNR1 =
|H1|2 Ps

|H1|2
�
k2

s +k2
d
�

Ps +s2
, (4.14)

after rearranging the terms of 4.14, the SDNR at UE can be expressed as

SDNR1 =
|H1|2 ,°s

|H1|2
�
k2

s +k2
d
�

°s +1
, (4.15)

where °s =
Ps
s2 is the transmit SNR.

Thus, the normalized instantaneous rate for the UE, R1, can be evaluated from the SDNR at
the UE as

R1 = log2 (1+SDNR1) ,

= log2

 
1+

|H1|2 °s

|H1|2
�
k2

s +k2
d
�

°s +1

!
. (4.16)

4.3.2 Without Direct Link

Now consider the scenario where the direct link is blocked. In this scenario, the communication
between BS and UE occurs through the IRS via indirect LoS links, i.e., the BS-IRS-UE link.
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Thus, the received signal at the UE, y2, can be expressed as

y2 =
p

PLh1PLh2 h1 F h2 (xs +ws)
p

Ps +wd +No, (4.17)

which on further expanding

y2 =
p

PLh1PLh2

"
N

Â
i=1

hi
1 Fi hi

2

#
(xs +ws)

p
Ps +wd +No. (4.18)

Similar to the scenario where the direct link is available, the maximum channel gain that
can be achieved can be expressed as

|H2|2 = PLh1PLh2

 
N

Â
i=1

��hi
1
�� ��hi

2
��exp( jQi)

!2

, (4.19)

or equivalently,

|H2|2 = N2 PLh1PLh2 |H|2 , (4.20)

where H = 1
N ÂN

i=1
��hi

1
�� ��hi

2
��exp( jQi).

Hence, from (4.20), the received signal at UE in (4.18) can be re-written as

y2 = |H2|2 (xs +ws)
p

Ps +wd +No, (4.21)

which, on simplification, gives

y2 = |H2|2 xs
p

Ps +w+No. (4.22)

Additionally, it can also be noted here that for ks = kd = 0, the scenario reduces to the case
of an ideal transceiver with no distortion, i.e., w = 0 in both (4.12) and (4.22).

Likewise, the SDNR at UE for this scenario can be expressed as

SDNR2 =
|H2|2 Ps

|H2|2
�
k2

s +k2
d
�

Ps +s2
. (4.23)

or equivalently

SDNR2 =
|H2|2 °s

|H2|2
�
k2

s +k2
d
�

°s +1
. (4.24)
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Thus, the normalized instantaneous rate for the UE in this scenario, R2, can now be evaluated
as

R2 = log2 (1+SDNR2) ,

= log2

 
1+

|H2|2 °s

|H2|2
�
k2

s +k2
d
�

°s +1

!
. (4.25)

4.4 Performance Analysis of the IRS-Assisted Communica-
tion System

This section evaluates the SE, EE, and OP performance for an IRS-assisted communication
system for both scenarios, i.e., with and without a direct link.

4.4.1 Spectral Efficiency

The SE for the scenario when the direct link is available can be formulated as

SE1 =E [R1] ,

=E
"

log2

 
1+

|H1|2 °s

|H1|2
�
k2

s +k2
d
�

°s +1

!#
, (4.26)

The PDF of H1 is not available in the closed form. Consequently, the ergodic rate of
UE for the direct link scenario does not admit a closed-form expression. However, it can be
approximated tightly by an upper bound [83].

We can evaluate an upper bound on SE1. From (4.26), the rate can be re-written as

SE1 = E
"

log2

 
1+ |H1|2

�
1+k2

s +k2
d
�

°s

1+ |H1|2
�
k2

s +k2
d
�

°s

!#
,

= E
h
log2

⇣
1+X1 |H1|2

⌘
� log2

⇣
1+X2 |H1|2

⌘i
,

= E
h
log2

⇣
1+X1 |H1|2

⌘i
�E

h
log2

⇣
1+X2 |H1|2

⌘i
, (4.27)

where X1 and X2 are constant defined as

X1 =
�
1+k2

s +k2
d
�

°s, (4.28)
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and

X2 =
�
k2

s +k2
d
�

°s. (4.29)

Applying Jensen’s inequality, the upper bound for the ergodic rate can be evaluated as

SE1  SEu
1, (4.30)

where SEu
1 can be defined as

SEu
1 = log2

⇣
1+X1E

h
|H1|2

i⌘
� log2

⇣
1+X2E

h
|H1|2

i⌘
. (4.31)

Now in order to evaluate E
h
|H1|2

i
, we apply the binomial expansion theorem here, we

have

E
h
|H1|2

i
= E

���
p

PLh h+
p

PLh1PLh2 N |H|
���
2
�
,

= PLh E
n
|h|2
o

| {z }
E1

+PLh1PLh2 N2 E
n
|H|2

o

| {z }
E2

+2N
p

PLhPLh1PLh2 E{|h| |H|}| {z }
E3

.

(4.32)

We now calculate E1, E2 and E3 one-by-one.
Calculating E1: Obviously, we have E1 = 1, as h ⇠ C N (0,1).
Calculating E2: Now, E

n
|H|2

o
is a Gamma distributed RV (for more details, please refer

to Appendix B), so E
n
|H|2

o
= W2. Thus, on further expanding,

E
n
|H|2

o
=

j2
1 p2

16(K1 +1)(K2 +1)

n
L 1

2
(�K1)

o2n
L 1

2
(�K2)

o2
. (4.33)

Calculating E3: Now, for the Rayleigh variable |h|, we have

E{|h|}=
r

p
2
, (4.34)
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while |H| is a Nakagami-m RV with

E{|H|}=
G
�
J + 1

2
�

G(J)

r
W2

J
,

=
G
�
J + 1

2
�

G(J)

j1 p L 1
2
(�K1)L 1

2
(�K2)

p
4J (K1 +1)(K2 +1)

. (4.35)

So, E3 can be expressed as
s

j2
1 p3

8J (K1 +1)(K2 +1)
G
�
J + 1

2
�

G(J)
L 1

2
(�K1)L 1

2
(�K2) . (4.36)

Finally, putting E1, E2 and E3 all together yields E
h
|H |2

i
which can be expressed as

E
h
|H |2

i
=PLh +N2 PLh1PLh2

j2
1 p2

16(K1 +1)(K2 +1)

n
L 1

2
(�K1)

o2n
L 1

2
(�K2)

o2

+2N
G
�
J + 1

2
�

G(J)

s
j2

1 p3PLhPLh1PLh2

8J (K1 +1)(K2 +1)
L 1

2
(�K1)L 1

2
(�K2) , (4.37)

which can be put in (4.31) to give the desired upper bound. Thus, for the considered IRS-aided
communication system, the SE when the direct link is available, SE1 is upper bounded by SEu

1,
which can be expressed as

SEu
1 = log2

2

41+X1PLh +2N X1
G
�
J + 1

2
�

G(J)

s
j2

1 p3PLhPLh1PLh2

8J (K1 +1)(K2 +1)
L 1

2
(�K1)L 1

2
(�K2)

+ N2 X1 PLh1PLh2

j2
1 p2

4(K1 +1)(K2 +1)

n
L 1

2
(�K1)

o2n
L 1

2
(�K2)

o2
�

� log2

2

41+X2PLh +2N X2
G
�
J + 1

2
�

G(J)

s
j2

1 p3PLhPLh1PLh2

8J (K1 +1)(K2 +1)
L 1

2
(�K1)L 1

2
(�K2)

+ N2 X2 PLh1PLh2

j2
1 p2

4(K1 +1)(K2 +1)

n
L 1

2
(�K1)

o2n
L 1

2
(�K2)

o2
�
.

(4.38)
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Likewise, the SE for the IRS-assisted communication system for the case when the direct
link is blocked can be given as

SE2 =E [R2] ,

=E
"

log2

 
1+

|H2|2 °s

|H2|2
�
k2

s +k2
d
�

°s +1

!#
, (4.39)

which can be evaluated as,

SE2 = E [log2 (1+SDNR2)] , (4.40)

where SDNR2 can be further expanded as

SDNR2 =
N2 PLh12 |H|2 °s

N2 PLh12 |H|2
�
k2

s +k2
d
�

°s +1
. (4.41)

where PLh12 is substituted for PLh1PLh2 .
Now the cumulative distribution function (CDF) and the PDF for the channel gain |H|2 can

be derived as [82]

f|H |2(h) =
J J

G(m)W2J hJ�1 exp
✓
� J

W2 h
◆
, (4.42)

and

F|H|2(h) =
g
⇣

J , J
W2 h
⌘

G(J)
, (4.43)

respectively. Here, J and W are constants, which are defined as

J =
N
2

j2
1 v4

1+j2 �2j2
1 v4 (4.44)

and

W = j1 v2, (4.45)

where v =
p

v1 v2 withv1 andv2 being the expected values of Rician RV h1 and h2, respec-
tively. It can further be noticed that, for a Rician variable h1 2 {0,1}, the expected value can
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be given as

v1 =E{|h1|}

=

r
p

4(K1 +1)
L 1

2
(�K1) , (4.46)

similarly, v2 can be given as

v2 =E{|h2|}

=

r
p

4(K2 +1)
L 1

2
(�K2) , (4.47)

.
Utilizing (4.41) and (4.42) to solve the expectation in (4.40), we can have

SE2 =
Z •

0
log2

 
1+

hPLh12 N2 °s

hPLh12 N2
�
k2

s +k2
d
�

°s +1

!
fH(h)dh. (4.48)

Now by substituting (4.42) in (4.48), the SE can be evaluated as

SE2 =
J J

G(J) W2J ln(2)

Z •

0
ln

 
1+

hPLh12 N2 °s

hPLh12 N2
�
k2

s +k2
d
�

°s +1

!
hJ�1 exp

✓
� J

W2 h
◆

dh,

(4.49)

which, after simplification and re-arrangement, can be expressed as

SE2 =
J J

G(J) W2J ln(2)
{I1 �I2} , (4.50)

where

I1 =
Z •

0
ln(1+hC1°s)hJ�1 exp

✓
� J

W2 h
◆

dh, (4.51)

and

I2 =
Z •

0
ln(1+hC2°s)hJ�1 exp

✓
� J

W2 h
◆

dh, (4.52)

with

C1 = PLh12 N2 �1+k2
s +k2

d
�

(4.53)
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and

C2 = PLh12 N2 �k2
s +k2

d
�
. (4.54)

Now I1 and I2 can be solved by utilizing [84, eqn. 17] and can be expressed as

I1 =
p

(C1 °s)
J

1F1

⇣
J ; J +1; J

W2
1

C1 °s

⌘

J sin(J p)
� W2J G(J)

J J


ln
✓

J
W2

1
C1 °s

◆
� Y(J)

+
J

W2 (1�J)

1
C1 °s

2F2

✓
1,1; 2,(1�J) ;

J
W2

1
C1 °s

◆�
,

(4.55)

and

I2 =
p

(C2 °s)
J

1F1

⇣
J ; J +1; J

W2
1

C2 °s

⌘

J sin(J p)
� W2J G(J)

J J


ln
✓

J
W2

1
C2 °s

◆
� Y(J)

+
J

W2 (1�J)

1
C2 °s

2F2

✓
1,1; 2,(1�J) ;

J
W2

1
C2 °s

◆�
,

(4.56)

respectively. Further, I1 and I2 can be substituted in (4.50) to get the expression for SE2.
Thus, for the considered IRS-aided communication system, the SE when the direct link is
blocked, SE2, can be expressed as

SE2 =
J J

G(J) W2J ln(2)

2

4 p
J sin(J p)

8
<

:
1F1

⇣
J ; J +1; J

W2
1

C1 °s

⌘

(C1 °s)
J �

1F1

⇣
J ; J +1; J

W2
1

C2 °s

⌘

(C2 °s)
J

9
=

;

+
W2J G(J)

J J

⇢
ln
✓

C1

C2

◆
+

J
W2 (1�J)

⇥

0

@2F2

⇣
1,1; 2,(1�J) ; J

W2
1

C2 °s

⌘

C2 °s
�

2F2

⇣
1,1; 2,(1�J) ; J

W2
1

C1 °s

⌘

C1 °s

1

A

9
=

;

3

5 .

(4.57)

Remark 1: The high SNR approximation for the SE in both scenarios can be given as

¯SE3 = log2

✓
1+

1
k2

s +k2
d

◆
. (4.58)
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This approximation can be derived from (4.26) by considering the fact that for high SNR
(i.e., when ° is large) |H1|2

�
k2

s +k2
d
�

°s+1 ⇡ |H1|2
�
k2

s +k2
d
�

°s and thus 1 can be neglected
safely. After simplification, the above relationship can easily be found. Likewise, a similar
observation can also be taken from (4.39).

Remark 2: Likewise, for large M, the approximation of the SE for both scenarios can again
be given as

¯SE4 =


log2

✓
1+

1
k2

s +k2
d

◆�
. (4.59)

Since the proof is similar to that followed in Remark 1 and can be evaluated from (4.26), thus,
it is omitted for the sake of brevity.

4.4.2 Outage Probability

An outage for the considered IRS-aided communication system can be defined as when
the instantaneous achieved rate falls below the required rate threshold, Rth. So, the outage
probability at the UE can be defined as

P1 =P{R1 < Rth} ,
=P{log2(1+SDNR1)< Rth} , (4.60)

which can be simplified as

P1 = P
(
|H1|2 <

c
°s
�
1�
�
k2

s +k2
d
�

c
�
)
, (4.61)

equivalently,

P1 = P
n
|H1|2  Y1

o
, (4.62)

where

Y1 =
c

°s
�
1�
�
k2

s +k2
d
�

c
� , (4.63)

and c = 2Rth �1. Now, the PDF of |H1|2 is unknown. Hence, P1 does not admit a closed-form
solution. However, it can be evaluated numerically through simulations.
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Likewise, the outage probability for the scenario where the direct link is blocked can be
defined as

P2 =P{R2 < Rth} ,
=P{log2(1+SDNR2)< Rth} . (4.64)

The OP for this scenario can be evaluated from (4.64), as

P2 =P
�

SDNR2 < 2Rth �1
 
,

=P{SDNR2 < c} , (4.65)

which on substituting SDNR2 from (4.41) gives

P2 = P
(

hPLh12 N2 °s

hPLh12 N2
�
k2

s +k2
d
�

°s +1
< c

)
. (4.66)

After simplification, (4.66) can be re-written as

P2 = P
(

h <
c

PLh12 N2 °s
�
1� (k2

s +k2
d )c
�
)
, (4.67)

= P{h < Y2} , (4.68)

where

Y2 =
c

PLh1PLh2 N2 °s
�
1� (k2

s +k2
d )c
� . (4.69)

Next, from (4.42), the outage probability,P2, can be evaluated as

Pout =
Z

Y2

0
f|H|2(h)dh, (4.70)

or, equivalently

Pout = F|H|2(Y2). (4.71)
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Thus, for the considered IRS-aided communication system, the OP of the scenario where the
direct link is not available can be expressed as

P2 =
g
⇣

J , J
W2 Y2

⌘

G(J)
. (4.72)

4.4.3 Energy Efficiency

The EE of the considered IRS-aided communication system can be defined as the ratio of the
SE over total consumed power, Ptot , and can be expressed as

EE =
SE
Ptot

, (4.73)

in terms of bits/Joule/Hz [85].
Further, the total consumed power comprises the transmit power at the BS and the circuit

power consumed at the BS, IRS and UE. Now, the transmit power at the BS is Ps. Thus, the
dynamic power consumption of the BS power amplifier can be denoted by Ps/d , where d is the
efficiency of the power amplifier. Likewise, the power consumed at the IRS is given as N PRE

where PRE is consumed at each RE. Lastly, the static circuit power consumption of the BS and
UE can be denoted as PBS and PU , respectively. Substituting all these in (4.73), the EE can be
expressed as

EE =
SE

(1+1/d )Ps +PBS +NPRE +PUE
. (4.74)

Thus, the corresponding EE can be evaluated accordingly by substituting the value of SE for
both scenarios, i.e., SE1 and SE2.

This completes the analytical evaluation of the proposed IRS-aided communication system
with and without a direct link. The following remarks provide system-design insights that can
be noted here 1) The performance analysis of the designed system provides insights regarding
the suitable number of REs, which can be determined to strike a balance between hardware
cost and system performance for different scenarios, i.e., with and without a direct link. 2) The
analytical results contribute to the deployment of IRS under realistic scenarios, i.e., the BS-IRS
and IRS-user links can be either LoS or non-LoS (NLoS) and the Rician fading parameter can
be adjusted accordingly. 3) Based on the impact of transceiver impairments on the system
performance, we know how the non-ideal transceiver limits the performance gain provided by
IRS.
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Table 4.1: Simulation Parameters for IRS-assisted Communication System

Parameter Simulation Values

Antenna Gain Gt = 1, Gr = 1
Circuit Power PBS=10 dBm, PUE=10 dBm [7]

HPA Power Consumption Factor 1/d = 1.2 [86]
IRS Power Consumption PRE = 10 dBm [7]

Shape Parameter K1,K2 = 5
Scale Parameter W1 = W2 = 1

Variance of AWGN Noise s2 = -120 dBm

4.5 Simulation Results

This section discusses and presents the simulation results for the performance of the considered
scenario of IRS-aided communication systems. If not specified otherwise, the proportionality
constant for the T-HI level is assumed to be ks = kd . Likewise, the distances for the BS-to-IRS
and IRS-to-UE links are 50 m, while the direct link is assumed to be 70 m. In addition to the
above, solid lines show the analytical results, while the marker points denote the simulation
results; a similar convention is followed throughout this section. Table 5.1 lists the rest of the
simulation parameters. Moreover, the pathloss associated with the direct and reflected links is
evaluated through the 3GPP Urban Micro model [60]. So, at 3 GHz of carrier frequency the
pathloss PL(d) (in [dB]) experienced by a LoS link of length d (in metre) can be given as

PL(d) = Gt +Gr �37.5�22log10(d), (4.75)

while for the NLoS case, the corresponding pathloss would be

PL(d) = Gt +Gr �35.1�36.7log10(d) (4.76)

where Gt is the antenna gain at the BS and Gr is the receive antenna gain at UE (both in [dBi]).
Fig. 4.2 shows the SE of the considered IRS-aided communication system with and without

a direct link. Specifically, it shows the impact of hardware impairment on the SE, as the SE
corresponding to the ideal hardware is also plotted against the transmit power for the sake of
comparison. It can easily be observed here that hardware impairments saturate the SE, and
no further gain can be observed in the SE by increasing the transmit power. In contrast, the
SE increases linearly with transmit power in the case of the ideal hardware-based IS-aided
communication system. Further, it can also be observed here that the SE saturation level
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Figure 4.2: SE with respect to transmit power, here N = 20, q = 3 and k = 0.01.

does not depend on the availability of a direct link. Rather it depends only on the transceiver
hardware impairment level. This verifies the analytical findings as mentioned in Remark 1.

Fig. 4.3 shows the SE for the IRS-aided communication system with respect to N. The
results show the SE for ideal and non-ideal hardware-based communication scenarios. Specifi-
cally, it shows that SE saturates with increasing N for the practical non-ideal hardware-based
scenario, whereas ideally, the SE increases linearly with N. Furthermore, increasing transmit
power results in saturation of SE even for moderate values of N. Likewise, it can also be
observed that the SE for both scenarios with and without direct link saturates to a similar
level while increasing N. For instance, at Ps = 30 dBm, the SE of the ideal hardware case
increases with N. However, for the non-ideal hardware case, the SE saturates at 12.2 bps/Hz
for both scenarios with and without a direct link. This verifies the analytical limit as discussed
in Remark 2. Moreover, even as the SE is saturated, the IRS still provides leverage to reduce
the transmit power by increasing N until saturation. For instance, as evident from the result,
the SE at Ps = 30 dB can also be achieved at Ps = 10 dB through larger N.

Fig. 4.4 shows the joint impact of IRS phase noise and the transceiver hardware impairment
on the SE of the considered IRS-aided communication system. It can be noted here that q = 3
provides nearly equivalent SE to that of an ideal phase shifter with infinite available phases, i.e.,
q = •. Further, it can also be noted that the transceiver hardware impairment impacts more
severely than the IRS phase noise. For instance, for k = 0, the SE increases with transmit SNR
for all the values of q viz. 1, 3 and •. However, for k = 0.01 and 0.1, the SE saturates with
transmit SNR for all three values of q. Consequently, it can be inferred that the IRS-HIs result
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in some deterioration in performance while T-HIs severely limit the performance of IRS-aided
communication. Hence, the impact of T-HIs is far more significant than that of the IRS-HIs.

Likewise, Fig. 4.5 and 4.6 show the EE of the considered IRS-aided system with IRS phase
error and T-HIs. Specifically, Fig. 4.5 shows the EE with respect to the transmit power, while
Fig. 4.6 shows the EE with respect to the number of REs. The following points can easily be
observed here from both figures. The level of T-HIs severely impacts the EE, and for a fixed
transmit power, it can not be improved by increasing N. As the level of T-HIs increases, i.e.,
k increases, the EE degrades with respect to transmit power. Further, it can also be observed
that the difference between the EE of the with and without direct link scenarios is insignificant.
This is because the SE saturates to the same level in both scenarios and is independent of the
presence of the direct link.

Fig. 4.7 shows the outage probability for the considered IRS-aided communication scenario
with respect to transmit SNR. Specifically, it shows the impact of the non-ideal hardware at the
IRS, which results in the phase error due to the non-availability of the continuous phase at the
REs. The results show that the OP worsens as the number of discrete phases at IRS decreases.
Further, it also shows that, for q = 3, the performance is as good as that of an ideal phase-based
IRS. It can be observed that increasing N improves the OP. Moreover, it can also be noted that
increasing the transmit SNR improves the OP, which is evident and intuitive.
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4.6 Conclusion of Part I

This part of the chapter investigates the joint impact of the transceiver HIs and IRS phase
error on the performance of an IRS-aided communication system with and without a direct
link. Specifically, we derived the closed-form expressions for the SE, EE and OP. The result
shows that although both transceiver hardware impairment and IRS phase error degrade the
performance, the impact of transceiver hardware impairment is far more severe and detrimental.
In particular, the transceiver hardware impairment saturates the SE, and this saturation level is
independent of the number of REs in the IRS and the transmit power. Likewise, for the high
transmit SNR and large N cases, the SE saturates to the level independent of the presence of
direct link and transmit SNR and N. Consequently, the impact of non-ideal hardware must be
addressed in a practical IRS-enabled system design.

Part II - Dual IRS Scenario

4.7 Overview of Part II

Like part I of this chapter, most of the existing IRS research has focused only on single
IRS-assisted communication systems [43, 80, 83, 87–90]. However, in situations with dense
blockages between the IRS and the BS or the receiver, this may not be effective, as a single IRS
may not be able to establish a direct LoS path between the BS and each user. This motivates us
to look beyond the paradigm of single IRS-aided communication systems.

Motivated by the above, in this part, we investigate the fundamental performance limits
of a dual IRS-aided wireless communication system over the Nakagami-m fading channels
in this work. Further, we have considered a generalized scenario with HIs due to a non-
ideal transceiver. In particular, the performance of an ideal transceiver-based dual IRS-aided
communication system is also considered. The significant contributions of this part of the work
can be summarized as

• Explicitly, we invoke a CLT to characterize the received SNR for the proposed dual IRS
case. Further, we derive the closed-form expression for outage probability based on the
received SNR.

• We also derived the closed-form expressions for the upper and lower bounds of the SE of
the proposed dual IRS-aided communication scenario.

• Finally, the proposed scenario is compared with the single IRS-aided communication as
a performance benchmark. The results show that dual IRS can outperform the single IRS
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for the ideal transceiver case by increasing M. However, in the non-ideal transceiver case,
the SE of the dual IRS saturates and hence increasing M does not yield any significant
gain over the single IRS scenario.

4.8 System Model for Dual IRS-aided Communication

Fig. 4.8 illustrates the dual IRS-aided communication system model. As evident from Fig. 1,
the direct path between the BS and the UE is blocked. To support the communication between
the BS and UE, an indirect LoS path is constructed via two IRSs (one each near to the BS and
UE). The proposed scheme can alleviate the limitations of higher pathloss in blockage-prone
urban dense scenarios. Thus, for this particular case, instead of using a large IRS, we employ
two smaller IRSs, viz., IRS-1 and IRS-2, equipped with M1 and M2 number of REs, respectively,
where M1+M2 = N. Likewise, for a single IRS-aided communication system, a large IRS with
a N number of REs facilitates the transmission while being placed at the location of IRS-1.

4.8.1 Channel Model

The channels between BS-to-IRS-1 and IRS-2-to-UE can be modeled as deterministic LoS
channels since the distances are very small and the probability of LoS is very high. However,
the distance between IRS-1 and IRS-2 is large, and thus the small scale fading for the channel
between i-th element of IRS1-to- j-th element of IRS-2, gRR

i j , can be modeled as Nakagami-m
fading, for all i = 1,2, · · · ,M1 and j = 1,2, · · · ,M2. Further, the distance between the BS-to-
IRS-1, IRS-1-to-IRS-2 and IRS-2-to-UE are represented by dSR1 , dR1R2 and dR2D, respectively.
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Likewise, for the single IRS-aided communication system, the channel between the BS-to-IRS
is modeled as a deterministic LoS channel. In contrast, the channel between the IRS-to-UE
can either be an LoS or an NLoS link. Thus, the small-scale fading between IRS-to-UE
can be characterized through the Nakagami-m fading model with mh as the fading parameter
for h = [h1 · · ·hM]. Furthermore, dSR and dRD denote the distance between BS-to-IRS and
IRS-to-UE, respectively.

4.8.2 Received Signal Model for the Dual IRS Scenario

The received baseband signal at the UE, y, for the dual IRS (DIRS) scenario can be expressed
as

y =
p

B

✓
ÂM1

i=1 ÂM2
j=1 e jf (1)

i gRR
i j e jf (2)

j

◆p
Pt (xt +wt)+wr +No, (4.77)

where B denotes the pathloss for the BS-to-UE link via IRS. Further, Pt is the transmit
power constraint at the BS, xt ⇠ C N (0,1) is the transmitted symbol, No ⇠ C N

�
0,s2� is

AWGN. Further, wt 2 C N
�
0,k2

t Pt
�

is the zero-mean complex Gaussian random variable
which represents the aggregated distortion noise due to the non-ideal transceiver at the BS2.
Further, kt is the proportionality constant that dictates the severity of the HIs. Likewise, wr 2

C N

 
0,k2

r

����
p

BÂM1
i=1 ÂM2

j=1 e jf (1)
i gRR

i j e jf (2)
j

����
2

Pt

!
represents the aggregated distortion noise at

the UE due to non-ideal transceiver. After some manipulation, (4.77) can be rewritten as

y =
p

B

 
M1

Â
i=1

M2

Â
j=1

e jf (1)
i gRR

i j e jf (2)
j

!
xt
p

Pt +wd +No, (4.78)

where wd 2 C N
�
0,
�
k2

t +k2
r
�

Pt
�

[86].
Now, the received signal power at the UE can be maximized by adjusting the phase at

IRSs to cancel the resultant phase, i.e., f (1)
i + f (2)

j �ji j = 0, 8 i, j. Thus, by substituting

ji j = f (1)
i +f (2)

j ,8 i, j, the received signal power at the UE can be maximized. Consequently,

2This Gaussian characterization of the aggregated distortion noise is experimentally verified, for details, please
refer to [81].

92



the SDNR corresponding to the optimal phase can be given as

r =
BG

2Pt

BG 2
�
k2

t +k2
r
�

Pt +s2

=
BG

2r̄
BG 2

�
k2

t +k2
r
�

r̄ +1
, (4.79)

where G
2 =

h
ÂM1

i=1 ÂM2
j=1

���gRR
i j

���
i2

and r̄ = Pt/s2 is the transmit SNR.
Further, for a link distance d, B at the carrier frequency of 3 GHz can be given by [60]

B(d) [dB] =

8
<

:
�37.5�22log10(d/1m) if LoS,

�35.1�36.7log10(d/1m) if NLoS.
(4.80)

4.8.3 Single IRS Scenario

Likewise, the SDNR at the UE for the single IRS (SIRS) scenario can be expressed as

r =
B̂H

2r̄
B̂H 2

�
k2

t +k2
r
�

r̄ +1
, (4.81)

where B̂ is the corresponding pathloss. Further, H
2 =

⇥
ÂM

i=1 |hi|
⇤2 is the maximized channel

gain corresponding to the optimized phase shift at the IRS. Here, bi is the amplitude of the
small-scale fading coefficient between the i-th RE of IRS-to-UE.

4.9 Performance Analysis

This section initially evaluates the SNR for single and dual IRS scenarios. The closed-form
expressions for the SE and OP are derived utilizing SNR.

4.9.1 Statistical Characterization of the Dual IRS Channel Gain

Now utilizing the CLT for M � 1, G = ÂM1
i=1 ÂM2

j=1 di j can be approximated through a Gaussian
distribution, i.e., G ⇠ N (µy,s2

y )

fG (y) =

8
<

:

1p
2ps2

G

exp
⇣
�(y�µG )

2

2s2
G

⌘
, if y � 0

0, if y = 0
(4.82)
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where

µG = ÂM1
i=1 ÂM2

j=1 µi j (4.83)

and

s2
G
= ÂM1

i=1 ÂM2
j=1 s2

i j. (4.84)

Here, µi j and s2
i j are the mean and variance of the random variable di j, which follows the

Nakagami-m distribution. Hence, µi j and s2
i j can be defined as

µi j =
G(mg +

1
2)

G(mg)

s
Wmg

mg
(4.85)

and

s2
i j = Wmg

8
<

:1� 1
mg

 
G(mg +

1
2)

G(mg)

!2
9
=

; , (4.86)

8 i and j.
Likewise, the CDF of G can be derived from its PDF as

FG (y) =
Z y

�•
fG (y)dy

=

8
<

:
1�Q

⇣
y�µG

s2
G

⌘
, if y > 0,

0, if y = 0.
(4.87)

4.9.2 Spectral Efficiency

. The SE for the DIRS scenario can be defined as

SE = E

"
log2

 
1+

BG
2r̄

BG 2
�
k2

t +k2
r
�

r̄ +1

!#
, (4.88)

or equivalently,

SE = E
⇥
log2

�
1+J1 G

2 r̄
�⇤

�E
⇥
log2

�
1+J2 G

2 r̄
�⇤
, (4.89)

where J1 = B
�
1+k2

t +k2
r
�

and J2 = B
�
k2

t +k2
r
�
.
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The closed-form expression for the SE of the DIRS scenario can be evaluated by solving
the expectation over the distribution of channel gain G

SE =
1

ln2
q

2ps2
G

Z •

0
ln

 
1+

y2
Br̄

y2 B
�
k2

t +k2
r
�

r̄ +1

!
e
�(y�µG )

2

2s2
G dy. (4.90)

The exact derivation of the integral (in 4.90) appears mathematically intractable, and thus a
closed-form expression may not be formed. Hence, we approximate the SE with tight upper
and lower bounds by invoking Jensen’s inequality.

4.9.2.1 Upper Bound

We define the upper bound of the SE as SEu, where SE  SEu. Applying Jensen’s inequality,
SEu can be evaluated from (4.89) as

SEu = log2
�
1+J1 r̄ E

⇥
G

2⇤�� log2
�
1+J2 r̄ E

⇥
G

2⇤� . (4.91)

Now the expectation of E
⇥
G

2⇤ can be evaluated utilizing the relationship Var [X ] = E
⇥
X2⇤�

(E [X ])2 as

E
⇥
G

2⇤=Var [G ]+ (E [G ])2 ,

=s2
G
+µ2

G
. (4.92)

Thus, utilizing (4.92), the upper bound for the SE of the dual IRS scenario can be expressed
as

SEu = log2

2
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(4.93)
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4.9.2.2 Lower Bound

Likewise, the lower bound for the SE is defined as SEl , where SE � SEl . Again applying
Jensen’s inequality, SEl, can be evaluated from (4.89) as

SEl = log2

0

@1+
J1r̄

E
h

1
G 2

i

1

A� log2

0

@1+
J2r̄

E
h

1
G 2

i

1

A . (4.94)

Now the expectation E
h

1
G 2

i
can be solved utilizing the Taylor series expansion and can be

approximated as [91]

E


1
G 2

�
⇡ 1

E [G 2]
+

Var
⇥
G

2⇤

[E [G 2]]3
. (4.95)

since the statistical characteristics of G is already known to be Gaussian distributed (as discussed
earlier in subsection A), G

2 will follow a non-central chi-square distribution. Thus the mean
and variance of G

2 can be expressed as
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⇥
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2⇤= 2s2
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�
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+2 µ2

G

�
, (4.96)

and

E
⇥
G

2⇤= s2
G
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G
, (4.97)

respectively.
Thus, utilizing these expressions, the lower bound for the SE of the dual IRS scenario can

be expressed as

SEl = log2

2

666664
1+

�
1+k2

t +k2
r
�

r̄ B M1M2 Wmg

(
1+ (M1 M2�1)

mg

✓
G(mg+

1
2 )

G(mg)

◆2
)3

2
⇢

1+ (2M1 M2�1)(G(mg+
1
2 ))

2

mg (G(mg))
2

�⇢
1� (G(mg+

1
2 ))

2

mg (G(mg))
2

�
+

⇢
1+ (M1 M2�1)(G(mg+

1
2 ))

2

mg (G(mg))
2

�2

3

777775

� log2

2

666664
1+

�
k2

t +k2
r
�

r̄ B M1M2 Wmg

(
1+ (M1 M2�1)

mg

✓
G(mg+

1
2 )

G(mg)

◆2
)3

2
⇢

1+ (2M1 M2�1)(G(mg+
1
2 ))

2

mg (G(mg))
2

�⇢
1� (G(mg+

1
2 ))

2

mg (G(mg))
2

�
+

⇢
1+ (M1 M2�1)(G(mg+

1
2 ))

2

mg (G(mg))
2

�2

3

777775
.

(4.98)
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Remark: For the ideal transceiver-based DIRS scenario, the upper and lower bound on the
SE can be evaluated by substituting kt = kr = 0 in (4.93) and (4.98), respectively.

4.9.2.3 Approximation for Large M

Now, with the upper and lower bound of the SE of the DIRS scenario, the exact SE lies in
between and can be expressed as

SEl  SE  SEu, (4.99)

however, for the larger values of M1 and M2, i.e., M1,M2 � 1, both SEu and SEl converges to
SE, and this approximation of SE can be given as

SE = log2

"
1+

r̄ J1 M2
1 M2

2 WmgG(mg +
1
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2

mgG(mg)2

#
� log2
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r̄ J2 M2
1 M2

2 WmgG(mg +
1
2)

2

mgG(mg)2

#
.

(4.100)

Remark: Likewise, the approximate SE for large M of the ideal transceiver-based DIRS scenario
can be evaluated by substituting J1 = B and J2 = 0 in (4.100).

4.9.3 Outage

The e2e outage for the DIRS scenario, Pout , can be defined in terms of a rate threshold, Rth, as
Pout = Pr

⇥
Rin < Rth

⇤
, which can be simplified as

Pout = Pr

"
log2
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, (4.101)

where c = 2Rth �1.
Thus, the closed-form expression of the outage probability for the DIRS scenario can be

evaluated as

Pout =FG (°) ,

=1�Q
✓

°�µG

s2
G

◆
, (4.102)
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Figure 4.9: SE versus M for both dual and single IRS-assisted communication system, here Pt = 30dBm.

where

° =

s
c

Br̄
�
1�
�
k2

s +k2
d
�

c
� . (4.103)

Remark: The OP for the ideal transceiver-based DIRS scenario can be evaluated from
(4.102) by substituting ° with kt = kr = 0 in (4.103).

4.10 Simulation Results

This section discusses and presents the simulation result for the proposed dual- IRS-aided
communication system’s performance and compares the performance with a single- IRS-aided
communication system. For the direct links between IRSs, the Nakagami fading parameter is
assumed to be mg = 5 for the DIRS scenario. Likewise, for the IRS-to-UE in the SIRS scenario,
it is assumed to be mh = 2. Further, the distances dSR, dRR, dRD1 are assumed to be 10, 100 and
10 meters, respectively while dSR and dRD are assumed to be 10 and 100 meters, respectively.
Similarly for the simulation purpose, M1 = M2 = M and kt = kr = k .

Fig. 4.9 shows the SE for both the DIRS and SIRS scenarios with an ideal and non-ideal
transceiver. The result shows that the derived bounds are pretty tight and near the approximate
values derived analytically. Further, it is evident that due to the multiplicative pathloss effect,
the SIRS scenario provides better performance than the DIRS for smaller M. Increasing M
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Figure 4.10: OP versus Pt for both dual and single IRS-assisted communication system, here M = 200
and k = 0.01.

mitigates the impact of the multiplicative pathloss; thus, for large M, DIRS outperforms SIRS.
However, for the non-ideal transceiver case, the SE of both DIRS and SIRS saturates to a
similar level independent of M.

Likewise, Fig. 4.10 shows the outage performance of both DIRS and SIRS scenarios under
a non-ideal transceiver. Specifically, it shows the OP with respect to transmit SNR for two
different rate thresholds, viz. Rth = 4,8 bps/Hz. It can easily be observed here that due to
the fourth-order gain in SNR (i.e., M2

1M2
2 ), the DIRS scenario outperforms the SIRS scenario

where the gain provided by IRS is of second-order (i.e., N2). The result verifies the superior
performance of DIRS over SIRS in terms of OP.

4.11 Conclusion of Part II

In this part, we investigated a dual IRS-aided communication system’s performance under a
non-ideal transceiver. Specifically, we have evaluated the SE and the OP for the dual IRS-aided
communication model. Additionally, the performance is compared with a single IRS-aided
communication system under a non-ideal transceiver. The multiplicative pathloss affects the
performance of dual IRS. However, it can be mitigated by increasing the number of REs in
the ideal transceiver case. From the analytical framework, it has been shown that utilizing
distributed IRS by dividing the large IRS into two smaller IRSs provides significant performance
gain in terms of SE and OP both. However, for the non-ideal transceiver case, the distortion
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noise due to hardware impairments saturates the SE of both DIRS and SIRS scenarios. No
further gain can be realized by increasing the number of REs. Hence, these constraints must be
considered while designing the practical IRS-aided communication system.
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Chapter 5
Performance Comparison of IRS- and FD
Relay-Aided Communication Systems

5.1 Introduction

IRS is similar to a relay, where the relay actively processes and re-transmits the amplified signal.
However, the critical difference in the IRS is the passive reflection without any amplification but
with beamforming. Moreover, in conventional relaying, time-division duplexing or frequency-
division duplexing is utilized to provide out-of-band FD operations. However, this results in a
significant loss of precious spectral resources. Utilizing the same time-frequency resource for
concurrent transmission and reception, i.e., in-band FD transmission, can theoretically double
the SE of the HD systems [5].

The performance comparison of the IRS with an ideal AF relay was studied in [7], where
the IRS is shown to have a large EE. Further, in [43], the performance of the IRS-assisted
system is compared with the ideal AF relay in terms of outage probability, SER and ergodic
capacity. Here also, the IRS-assisted system outperforms conventional AF relaying. Likewise,
in [60], Bjornson et al. have compared the performance of IRS-assisted systems against DF
relaying. The authors have shown that IRS-aided transmission only sometimes outweighs
conventional DF relaying. However, for a very large number of REs, the IRS can outperform
the DF relay. Moreover, in [61], the authors have considered some novel 5G channel models
and revised the results for IRSs, and DF relays, where they have shown that the IRS and DF
relay can complement each other’s strengths and can both have a place in 5G and beyond
5G architectures. Finally, Renzo et al. have summarized the key differences and similarities
between the IRSs and the relays in [62]. As evident from above, the performance comparison
for IRS and relaying has been studied in the literature, considering the ideal hardware scenario.
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Figure 5.1: Schematic for the considered scenario.

However, as shown in [86, 92], a non-ideal transmitter at the source severely restricts the
performance of an IRS-assisted wireless communication system. Motivated by the above,
in this article, we investigate and compare the performance of IRS-supported transmission
and relaying in the presence of a non-ideal transmitter. Further, in [86, 92], the authors have
analyzed the performance of an IRS-assisted system for a fixed set-up; this work also analyzed
the impact of the placement of IRS as well as compared it with respect to both HD and FD
relaying. Since DF relaying is well-known to have better performance than AF relaying in
terms of achievable rates [93], in this work, we consider DF relaying as it will serve as a better
performance benchmark. Furthermore, we have considered both half-duplex and FD modes of
operation while comparing the performance of the IRS-assisted system.

5.2 System Model

In this work, we have considered a system where a source tries to communicate with the
destination. The transmission is aided by an IRS or a DF relay, as shown in Fig. 5.1.

5.2.1 Channel Model

5.2.1.1 IRS-assisted Transmission

As illustrated in Fig. 5.1(a), we have considered the scenario where a source is communicating
with the destination via an IRS. The IRS, which consists of N discrete REs, facilitates the
information transfer. The channel between the source and the IRS is denoted as hsr, and the one
between the IRS and the destination is denoted as hrd . Further, the source-to-IRS distance and
the IRS-to-destination distance are denoted as dsr and drd , respectively, whereas dsd denotes the
source-to-destination distance. The sum distance of source-to-destination via relay link is D,
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i.e., D = dsr +drd . Further, we considered the scenario where a blockage obstructs the direct
link between source and destination and the IRS is deployed to assist the communication1.
Since there is no direct line of sight link, D > dsd , i.e., implies that the IRS relay cannot be
placed between the source-to-destination link.

5.2.1.2 Relay-assisted Transmission

For the relay-assisted system, we have considered a relay in place of the IRS, as shown in Fig.
5.1(b). Specifically, we consider a single antenna-based source and destination communicating
via a DF relay. In this scenario, the direct link connecting the source and destination is
supposed to be obstructed or heavily shadowed, so the relay has been placed to set up a reliable
communication link. A FD mode has been considered for the relay, where the relay node is
equipped with a pair of antennas, one each for transmitting and receiving. In contrast, the
source and destination are presumed to be single-antenna devices2. Furthermore, it is assumed
that the relay has perfect knowledge of CSI. The transmit data symbols for the source and
relay are denoted by xs and xr, respectively, and are assumed to be i.i.d. with zero mean and
variance as Ps = E

�
sxsH

x
 

and Pr = tr
�
E
�

rxrH
x
 �

respectively. Ps and Pr represent the transmit
power constraints at the source and the relay, respectively. The SI channel, hsi, is represented
mathematically as a frequency non-selective Rayleigh flat fading channel with i.i.d. elements,
hsi ⇠ C N (0,1) [63].

5.2.2 Transceiver Impairments

Conventionally, it has been shown in the literature that the assumption of considering ideal
hardware is not practical as the transceiver architecture at the RF front-end is prone to various
inevitable additive impairments such as I/Q imbalance, phase noise, and nonlinearity of RF.
A generic approach for modeling the joint impact of all these impairments considers that the
resultant distortion noises are Gaussian distributed, with their average power proportional to
the signal’s average transmit power.

As a result, the above imperfections will cause a mismatch between the actual transmitted
signal and the desired signal, x, where x 2 C N (0,s2

in). As a result, the actual transmitted

1The above-considered scenario is one of the practical applications of the IRS that has been explored in
literature [43].

2The scenario mentioned above suits cellular networks where the multi-antenna BS works as a relay for end-
users. Since the UEs are generally constrained by space and complexity, they are assumed to be single-antenna
entities operating in a half-duplex mode. However, the BS has no such restrictions, so it can easily be equipped
with multiple antennas and operate in a full-duplex mode.
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signal, x̃, can be rewritten as follows:

x̃ = x+w, (5.1)

where w represents the distortion caused by the aggregated hardware imperfections, and it can
be modeled as a zero-mean complex Gaussian process whose variance can be expressed as

s2
w = x 2s2

in, (5.2)

where x is a proportionality constant describing the residual impairment at the source.

5.2.3 Received Signal Model

5.2.3.1 IRS-assisted Transmission

The reflected signal from IRS, which is received at the destination, can be denoted as

y =
N

Â
i=1

hsrrihrdx̃t +nd

= G rix̃t +nd, (5.3)

where nd denotes the AWGN noise with C N (0,s2). Further, with G = ÂN
i=1 [|hsr|]i [|hrd|]i

being the gain provided by the IRS.
Moreover, ri = |ri|exp( jji) represents the response of the ith RE where ji denotes the

phase shift that is applied by the ith RE of the IRS3. Without losing any generality, we assume
that |ri|= 14. Further, the phase can be optimally set to reflect the incoming signal toward the
user. The optimal phase shift that can be adjusted is ji =�

�
j[hsr]i +j[hrd ]i

�
, and so, with the

optimal beamforming at IRS, ri can be rewritten to as ri = exp
�
� j
�
j[hsr]i +j[hrd ]i

��
. Thus,

utilizing (5.1), the received signal at the destination can now be expressed as

y = G x̃t +nd = G xt +G wt +nd. (5.4)
3Practically, the phase-shift is discrete and depends on the realization of IRS; however, this does not impact

our analysis as it has been shown in the literature that a 3-bit based IRS has nearly the same performance as that
of a continuous phase shift IRS.

4This is in line with the realistic assumptions taken in literature [43].
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5.2.3.2 FD Relay-assisted Transmission

The received signal at the FD relay, yR, can be expressed as

yr = hsrx̃s +hsix̃r +nr, (5.5)

where nr is the AWGN noise with C N (0,s2).
The SI can be mitigated at the FD relay by estimating it and subtracting it from the received

signal. However, the presence of various imperfections results in some RSI. Thus, after
estimating hsix̃r, it can be subtracted from yr, the received signal at the relay. Thus, in (5.5), the
received signal can now be written as:

yr = hsrx̃s +dr +nr, (5.6)

where dr denotes the RSI with dR ⇠C N (0,s2
rsi) and s2

rsi = aPn
r . Further, a and n (0  n  1)

are constants depending upon the efficacy of the employed SI cancellation scheme.
Thus, the equivalent received signal in (5.6) can be rewritten by substituting (5.1) as

yr = hsrxs +hsrws +dr +nr, (5.7)

Likewise, the received signal yd at the destination can be written as

yd = hrdx̃r +nd. (5.8)

or equivalently, using (5.1) it can be re-written as

yd = hrdxr +hrdwd +nd. (5.9)

5.3 Channel Capacity and EE Evaluation

This section presents the analytical formulation for the system capacity and EE. The EE can be
defined as the ratio of the rate over the total power consumed [94],

EE =
Rate

Pt +Pcir
. (5.10)

where Pt = Ps +Pr is the total transmitted power at the source and relay, and Pcir is the circuit
power consumption.
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5.3.1 Circuit Power Modeling

The source power consumption comprises the transmit power at the source, Ps, circuit power
consumption in HPA, PS

hpa, and other circuitry5, PS
c . Now, the HPA power consumption can

be modeled as PS
hpa = bPs, where b = 1

w and w is the drain efficiency of HPA. Thus, the total
power consumed at the source is PS

tot = (1+b )Ps +PS
c .

Likewise, the total power consumption at the FD relay can be denoted as PR
tot = (1+b )Pr +

PR
c , where PR

c is the circuit power consumption (excluding the HPA power consumption) at the
FD relay. Similarly, the power consumed at the destination is PD

tot = PD
c , where PD

c is the power
consumed in the destination circuitry.

Since the IRS is equipped with multiple REs, for ease of exposition and without losing any
generality, we assume that the power consumed by each of the REs is identical [7]. So, the
power consumed at the IRS is PIRS = NPRE , where PRE is the circuit power consumption at
each RE in the IRS.

5.3.2 IRS-assisted Transmission

In this subsection, we will formulate the channel capacity expression for IRS-assisted transmis-
sion and then evaluate the EE of the system. The SDNR can be obtained from (5.2) and (5.4)
as

GIRS =
G

2Pt

G 2x 2
t Pt +s2

=
G

2

x 2
t G 2 + 1

Gt

, (5.11)

where, Gt =
Pt
s2 , denotes the transmit SNR. So, the channel capacity of the IRS-assisted network

can be expressed as follows:

RIRS = log2 (1+GIRS) . (5.12)

After taking into account the circuit power consumption as discussed above, the EE in
(5.10) and (5.12) can be expressed as

EE =
RIRS

(1+b )Pt +PS
c +NPRE +PD

c
(5.13)

5This accounts for the power consumed in other blocks apart from HPA, such as mixers, digital-to-analog
converters, and frequency synthesizers.
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From (5.13), it can be observed that increasing N increases the power consumption linearly,
whereas the SE increases logarithmically with respect to N. Thus, the overall impact will be a
compound effect of both, where the EE increases initially with increasing N, but later, the EE
decreases. This has also been verified through simulation results in the next section.

5.3.3 FD Relay-assisted Transmission

In this subsection, we formulate the channel capacity relay-assisted transmission and then
evaluate the EE of the system. The SDNR for the source-to-relay link can be obtained from
(5.2) and (5.7) and is represented as

GSR =
|hsr|2 Ps

|hsr|2 x 2
s Ps +s2

rsi +s2

=
Gs

x 2
s Gs +Grsi +1

, (5.14)

where Gs = Ps |hsr|2 /s2 and Grsi = s2
rsi/s2. Likewise, the SDNR for the relay-to-destination

link can be obtained from (5.2) and (5.9) as:

GRD =
|hrd|2 Pr

|hrd|2 x 2
r Pr +s2

=
Gr

x 2
r Gr +1

, (5.15)

where Gr = Pr |hrd|2 /s2. Thus the end-to-end SDNR of the source-to-destination via relay link
can be expressed from (5.14) and (5.15) as

GFD = min{GSR,GRD} . (5.16)

Therefore, the channel capacity for the relay-assisted system can be expressed as follows:

RFD = log2 (1+GFD)

= log2 (1+min{GSR,GRD}) (5.17)

The EE for FD relay-assisted transmission can be evaluated from (5.10) and (5.17) as

EE =
RFD

(1+b )Pt +PR
c +PS

c ++PSIC +PD
c

(5.18)
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Table 5.1: Simulation Parameters for IRS/FD-assisted Communication

Parameter Simulation Values
s2 0 dB
n 1
a 80 dB

xt ,xs,xr 0.1
b 0.8

PS
c ,PR

c ,PD
c 10 dBm [7]

PRE 10 dBm [7]
Gt , Gr 0 dBi

Special Case (Half-Duplex): For the HD mode of operation at the relay, each of the source
and the relay would transmit for half of the time interval. Additionally, the SI term would no
longer be valid. So, the channel capacity would be as below:

RHD =
1
2

log2 (1+GHD) , (5.19)

where, GHD can be defined from (5.14) and (5.15) as

GHD = min
⇢

Gs

x 2
s Gs +1

,
Gr

x 2
r Gr +1

�
. (5.20)

Therefore, the corresponding EE can be expressed as

EE =
RHD

(1/2)(1+b )Pt +PS
c +PR

c +PD
c

(5.21)

The factor (1/2) indicates that the source and relay transmit only during half of the time slot,
which makes the EE of the half-duplex system better than its FD counterpart.

5.4 Simulation Results

This section presents the simulation results for the performance of both IRS-assisted and
relay-assisted transmission systems. The major simulation parameters are listed in Table 5.1.
Further, we specify the placement parameter as r , which defines the IRS/relay localization
as dsr = r D and drd = (1�r)D. Also, to have a better performance benchmark, the total
transmit power is kept constant for both IRS and relay-assisted systems such that Ps +Pr = Pt

and for ease of exposition Ps = Pr.
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Figure 5.2: SE and EE with respect to placement parameter for both the ideal and non-ideal hardware
transmitter case for D = 110 m.
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Figure 5.3: SE and EE with respect to placement parameter considering both ideal and non-ideal
transmitter for D = 220 m.

The channel gain is modeled using the 3GPP Urban Micro (UMi) as described and discussed
in [60]. Similar to [60, 61], we neglected the shadow fading to have a deterministic channel
gain, b (d) (i.e., hi =

p
b (d), i 2 sr,rd). At the carrier frequency of 3 GHz, b (d) can be

expressed as:

b (d) [dB] = Gt [dBi]+Gr [dBi]+

8
<

:
�37.5�22log10(d/1m) if LOS,

�35.1�36.7log10(d/1m) if NLOS,
(5.22)

where Gt and Gr denote the transmit and receive antenna gain at the source/relay and re-
lay/destination, respectively.
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Fig. 5.2 shows the SE and the EE for both ideal and non-ideal transmitters considering the
total distance to be D = 110 m. Specifically, Figs. 5.2(a) and 5.2(c) show the capacity for both
IRS-assisted and relay-assisted transmission systems for the ideal and non-ideal transmitter,
respectively. The following observations can be made from Fig. 5.2(a): a) the performance of
IRS improves when the number of REs are increased, b) while increasing the number of REs,
the IRS-assisted system is able to outperform DF relaying for very large M, c) the performance
IRS-assisted system is significantly improved when the IRS is in close proximity of the source
or when the destination is very close to IRS, d) ideal FD relay-assisted system provides the exact
double capacity, however, the practical performance is affected by the RSI, and e) practical
FD-DF-relaying is significantly impacted by RSI when the relay is far away from the source,
this is because of the fact that when the relay is moving farther from source, the received signal
strength falls off and so the RSI’s impact dominates the overall performance6.

In addition, the following insights can be gained from Fig. 5.2(c): f) The non-ideal hardware
transmitter-based IRS-assisted system can never outperform the ideal FD-DF relaying in terms
of capacity. g) As the number of REs increases, the capacity saturates. h) After N = 100,
there is hardly any measurable gain in capacity, even by changing the location of the IRS. i)
The location also influences the capacity of relay-assisted transmission as the distortion noise
dominates the capacity, so by altering the location of the relay, the capacity can be increased.
In the ideal hardware transmitter case, the capacity is maximized when the relay is placed at
rho = 0.5.

Figs. 5.2(b) and 5.2(d) show the EE of the ideal and non-ideal transmitter, respectively.
Also, Fig. 5.2(b) shows the EE for different M, i.e., the number of REs in the IRS, where it is
evident that the EE initially increases with increasing M; later on, it decreases. Further, Fig.
5.2(d) shows that for the non-ideal hardware transmitter case, the EE decreases considerably
with increasing M. This is because the capacity saturates with increasing M; however, the
energy consumption increases linearly. Consequently, it results in an overall reduction in the
EE of the IRS-assisted transmission system. This can also be verified from (5.13). Further,
it can also be verified that the half-duplex relay-assisted system is the most energy-efficient.
This is because, in contrast to FD relaying, the source and the relay transmit only for half the
interval. This can also be viewed from (5.21). Further, in the FD-relaying, there is additional
power consumption in the SI cancellation circuitry, as can be viewed in (5.18).

Fig. 5.3 shows another set of capacity and EE results for the non-ideal transmitter case
when the total distance is increased to D = 220 m. The following points are worth noting
while comparing Fig. 5.2 and Fig. 5.3. a) For large N, the impact of distortion noise is more

6The performance of practical FD-DF-relaying can be improved further through optimal power allocation,
which is out of scope for the current work, however, it can be considered for the future extension of this work.
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severe, the capacity is saturated and not impacted by the placement of IRS, however, when N
is small, the placement of IRS impacts the capacity. Further, the capacity decreases when the
total distance is increased. This is due to the fact that the path-loss increases with increasing
distance. b) The EE of the IRS-assisted system is impacted more severely when the distance
is increased. Even FD relaying is more energy-efficient than the IRS-assisted transmission
system.

It can be inferred here that the IRS-assisted system can only outperform the capacity of the
relay-assisted system for shorter distances and ideal hardware transmitter cases. Moreover, the
capacity of ideal-hardware-based IRS-assisted can be further enhanced by placing it near the
source or destination. Furthermore, for non-ideal hardware systems, FD-relaying consistently
outperforms the IRS-assisted system, regardless of IRS placement and size, i.e., M. A similar
argument can be provided for the EE of the IRS-assisted system and the FD-based DF-relaying.

5.5 Conclusion

In this chapter, the performance of a IRS-assisted wireless system is investigated and compared
with that of a FD relay-assisted wireless system in the presence of non-ideal transceivers.
Specifically, the performance is compared in terms of channel capacity and EE. The main
observation is that the IRS-assisted system can never outperform the capacity achieved by ideal
full-duplex relaying for the non-ideal hardware scenario. Further, by increasing the number of
REs, the capacity of the IRS-assisted system saturates to the capacity achieved by the ideal FD
relay-assisted system. However, this also results in the reduction of the EE of the IRS-assisted
system. Thus, there is a trade-off with respect to increasing the number of REs that can be
observed in the capacity and EE of the IRS-assisted system. Apart from this, several other
insights have also been provided while discussing the results.
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Chapter 6
Conclusion and Future Work

6.1 Summary of the Contributions

Due to seamless wireless connectivity, the amount of data traffic on a wireless network has
been growing steadily. This means that available resources need to be used as effectively as
possible. For the sake of sustainable development, wireless communication systems must
be energy-efficient so that they can handle all of this data traffic. In this dissertation, we
have primarily focused on the FD communication technique, which theoretically doubles the
spectrum utilization efficiency. However, in practice, it is limited by the residual SI. Further,
this SI can also be harnessed for improving the EE of a FD system through S-ER.

Further, we analyze the impact of S-ER on the performance of FD-based systems under
RSI. The inherently present SI in the FD systems is utilized opportunistically to harvest energy,
thereby enhancing the EE of the system. However, this comes at the cost of slightly degrading
the system’s SE due to reduced array gain. The allocation of antennas for S-ER and information
transmission can be done based on the desired QoS requirement. Analytical expressions are
derived for the SE, OP and EE. The obtained results show that S-ER improves the EE of the
systems by recycling a portion of the transmitted energy at the expense of a slight degradation
in the SE. As long as this degradation in SE satisfies the desired QoS, S-ER can be utilized
to improve the EE of the FD system. Further, an adaptive S-ER scheme is proposed that
compensates for the degradation in SE and enhances the EE simultaneously.

Further, with the advent of metamaterials, IRS, a passive realization of FD with zero SI,
can achieve ultra-high SE and EE. This thesis investigates the performance of IRS-assisted
communication systems under practical, non-ideal hardware scenarios. Further, we also
characterized the joint impact of the transceiver’s HIs and IRS phase errors on the performance
of an IRS-aided communication system with and without a direct link. Specifically, we have
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derived the closed-form expressions of the SE, EE and OP. Although both transceiver HIs and
IRS phase errors degrade performance, the impact of transceiver HI is far more severe and
damaging. In particular, the transceiver HI saturates the SE. This saturation level is independent
of the number of REs in the IRS and the transmit power. Likewise, for the particular case of a
high transmit SNR and a large number of reflecting elements, the SE saturates to the same level
independent of the transmit SNR, the number of reflecting elements, and the availability of a
direct link. Likewise, the multiplicative pathloss affects the performance of a dual IRS-aided
communication system. However, it can be mitigated by increasing the number of REs in
the ideal transceiver case. From the analytical framework, it has been shown that utilizing a
distributed IRS by dividing the large IRS into two smaller IRSs provides significant performance
gains in terms of SE and OP. However, for the non-ideal transceiver case, the distortion noise
due to hardware impairments saturates the SE of both DIRS and SIRS scenarios. No further
gain can be realized by increasing the number of REs.Consequently, the impact of non-ideal
hardware cannot be neglected in a practical IRS-enabled system design.

Later, we compared the relative performances of the FD relay and the IRS-assisted com-
munication system under practical, non-ideal transceiver scenarios. The main observation is
that the IRS-assisted system can never outperform the capacity achieved by ideal full-duplex
relaying in the non-ideal hardware scenario. Thus, transceivers are far more crucial to the
performance of IRS-assisted communication systems. Further, by increasing the number of
REs, the capacity of the IRS-assisted system saturates at the capacity achieved by the ideal FD
relay-assisted system. However, this also results in the reduction of the EE of the IRS-assisted
system. Thus, there is a trade-off with respect to increasing the number of REs that can be
observed in the capacity and EE of the IRS-assisted system. Hence, these constraints must be
considered while designing a practical IRS-aided communication system.

A communication engineer can efficiently utilize the proposed analytical framework to
design the link budget for FD/IRS-based communication systems without performing extensive
simulations or tedious experiments.

6.2 Mitigation Techniques and Future Work

As discussed in the literature, the HPA is the primary source in the radio architecture that
contributes most to nonlinear distortion. In order to reduce the distortion, the HPA can be
forced into operating with a high IBO. However, increasing IBO results in poorer energy
efficiency because HPAs are designed to provide maximum efficiency in the nonlinear region.
Another method to reduce the effects of nonlinear distortion is to use digital pre-distortion. This
method does not have an adverse effect on the energy efficiency of the transmitter. Likewise,
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post-distortion is carried out on the receiver side in order to compensate for the distortions.
However, it increases the complexity of the circuitry in both the transmitter and the receiver.

There are numerous ways in which this dissertation’s work can be expanded. The following
are some potential future research directions:

• Apart from residual SI, several other impairments are present in the FD relay-based
communication systems, such as cross-talk and channel correlation. The FD relay-based
communication system’s performance suffers due to these impairments. As a result,
when analyzing the performance of an FD relay system, it is critical to consider the
influence of these limitations.

• Likewise, in this dissertation, the impact of a correlated channel is not considered for
the performance analysis of IRS-assisted communication systems. This can also be a
potential research idea to evaluate the performance degradation due to the correlated
channels. Furthermore, near-field-based IRS beamforming is also an exciting research
idea for further extension of this work.

• In addition to the above, the combination of FD relay with IRS is yet to be explored.
Thus, the performance of a combination of active and passive FD relaying would be
interesting to explore.
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