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Abstract

The rapidly growing number of wireless devices has raised the need for designing self-

sustained wireless systems. Simultaneous wireless information and power transfer (SWIPT)

has been advocated as a promising solution. Various approaches have emerged to design

wireless systems that enable SWIPT. In this thesis, we propose a novel approach for spa-

tial switching (SS) based SWIPT using the generalized triangular decomposition (GTD)

for point-to-point multiple-input-multiple-output (MIMO) systems. The GTD structure

allows the transmitter to use the highest gain subchannels jointly for energy and in-

formation transmissions and these joint transmissions can be separated at the receiver.

We first derive the optimal GTD structure to attain optimal performance in SS based

SWIPT systems. This structure is then extended to design three novel transceivers where

each transceiver achieves a certain objective and meets specific constraints. The first

transceiver focuses on minimizing the total transmitted power while satisfying the energy

harvesting and data rate constraints at the receiver. The second transceiver targets the

data rate maximization while meeting a certain amount of energy at the receiver. The

third transceiver considers the energy harvesting maximization and guarantees to satisfy

the required data rate constraint. The proposed transceivers are designed assuming two

transmitted power constraints at the transmitter; the instantaneous total transmit power

and the limited transmit power per subchannel. For each designed transceiver, optimal

and/or suboptimal solutions are developed to obtain joint power allocation and subchan-

nel assignment under a linear energy harvesting model. Additionally, a novel extension

to the SS based SWIPT system is proposed considering a non-linear energy harvesting

model. Thereafter, the case of maximizing the energy harvesting for a given data rate and

instantaneous total transmitted power constraints is studied. A solution is developed that

obtains jointly the optimal power allocation and the subchannel assignment alongside the

optimal and/or suboptimal split ratios at the energy harvesters. The theoretical and sim-

ulation results show that our novel proposed GTD designs for both linear and non-linear

energy harvesting models outperform the state-of-the-art singular value decomposition

(SVD) based SWIPT designs.
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Chapter 1

Introduction

1.1 Overview
The demand for wireless applications is growing rapidly, especially with the deploy-

ment of wireless sensor networks (WSN) and the emerging Internet of Things (IoT) de-

vices. To sustain this growth, the provision of an automated source of energy becomes in-

creasingly important for these devices as they are often characterized by stringent resource

constraints and varying environments. Therefore, multiple renewable energy sources such

as wind, solar, thermo-electric and vibrations have been considered to power the wireless

networks [1]. However, these types of sources are characterized by their intermittence,

instability and unreliability [2]. Hence, it is risky to rely on the aforementioned sources

to deliver sufficient energy to the wireless networks when the quality of service (QoS) is

an essential priority [2]. Furthermore, the nature of these sources requires modifications

in the hardware design of the wireless nodes and the architecture of the wireless network

in order to properly scavenge the energy [3].

To overcome the limitations above, electromagnetic waves of the wireless signals are

considered a promising solution for energy harvesting [4]. The energy content in elec-

tromagnetic waves can be converted to a DC voltage by using specific rectenna circuits

[5, 6]. This field has attracted various research directions such as development of highly

efficient rectenna circuits [7, 8] or designs that can harvest energy from multiple frequency

bands [9, 10]. Instead of hardware design, however, the focus of the present work is in

1



Chapter 1 – Introduction

the signal processing and communications aspects of wireless energy transfer when the

network needs to convey information to the nodes as well. In fact, combining wireless

energy transfer simultaneously with information transfer is a concept known as simulta-

neous wireless information and power transfer (SWIPT) [11, 12]. The early studies of

SWIPT [11, 12] focused on developing theoretical bounds such as the trade-off between

the information rate and the harvested energy. However, these studies suggested that

the receiver is able to decode data and harvest energy from the same signal, an approach

which is practically infeasible. To address this problem, the received signal has to be split

into two parts, one part for information decoding and the other part for energy harvesting.

In fact, the received signal can be separated in different domains such as time domain,

power domain, space domain [13] or spatial domain[14]. More details regarding the re-

ceived signal separation techniques can be found in Chapter 2. The research outlined in

this thesis focuses on developing a new approach for SWIPT where the received signal is

separated in the spatial domain. This separation technique is also referred to as spatial

switching (SS) [14].

1.2 Research Motivation and Aims
Recently, SWIPT has been considered a promising solution to design a perpetual

lifetime wireless communications system. To enable SWIPT in such a system, the received

RF signal has to be split into two parts, one part used for information decoding and

the other used for energy harvesting as mentioned in the previous section. One of the

techniques used to enable SWIPT is spatial switching (SS), which is applicable to the

MIMO systems. The SS technique exploits the degrees of freedom of the MIMO channel

to enable SWIPT. Basically, singular value decomposition (SVD) is used to transform the

MIMO link to parallel subchannels where each subchannel is used either for information

decoding or energy harvesting [14–16]. This process leads to design a point-to-point

MIMO SS SWIPT system based on the SVD architecture, termed an SVD- based SWIPT

system.

The symmetric setup of the SVD results in a binary allocation to the subchannels.

This allocation is considered to be a significant disadvantage in the SVD based SWIPT

2
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system because the highest gain subchannels are beneficial for transferring information

and energy signals. This issue gives motivation for developing a SWIPT system that can

transmit information and energy signals jointly over the highest gain subchannels and at

the same time complies with the SS technique’s main requirement, which is that each of

the received streams should be used either for information decoding or energy harvesting.

The SVD based SWIPT system use is limited only to the point-to-point MIMO case

due to the structure of the SVD. Therefore, this study is also motivated by the interest

to develop a new SS SWIPT system that could be extended to different wireless network

configurations, such as multi-user MIMO networks and relay networks.

1.3 Thesis Key Contributions
This thesis focuses on developing a novel SWIPT system based on SS technique that

efficiently exploits the degrees of freedom of the MIMO channel. The main contributions

of the thesis are summarized as follows:

• Proposing a novel approach for SS SWIPT, in point-to-point MIMO systems, based

on GTD.

• Derivation of the optimal structure of the GTD that serves as a framework to design

GTD based SWIPT transceivers. The theoretical developments of the GTD show

that the proposed approach well outperforms the SVD based SWIPT approach (see

Chapter 3).

• Development of three GTD based SWIPT transceivers where each one is set to

achieve a specific target and requirements. The first transceiver is designed to

minimize the total transmitted power and satisfy the data rate and energy harvesting

constraints. The second transceiver is used to maximize the data rate and meets

the required energy harvesting constraint. The last transceiver considers maximizing

the harvested energy while guaranteeing that the data rate constraint is met. All

the transceivers are characterized by either limited instantaneous total transmit

power (see Chapter 3) or maximum transmit power per subchannel (see Chapter

4). Optimal and suboptimal solutions that jointly obtain the power allocation and

3



Chapter 1 – Introduction

the subchannel assignment for all of the proposed transceivers are developed.

• The above development is derived for the linear energy harvesting model. An exten-

sion of both GTD and SVD based SWIPT systems is developed for the non-linear

energy harvesting model proposed in [17]. A simplified structure based on attaching

one subchannel at the receiver to multiple energy harvesters is developed for the

GTD and SVD based SWIPT systems. With the focus on maximizing the harvested

energy, an optimization problem is formulated to jointly obtain the optimal power

allocation and subchannel assignment alongside the optimal/suboptimal split ratios

at the energy harvesters while ensuring that the required data constraint is met.

The work in this thesis studies the GTD based SWIPT only theoretically and the

practical realization is beyond the scope of this thesis. Therefore, the parameters

that are used for the simulations of the proposed GTD based SWIPT approach

in the upcoming chapters are not selected based on any of real-world applications

such as 5G and IoT systems. In fact, the study in this thesis presents theoretical

foundations for the GTD based SWIPT approach that serves as a basis for any future

investigations regarding the practical implementation of the GTD based SWIPT.

1.4 Thesis Outlines
The thesis is organized in six chapters. Details of the topics that are covered in each

chapter are briefly introduced below:

• Chapter 1 introduces the research topic of this thesis and sheds light on the re-

quirement for a sustainable solution to face the growth in energy demand in the

wireless networks. The motivation and aim of this research are presented, followed

by the key contributions. The structure of the thesis and the published works are

presented at the end of the chapter.

• Chapter 2 provides a review of the techniques that enable SWIPT in various

network configurations and setups. Because the focus in this thesis is on designing

a novel SS based SWIPT system, two fundamental mathematical tools that are

essential to design such system are introduced. In particular, the SVD and GTD

4



Chapter 1 – Introduction

are studied. Afterwards, the point-to-point MIMO SVD and GTD based SWIPT

systems models, which are used in the designs during the rest of this thesis, are

presented in this chapter.

• Chapter 3 begins with an important theoretical development that addresses the

reasons for the superior performance of the proposed GTD based SWIPT system

over the state-of-the art SVD based SWIPT system. Exploiting this development,

GTD based SWIPT transceiver designs are proposed where each design is set to

achieve a particular objective, that is, transmit power minimization, data rate

maximization and energy harvesting maximization. An optimization problem is

formulated to describe the objective of each particular design. The optimization

problems are characterized by instantaneous total transmit power constraint. al-

gorithms that jointly find the optimal power allocation and subchannel assignment

for each optimization problem are developed. For comparison purposes, three SVD

based SWIPT transceivers that are designed to achieve the same objectives above

are studied. To compare the performance of the proposed GTD designs against the

state-of-the-art SVD designs, numerical results are introduced in this chapter.

• Chapter 4 restudies the designs proposed in the previous chapter, considering per

subchannel transmit power constraint instead of the instantaneous total transmit

power constraint. The effect of adjusting the transmit power constraint on the

proposed designs is highlighted. Optimal and suboptimal solutions are developed to

obtain the power allocation and subchannel assignment that are required to design

the GTD and SVD based SWIPT transceivers. Numerical results are presented in

this chapter to highlight the difference in the performance between the proposed

GTD based designs and their counterpart SVD designs.

• Chapter 5 studies the GTD and the SVD based SWIPT systems assuming a non-

linear energy harvesting model instead of the linear model used in Chapters 4 and 5.

The case of designing energy harvesting maximization transceivers based on GTD

and SVD are considered in this chapter. The impact of using the non-linear energy

harvesting model on the proposed design is investigated where the design limita-
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tions and possible solutions are highlighted. Optimal and suboptimal solutions are

developed to meet the GTD and SVD transceivers’ design requirements. Simulation

results are introduced to characterize the performance of the proposed designs.

• Chapter 6 concludes the thesis and remarks on the research outcomes. Moreover,

possible future directions of this work are also envisioned.

1.5 Publications
Part of the work in this thesis has appeared in the following publications:

1. A. Al-Baidhani, M. Vehkapera, and M. Benaissa, “Simultaneous wireless infor-

mation and power transfer based on generalized triangular decomposition,” IEEE

Transactions on Green Communications and Networking, pp. 1-1, 2019.

2. A. Al-Baidhani, M. Benaissa, and M. Vehkapera, “Wireless information and power

transfer based on generalized triangular decomposition,” in IEEE Global Commu-

nications Conference (GLOBECOM), Dec 2018, pp. 1-7.
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Chapter 2

Background

2.1 Introduction
Recent interest in energy harvesting from ambient radio frequency (RF) signals has

prompted researchers to review the design of the conventional wireless communication

systems. These systems are not only used to decode information reliably but also to

harvest energy from the RF signals. RF signals can be harvested and converted to elec-

trical energy using rectenna circuits. Historically, this technology is associated with the

first experiment of wireless power transfer that was conducted by Nicola Tesla in 1890

[18]. Although Tesla’s experiment failed, the idea of wireless energy transfer using RF

signals was established. The first successful attempt for wireless energy transfer using

RF signals was reported in 1964 when William C. Brown succeeded in transmission of

power by RF signals to a thirty foot high tethered helicopter [18]. Despite this success,

the developed system size and cost were inconvenient to implement such technology for

commercial applications [19].

The wide deployment of various wireless networks has made RF signals a ubiquitous

power source. Moreover, recent advances in electronic circuit design have resulted in

manufacturing micro-size circuits that can be easily integrated into small-size wireless

devices. For example, the Powercast PCC114 Powerharvester receiver has a size of (1×0.6×

0.3) mm [20], which allows it to easily fit in small-size devices. These developments have

again placed significant attention on RF energy harvesting technology, which has become

7



Chapter 2 – Background

a more attractive choice for designing self-powered wireless networks. The methods by

which RF energy harvesting is achieved can be categorized into two types; non-direct RF

energy harvesting and direct energy harvesting.

The non-direct RF energy harvesting method refers to harvesting the ambient RF sig-

nals that are not intended for energy transfer. These RF signals are normally transmitted

from different types of wireless networks such as public broadcasting networks, mobile

cellular networks and wireless local area networks (WLAN) [21]. Most of the works that

considered this method have focused on the circuit design levels for highly efficient multi-

band energy harvesting systems; for more details, see [22–26] and the references therein.

However, the energy harvested by this method is unstable and has fluctuating levels be-

cause the harvested RF signals are not primarily transmitted for energy scavenging.

The direct RF energy harvesting method denotes to harvesting RF signals that are

originally transmitted for energy transfer. Essentially, the RF signals could be used to

transfer information and energy simultaneously [2]. This type of transmission is known as

simultaneous information and power transfer (SWIPT) and requires special transceivers

design in order to retrieve the information and the energy properly at the receiver. The

next section provides a comprehensive review on the techniques that enable SWIPT in

wireless communications systems.

This chapter gives the essential preliminaries that are required for the developments

in the next chapters of this thesis. In Section 2.2, a comprehensive review on the tech-

niques that enable SWIPT in wireless communications systems is introduced. Section 2.3

presents the mathematical tools required to design spatial switching (SS) based SWIPT

systems, which are the topic of interest in this thesis. Two SS based SWIPT system

models that serve as a basis to the transceiver designs in next chapters are presented in

Section 2.4. The first system model is the well known SVD based SWIPT that is pro-

posed in [14–16]. The second system model is the GTD based SWIPT, which is the key

contribution in this work. Finally, this chapter is summarized in Section 2.5.
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Figure 2.1: Receiver architecture designs for SWIPT.

2.2 SWIPT
The first information-theoretic study that considered simultaneous information trans-

mission and energy harvesting was conducted by Varshney [11]. The trade-off between

the maximum achievable information rate and the harvested energy, also referred to as

the rate-energy (R-E) region, for a single-input single-output (SISO) setup in binary dis-

crete and additive white Gaussian noise (AWGN) channels was studied. This study was

extended to a frequency-selective channel with AWGN in [12]. Both studies assumed that

the receiver is able to decode the information and harvest the energy from the same signal,

which was a practical limitation. To overcome this limitation, three receiver architectures

were proposed in [13]: time-switching (TS), power-splitting (PS) and antenna-switching

(AS). In TS, the receiver has the ability to switch between decoding information and

harvesting energy, as illustrated by Figure 2.1a while in PS, the receiver has the abil-

ity to split the received signal into two parts, one for decoding information and one for
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harvesting energy, as shown in Figure 2.1b; further, in the AS architecture, the receiver

switches between the antennas so that each antenna has either an energy signal to be

harvested or an information signal to be decoded, as shown in Figure 2.1b. The work in

[13] studied the achievable R-E regions for the both schemes, TS and PS, for point-to-

point MIMO systems. A different receiver architecture that exploits the spatial domain

of the MIMO channel instead of time switching, power splitting or antenna switching was

proposed in [15]. Using singular value decomposition (SVD), the point-to-point MIMO

channel was transformed into orthogonal subchannels carrying either information or en-

ergy, as illustrated by Figure 2.1d. The work in [15] studied the case of minimizing the

transmitted power subject to information rate and energy harvesting constraints. Since

then, the aforementioned techniques have been widely investigated in different network

configurations and scenarios. In the following sections, an overview is presented for the

aforementioned receiver architectures that practically enable SWIPT.

Note that Figure 2.1 simply shows a schematic representation of SWIPT techniques

and each of these techniques has its own circuit designs and architectures. For example,

implementing TS in Figure 2.1a requires using synchronization circuits so the receiver

can perfectly switch in time between harvesting energy and information decoding [13].

In Figure 2.1b, PS can be implemented by using different technologies such as Wilkinson

power divider [27] divider, varactor diodes [28] and CMOS technology [29–31] to split

the received RF signals into energy signals and information signals. For AS technique

in Figure 2.1c, a number of switches that is equal to the number of the antenna at the

receiver can be used to select between energy harvesting or information decoding from

the received RF signals at each particular antenna. Implementing SS technique, whose

its schematic representation appears in Figure 2.1d, requires using some elements that

have a capability to perform signal processing at the RF band in order to switch spatially

between energy harvesting and information decoding [14].

2.2.1 Time Switching Receiver
The TS receiver architecture has been widely studied and considered to enable SWIPT

in different network configurations. In [32], the optimal switching time was derived for

a point-to-point SISO system to achieve a desired trade-off between information trans-
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fer and energy harvesting when the channel state information (CSI) was available or

unavailable at the transmitter. The work in [33] studied the TS technique in a SISO

amplify-and-forward (AF) wireless relaying network where the relay uses the harvested

energy to forward the transmitted signal to the destination. The proposed system in [33]

was evaluated by determining the rate achieved at the final destination assuming both

delay-limited and - tolerated transmissions. The work in [34] considered TS in decode-

and-forward (DF) relay networks where the ergodic capacity of network was derived in

the presence of an energy harvesting constraint at the relay node. In [35], the problem

of maximizing the transmission rate was studied in multi-hop DF relay networks where

the relay node used the TS technique to recharge its own battery. In [36], the system

outage probability was studied in two-hop DF relay where the TS protocol is assumed to

power the relay node in order to forward the transmitted signal to the destination. In

[37], TS was considered for a SISO amplify-and-forward (AF) and decode-and-forward

(DF) wireless relaying network where the relay uses the harvested energy to forward the

transmitted signal to the receiver. Two transmissions mode were assumed in this study;

in the first mode, for each transmission block the relay nodes switches in time to harvest

energy and process the information from the received signal while the other mode assumes

that the received signal at each transmission block is used either for energy harvesting

or information processing. For each mode, the achievable rate was obtained to evaluate

the proposed system. The work in [38] studied TS in wireless sensor networks where the

problem of joint power allocation and time switching under long-term power consump-

tion and heterogeneous QoS requirements of different types of traffics was investigated.

The authors in [39] studied TS in a full duplex AF relay network where the problem of

maximizing the data rate at a specific receiver under the relay energy constraint was con-

sidered. The authors of [40] adopted the TS technique for a MIMO DF relay broadcast

channel (BC), where the goal being to maximize the energy harvested at the relays.

Besides relay networks, the work in [41] investigated TS in an ad-hoc network that

consists of multiple transmitters each equipped with multiple antennas and a single an-

tenna receiver. The outage probability for maximum ratio transmissions (MRT) of the

proposed ad hoc network was derived in this work. In [42], TS was used to enable SWIPT
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in a dense heterogeneous network that consists of multiple tiers of base stations and a

single antenna receiver. In this study, a closed-form solution was derived for the average

harvested energy, the average information rate and the average transmitted power where

the energy-information switching time is fixed at the receiver.

Furthermore, the TS technique has been considered in multi-carrier systems in differ-

ent scenarios. For example, the authors [43] studied the optimal power allocation and the

optimal time-switching that maximizes the sum-rate for a multiuser orthogonal frequency

division multiplexing (OFDM) based downlink SWIPT system with TS reception. This

study assumed that each single antenna user is able to harvest energy and decode infor-

mation from a multiple-antenna fixed access point. In [44], TS was studied in a SISO

multicarrier DF relay network. The authors in [44] developed a solution that jointly ob-

tains the optimal power allocation and the time-switching ratio at each of the source and

the relay nodes to maximizes the end-to-end achievable rate of the DF relay network.

In addition to the network configurations mentioned above, the TS technique has also

been investigated for multi-user systems. In [45], the TS technique was applied to a multi-

user multiple-input single-output (MISO) network that consists of multiple access points,

each equipped with multiple antenna serving single antenna multi receivers. The optimal

power allocation at the transmitters and the optimal time-switching at the receivers that

maximizes the data rate while maintaining a specific amount of energy at each receiver

were derived in this work. The work in [46] considered a full duplex multicell multiuser

MIMO network where an efficient design is developed for the precoding matrices for a sum-

throughput maximization given quality of service (QoS) and energy harvesting constraints

where the TS technique is applied; the problem of maximizing the energy harvesting given

throughput constraints with the TS technique was also considered in this paper. In [47],

the authors studied TS in MISO multi-user system where the case of jointly optimizing

the transmit covariance matrices and the TS ratio at the transmitter was analyzed in

order to obtain the boundary points of the rate-energy region at the receiver. The work

in [48] investigated the case of maximizing the sum-rate in multi-user MISO where each

user adopts TS in order to harvest a required amount of energy.

The works mentioned above showed that TS technique have been widely investigated
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in different wireless networks assuming various scenarios. In general, TS technique has two

main drawbacks. Firstly, the TS technique is limited to the applications where the delay

can be tolerated since part of the symbol time is used for energy harvesting instead of

information decoding. Secondly, the TS technique requires accurate information/energy

scheduling and time synchronization because any mismatch in the information/energy

scheduling time leads to information loss at the receiver [49].

2.2.2 Power Splitting Receiver
Power splitting has been widely investigated in the literature as a technique used to

enable SWIPT in multiple scenarios and different network structures. In addition to the

TS technique, the works [33–35] have also investigated PS in relay networks, as discussed

in Section 2.2.1. Also, the study in [43] considered PS for OFDM systems, and the work

of [46] investigated PS in a full duplex multicell multiuser MIMO network, as described

in the previous section.

In addition to the research mentioned above, the PS technique has been extensively

studied in various wireless network configurations. The works in [50–56] applied PS in

a multiuser system. The study in [50] considered PS for MISO multi-user assuming one

multiple antenna base station (BS) serving multiple mobile receivers, each one equipped

with a single antenna. The problem of minimizing the total transmitted power at the BS

while achieving specific amounts of data rate and harvested energy at each mobile was

analyzed. A similar scenario was considered in [51] but with the case of imperfect CSI

at the transmitter. In [52], PS was proposed for MISO multi-user networks that consists

of an equivalent number of transmitters and receivers. Transmitters have an identical

number of antennas and each receiver has a single antenna. In this work, the optimal

beamforming design and the power splitting ratio were obtained to minimize the transmit-

ted power that meets certain QoS and energy requirements at each receiver. In addition

to the optimal beamforming design, well-known beamforming such as zero-forcing (ZF),

regularized zero-forcing (RZF) and MRT were also investigated in [52] to obtain the opti-

mal power allocation and the splitting ratio that minimize the transmitted power required

to maintain specific amounts of data rate and energy at each receiver. The study in [53]

applied PS in multi-user MISO systems where the interference is exploited to improve
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data decoding and energy harvesting at the receivers. The work in [54] considered PS

in K-user MISO networks where each multiple antenna transmitter serves single antenna

receivers. Assuming imperfect CSI, the authors in [54] at the transmitter, a suboptimal

transceiver design was developed to minimize the transmitted power that satisfies min-

imum requirements of data rate and energy harvesting for each end-user. Zong et al.

in [55] studied PS in K-user MIMO networks where each multiple antenna transmitter

communicates with multiple antennas receivers. In this study, joint design of transmit

precoding matrices, power splitters and receive filters to minimize the transmitted power

subject to both information decoding and energy harvesting constraints was investigated.

In [56], PS was applied in multi-user MIMO systems where multiple antenna transmit-

ter transfers data and energy to multiple antenna receivers. Assuming that the receivers

are powered by the harvested energy only, the case of maximizing the sum rate of both

downlink and uplink was studied in this paper.

Additionally, PS has been studied in full-duplex (FD) systems as well. For example,

the work in [57] applied PS in an FD SISO DF relay network that consists of a single

antenna source, single antenna relay and single antenna destination. This work studied

the problem of maximizing the data rate at the receiver subject to limited transmit power

at the source and a specific amount of energy harvested at the relay node. The work of [58]

considered PS in point-to-point FDMIMO systems where the problem of the weighted sum

transmit power minimization subject to energy harvesting, data rate and limited transmit

power constraints was studied. The work in [59] used PS to enable SWIPT in multi-user

FD systems. This paper studied the joint design of the transmit-receive beamforming

vectors and the receive power splitting ratio to minimize the total transmitted power

subject to data rate and energy harvesting constraint at each node. Zhao et al. in [60]

applied PS in K-pair FD MIMO networks where the FD transceiver nodes were equipped

with multiple antennas. This work studied two optimization problems; the first one is

the sum power minimization subject to data rate and energy harvesting constraints, and

the second problem is the sum rate maximization subject to limited transmitted power

and energy harvesting constraints. In [61], PS in full duplex AF MIMO networks was

considered where a multiple antenna transmitter wants to send a message to a multiple
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antennas receiver via a multiple antennas relay. This work studied the optimal joint design

of the transmitter and relay beamformers and the power splitting ratio that minimizes

the mean-square-error (MSE) at the receiver.

In cognitive radio (CR) networks, the PS technique has captured some interest in the

literature as well. For instance, the works in [62–64] have used PS to harvest energy

from the received signals in cognitive radio networks. Zheng et al. [62] study the joint

information and energy cooperation in CR networks where the primary networks consists

of single antenna primary transmitter (PT) and primary receiver (PR) while the sec-

ondary network has a multiple antenna secondary transmitter (ST) and a single antenna

secondary receiver (SR). In this work, the PT uses the ST to forward massages to the

PT and in the meantime the ST also benefits from the PT transmitted signal to harvest

energy. The problem of maximizing the data rate in the secondary network by optimizing

the beamforming vectors and power splitting ratio at the ST was studied in this work. In

[63], PS was applied in SISO CR networks where the PT attempts to send information

to its own PR while the ST communicates its own information with an energy harvesting

enabled SR. This work studied the case of maximizing the ergodic capacity while meeting

a specific ergodic capacity at the PR and a specific amount of energy harvesting at the SR

under limited transmit power at each of PT and ST. The work in [64] studied downlink

beamforming for SWIPT in multi-user MISO underlay CR networks. In this work, a multi

antennas PR communicates with single antenna PRs while a multiple antenna SR trans-

fers data and energy to single antenna SRs. The authors in this work studied the case of

optimizing the downlink beamformers and the power splitting ratio that minimizes the

total transmitted power required to satisfy energy harvesting and data rate constraints

at SRs and PRs.

Power splitting has been used to enable users to harvest energy from the received

signals in multiple access systems [65–67]. Chou et al. in [65] considered a multi-objective

optimization problem that targets data rate and energy harvesting maximization in multi-

user MISO orthogonal frequency division multiple access (OFDMA) systems. The work

in [66] applied PS in a cooperative MISO non-orthogonal multiple access (NOMA) system

that consists of a multiple antenna BS and two users. The user with a strong channel
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condition has the ability to harvest energy via PS in order to forward information to

the other user which suffers from poor channel condition. In this study, the problem of

maximizing the data rate at the strong user while achieving QoS requirement at the weak

user was solved by jointly optimizing the PS ratio at the strong user and the beamforming

vector at the BS. Maximizing the energy harvesting in SISO NOMA system was studied

in [67].

The PS technique has been extensively studied to enable SWIPT in different types

of wireless networks, however, there are concerns regarding applying this technique [49].

The main concern in applying the PS technique is its need to a dynamic split ratio

approach in order to achieve the optimal performance. The split ratio, in general, is

associated with the wireless channel state information which has a time-varying nature

and therefore, applying a dynamic split ratio requires developing sophisticated circuits

and this increases the power consumption as well as the system complexity [49].

2.2.3 Antenna Switching Receiver
An antenna switching (AS) technique was proposed in [13] where the antennas at the

receiver are divided into two subsets; one subset is used for information decoding while

the other subset is used to harvest energy. In fact, the AS technique is considered to be a

special case of the PS technique [13]. However, AS is characterized by its low complexity

from a practical implementation view point because it does not require additional circuits

for power splitting or time switching as in PS and TS architectures [21, 68]. This section

presents some works that have considered the AS technique for energy harvesting in

different network configurations.

Krikidis et al. in [69] employed AS in a DF relay network where a single antenna

source sends messages to a single antenna destination via an energy harvesting enabled

multiple antenna relay. The optimal antenna selection at the relay that minimizes the

outage probability in the network was investigated in this work. This research was restud-

ied in [70] assuming Nakagami-m fading channels where closed-form expressions for the

probability density function and the cumulative distribution function of the signal-to-

noise ratio at the destination and the optimal antenna selection at the relay were derived.

In [71], AS was considered in a MIMO DF relay network where a multiple antenna relay
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employs the harvested energy to forward a multiple antenna source message to a multiple

antenna destination. The optimal beamforming at the source and the relay with optimal

antenna assignment at the relay were jointly obtained to maximize the data rate at the

destination.

The works in [72, 73] considered the AS technique in CR networks. In [72], AS was

applied in a CR network that consists of single antenna PT, ST and SR with a multiple

antenna PR that has energy harvesting capability. This study investigated the outage

probability at both the primary network and the secondary network where the outage

probability at the primary network is defined as an event when the PR fails to achieve a

certain amount of data rate and energy, whereas the outage probability at the secondary

network is defined as an event when the data rate requirement at the SR is not satisfied.

The study in [73] considered CR networks where a multiple antenna SR adopting AS

to harvest energy from signals transmitted by a single antenna PT and ST. Based on

MRC, the authors in this work proposed an antenna selection scheme at SR that chooses

antennas for information decoding in order to guarantee that the received power from the

ST is above a certain predefined threshold.

Although the AS technique is characterized by its low complexity which makes this

technique appealing for practical SWIPT implementation, this technique has some dis-

advantages. The main disadvantage of the AS technique is that it is not optimal in

comparison with the PS technique and for some scenarios the the transmit power that

is used to meet amount of the energy and the data at the receiver is relatively high in

comparison with the transmit power used in PS or TS techniques [13]. These scenarios

usually occur when the subsets of the antenna that are used for energy/information recep-

tion are fixed. Therefore, a dynamic antenna subsets allocation can be used to improve

the performance of the AS technique but this rises the complexity of the system [68].

2.2.4 Spatial Switching Receiver
The spatial switching technique was proposed for the first time in [15] to enable SWIPT

in point-point MIMO systems. This technique is still in its early stages and has only so far

been studied in point-to-point MIMO systems [14–16, 74–76]. In all of these works, SVD

was used to transform the MIMO channel into parallel subchannels where each single
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subchannel is used at the receiver either to decode information or to harvest energy.

In this section, a detailed overview is presented to highlight the developments in the

aforementioned works.

The problem of minimizing the transmitted power subject to information rate and

energy harvesting constraints was studied in [15] assuming imperfect CSI at both the

transmitter and receiver. Since there are multiple subchannels available and each one

could be used for information exchange or energy transfer, the problem of the transmitted

power minimization in [15] is combinatorial and therefore, a joint optimal solution that

obtains the optimal subchannel assignment and power allocation is required. However,

combinatorial optimization problems are hard to solve in general. To tackle this issue,

the authors in [15] suggested to solve the transmitted power minimization problem for

each subchannel assignment and choose the assignment that returns the minimum total

transmitted power as the optimal subchannel assignment.

The work in [15] was extended in [14, 16] to find jointly the optimal subchannel assign-

ment and the optimal power allocation that minimizes the total transmit power subject to

information rate, energy harvesting and instantaneous per subchannel power constraints.

Two exponentially complex optimal and near-optimal solutions based on integer program-

ming were proposed given either perfect or imperfect CSI knowledge. In the first solution,

the problem of minimizing the transmit power was formulated as mixed-integer second

order cone programming (MISOCP) where the optimal subchannel assignment and the

power allocation were jointly obtained using Gurobi software package [77]. In the second

solution, the authors proposed a method used to linearize the logarithmic function of the

data rate constraint and hence, the optimization problem can be formulated as mixed-

integer linear programming (MILP). The MILP formulation has a sub-optimal solution,

but the complexity is less than the solution in the MISOCP formulation. However, both

solutions have exponential complexity resulted from the integer variables that are imposed

in the optimization problem in order to identify the optimal subchannel assignment asso-

ciated with optimal power allocation. To overcome the complexity problem, the authors

developed a sub-optimal heuristic solution where the power allocation is obtained opti-

mally for a selected number of subchannel assignments. The process of the subchannel
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assignments selection is based on the data rate and energy harvesting constraint where

the subchannels that have the highest gains are selected either to satisfy the data rate

constraint or the energy harvesting constraint. The power allocation is obtained optimally

in each assignment by using a water-filling-like algorithm. In addition to these solutions,

a polynomial complexity algorithm was developed to find the optimal solution for the

problem of minimizing the transmitted power when the instantaneous transmit power

was not constrained.

The energy efficiency (EE) of the SS based MIMO SWIPT system was investigated in

[74, 75], where the energy efficiency is defined as the number of the delivered bits per unit

power. The objective in [74, 75] was to maximize the energy efficiency subject to data rate,

energy harvesting and limited transmit power constraints. The optimization problem ;

i.e., EE maximization that was considered in [74, 75] was fractional combinatorial and

non-convex, and the optimal solution is required to jointly obtain the power allocation,

subchannels assignment and active receive antenna set selection that all together maxi-

mizes EE and meets data rate and energy harvesting requirements under limited transmit

power constraints. The authors in [74, 75] proposed a two stages solution to solve the

problem of EE maximization. In the first stage, the optimal power allocation is jointly

obtained alongside the optimal subchannel assignment, whereas in the second stage the

optimal set of the active received antennas is selected.

Mishra et al. in [76] studied the problem of maximizing energy harvesting in SS based

MIMO SWIPT systems subject to data rate and limited transmit power constraints. The

authors in this work developed an optimal solution that jointly obtains the optimal power

allocation and the optimal subchannel assignment that maximizes the energy harvesting

and satisfies the information rate constraint.

The works mentioned above use SVD to enable SWIPT in the spatial domain. Due

to the symmetric setup of SVD, each subchannel is used either for energy harvesting or

information decoding and this is considered the main disadvantage since the highest gains

subchannels are beneficial for both energy and information transmission. The use of SVD

results to a binary assignment of the subchannels and this leads to have a combinatorial

transmit power allocation problem which requires in general a high complexity solution.
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[14]. Besides, SVD is applicable only to a single matrix and this case is corresponded to

the scenario of point-to-point MIMO communication systems where the MIMO channel

is represented by a single matrix. Therefore, the SVD based SWIPT approach cannot be

extended to more practical scenarios such as multi-user MIMO systems or relay networks.

In this study, GTD is used to tackle the above concerns that are raised by the use of SVD.

The key advantage of using GTD is its ability that allows the transmitter to assign the

highest gains subchannels for joint information and energy transmissions whereas these

transmission can be separated at the receiver as will be discovered on the next sections and

chapters of this thesis . We address also address that in Chapter 6 that the GTD approach

can extended to enable SS based SWIPT systems in the scenarios of MIMO multi-user

and relay networks and this is considered another key advantage of using GTD.

2.3 Mathematical Tools
In this section, SVD and GTD which are essential mathematical tools to design SS

based SWIPT systems are presented. The SVD is introduced briefly in Subsection 2.3.1

while the GTD is explained in details in Subsection 2.3.2.

2.3.1 Singular Value Decomposition
The singular value decomposition (SVD) is an orthogonal factorization of a matrix.

Suppose that H is an m × n matrix of rank K 6 min(m,n). Then there exist an m × m

unitary matrix U and an n × n unitary matrix V such that

H = UΣVH, (2.1)

where Σ is an m×n diagonal matrix whose first K diagonal elements σ1 > σ2,> . . . ,> σK

are the positive singular values of H [78]. The rest elements of Σ are all zero.

The SVD has been widely used in wireless communications to analyze MIMO channels

and determine the degrees-of-freedom that are intrinsic to these channels. Assume that the

matrix H represents the MIMO channel and the dimensions n and m denote to the number

of antenna at the transmitter and the receiver, respectively. The entries of the matrix H,

in this case, represent the channel coefficients from the n-th transmit antenna to the m-th
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receive antenna. Taking the SVD of H transforms the MIMO channel into K parallel

independent subchannels with gains equal to the singular values ; i.e., each particular

subchannel has a gain that equals to σk , where k = 1, . . . ,K. In the context of SWIPT,

the SVD has been used as a key tool for SS technique as discussed in Subsection 2.2.4.

2.3.2 Generalized Triangular Decomposition
The generalized triangular decomposition GTD is used to decompose a matrix into

three parts: left and right unitary matrices and a matrix in the middle that has an

upper triangular block with predefined diagonal elements. In the literature, GTD has

been previously employed in point-to-point MIMO systems to create subchannels with

predefined information rate [79, 80]. This section presents the GTD algorithm with details.

Let us first recall the definition of multiplicative majorization and then recap [81,

Theorem 2.3] that provides the necessary and sufficient conditions for GTD of a given

matrix to exist.

Definition 2.1. (Multiplicative majorization [82]) Let u = [u1, . . . ,uk]
T and v = [v1, . . . , vk]

T

be two real-valued vectors with positive elements. Vector u is multiplicatively majorized

by v if
k∏

i=1
ui =

k∏
i=1

vi, (2.2)

and their descendingly ordered elements satisfy

n∏
i=1

ui 6
n∏

i=1
vi, (2.3)

for all 1 6 n < k. In the following, the terms multiplicative majorization and majorization

are used interchangeably and denoted u � v for brevity.

Theorem 2.1 (Generalized triangular decomposition [81]). Consider a matrix H ∈ Cm×n

that has rank K and positive singular values σ = [σ1, . . . ,σK]. The matrix H can be

decomposed as

H = QRXH, (2.4)

if and only if the positive diagonal elements of R are multiplicatively majorized by σ.
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Matrices Q ∈ Cm×m and X ∈ Cn×n are unitary matrices (or real orthogonal matrices if H

is real) while R ∈ Rm×n is a rectangular matrix whose upper-left corner is a K × K upper

triangular matrix and the rest of the elements are zeros.

The decomposition given in Theorem 2.1 introduces flexibility to define a vector r =

[r1, . . . ,rK]
T as the positive diagonal of the matrix R as long as r � σ. In addition, some

structure can be forced also on the off-diagonal elements of R, as can be observed from

the algorithm below that calculates the decomposition (2.4). More details on GTD can

be found in [81].

GTD Algorithm

1. Given the SVD of H as H = UΣVH and a prescribed vector r = [r1, . . . ,rK]
T ∈ RK

that satisfies r � σ, iteration k = 1 is initialized by setting Q = U, X = V, and

R = Σ.

2. Indices p and q are defined as

p = arg min
k6i6K

{Rii : Rii > rk} , (2.5a)

q = arg max
k6i6K

{Rii : Rii 6 rk ∧ i , q} , (2.5b)

where Ri j denotes the (i, j)th elements of R. Let ψk = Rpp and ωk = Rqq for future

convenience and perform the following permutations on the matrices R, X and Q:

(Rkk,Rk+1k+1) ↔
(
Rpp,Rqq

)
, (2.6a)(

R(1:k−1,k),R(1:k−1,k+1)
)
↔

(
R(1:k−1,p),R(1:k−1,q)

)
, (2.6b)(

X(:,k),X(:,k+1)
)
↔

(
X(:,p),X(:,q)

)
, (2.6c)(

Q(:,k),Q(:,k+1)
)
↔

(
Q(:,p),Q(:,q)

)
. (2.6d)

The permutations in (2.6a) and (2.6b) can also be written in matrix form

R̃ = ΠT
2RΠ1, (2.7)
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while the expressions (2.6c) and (2.6d) are equivalent to

X̃ = XΠ1 and Q̃ = QΠ2, (2.8)

respectively, where Π1 ∈ R
n×n and Π2 ∈ R

m×m are appropriate permutation matrices.

3. Construct two matrices, G1 and G2, as follows

G1 =


c −s

s c

 , G2 =
1
rk


cψk −sωk

sωk cψk

 . (2.9)

The variables s and c are given by s = 0 and c = 1 if ψk = ωk = rk and

c =

√
r2

k − ω
2
k

ψ2
k − ω

2
k

, s =
√

1 − c2, (2.10)

otherwise. Note that the matrices G1 and G2 are orthogonal. Then, let B1 = In and

B2 = Im and update the elements of B1 and B2 as

B1(k:k+1,k:k+1) = G1, B2(k:k+1,k:k+1) = G2. (2.11)

The matrices R̃, X̃ and Q̃ are then updated to R̂, X̂ and Q̂ as follows

R̂ = BH
2 R̃B1, (2.12a)

X̂ = X̃B1, Q̂ = Q̃B2. (2.12b)

Note that (2.12a) ensures that the element R̂kk is updated to rk . For future conve-

nience, we also remark that according to (2.12a), the elements R̂kk+1 and R̂k+1k+1

are given by

R̂kk+1 =
sc(ψ2

k − ω
2
k)

rk
, (2.13a)

R̂k+1k+1 =
ψkωk

rk
. (2.13b)
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4. While k < K, set R = R̂, X = X̂ and Q = Q̂ and then replace k by k + 1. Go to Step

2).

5. If k = K, replace RKK by rK and H is decomposed into QRXH based on r.

We denote the outcome of this algorithm as [Q,R,X] ← GTD(H,r) in the following

sections.

Remark 2.1. The GTD provided by the above algorithm is related to the SVD as [81]

H =

Q︷              ︸︸              ︷
U

(
Q1 · · ·QK−1

)
R

XH︷                 ︸︸                 ︷(
XH

K−1 · · ·X
H
1
)︸                                   ︷︷                                   ︸

Σ

VH, (2.14a)

R =
(
QH

K−1 · · ·Q
H
1
)
Σ
(
X1 · · ·XK−1

)
, (2.14b)

where Qk and Xk are the matrices created in Step 4) during iteration k = 1, . . . ,K − 1.

The direct implication of (2.14) is that the matrix R is obtained from Σ through a series

of rotations by unitary matrices so that the energy tr(ΣΣH) = tr(RRH) is conserved.

2.4 System Models
Consider a point-to-point MIMO system where the source and the destination are

equipped with Nt and Nr antennas, respectively. The transmitter uses a linear precoder to

transmit information and energy simultaneously and the destination applies a linear filter

on the received signal to harvest energy and to decode information in spatial domain.

Narrowband transmission over a flat fading MIMO channel represented by a complex

matrix H ∈ CNr×Nt is assumed. The channel remains constant for each transmission time-

slot and changes independently from one slot to another. Uncorrelated Rayleigh fading is

assumed so that the elements of H are independent and identically distributed (i.i.d) zero-

mean circularly symmetric complex Gaussian (ZMCSCG) random variables with variance

σ2
h . The channel is assumed perfectly known at both the transmitter and the receiver.

The signal model for the system under consideration is given as

y = HFs + n, (2.15)
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where y ∈ CNr×1 is the received signal vector and n ∈ CNr×1 denotes the additive noise

vector whose elements are independent ZMCSCG random variables with variance σ2. The

transmitted signal vector s ∈ CNt×1 is precoded using the matrix F ∈ CNt×Nt that in general

depends on the instantaneous channel realization H. Transmitter employes Gaussian

signaling so that s ∈ CNt×1 is a ZMCSCG random vector with covariance E[ssH] = INt . It

should be noted that even though the vector s has nominally Nt degrees-of-freedom, the

maximum number of streams after precoding will always be K = min{Nt,Nr}.

In the following, we describe two specific precoder designs applicable to spatial domain

SWIPT, the first based on SVD and the second based on GTD.

2.4.1 SVD Based Precoding

Recall that the SVD of the channel H is given by H = UΣVH , where Σ ∈ CNt×Nr is

a rectangular diagonal matrix whose elements σ represent the singular values of H and

both U ∈ CNr×Nr and V ∈ CNt×Nt are unitary matrices. For simplicity, the singular values

are assumed to be positive and ordered descendingly, that is, σ1 > σ2 > · · · > σK > 0.

The precoder in (2.15) for the SVD based SWIPT can be written as

F = VP1/2, (2.16)

where P is a square diagonal matrix that has transmit-side power allocation (p1, p2, . . . , pNt )

on the diagonal. Using linear filter UH at the receiver and omitting subchannels that carry

only noise parallelizes the MIMO channel into K parallel Gaussian channels with signal-to-

noise ratios (SNRs) p1σ
2
1 /σ

2, . . . , pKσ
2
K/σ

2, so that the achievable rate and the harvested

energy of the SVD based SWIPT are given by

C =
∑

i∈ISVD

log2

(
1 +

piσ
2
i

σ2

)
, (2.17a)

EH =
∑
e∈E

ηpeσ
2
e , (2.17b)

respectively. The index sets E ⊆ {1,2, . . . ,K} and ISVD ⊆ {1,2, . . . ,K} \ E represent the

subchannels assigned for energy harvesting and information exchange, respectively, and
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η ∈ (0,1] is the energy conversion efficiency of the energy harvesting circuit; i.e., the

rectifier. Note that the conversion efficiency is assumed to be independent of the rectifier

input signal. Extension to a different energy harvesting model where the conversion

efficiency η is a function of the rectifier input power [17] is presented in Chapter 5.

Clearly the information rate or the harvested energy of a specific subchannel for SVD

based SWIPT is determined only by the corresponding singular value of the channel and

the amount of power allocated to it. While this structure is optimal for information

transmission when combined with power allocation through the water filling algorithm, it

is suboptimal when both energy and information need to be transmitted simultaneously

in spatial domain, as shown later in this study.

2.4.2 GTD Based Precoding

Let’s start by recalling the SVD of the channel H = UΣVH and multiplying the

precoder given in (2.16) by an orthogonal matrix X ∈ RNt×Nt that is designed based

on the decomposition [Q,R,X] ← GTD(ΣP1/2,r). As discussed in Subsection 2.3.2, the

positive vector r needs to satisfy the majorization condition r � λ, where λ contains the

non-zero diagonal elements of Σ(P?)1/2 in descending order. Substituting the modified

precoder

F = VP1/2X, (2.18)

with identities H = UΣVH and QRXT = ΣP1/2 into the signal model (2.15) gives

y = HFs + n, (2.19a)

= UΣVHVP1/2Xs + n, (2.19b)

= UQRXTXs + n, (2.19c)

= UQRs + n. (2.19d)

Applying linear filter WH = QTUH on the received vector y as depicted in Figure 2.2,

leads to an end-to-end signal model for GTD based SWIPT as

ỹ =WHy = Rs + ñ, (2.20)
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Figure 2.2: System model for GTD based SWIPT with per-stream decoding at the receiver.

where ñ = QTUHn has the same distribution as n in (2.15). According to equation

(2.14b), the equivalent channel R after precoding and receive-side filtering is related to

the singular values Σ of the fading channel H through rotations by orthogonal matrices.

Since the matrix R is not in general diagonal, the received signal at a specific subchannel

may now contain interference. While this interference is useful for increasing the amount

of energy that can be harvested at the receiver, it degrades total information rate if

such subchannel is assigned for information exchange and per-stream decoding without

interference cancellation is used at the receiver. For the rest of the study we therefore focus

on GTD based designs that create interference-free subchannels for information exchange;

i.e., the subchannels used for information decoding at the receive-side correspond to the

rows of R that have only diagonal elements. This allows for per-stream decoding, similar

to the case of SVD-based SWIPT, to be used at the receiver as depicted in Figure 2.2. The

achievable rate and the harvested energy for the GTD based SWIPT system described

above are given by

C =
∑

i∈IGTD

log2

(
1 +

R2
ii

σ2

)
, (2.21a)

EH =
∑
j∈J

K∑
l= j

ηR2
jl, (2.21b)
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respectively, where Ri j denotes the (i, j)th elements of R and IGTD and J are disjoint sets,

related to the subchannels that are used for information exchange and energy harvesting

at the receive-side, respectively. Note that the effect of power allocation matrix P is

embedded in R due to the decomposition of ΣP1/2.

2.5 Summary
This chapter introduced a general review of techniques that are frequently used to

design SWIPT systems. Since the focus in this thesis is on designing a novel SS based

SWIPT system, two fundamental mathematical tools that are essential to design such

system were presented. In particular, the SVD and the GTD were studied. The GTD

was introduced with details in this chapter and the relation between the GTD and the

SVD was also highlighted. The SVD based SWIPT and the GTD based system models

were also presented in this chapter. The mathematical expressions of the achievable

rate and the harvested energy for each system model were introduced. The effect of the

decomposition structure on the system models was discussed briefly.
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Chapter 3

Transceiver Design for SS Based

MIMO SWIPT With Instantaneous

Total Transmit Power Constraint

3.1 Introduction
The RF energy harvesting technology resulted in modification of transceiver designs in

wireless devices. Besides information transmission/decoding, wireless systems require to

facilitate energy transmission/harvesting. Therefore, most state of the art wireless com-

munication systems and networks such as MIMO systems, relay networks, and cognitive

networks have been restudied to accommodate the RF energy harvesting requirement as

discussed in Chapter 2.

This chapter is structured in seven main sections. Section 3.2 identifies the difference

between the SVD and GTD based SWIPT systems where the optimal structure that is

essential design the GTD based MIMO SWIPT transceivers are developed. Section 3.3

presents GTD and SVD transceiver designs that minimize the transmit power and meet

specific data rate and energy constraints. Section 3.4 focuses on maximizing the data rate

in GTD and SVD based SWIPT transceivers. In Section 3.5, energy harvesting maximiza-

tion transceiver for GTD and SVD based SWIPT are studied. In these three sections,

solutions that obtain jointly the optimal power allocation and subchannel assignment for
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the GTD based SWIPT transceivers are developed. Section 3.6 introduces simulation

results to compare the proposed GTD designs with state-of-art SVD designs. Finally,

Section 3.7 summarizes this chapter.

3.2 SVD and GTD based SWIPT With Unlimited

Instantaneous Transmit Power Constraint
In this subsection we provide a simplified example that highlights the main differences

between the SVD and GTD based systems. We also show that the latter provides superior

performance in most scenarios and present preliminary results that will be used in the

latter parts of the study. The channel is assumed to be perfectly known at the transmitter

and receiver. For simplicity, no instantaneous power constraint is enforced; i.e., Pt = +∞

here.

3.2.1 SVD Based SWIPT
Consider the problem of minimizing the total transmit power tr(P) with information

rate constraint CSVD and energy harvesting constraint EHSVD in the SVD based system

introduced in Subsection 2.4.1. The information rate and harvested energy for a given

channel realization and subchannel assignment E ⊆ {1,2, . . . ,K} and ISVD ⊆ {1,2, . . . ,K}\

E are given as in expression (2.17). The goal is to find the subchannel assignment (sets E

and ISVD) and power allocation P, that jointly satisfy the constraints and minimize the

total transmitted power. The power allocation problem for the SVD based SWIPT reads

then

minimize
P, ISVD, E

tr(FFH), (3.1a)

s.t.
∑

i∈ISVD

log2

(
1 +

piσ
2
i

σ2

)
> CSVD, (3.1b)∑

e∈E

ηpeσ
2
e > EHSVD, (3.1c)

where F is given by equation (2.16), ISVD ⊆ {1, . . . ,K}\E are the subchannels assigned for

information exchange and E ⊆ {1, . . . ,K} denotes to the subchannels that are assigned for
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energy harvesting. As shown in [14, 16], when there is no instantaneous power constraint,

it is optimal to choose only one subchannel for energy harvesting, that is, E = {e} for

SVD based SWIPT. The optimal value of e can be found numerically by solving problem

(3.1) for all K possible subchannel assignments; i.e., e = 1,2, . . . ,K, and choosing the

one that satisfies the energy harvesting and rate constraints with the least transmitted

power. For each subchannel assignment, power is first allocated to satisfy the energy

harvesting constraint. Then a water filling type algorithm developed in [76] is used for the

information bearing subchannels to obtain power allocation that meets the rate constraint

with minimum total transmit power, namely,

pi =


pw + σ2

(
1
σ2
w
− 1

σ2
i

)
, i 6 w and i , e,

0, w < i 6 K and i , e,
(3.2)

where the subchannel index w is given by

w = max
{

k
���� 2CSVD >

k∏
i=1

σ2
i

σ2
k

∧ k ∈ {1,2, . . .K} \ {e}
}
, (3.3)

and pw is defined as

pw = σ2
©«

2
CSVD
L−1(∏w

i=1,i,e σ
2
i

) 1
L−1
−

1
σ2
w

ª®®®¬ , (3.4)

where L is the number of subchannels that have nonzero power. Note that for given

subchannel gains σ2
1 > · · · > σ2

K and energy harvesting assignment, the water filling algo-

rithm may allocate power to only some of the strongest subchannels in its use. Therefore,

the optimal subchannel assignment for problem (3.1) in general has the first L 6 K

subchannels active so that e? ∈ {1,2, . . . , L} and I?SVD = {1,2, . . . , L} \ {e
?}. The power al-

location matrix that jointly minimizes the transmitted power with the optimal subchannel

assignment
(
e?,I?SVD

)
for SVD based SWIPT is denoted P?.
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3.2.2 GTD based SWIPT
Consider now the design of the GTD based precoder equation (2.18) when the power

allocation matrix P? optimized for the SVD based SWIPT is used also by the GTD based

precoder. Clearly this may not be the optimal choice for GTD. However, it turns out

that the structure of GTD provides enough flexibility to achieve superior information

rate compared to SVD most of the time, even when the power allocation is suboptimal.

According to expression (2.21), it is required to select two disjoint index sets, denoted

for the GTD based system IGTD and J , that can be different from the index sets ISVD

and E used for the SVD based SWIPT. As with SVD, using using one subchannel for

energy harvesting at the receiver is optimal, so that J = { j}, j ∈ {1,2, . . . , L}, and we can

define an optimization problem

maximize
r�λ, IGTD, j

CGTD =
∑

i∈IGTD

log2

(
1 +

R2
ii

σ2

)
, (3.5a)

s.t.
L∑

l= j

ηR2
jl > EHGTD, (3.5b)

where IGTD = {1, . . . , L} \ { j} is the set of subchannels that used for information decod-

ing at the receive-side. Matrix R is designed to guarantee interference-free information

subchannels and satisfy the majorization condition r � λ, where λ = [λ1, λ2, . . . , λL]
T

contains the non-zero diagonal elements of Σ(P?)1/2 in descending order, as explained in

Subsection 3.2.1.

The following theorem shows that with appropriate selection of IGTD and J , the

solution to the optimization problem (3.5) provides a GTD based design that achieves an

information rate that is better, or at least as good as, than that obtained with SVD, even

when the power allocation is specifically designed to optimize the SVD based system.

Theorem 3.1. Consider the SVD based precoder given in (2.16). Let e? ∈ {1, . . . , L} with

L 6 K be the optimal subchannel index for energy harvesting and P? the optimal power

allocation that solve the SVD based design problem (3.1) for the given rate and energy

constraints CSVD and EHSVD, respectively. Given the power allocation P?, if e? ∈ {1, L},

the optimal GTD precoder (2.18) reduces to the SVD based precoder and both systems have
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the same performance. When e? < {1, L}, selecting the diagonal elements r = [r1, . . . ,rL]
T

of R as 

r1

r2
...

rL−2

rL−1

rL


=



λ2

λ3
...

λL−1
λ1λL√

λ2
1+λ

2
L−

EHSVD
η√

λ2
1 + λ

2
L −

EHSVD
η


, (3.6)

and choosing IGTD = {1,2, . . . , L − 2, L}, J = {L − 1}, guarantees that the harvested

energy satisfies EHGTD = EHSVD and the information rate CGTD > CSVD of the GTD

based system is maximized.

Proof: See Appendix B.

Theorem 3.1 can be divided into two cases: 1) When the information rates are equal

(CGTD = CSVD); and 2) when GTD achieves a higher rate than SVD (CGTD > CSVD). The

first case occurs when the transmit power for the SVD based precoder is minimized by

associating the strongest or the weakest eigenmode of Σ(P?)1/2; i.e., λ1 or λL, with energy

harvesting. This corresponds to a scenario where either the energy harvesting or the

information rate requirement dominates the constraints, respectively, and no additional

benefit can be achieved by the GTD based system.

The case CGTD > CSVD occurs when the energy harvesting constraint (3.1c) for SVD is

satisfied through any subchannel but the best or the worst; i.e., E = {e}, e < {1, L}. In this

case, R is obtained via the GTD according to Theorem 2.1, [Q,R,X] ← GTD
(
Σ(P?)1/2,r

)
,

where r is given in expression (3.6). The only non-zero off-diagonal element of R is at the

(L − 1)-th row and reads

RL−1L =
1

rL−1

√(
λ2

1 − r2
L−1

) (
r2

L−1 − λ
2
L

)
, (3.7)

which is non-zero when e < {1, L}. By recalling that λk =
√

pkσk, k = 1,2, . . . , L, it

is straightforward to verify that matrix R constructed as in expressions (3.6) and (3.7)

satisfies EHSVD = EHGTD and rL−1 < λe. Together with Remark 2.1 this implies that
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more energy is received in the information bearing subchannels of the GTD based system

and higher rate can be achieved.

The key difference between the SVD based design and the GTD based system de-

scribed above is that in the GTD based system the transmitter has the ability to use the

subchannel associated with the highest singular value to transmit both information and

energy signals while the receiver is able to separate that particular transmission into two

different streams; one is used for information and the other is used for energy harvest-

ing. This is in contrast with SVD based system where each subchannel can carry either

information or energy signals [14, 15]. As a result, more transmit power can be used in

information bearing subchannels since subchannel with highest singular value is used to

transfer information and energy as well.

3.3 Transmit Power Minimization With Energy Har-

vesting and Data Rate Constraints
In this section, two SS based MIMO SWIPT transceivers are presented. The first

transceiver is developed based on GTD while the second transceiver is designed based on

SVD. The objectives of transceivers are set to minimize the total transmitted power and

guaranteeing that the required data rate and energy harvesting constraints at the receiver

are met.

3.3.1 Transmit Power Minimization for GTD Based SWIPT
As discussed in Subsection 3.2.2, the received signal at the k-th subchannel contains in-

terference if the k-th row in R has off-diagonal elements. Since interference is detrimental

for achievable rate, we concentrate here on designing GTD based precoder and receive-

side filter that guarantee interference-free subchannels for information transfer. However,

the interference is useful for increasing the amount of energy available for harvesting at

the receive-side and, thus, saves transmit power for satisfying the rate constraint. Based

on the above discussion, the following optimization problem can be formulated

minimize
P, r�λ, I, J

tr(FFH), (3.8a)
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Figure 3.1: Comparison between SVD and GTD based SWIPT. The GTD system can use any
subchannel for joint energy and information transmission where that particular transmission can
be separated at the receiver.

s.t.
∑
i∈I

log2

(
1 +

R2
ii

σ2

)
> C, (3.8b)

∑
j∈J

K∑
l= j

ηR2
jl > EH, (3.8c)∑

k∈K

pk 6 Pt, (3.8d)

where the precoder matrix F is given by equation (2.18), λ represents the positive diagonal

elements of ΣP1/2 and K denotes the set of the total available subchannels while I ⊆ K

and J ⊆ K\I are the sets of subchannels from which the receiver decodes the information

and harvests the energy, respectively. In addition to finding power allocation matrix P,

optimal solution requires also to identify which subchannels are used for information and

energy transfer, and construction of the precoding and the receive-side matrices F and
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W, respectively.

In the following we show that while the SVD based transceiver design allows a partic-

ular subchannel to carry only one type of signal, information or energy, the GTD based

system can be designed so that a particular transmitted stream separates at the receiver

into two parts; one stream that is used for decoding information and another stream from

which energy is harvested, as illustrated in Figure 3.1. This is the key difference between

the two approaches and is the main reason why the GTD based SWIPT outperforms its

SVD counterpart. It should be noted, however, that the same receive-side stream cannot

be used to both harvest energy and decode information in the GTD based system either,

rather, the subchannel “re-use” happens at the transmit-side.

To solve problem (3.8), a two-stage process is proposed that consists of first finding

the power allocation matrix P? and then using GTD to construct the precoding and

the receive-side matrices F and W, respectively. The power allocation for information

transmission is carried out according to the singular values Σ of the MIMO channel

matrix H using the water filling algorithm that is developed in [76], and then power

necessary for satisfying the energy harvesting constraint is added to it. After obtaining

the complete power allocation P?, GTD is used to decompose the matrix Σ(P?)1/2 as

[Q,R,X] ← GTD
(
Σ(P?)1/2,r

)
to arrive at the input-output relation (2.20). The following

subsections explains the above process.

A. Optimal Power Allocation
To follow the above process, we need to show that the power allocation matrix can

be optimized based on the singular values of Σ so that the constraints (3.8b) and (3.8c)

are both satisfied if the diagonal elements r of R in the GTD are chosen appropriately.

This design rule relies on the fact that it is optimal to allocate all power that is used

for energy harvesting to the strongest singular value σ1 [14, 16], see Appendix A for the

details. Specifically, the aim is to prove that information rate C and harvested energy

EH given as

C =

K−1∑
k=1

log2

(
1 +

αkσ
2
k

σ2

)
, (3.9a)

EH = η
(
β1σ

2
1 + pKσ

2
K
)
, (3.9b)
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can be achieved in GTD based SWIPT. Note that α and β are the powers that are

allocated by the transmitter for information exchange and energy transfer, respectively.

In equation (3.9a), the powers
(
α1, α2, . . . , αK−1

)
are obtained by applying the waterfilling

algorithm that is proposed in [76] on the parallel Gaussian subchannels that have the

gains σ2
1 , σ

2
2 , . . . σ

2
K−1 as follows

αk =


αw + σ

2
(

1
σ2
w
− 1

σ2
k

)
, k 6 w

0, w < k 6 K − 1
(3.10)

where w is given by

w = max
{

j
����2C >

j∏
k=1

σ2
k

σ2
j

, j = 1,2, . . .K − 1
}
, (3.11)

and αw is defined as

αw = σ
2
©«

2C
w(∏w

k=1 σ
2
k

) 1
w

−
1
σ2
w

ª®®®¬ . (3.12)

Note that a similar strategy was used for the SVD based system in Section 3.2.1, but now

σ1 is associated with both information and energy, which is not allowed in the SVD based

SWIPT.

For notations simplicity, we consider first the case when the water filling algorithm

returns
(
α1, α2, . . . , αK−1

)
that are all non-zero ; i.e., w = K − 1. The power pK > 0 is set

to be as small as possible while keeping the corresponding subchannel active; therefore,

the total number of subchannels that have nonzero power is L = K. Given that pKσ
2
K is

very low and from equation (3.9b) we see that β1 is mainly responsible for satisfying the

energy harvesting constraint. The reason for the special treatment of pK will be explained

later. From expression (3.9), the power allocation matrix that uses the least power and

satisfies both constraints is given by

P? = diag
( [
α1 + β1, α2, . . . , αK−1, pK

] )
, (3.13)
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where P = diag(p) constructs a square diagonal matrix with p on the diagonal. Therefore,

problem (3.8) is feasible if
K−1∑
k=1

αk + β1 + pK 6 Pt, (3.14)

holds and (3.9a)–(3.9b) match (3.8b)–(3.8c) exactly.

B. Precoder and Receiver Filter Design

After obtaining the optimal power allocation P?, the GTD is applied to Σ(P?)1/2 in

order to construct the precoder F and the receiver-side matrix W. Note that using F at

the transmitter and WH at the receiver results R that satisfies the information rate and

energy harvesting constraints given in (3.8b) and (3.8c). As discussed in Subsection 3.2.2,

the chosen r must be multiplicatively majorized by the diagonal elements of Σ(P?)1/2,

that is, r � λ. Using r given in Theorem 3.1 satisfies this condition and results in a

receive-side subchannel assignment where J = {K − 1} is used for energy harvesting and

I = {1, . . . ,K − 2,K} for information decoding.

C. Harvested Energy and Achievable Rate

To show that this GTD structure indeed solves problem (3.8), it is necessary to verify

that the resulting R with I and J as given satisfy constraints (3.8b) and (3.8c).

For energy harvesting, we note that RK−1K−1 coincides with rL−1 given in equation (3.6)

and RK−1K matches equation (3.7) if we set L = K. From equation (3.6), to have a non-zero

(K − 1)-th receive-side subchannel for energy harvesting, we need λK = pKσK > 0 ⇐⇒

pK > 0. This is the reason why pK > 0 even though it does not contribute to satisfying the

constraints. With the above, substituting λ1 =
√
β1 + α1σ1 and λK =

√
pKσK to equation

(3.6) and equation (3.7) verifies that R2
K−1K−1 + R2

K−1K = β1σ
2
1 + pKσ

2
K , so that constraint

(3.8c) and equation (3.9b) are equal, as desired. To guarantee that the information rates

in (3.8b) and (3.9a) are equal, we need to have

K−1∑
k=1

log2

(
1 +

αkσ
2
k

σ2

)
=

∑
i∈I

log2

(
1 +

r2
i

σ2

)
, (3.15)
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Algorithm 1 Solution to the problem (3.8)
1: [U,Σ,V] ← SVD(H)
2: Obtain [α1, α2, . . . , αK−1] that satisfy (3.8b) using (3.10), (3.11) and (3.12), given chan-

nel gains σ2
1 , σ

2
2 . . . , σ

2
K−1.

3: Set minimum transmit power pK > 0, so that the K-th transmit stream is active
4: Set β1 = (EH − pKσ

2
K)/ησ

2
1

5: if (3.14) holds then
6: Set power allocation P? as in (3.13)
7: Set vector r as in (3.6)
8: [Q,R,X] ← GTD(Σ(P?)1/2,r)
9: Transmit using precoder (2.18) and apply filter (2.20) at the receiver
10: Harvest energy from the subchannel J = {K − 1}
11: Decode information from the subchannels I = {1, . . . ,K} \ J
12: else
13: Problem (3.8) is infeasible for GTD based SWIPT
14: End if

where Rii = ri. As discussed in Subsection 3.2.2, vector r given in equation (3.6) leads to

subchannels in I that contain no interference, that is, the corresponding rows of R have

only diagonal elements. From equation (3.6) we recall that r1 = λ2 =
√
α2σ2; . . . ; rK−2 =

λK−1 =
√
αK−1σK−1 so that the corresponding K − 2 subchannels related to information

transfer in (3.8b) and (3.9a) are just permutations of each other. To guarantee equal

information rate in both cases, the subchannel associated with rK must therefore satisfy

log2(1 + α1σ
2
1 ) = log2(1 + r2

K). Substituting rK given in equation (3.6) on the RHS yields

the equality leads to

log2

(
1 +

r2
K

σ2

)
= log2

(
1 +

λ2
1 + λ

2
K −

EH
η

σ2

)
(3.16a)

= log2

(
1 +
(β1 + α1)σ

2
1 + pKσ

2
K − (β1σ

2
1 + pKσ

2
K)

σ2

)
(3.16b)

= log2

(
1 +

α1σ
2
1

σ2

)
, (3.16c)

where the second equality follows from the fact that λ1 =
√
β1 + α1σ1, λK =

√
pKσK and

EH/η = β1σ
2
1 +pKσ

2
K . Thus, vector r given in equation (3.6) guarantees that (3.9a)–(3.9b)

match (3.8b)–(3.8c) and power allocation (3.13) satisfies the constraints with minimum
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total transmit power if (3.8) is feasible.

Finally, if the water filling algorithm allocates power to only the first w strongest

subchannels (w < K − 1) so that αw+1 = αw+2 = · · · = αK−1 = 0, the above development

still holds when σK is replaced with σw+1 and pK by pw+1 everywhere;thus, the number of

the subchannels with nonzero powers L = w + 1. For simplicity, Algorithm 1 summarizes

the solution to the problem (3.8) for the case w = K − 1.

3.3.2 Transmit Power Minimization for SVD Based SWIPT
Recall the SVD based SWIPT scheme discussed in Section 2.4.1 and consider the

following optimization problem

minimize
P, I, E

tr(FFH), (3.17a)

s.t.
∑
i∈I

log2

(
1 +

piσ
2
i

σ2

)
> C, (3.17b)∑

e∈E

ηpeσ
2
e > EH, (3.17c)∑

k∈K

pk 6 Pt, (3.17d)

where I ⊆ K and E ⊆ K \I are the sets of subchannels that are assigned for information

Algorithm 2 Solution to the problem (3.17)
1: [U,Σ,V] ← SVD(H)
2: Initialize P? = (Pt/Nt) · INt , e? = 0 and I? = ∅
3: for k = 1 to K do
4: Set e = k
5: Set I = {1,2, . . . ,K} \ {e}
6: Set pe = EH/ησ2

e
7: Obtain {pi}i∈I Using (3.2), (3.3), (3.4) to satisfy (3.17b)
8: if pe +

∑
i∈I pi 6 tr(P?) then

9: Set P? = diag(p1, . . . , pe−1, pe, pe+1, . . . pK), e? = e and I? = I
10: End if
11: if k = K, e? = 0 and I? = ∅ then
12: Problem (3.17) is infeasible for SVD based SWIPT
13: End for

exchange and energy transfer, respectively. A similar problem was studied and solved in
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[14, 16], but with a maximum power per antenna constraint instead of the total power

constraint as in problem (3.17). As in Section 3.2.1, to solve problem (3.17), the index

sets for information bearing I and energy carrying E subchannels need to be identified.

From Appendix A, it is optimal to choose one subchannel for energy harvesting and assign

the remaining subchannels information exchange. As previously, expressions (3.2), (3.3)

and (3.4) are used to obtain the power allocation to these subchannels to satisfy the

rate constraint (3.17b). Since only one subchannel is assigned for energy harvesting, the

power required to satisfy the constraint (3.17c) is simply given by pe =
EH
ησ2

e
. Following

Section 3.2.1, this means that the optimal power allocation is found by examining all K

possible subchannel assignments and choosing the one that leads to minimum transmit

power. Algorithm 2 summarizes the proposed solution to problem (3.17).

3.4 Data Rate Maximization With Energy Harvest-

ing and Total Instantaneous Transmit Power Con-

strains
This section focuses on designing two SS based MIMO SWIPT transceivers that max-

imize the data rate and achieving a specific amount of energy with a limited total power

at the transmitter. We use GTD to design the first transceiver while the second one is

build based on SVD.

3.4.1 Data Rate Maximization for GTD based SWIPT
Consider the following optimization problem for the achievable rate maximization:

maximize
P, r�λ, I, J

C =
∑
i∈I

log2

(
1 +

R2
ii

σ2

)
, (3.18a)

s.t.
∑
j∈J

K∑
l= j

ηR2
jl > EH, (3.18b)

tr(FFH) 6 Pt, (3.18c)

Similar to the approach that is used to solve problem (3.8), the solution to problem

(3.18) can be done in two steps. The aim in the first step is to obtain the optimal power
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allocation P? that maximizes the data rate and satisfies the energy harvesting constraint

in (3.18b). In the second step we decompose the matrix Σ(P?)1/2 using GTD to construct

the precoding and the receiver-side matrices F and W, respectively.

As discussed in Subsection 3.3.1, the proposed design exploits the key feature of the

GTD based SWIPT system, namely, that the transmitter has the ability to allocate the

power to the strongest subchannel to jointly send information and energy signals and

these transmissions can be separated at the receiver via the linear filtering.

A. Optimal Power Allocation

The power allocation is carried out according to the singular values σ of the channel

matrix H. As explained in Appendix A, assigning only one subchannel for energy harvest-

ing is optimal. Since the GTD allows the transmitter to any subchannel to carry signals

that are used to transfer both information and energy, the transmitter uses the highest

gain subchannel for both energy harvesting and information exchange. Thus, the power

allocation problem can be written as follows:

maximize
β1 ,αk

K−1∑
k=1

log2

(
1 +

αkσ
2
k

σ2

)
, (3.19a)

s.t. ηβ1σ
2
1 = EH, (3.19b)

K−1∑
k=1

pk < Pt, (3.19c)

pk > 0, k = {1,2, . . . ,K − 1} (3.19d)

where p1 = β1 + α1, p2 = α2, . . . , pK−1 = αK−1. Note that, the subchannel related to σK is

not considered in (3.19) and the transmitter applies only small power pK > 0 to it in order

to keep the corresponding subchannel active as its presence is necessary for the receiver

to be able to perform the signals separation.

Clearly, problem (3.19) is not feasible when there is no power left for the information

exchange; i.e., αk = 0 after satisfying the energy constraint EH. In other words, problem

(3.19) is feasible if EH < EHmax, where EHmax = η(Pt − pK)σ
2
1 .

To obtain α?k that are used to maximize the data rate, it is required to find the

minimum power β?1 that is required to satisfy EH. β?1 can be computed from (3.19b)
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directly as

β?1 =
EH
ησ2

1
. (3.20)

The remaining power Pr = (Pt − β
?
1 − pK) is used for information exchange.

The optimal power allocation α?k for information transfer can be obtained via the

standard waterfilling algorithm [83] as

α?k =


α?w + σ

2
(

1
σ2
w
− 1

σ2
k

)
, k = 1,2, . . . ,w,

0, w < k 6 K − 1,
(3.21)

where α?w is found as

α?w =
1
w

(
Pr − σ

2
w∑

k=1

1
σ2
w

−
1
σ2

k

)
, (3.22)

and the water level step is given by

w = max
{

k
���� Pr − σ

2
k∑

i=1

1
σ2

k

−
1
σ2

i

> 0, k = 1, . . . ,K − 1
}
. (3.23)

The optimal power allocation matrix is denoted P? = diag
[
β?1 + α

?
1 , α

?
2 , . . . , α

?
w, pK

]
.

Given the optimal power allocation P? is obtained, we need to define the diagonal ele-

ments r of the matrix R used in the GTD decomposition of Σ(P?)1/2.

B. Precoder and Receiver Filter Design via GTD

As discussed in Section 3.2.2, the diagonal elements r must be multiplicatively ma-

jorized by the diagonal elements of Σ(P?)1/2, that is, r � λ. For notation simplicity, let

us assume w = K − 1; thus, the vector r that is defined in (3.6) can be used to decompose

Σ(P?)1/2 to complete the construction of the precoder F and the linear filter W. Note that

using F and WH at the transmitter and the receiver, respectively, results R which leads

to give a total data rate equals to
( ∑K−1

k=1 log2
(
1 + α?kσ

2
k /σ

2) ) and satisfies the required

energy EH at the receiver. This structure of R allows the receiver to harvest the energy

from the J = K−1 subchannel while the rest of the subchannels; i.e., I = {1,2, . . . ,K}\J

are used to decode information.
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Algorithm 3 Solution to the problem (3.18)
1: [U,Σ,V] ← SVD(H)
2: Set pK > 0
3: Set EHmax = η(Pt − pK)σ

2
1

4: if EH < EHmax then
5: Obtain β?1 from (3.20)
6: Set Pr = Pt − β

?
1 − pK

7: Obtain
[
α?1 , α

?
2 , . . . , α

?
K−1

]
(3.21), (3.22) and (3.23) on SNRs σ2

1 , σ
2
2 . . . , σ

2
K−1

8: Construct the power allocation matrix P? = diag
[
β?1 + α

?
1 , α

?
2 , . . . , α

?
w, pK

]
9: Set vector r as in (3.6)

10: [Q,R,X] ← GTD(Σ(P?)1/2,r)
11: Transmit using precoder (2.18) and apply filter (2.20) at the receiver
12: Harvest energy from the subchannel J? = {K − 1}
13: Decode information from the subchannels I? = {1, . . . ,K} \ J?

14: else
15: Problem (3.18) is infeasible for GTD based SWIPT
16: End if

Finally, to verify that the achievable data rate and the energy harvested at the receiver

coincide with the data rate and the energy that are obtained from solving problem (3.19),

we follow the discussion presented in Subsection 3.3.1.C. Algorithm 3 summarizes the

solution of problem (3.18) for the case w = K − 1.

3.4.2 Data Rate Maximization for SVD based SWIPT

Consider the following optimization problem for data rate maximization of the SVD

based SWIPT system

maximize
P, I, E

C =
∑
i∈I

log2

(
1 +

piσ
2
i

σ2

)
, (3.24a)

s.t.
∑
e∈E

ηpeσ
2
e > EH, (3.24b)∑

k∈K

pk 6 Pt, (3.24c)

where I ⊆ K and E ⊆ K are disjoint sets ; i.e., I
⋂
E = ∅. As discussed in Section 3.3.2,

it is optimal to select only one subchannel for energy harvesting and use the remaining

subchannel for information exchange. Thus, problem (3.24) feasibility can be examined
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by check if the condition EH < EHmax holds, where EHmax = ηPtσ
2
1 . Suppose that

problem (3.24) is feasible, the optimal solution can be found by examining all K possible

subchannel assignments and choose the particular assignment that returns the maximum

information rate C. This means that problem (3.24) is solved K times with different fixed

sets I and E at each time. For fixed sets I and E, the power is allocated first to satisfy

the energy harvesting constraint (3.24b) as follows

pe =
EH
ησe

, (3.25)

then the remaining power Pr = Pt − pe is used for information exchange. Note that Pr

Algorithm 4 Solution to the problem (3.24)
1: [U,Σ,V] ← SVD(H)
2: Set EHmax = ηPtσ

2
1

3: if EH < EHmax then
4: Initialize P? = 0Nt , e? = 0, I? = ∅ and C? = 0
5: for k = 1 to K do
6: Compute pe from (3.25)
7: Compute Pr = Pt − pe

8: if Pr > 0 then
9: Set I = {1,2, . . . ,K} \ {e}
10: Obtain {pi}i∈I that maximizes the information rate C Using (3.26), (3.27)

and (3.28)
11: if C > C? then
12: P? = diag(p1, . . . , pe−1, pe, pe+1, . . . pK), e? = e, I? = I and C? = C

13: End if
14: else
15: Continue
16: End if
17: End for
18: End if

must be always positive; hence, any given assignment that does not satisfy this condition

is rejected without any further consideration. In order to maximize the information rate,

the standard water filling algorithm [83] is used over the subchannels in the set I as
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follows

pi =


pw + σ2

(
1
σ2
w
− 1

σ2
i

)
, i = 1,2, . . . ,w and i , e

0, w < i 6 K − 1 and i , e
(3.26)

where pw is found as

pw =
1
w

(
Pr − σ

2
w∑

i=1

1
σ2
w

−
1
σ2

i

)
, i ∈ I, (3.27)

and the water level step is given by

w = max
{

i
���� Pr − σ

2
k∑

i=1

1
σ2

k

−
1
σ2

i

> 0, k = {1,2, . . .K} \ {e}
}
, (3.28)

Algorithm 4 summarizes the solution of problem (3.24)

3.5 Energy Harvesting MaximizationWith Data Rate

and Total Instantaneous Transmit Power Con-

strains
In this section, we present two SS based MIMO SWIPT transceivers. The first one

is developed based on GTD while the other one is designed based on SVD. In each

transceiver, we concentrate on maximizing the harvested energy and satisfying data rate

constraint at the receiver when the transmitter has limited total power.

3.5.1 Energy Harvesting Maximization for GTD Based SWIPT
In this section, the GTD structure is exploited to design a transceiver that maxi-

mizes the harvested energy in SS based MIMO SWIPT systems. Consider the following

optimization problem for energy harvesting maximization

maximize
P, r�λ, I, J

EH =
∑
j∈J

K∑
l= j

ηR2
jl, (3.29a)

s.t.
∑
i∈I

log2

(
1 +

R2
ii

σ2

)
> C, (3.29b)
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tr(FFH) 6 Pt, (3.29c)

The solution to problem (3.29) follows the same process that is used to solve problems

(3.8) and (3.18) in Subsection 3.3.1 and Subsection 3.4.1, respectively. That is, the power

is first allocated according to the singular values Σ of the channel H then the GTD is used

to decompose ΣP1/2 in order to construct the precoder F and the receiver-side matrix W

that results in a proper R in which the energy harvesting is maximized and the required

data rate is met at the receiver.

A. Optimal Power Allocation
The transmit-side power allocation problem for the proposed transceiver is carried

out according to the singular values Σ of the MIMO channel H. Following Appendix A

and the fact that the GTD structure allows the transmitter to use a single subchannel to

carry both information and energy signals as discussed previously, the power allocation

problem can be written as follows:

maximize
β1, αk

ηβ1σ
2
1 , (3.30a)

s.t.
K−1∑
k=1

log2

(
1 +

αkσ
2
k

σ2

)
> C, (3.30b)

K−1∑
k=1

pk 6 Pt − pK, (3.30c)

pk > 0, k = {1,2, . . . ,K − 1} (3.30d)

where (p1 = β1 + α1, p2 = α2, . . . , pK−1 = αK−1). Like the previous GTD designs, the

transmitter applies low power to the weakest subchannel, that is, pK > 0. The presence

of the weakest subchannel is important for the signals separation process at the receiver

in the GTD systems as discussed earlier in the previous sections.

Clearly, problem (3.30a) is not feasible if C > Cmax, where Cmax =
∑K−1

k=1 log2
(
1+α̃kσ

2
k

)
and the powers α̃k are obtained using the standard water filling algorithm [83] as explained

in equations (3.21), (3.22) and (3.23). Note that Pr in equations (3.22) and (3.23) should

be replaced by (Pt − pK) to comply with the available transmitted power in (3.30).
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Algorithm 5 Solution to the problem (3.29)
1: [U,Σ,V] ← SVD(H)
2: Set pK > 0 and Pr = Pt − pK

3: Set Cmax =
∑K−1

k=1 log2
(
1 + α̃kσ

2
k

)
, where the powers α̃k are obtained from applying

(3.21), (3.22) and (3.23) on the subchannels (σ1, σ2, . . . ,σK−1)

4: if C < Cmax then
5: Obtain

[
α?1 , α

?
2 , . . . , α

?
K−1

]
from (3.10), (3.11) and (3.12)

6: Compute β?1 from (3.31)
7: Construct the power allocation matrix P? = diag

[
β?1 + α

?
1 , α

?
2 , . . . , α

?
w, pK

]
8: Set vector r as in (3.6)
9: [Q,R,X] ← GTD(Σ(P?)1/2,r)

10: Transmit using precoder (2.18) and apply filter (2.20) at the receiver
11: Harvest energy from the subchannel J? = {K − 1}
12: Decode information from the subchannels I? = {1, . . . ,K} \ J?

13: else
14: Problem (3.30) is infeasible for GTD based SWIPT
15: End if

To obtain β?1 that maximizes EH, we need to find the minimum powers α?k to meet

the required rate in constraint (3.30b). Following Theorem 1 in [76], and as explained

in Subsection 3.3.1.A, α?k can be computed using equations (3.10), (3.11) and (3.12).

Therefore β?1 can be calculated as follows

β?1 = Pt −
(
pK +

w∑
k=1

α?k
)
. (3.31)

Thus, the optimal power allocation P? = diag
[
β?1 + α

?
1 , α

?
2 , . . . , α

?
w, pK

]
. Given the optimal

power allocation P? is obtained, we need to define the diagonal elements r of the matrix

R used in the GTD decomposition of Σ(P?)1/2.

B. Precoder and Receiver Filter Design via GTD

The precoder F and the linear filter W constructions are completed via the GTD

decomposition of the diagonal matrix ΣP1/2. GTD is performed on ΣP1/2 when the

vector of the diagonal elements r is chosen properly. However, r must be multiplicatively

majorized by the diagonal elements of Σ(P?)1/2, that is, r � λ. We note that using r that

is defined in Theorem 3.1 maximizes the objective of problem (3.29) and gives data rate
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equivalent to the one in the constraint (3.30b).

Finally, the details introduced in Section Subsection 3.3.1.C can be followed to ver-

ify that the amounts of the harvested energy and the information rate at the receiver

are identical to the energy and the data rate that attained by solving problem (3.30).

Algorithm 5 illustrates the solution of problem (3.29).

3.5.2 Energy Harvesting Maximization for SVD Based SWIPT
The problem of maximizing the harvested energy for the SVD based SWIPT system

has been studied in [76]. For the comparison purpose, the work in [76] is revisited here

briefly. The problem of energy harvesting maximization is formulated as follows:

maximize
P, I, E

EH =
∑
e∈E

ηpeσ
2
e , (3.32a)

s.t.
∑
i∈I

log2

(
1 +

piσ
2
i

σ2

)
> C, (3.32b)∑

k∈K

pk 6 Pt, (3.32c)

where I ⊆ K and E ⊆ K represent the sets of the subchannels that are used for infor-

mation exchange and for energy harvesting, respectively. Note that I and E are disjoint

sets.

Obviously, Problem (3.32) is not feasible if C > Cmax, where Cmax =
∑K−1

i=1 log2
(
1 +

piσ
2
i /σ

2) and the powers pi can be obtained by using the standard water filling algorithm

[83] as given by equation (3.21), (3.22) and (3.23) and using Pt instead of Pr and replacing

αk with pi to match the notations in problem (3.32).

Since it is optimal to use only subchannel for the energy harvesting as discussed in

Subsection 3.3.2 and Subsection 3.4.2, the optimal solution of problem (3.32) is obtained

by examining K subchannels assignments and choose the one that leads to the maximum

energy harvesting EH. For each assignment, the transmitter picks up one subchannel

wit index e for energy harvesting and allocates powers pi to the remaining subchannels

I = {1,2, . . . ,K} \ {e} in order to meet the required rate C in (3.32b) and the remaining

power is applied on the subchannel e for energy harvesting. The powers pi that are used

for information exchange are calculated based on Theorem 1 in [76] and as explained by
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Algorithm 6 Solution to the problem (3.32)
1: [U,Σ,V] ← SVD(H)
2: Obtain Cmax =

∑K−1
i=1 log2

(
1+piσ

2
i

)
from (3.21), (3.22) and (3.23) and using Pt instead

of Pr

3: if C < Cmax then
4: Initialize P? = 0Nt , e? = 0, I? = ∅ and EH? = 0
5: for e = 1 to K do
6: Set I = {1,2, . . . ,K} \ {e}
7: Compute pi from (3.2), (3.3) and (3.4)
8: Compute pe = Pt −

∑
i∈I pi

9: if pe > 0 then
10: Obtain EH as in (3.32a).
11: if EH > EH? then
12: P? = diag(p1, . . . , pe−1, pe, pe+1, . . . pK), e? = e, I? = I and EH? = EH

13: End if
14: else
15: Continue
16: End if
17: End for
18: End if

equations (3.2), (3.3) and (3.4). After obtaining pi the remaining power pe that is used

for energy harvesting is computed as

pe = Pt −
∑
i∈I

pi . (3.33)

Note that pe must be always positive; therefore, any given assignment that does not meet

this condition is not considered as a solution. Algorithm 6 summarizes the solution of

problem (3.32)

3.6 Numerical Results
In this section, simulation results are presented to compare the performance of GTD

and SVD based precoding methods for SWIPT. A Rayleigh block fading spatially uncor-

related MIMO channel is considered, so that the entries of H are independent ZMCSCG

random variables with variance σ2
h = ad−γ where a = 0.1 is the path loss factor, d in

meters (m) is the transmitter to receiver distance and γ = 3 represents the path loss
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exponent. A symmetric antenna setup Nt = Nr = 4 is assumed in all simulations. The

power is measured in watts (W) and the information rate is measured in bits per second

per hertz (bps/Hz). The energy conversion efficiency η is set to 0.66. The results are

averaged over 106 independent channel realizations using Monte Carlo simulations. In all

figures, except Figure 3.7, the blue and the red colors refer to the GTD based SWIPT

and the SVD based SWIPT curves, respectively.

A. Transmit Power Minimization

The simulation results of the GTD and the SVD based SWIPT designs for transmit

power minimization are presented here. The results of both GTD based SWIPT and

SVD based SWIPT systems are obtained by solving problems (3.8) and (3.17) using

Algorithm 1 and Algorithm 2, respectively. Figure 3.2 shows plots of outage probability

versus the instantaneous total transmit power constraint Pt under different data rate C

and energy harvesting EH requirements. The outage is defined as an event when one

or both of the constraints cannot be satisfied for the given power constraint Pt . Note

that identifying which particular constraint fails is not easy especially for the SVD based

SWIPT approach since there is no closed-form solution that defines the feasibility of the

power allocation problem (3.17) [14, 15]. In addition, the available transmit power in

some cases is enough to satisfy only one constraint no matter EH or C. In Figure 3.2a,

the outage probability of the GTD based SWIPT decays steeply as a function of the total

transmit power. In contrast, the curves representing the SVD based SWIPT decay slowly

and exhibit much higher outage probabilities when the required data rate is high. It is

also clear that for a constant energy harvesting constraint EH = 0.3 mW, increasing the

data rate constraint from C = 6 bps/Hz to C = 14 bps/Hz has significantly less impact

on the outage probability of the GTD base system compared to the SVD based one. For

example, given energy harvesting constraint EH = 0.3 mW and 10% outage probability,

increasing the data rate constraint C from 6 to 14 bps/Hz requires the average transmit

power to be increased by 0.8 W for the GTD based approach while 3.5 W more power

is needed for the SVD based approach. The difference in the performance is explained

by the fact that the best eigenchannel in the GTD based precoder can be assigned to

carry both information and energy simultaneously, while for the SVD based precoder
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Figure 3.2: Outage probability vs. total transmit power constraint Pt for different energy har-
vesting and rate requirements with noise power σ2 = −60 dBm and d = 15 m (C in bps/Hz, EH
in mW).
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Figure 3.3: Outage probability vs. total transmit power constraint Pt for
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each eigenchannel can carry either information or energy, but not both at the same time.

In Figure 3.2b, it can be observed that the GTD system outperforms the SVD system

only marginally when the data rate constraint has moderate values such as C = 6 bps/Hz.

The small gap in the performance between the GTD and the SVD systems is due to the fact

that the SVD system always assigns the highest gain subchannel for energy harvesting

when the data rate constraint has moderate or low values. In this case, the data rate

constraint in the SVD systems is satisfied using the lowest gain subchannels. In the GTD

system, the highest gain subchannel is used jointly for data and energy transmission and

this explains why the GTD system has better performance its counterpart SVD system.

Figure 3.3 plots the outage probability versus the total transmit power for both

GTD and SVD based SWIPT systems under different values of the noise power with

EH = 0.3 mW and C = 10 bps/Hz. It can be noted from Figure 3.3 that both GTD

and SVD approaches have equivalent performance when the noise power value is low.

This is expected since the data rate constraint is related to the signal-to-noise ratio and

low noise powers such as σ2 = −100 dBm make the impact of the subchannels gains

insignificant toward the satisfaction of the required data rate. On the other hand, the

impact of the noise power toward attaining the energy harvesting constraint is negligible

in comparison with the impact of the subchannels gains. This leads to the dominance of

the energy harvesting constraint over the data rate constraint. Therefore, the transmitter

at the SVD approach allocates most of the available transmit power to the highest gain

subchannel for energy harvesting while only fractional of the transmit power are applied

to the subchannels of the weakest gains for information exchange as the noise power value

is low. This type of the subchannel assignment is the reason why both GTD and SVD

approaches yield almost equivalent performance knowing that the GTD approach always

assign the highest gain subchannel for joint information and energy transmission. The

gap in the performance between the GTD and the SVD approaches is evident when the

noise power is high. Note that the influence of the subchannels gains toward satisfying

the data rate constraint rises as the noise power increases. In fact, the dominance of the

energy harvesting becomes less when the required data rate is high and the noise power

at high values. In this case, the GTD approach very well outperforms its counterpart the

54



Chapter 3 – Transceiver Design for SS Based MIMO SWIPT With Instantaneous Total
Transmit Power Constraint

SVD approach.

Figure 3.4 shows the outage probability versus the total transmit power for the GTD

and the SVD approaches considering that the channel matrix is subject to a channel

estimation error and therefore the channel is imperfectly known at both the transmitter

and the receiver. The energy harvesting and the data rate constraints are assumed to

be 0.3 mW and 10 bps/Hz, respectively. The noise power is set to −100 dBm and the

distance between the transmitter and the receiver is assumed to be 15 m. The case of

imperfect CSI knowledge follows [84] ; i.e., the channel is imperfectly known at both the

transmitter and the receiver with a parameter σ2
ε that is used to capture the quality of the

channel estimation. According to [84], the parameter σ2
ε can take any value from 0 to 0.1.

Note that the channel is perfectly estimated when σ2
ε = 0, more details can be found in

[84] about σ2
ε for different channel estimation schemes. In general, the imperfect channel

estimation leads to inter-stream interference. The presence of the interference is beneficial

for energy harvesting but detrimental for the achievable rate. In this case, the noise power

is negligible in comparison with the power due to the interference and hence the achievable

rate is determined based on the value of the signal-to-interference ratio. This fact is

illustrated in the plots of Figure 3.4. It can be observed from Figure 3.4 that both GTD

and SVD approaches have a comparable performance when the estimated channel is close

to the actual one. However, the GTD approach significantly shows better performance

that the SVD approach for the case of poor channel estimation. The dramatic difference

between the two techniques can be highlighted by considering a case of poor channel

estimation ; i.e., σ2
ε = 0.1 and moderate power, rate and energy harvesting constraints,

namely, Pt = 3.5 W, C = 6 bps/Hz, and EH = 0.3 mW. Under these conditions, the

GTD based system shows 7% outage probability, while the SVD based system has 52%

outage probability, making the system unusable. The reason behind this difference in the

performance is because the GTD experiences less interference than the SVD approach

due to the fact that the highest gain eigenchannel at the GTD approach is used jointly

for information and energy transmission.

Having demonstrated that for given instantaneous transmit power constraint Pt , the

probability that a GTD based system fails to meet the energy harvesting and information
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Figure 3.5: Average total transmitted power with optimum power allocation and no instanta-
neous power constraint, Pt = +∞.d = 15 m.
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rate targets is orders of magnitude lower than with SVD based system, in Figure 3.5 we

examine the average transmitted powers of both systems when the instantaneous power

constraint is relaxed as Pt = +∞. Note that the SVD based SWIPT in this case becomes

similar to those investigated in [16] and [14]. The considered setup guarantees that both

SWIPT strategies always succeed in meeting the constraints, while minimizing the total

transmit power.

Figure 3.5a plots the average total transmit power versus rate constraint for both

precoding schemes. For a given value of EH, increasing the rate requirement for the

GTD based system shows only mild increase in the average transmit power. In contrast,

the curves representing the SVD based system rise sharply for the higher values of the

rate constraint. For example, increasing the rate constraint C from 9 to 13 bps/Hz while

holding EH fixed at 0.6 mW requires increasing the average total transmitted power by

0.3 W and 1.4 W for the GTD and SVD based approaches, respectively. The average total

transmit power as a function of energy harvesting constraint is examined in Figure 3.5b.

The results clearly show that using GTD based SWIPT leads to significant saving of

transmitted power in comparison with the SVD based SWIPT, especially for higher rate

constraints. For example, EH = 0.4 mW, C = 16 bps/Hz can be achieved using average

power of 3.6 W with GTD, while approximately 7 W are required with SVD.

Figure 3.6 shows the affect of the distance between the transmitter and the receiver on

the average total transmitted power under different values of energy harvesting EH and

rate C constraints. In Figure 3.6a, It can be observed that for moderate rate C and any

value of EH increasing the distance requires approximately equal increment in Pt at both

the GTD and the SVD approaches. In contrast, Figure 3.6b shows that, when the rate

C is high and EH is fixed, the GTD based SWIPT in comparison with the SVD based

SWIPT requires significantly low increment in Pt when the distance is increased.

To investigate the relative performance of the two SWIPT schemes in more detail,

Figure 3.7 plots the ratio between the average total transmit power for the GTD and

SVD based systems versus the rate and energy harvesting constraints. As in Figures 3.5

and 3.6, the scenario of no instantaneous power constraint (Pt = +∞) is considered. The

results clearly show that a significant saving in the transmitted power can be achieved
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Figure 3.7: Average total transmitted power with optimum power allocation and no instanta-
neous power constraint, Pt = +∞ with d = 15 m.
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for a wide range of system parameter values by using the proposed GTD based approach

instead of the conventional SVD based approach specially when the data rate constraint

is large and the noise power is high σ2 = −60 dBm. It is also noticeable that both the

SVD and GTD based approaches have an equivalent performance when the noise power

is low; i.e., σ2 = −100 dBm regardless the amount of data rate and energy harvesting

constraint. However, both approaches yield a comparable performance when data rate

constraint has moderate or low values and the noise power is high.

B. Data Rate Maximization

In the following, the simulation results are introduced to evaluate the GTD and the

SVD approaches for data rate maximization. The results of the GTD approach are ob-

tained by solving problem (3.18) using Algorithm 3 while the results of the SVD approach

are obtained by solving (3.24) using Algorithm 4.

Figure 3.8 shows the maximum achievable rate under different values of the total

transmit power Pt under different energy harvesting requirements. It is observed that

the GTD based SWIPT always achieves higher data rate than its counterpart SVD based

SWIPT. For example, when Pt = 5 and the energy harvesting constraint EH = 0.1mW, the

GTD approach attains approximately C = 22 bps/Hz while the SVD approach achieves

data rate 17 bps/Hz. This is because the GTD based SWIPT has the ability to use the

highest gain subchannel jointly for data and energy transmission which is not possible in

the SVD based SWIPT.

The plots in Figure 3.9 shows the maximum achievable rate versus the energy har-

vesting constraint EH for multiple values of total transmit power Pt . The curves of both

systems degrade rapidly as the values of EH increases when Pt is low. However, when Pt

is high both systems improve and the loss in the achievable rate is relatively low as the

EH value increases.

C. Energy Harvesting Maximization

The simulation results are presented in this section to evaluate the performance of the

proposed transceiver designs for energy harvesting maximization. The results of the GTD

based SWIPT are obtained from solving problem (3.29) optimally using Algorithm 5 while

the SVD based SWIPT results are obtained by solving problem (3.32) using Algorithm 6.
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Figure 3.10 shows the maximum harvested energy EH versus the total transmitted

power Pt under different data rate C constraints. It can be noted from Figure 3.10 that

the maximum harvested energy is significantly reduced when the rate constraint C is

largely increased . In contrast, the GTD based SWIPT shows a relatively low reduction

in the harvested energy if the rate constraint C is increases. For example, at Pt = 6 W,

the energy harvested by the SVD approach is reduced by approximately 0.81 mW when

C increases from 10 bps/Hz to 18 bps/Hz while the GTD losses only 0.27 mW under the

same conditions.

In Figure 3.11, it can be observed that the GTD approach and the SVD approach have

equivalent performance when the rate requirement is low. When the rate requirement

increases, the SVD based SWIPT curves starts to diminish rapidly in comparison with

the GTD based SWIPT.

3.7 Summary
In this chapter, a new SWIPT approach, based on the GTD, in a point-to-point MIMO

communication system was proposed. The optimal structure of the GTD that attains the

optimal performance in GTD based SWIPT was derived and introduced in Theorem 3.1.

The GTD structure is exploited to create an interfering subchannel to satisfy the energy

harvesting requirement while maintaining the best subchannels for information exchange.

Based on the developments in Theorem 3.1, three transceiver designs for transmit power

minimization, data rate maximization and energy harvesting maximization were intro-

duced. For each design, an optimal solution that obtains jointly the power allocation and

the subchannel assignment was developed. The proposed GTD designs were compared

against the state-of-art SVD designs. Both theoretical and numerical results showed that

GTD based SWIPT well outperforms the SVD based SWIPT. Although extra process

are required in designing the precoder and the receive-side matrix in the proposed GTD

approaches, the power allocation in all of these approaches is obtained by examining only

one fixed subchannel assignment at the transmitter. This is in contrast to the state-of-the

art SVD approaches which require to examine all the possible subchannel assignments.
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Chapter 4

Transceiver Design for SS Based

MIMO SWIPT With per Subchannel

Transmit Power Constraint

4.1 Introduction
This chapter studies SS based MIMO SWIPT transceiver systems where the trans-

mitter is constrained by limited transmit power per subchannel. This limited power

constraint leads to a complex SVD based transceiver designs whereby the optimal power

allocation and subchannel assignment require solution to a mixed-integer optimization

problem [14, 16]. This complexity is also evident in GTD based SWIPT transceiver de-

signs. In GTD based SWIPT, further complexity is introduced due to signal separation

process at the receive side requiring optimal design for precoder F and receiver side ma-

trix W. However, the GTD structure allows the highest gain subchannels to be used for

joint information and energy transmission, which result in better performance than con-

ventional SVD designs. Such flexibility is not possible in SVD based SWIPT transceiver

designs since each subchannel should carry one type of signals either energy or information

signals [14–16, 76].

This chapter presents three transceiver designs for each GTD and SVD based SWIPT.

The first design that focuses on minimizing the total transmit power while meeting specific
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energy harvesting and information rate is presented in Section 4.2. In this section, both

optimal and suboptimal GTD based SWIPT designs are developed. For comparison

purpose, the SVD based SWIPT design that introduced [14, 16] is briefly introduced

in this section. The second design is presented in Section 4.3 and studies the case of

maximizing the energy harvesting while satisfying a particular data rate constraint at

the receiver. In this section, a suboptimal design is developed for the GTD transceiver

while an optimal design is considered for the SVD transceiver. The last design that

considers the case of maximizing the total throughput of the MIMO link with energy

harvesting constraint is developed in Section 4.4. Both suboptimal GTD and optimal

SVD approaches were proposed in this section. Simulation results are introduced in the

Section 4.5 to evaluate the performance of the developed designs. Finally, Section 4.6

summarizes Chapter 4.

4.2 Transmit Power Minimization With Energy Har-

vesting and Data Rate Constraints

This section presents two SS based SWIPT transceivers. The first transceiver is devel-

oped based on GTD while the second transceiver uses the SVD as introduced in [14, 16].

Both transceivers are designed to minimize the total transmitted power and achieve data

rate and energy harvesting constraints assuming limited transmit power per each sub-

channel. For the GTD based SWIPT transceiver, optimal and suboptimal solutions are

developed. The optimal solution is presented in Subsection 4.2.1 where the power alloca-

tion and the transmit-side subchannel assignment are obtained via solving mixed-integer

second order cone problem (MISCOP). Additionally, Theorem 4.1 is proposed in Sub-

section 4.2.1 to find the receive-side subchannel assignment. In Subsection 4.2.2, the

suboptimal solution is presented where the power allocation is obtained by examining a

few number of subchannel assignments at the transmitter while the receive-side subchan-

nel assignment is identified from Theorem 4.1. Subsection 4.2.3 introduces the SVD based

SWIPT transceiver that developed in [14, 16].
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Figure 4.1: GTD based SWIPT with Pmax per subchannel Constraint.

4.2.1 Transmit Power Minimization for GTD Based SWIPT

(Optimal Design)
We focus in this section on minimizing the total transmitted power at the transmitter

while guaranteeing that the receiver gets specific amounts of data rate and energy. The

following optimization problem describes the objective of the system design:

minimize
P, r�λ, IRX, JRX

tr(FFH), (4.1a)

s.t.
∑

i∈IRX

log2

(
1 +

R2
ii

σ2

)
> C, (4.1b)

∑
j∈JRX

K∑
l= j

ηR2
jl > EH, (4.1c)

0 6 pk 6 Pmax, (4.1d)

where IRX ⊂ K and JRX ⊂ K are disjoint sets represent the subchannels from which the

information is decoded and the energy is harvested at the receiver, respectively. The set K

denotes to the total number of subchannels. The precoder matrix F is defined in equation

(2.18), λ represents the positive diagonal elements of ΣP1/2 and σ denote to the noise

power while Pmax is the maximum transmit power per subchannel at the transmitter.

As discussed in Chapter 3, problem (4.1) cannot be solved directly since the power
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allocation P is embedded in the matrix R. Furthermore, the optimal power allocation

P? and the subchannel assignment I?RX and J?
Rx should be obtained jointly in order to

construct the precoder F and the receive-side filter W.

To solve (4.1), a similar solution that proposed for GTD based SWIPT designs in the

previous chapter is used here. This solution consists of two steps as discussed earlier.

The first step is to find the optimal power allocation P?. In the second step we apply

GTD on Σ(P?)1/2 to construct the precoding and the receiver-side matrices F and W,

respectively. The proposed approach takes advantage of the key feature of the GTD

based system, namely, that the transmitter can allocate power both to any subchannel

for joint information and energy transmissions while these transmissions can be separated

at the receiver via linear filtering as illustrated in Figure 4.1.

A. Optimal Power Allocation

Similar to GTD based designs developed in the previous chapter, the power allocation

is carried out according to the positive singular values σ of the channel matrix H. Taking

into account that the GTD structure allows the transmitter to use any single subchannel

to carry both information and energy as discussed previously, the problem of transmit-side

power allocation can be written as follows:

minimize
αi, βj, ai, bj

∑
i∈K

αi +
∑
j∈K

β j, (4.2a)

s.t.
∏
i∈K

(
1 +

aiαiσ
2
i

σ2

)
> 2C, (4.2b)∑

j∈K

ηb j β jσ
2
j > EH, , (4.2c)

0 6 αi + β j 6 Pmax, ∀ i = j, i ∈ K, j ∈ K, (4.2d)∑
i∈K

ai +
∑
j∈K

b j 6 K, i ∈ K, j ∈ K, (4.2e)

0 6 αi 6 Pmax, 0 6 β j 6 Pmax,∀ i , j, i ∈ K, j ∈ K (4.2f)

ai ∈ {0,1}, b j ∈ {0,1}, (4.2g)

where αi and β j are the powers allocated by the transmitter to information and energy

transfer on the i-th and j-th stream, respectively. Note that the diagonal entries of P are
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given as pk = αk + βk, k ∈ K. The variables ai and b j are binary and denote the usage of

each subchannel at the transmitter as illustrated in the Table 4.1. In fact, ai and b j are

used to define the subchannel assignment at the transmitter as will be explained later in

next subsection. Constraint (4.2b) represents the required data rate and it is transformed

into the product form instead of the sum-log form to facilitate the solution as discussed

below.

Problem (4.2) is nonlinear because of the presence of product form of the data rate

constraint in (4.2b) and has a combinatorial nature due to the use of binary variables

in constraints (4.2b) and (4.2c). In fact, the power minimization problem of the SVD

based SWIPT that is studied in [14, 16] has similar formulation to problem (4.2). Hence,

a similar technique that is used to solve the power allocation problem of the SVD based

SWIPT can be applied to solve problem (4.2). This technique transforms the power

allocation problem of the SVD based SWIPT into mixed-integer second order optimization

problem (MISCOP) by following two steps. In the first step, the product between the

binary and the continuous variables are linearized. In the second step, the product form in

the data rate constraint is transformed into multiple-layers of second-order-rotated-conic

(SORC) constraints.

To follow up the technique mentioned above, propositions 1 and 2 in [14] are revisited.

The first proposition is used to linearize the products of the variables aiαi and b j β j

whereas the second proposition transforms the constraint (4.2b) into m+1 layers of SORC

constraints.

Table 4.1: Binary variables cases

Binary variables Index status Subchannel use
ai b j

1 1 i = j Information exchange and energy transfer
1 0 i = j or i , j Information exchange only
0 1 i = j or i , j Energy transfer only
0 0 i = j The subchannel is not used
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Proposition 4.1 ([14]). Consider a binary variable ω ∈ {0,1} and a continuous variable

x ∈ [xmin, xmax]. Constraint y = ωx can be linearized as follows

ωxmin 6 y 6 x − (1 − ω)xmin, (4.3)

x − (1 − ω)xmax 6 y 6 ωxmax. (4.4)

To linearize the products of the variables aiαi that are appeared in (4.2b), Propo-

sition 4.1 is used as explained below. Let us define α̃i = aiαi, i ∈ K. According to

Proposition 4.1, the equality α̃i, i ∈ K can be represented by the linear constraints (4.3)

and (4.4) by setting y ≡ α̃i, ω ≡ ai and x ≡ αi ∈ [0,Pmax]. Likewise, the products of the

variables b j β j in constraint (4.2c) can be represented by the linear constraints (4.3) and

(4.4). Therefore, problem (4.2) can be written as

minimize
αi, α̃i, βj, β̃j, ai, bj

∑
i∈K

αi +
∑
j∈K

β j, (4.5a)

s.t.
∏
i∈K

(
1 +

α̃iσ
2
i

σ2

)
> 2C, (4.5b)∑

j∈K

ηβ̃ jσ
2
j = EH, (4.5c)

α̃i 6 aiPmax, α̃i 6 αi, (4.5d)

α̃i > αi − (1 − ai)Pmax, α̃i > 0, (4.5e)

β̃ j 6 b j Pmax, β̃ j 6 β j, (4.5f)

β̃ j > β j − (1 − b j)Pmax, β̃ j > 0, (4.5g)

Constraints (4.2d), (4.2e), (4.2f) and (4.2g). (4.5h)

Note that constraints (4.5d)-(4.5g) are presented due to the use of Proposition 4.1. Next,

Proposition 4.2 is introduced to transform the product form of the data rate constraint

into multiple-layers SORC constraints.

Proposition 4.2 ([85], p.105, [14],[16]). The geometric mean constraint (GMC) x1 . . . x2m >

t2m, xq > 0, q = 1, . . . ,2m is convex and can be represented by (m+1)-layers of SORC con-

straints. These layers of the SORC constraints are constructed by defining the 2m original
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x-variables to be the variables of level 0 ; i.e., xq ≡ x0,q. For each two variables of level

0 a new variable of level 1 is added; thus, the number of the new level 1 variables x1,q is

2m−1. Similarly, a new variable of level 2 is added for each two variables of level 1; hence,

adding 2m−2 variables of level 2. This process of adding a new level of variables continues

until level m becomes with a single variable xm,1. Therefore the (m+1) layers of the SORC

constraints can be written as:

layer 1 : x0,2q−1x0,2q > x2
1,q,

layer 2 : x1,2q−1x1,2q > x2
2,q, x2,q, x1,2q−1,

...

layer m : xm−1,1xm−1,2 > x2
m,1, xm,1, xm−1,1,

layer m + 1 : xm,1 > t,

(4.6)

where xmi and t are real and positive numbers.

To explain Proposition 4.2, let us assume the following geometric mean constraint

x1x2x3x4x5x6x7x8 > t8. This constraint can be represented by 4 layers of SORC constraints

as follows:

layer 1 : x0,1x0,2 > x2
1,1, x0,3x0,4 > x2

1,2, x0,5x0,6 > x2
1,3, x0,7x0,8 > x2

1,4,

layer 2 : x1,1x1,2 > x2
2,1, x1,3x1,4 > x2

2,2,

layer 3 : x2,1x2
2,2 > x2

3,1,

layer 4 : x2
3,1 > t.

(4.7)

To transform (4.2b) to GMC form, a similar method that is used in [14, 16] is followed

here. This method starts by defining m = dlog2 Ke, µ = 2m and setting x0,q = log2(1 +

α̃iσ
2
i /σ

2) > 0, q ∈ K, x0,i = 1, q = K + 1, . . . , µ and t = 2C/µ. This method brings

(4.2b) into GMC, and hence, Proposition 4.2 is used to construct the SORC layers as

given in (4.6). To clarify this process, suppose that K = 6. In this case m = 3 and

µ = 8; therefore, q = {1,2, . . . ,8}. The SORC layers can be written as in (4.7) where
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x0,q = log2(1 + α̃iσ
2
i /σ

2), i ∈ K, and q ∈ {1,2, . . . ,6} while x0,q = 1, q ∈ {7,8}.

After applying Proposition 4.2 to transform constraint (4.5b) into multiple SORC

constraints as illustrated above, problem (4.5) can be rewritten as:

minimize
αi, α̃i, βj, β̃j, ai, bj

∑
i∈K

αi +
∑
j∈K

β j, (4.8a)

s.t. xn−1,2q−1xn−1,2q > x2
n,q, n = 1, . . . ,m, q = 1, . . . ,2m−n, (4.8b)

xm,1 > t, t = 2C/µ, (4.8c)

x0,q = 1 +
α̃iσ

2
i

σ2 , i ∈ K, q ∈ K, (4.8d)

x0,q = 1, q = K + 1, . . . , µ, (4.8e)

xn,q > 0, n = 0, . . . ,m,q = 1, . . . ,2m−n, (4.8f)∑
j∈K

ηβ̃ jσ
2
j > EH, (4.8g)

α̃i 6 aiPmax, α̃i 6 αi, (4.8h)

α̃i > αi − (1 − ai)Pmax, α̃i > 0, (4.8i)

β̃ j 6 b j Pmax, β̃ j 6 β j, (4.8j)

β̃ j > β j − (1 − b j)Pmax, β̃ j > 0, (4.8k)

0 6 αi + β j 6 Pmax, ∀ i = j, i ∈ K, j ∈ K, (4.8l)

0 6 αi 6 Pmax, 0 6 β j 6 Pmax,∀ i , j, i ∈ K, j ∈ K, (4.8m)∑
i∈K

ai +
∑
j∈K

b j 6 K, i ∈ K, j ∈ K, (4.8n)

ai ∈ {0,1}, b j ∈ {0,1}. (4.8o)

According to [14, 16] the formulation of (4.8) is MISOCP and can be solved via CVX

package [86]. Unlike the SVD based SWIPT power allocation problem which has been

introduced in [14, 16], problem (4.8) contains two binary variables to allow the transmitter

to send information and energy signals jointly using any single subchannel. Another major

difference between problem (4.8) and the SVD based SWIPT power allocation probelm

is the presence of constraint (4.8l). This is imposed to prevent the transmitter from

applying more power than Pmax to any particular subchannel used for joint transmission.

Constraint (4.8l) is not existed in the power allocation problem of SVD based SWIPT

71



Chapter 4 – Transceiver Design for SS Based MIMO SWIPT With per Subchannel
Transmit Power Constraint

since the SVD structure prevents the use of the joint transmissions.

B. Transmit-Side Optimal Subchannel Assignment

After obtaining the optimal power allocation, the subchannel assignment at the trans-

mitter should be identified. This can be done by examining the binary variables ai and

b j that are obtained in the optimal solution of problem (4.8). Towards this direction, let

us defined the set of the subchannels assigned for information exchange as ITX and let

JTX denote to the set of the subchannels assigned for energy harvesting. The sets ITX

and JTX are found as

I?TX :=
{
i : i ∈ K ∧ ai = 1

}
, (4.9a)

J?
TX :=

{
j : j ∈ K ∧ b j = 1

}
. (4.9b)

Therefore, the set U = I?TX
⋃
J?

TX contains all the subchannels that are used in the

optimal solution of problem (4.8), where U ⊆ K. In addition to allocating power to

transmit one type of signals either information or energy, the presence of constraint (4.8l)

in problem (4.8) allows the transmitter of allocating power to any subchannel for joint

information and energy transmission. For future convenience, we refer to the subchannels

that are used to carry information and energy signals jointly as the “joint subchannels”

while the subchannels that are used to carry one type of signals as the “clear subchannels”.

Let Z and N denote to the sets of the joint subchannels and the clear subchannel,

respectively. Thus, Z can be easily identified as Z = I?TX
⋂
J?

TX while N = U \Z.

While in the SVD based SWIPT the condition Z = ∅ is mandatory[14, 16], it does not

need to hold in the GTD based SWIPT. A necessary condition for all SS based SWIPT

schemes is, however, that each single stream at the receive-side carries only one type of

signal, either information to be decoded or energy to be harvested [14, 16]. Therefore,

the transmitted signals carried by each joint subchannel in the set Z is separated at the

receiver into two parts using the linear filter W. Note that the constraint (4.8n) is imposed

to force the transmitter to comply with the SS based SWIPT requirement as explained

in the following remarks.
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Remark 4.1. When the optimal solution of problem (4.8) returns a set of joint subchannels

Z , ∅, the constraint (4.8n) implies that a set of different subchannels Ẑ is left out of

the optimization problem (4.8) and are not part of power allocation. The set Ẑ can be

defined as Ẑ =
{
|U| + 1, . . . , |U| + |Z|

}
where

���Ẑ��� = |Z|. The subchannels in Ẑ are

corresponded to the lowest gain subchannels and the transmitter applies only low power

pẑ > 0 to them in order to keep these streams active since their presence is important for

the receiver to be able to perform the signal separation.

Remark 4.2. When the optimal solution returns a set of joint subchannels Z = ∅, the

constraint (4.8n) implies that all the K available subchannels are part of the power allo-

cation (4.8) and the GTD based SWIPT is reduced to the SVD based SWIPT. Note that

in this case Ẑ = ∅ and U = K.

C. Precoder and Filter Design via GTD

The design process consists of two distinct cases when: 1) Z , ∅ 2) Z = ∅. We

concentrate here in the first case since it is when GTD and SVD based systems are

different, while the second case corresponds to a scenario where both methods are the

same, as discussed in Remark 4.2. Thus, we consider only the first case here, and return

to the second case at the end.

The signals that are carried in the joint subchannels should be separated at the re-

ceiver to comply with the SS schemes requirements as discussed previously. However,

the separation process requires both the transmitter and the receiver to use a properly

designed precoder F and filter W, respectively. The precoder and the filter design can be

accomplished via the GTD decomposition of the diagonal matrix Σ(P?)1/2 where P? is

the optimal power allocation matrix that is obtained from solving problem (4.8) and also

contains the low powers pẑ on its diagonal as discussed in Remark 4.1. The GTD decom-

position of Σ(P?)1/2 requires to define the vector r properly in order to design the precoder

and the filter suitably. Note that the vector r should be multiplicatively majorized by the

vector λ, where λ represents the diagonal elements of the matrix Σ(P?)1/2.
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The vector λ can be written based on the sets U and Ẑ as follows

λ =



λ1

λ2
...

λ|U|

λ|U|+1
...

λ|U|+|Z|



. (4.10)

The first elements of λ, starting from the first element and up to the |U|-th element, can

be expressed according to the usage of each subchannel as

λu =


λz, z ∈ Z and Z ⊆ U,

λn, n ∈ N and N ⊂ U,
(4.11)

where u = 1, . . . , |U|. Note that λz represents the joint subchannels and can be written

as

λz =

√
α?z + β

?
z σz, z ∈ Z, (4.12)

while λn represents the clear subchannels and can be expressed as

λn =


√
α?nσn, ∀n ∈ ITX,√
β?nσn, ∀n ∈ JTX.

(4.13)

The last elements of λ, starting from the element |U| + 1, and up to the |U| + |Z|-th

element, can be written as

λẑ =
√

pẑσẑ, ẑ ∈ Ẑ, Ẑ =
{
|U| + 1, . . . , |U| + |Z|

}
. (4.14)

The form of r that is used to perform the GTD decomposition of Σ(P?)1/2 to design

the precoder and the filter that lead to the desired signals separation at the receiver is
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defined as

rd = λn, (4.15a)

re =
λžλẑ√

λ2
ž + λ

2
ẑ −

EHž

η

, (4.15b)

rw =

√
λ2

ž + λ
2
ẑ −

EHž

η
, (4.15c)

where EHž = η
(
β?ž σ

2
ž + pẑσ

2
ẑ

)
and the following indexing1 is defined: d = 1, . . . , |N |,

e = |N |+1, |N |+3, . . . , L−1, w = |N |+2, |N |+4, . . . , L, L = |U|+
���Ẑ��� and ž = zmax, . . . , zmin.

Note that L 6 K and represents the number of all the subchannels that have non-zero

powers while zmax and zmin denote to the maximum and minimum elements in the set Z.

To complete the GTD decomposition of the matrix Σ(P?)1/2, the following proposition

and corollary are presented.

Proposition 4.3. The vector r defined in (4.15) is multiplicatively majorized by the vector

λ that is given in (4.10).

Proof: See Appendix C.

Corollary 4.1. Using the vector r that is defined in (4.15) yields a GTD decomposition

1The indexing in (4.15) should be interpreted as a sequence of tuples in the order given above. For
example, in (4.15b) we have

(
(e, ž, ẑ)

)
=

(
(|N | + 1, zmax, |U| + 1), . . . , (L − 1, zmin, L)

)
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of the matrix Σ(P?)1/2 with the following R

R =

©«

R1,1 0 · · · · · · · · · · · · · · · · · · · · · 01,L
. . . · · · · · · · · · · · · · · · · · · · · ·

...

. . . · · · · · · · · · · · · · · · · · ·
...

R|N |,|N | 0 · · · · · · · · · · · · 0

R|N |+1,|N |+1 R|N |+1,|N |+2 · · · · · · · · · R|N |+1,L

R|N |+2,|N |+2 0 · · · · · · 0

0 . . . · · · · · ·
...

. . . · · ·
...

RL−1,L−1 RL−1,L

RL,L

ª®®®®®®®®®®®®®®®®®®®®®®®®®¬

,

(4.16)

where the diagonal elements of R coincides with elements of the vector r that is given in

(4.15).

Proof: Corollary 4.1 is a result of Theorem 2.1 and can be proved by following the

GTD algorithm introduced in Section 2.3.2.

The form of R in (4.16) guarantees that the energy streams at rows e ∈ E have non-zero

off-diagonal elements (inter-stream interference) while the ones dedicated to information

transfer at rows w ∈ W have only diagonal entries (no inter-stream interference). The

“flexible” subchannels corresponding to rows d ∈ D are always interference free at the

receiver regardless of the type of signal they carry.

D. Harvested Energy and Achievable Rate

After decomposing the matrix Σ(P?)1/2 using GTD, the transmitter uses the precoder

F = V(P?)1/2X as in (2.18) while the receiver applies the filter W = QTUH . This leads to

the end-to-end signal model as in (2.20) with the matrix R as described in (4.16).

The following theorem is presented to identify the optimal subchannel assignment at

the receiver and to compute the energy harvested and the achievable rate of the proposed

design.
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Theorem 4.1. Consider the end-to-end signal of the GTD based SWIPT stated in (2.20).

Given the matrix R as described in (4.16), the rate of data decoded from the set I?RX =

W
⋃
D̄ satisfies the data rate constraint (4.1b) while the energy harvested from the sub-

channels in the set J?
RX = E

⋃
D̃ satisfies the energy harvesting constraint (4.1c). The

achievable rate is obtained from the subchannels in the set I?RX is calculated as follows

CRX =
∑
w∈W

Cw +
∑̄
d∈D̄

Cd̄, D̄ ⊆ D, (4.17)

where

Cw = log2

(
1 +

r2
w

σ2

)
, w ∈ W, (4.18)

and

Cd̄ = log2

(
1 +

r2
d̄

σ2

)
, d̄ ∈ D̄ . (4.19)

The amount of the harvested energy from the subchannels in the set J?
RX is written as

EHRX =
∑
e∈E

EHe +
∑̃
d∈D̃

EHd̃, D̃ ⊆ D, (4.20)

where

EHe = η

(
r2

e +
1
r2

e

(
λ2

ž − r2
e
) (

r2
e − λ

2
ẑ
) )
, e ∈ E, (4.21)

and

EHd̃ = r2
d̃
, d̃ ∈ D̃ . (4.22)

Proof: See Appendix D

The achievable rate of the data that is decoded from the subchannels in setW matches

the rate of the data that is transmitted by the subchannels in the set Z. Also, the energy

harvested from the subchannels in the set E is equivalent to the energy that is transferred

by the subchannels in the set Z. Note that the subchannels in the set Z are used by the

transmitter for joint data and energy transmissions.

Additionally, the rate of the data decoded or the energy harvested at the receiver

from the subchannels in the set D are identical to the data rate or the energy amount

that are transferred by the subchannels in the set N . The sets D̄ and D̃ are disjoint
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; i.e., D̄
⋂
D̃ = ∅ whereas D̄

⋃
D̃ = D. To explain how to define the elements of D̄

and D̃, the following four cases are presented. Moreover, these cases also express the

relation between the optimal subchannel assignment at the transmitter I?Tx and J?
Tx and

the optimal subchannel assignment at the receiver I?Rx and J?
Rx. Note that I?Tx and

J?
Tx are obtained from solving problem (4.8) while I?Rx and J?

Rx are defined according to

Theorem 4.1.

• Case 1: The achievable rate obtained by decoding the information from the sub-

channels inW and the energy harvested from the subchannels E do not satisfy the

data rate and the energy harvesting constraints (4.1b) and (4.1c), respectively, if

I?TX , J
?

TX , Z,
��I?Tx

�� > |Z| and ��J?
Tx

�� > |Z|. This means subset of the subchannels

D̄ ⊂ D are used for information decoding and the other subset of the subchannels

in D̃ ⊂ D are used for energy harvesting to satisfy the constraints (4.1b) and (4.1c)

as illustrated in equations (4.17) and (4.20). This implies that I?Rx =W
⋃
D̄ and

J?
Tx = E

⋃
D̃, where D̄

⋃
D̃ = D. Note that the set D is equivalent to the set N

as defined in (4.15a).

To clarify this case, we introduce the following illustrative example. Suppose that

the total number of the available subchannels K = 6. Consider the optimal solution

of problem (4.8) returned the following binary variables vectors a = [1,1,1,0,0,0]

and b = [1,1,0,1,0,0]. Based on equation (4.9), the optimal subchannel assignment

at the transmitter is defined as I?Tx = {1,2,3} and J
?

Tx = {1,2,4}. Note that the

elements of sets I?Tx and J?
Tx represents the indices of the subchannels. Thus, the set

of the subchannels that is used in the power allocation of problem (4.1) is defined

as U = I?Tx
⋃
J?

Tx = {1,2,3,4}. The set of the joint subchannel Z = I?Tx
⋂
J?

Tx =

{1,2} and the set of the clear subchannel N = U \ Z = {3,4} while the set Ẑ ={
|U| + 1, . . . , |U| + |Z|

}
= {5,6}. According to equation (4.15) and Theorem 4.1,

the receiver has three types of sets. The first set of the flexible subchannels D =

{1,2}, the information subchannels set W = {4,6} and the energy subchannels

set E = {3,5}. Since
��I?Tx

�� > |Z| and ��I?Tx
�� > |Z|, the information decoded from

the subchannels in W does not satisfy the data rate constraint while the energy

harvested form the subchannels in E does not meet the energy requirements at the
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receiver. Hence, the subchannels in the set D are used to fulfill the data rate and the

energy harvesting requirements at the receiver as follows. The set D is divided into

two sets D̄ = {3} and D̃ = {4}. The subchannel in the set D̄ is used for information

decoding while the subchannel in the set D̃ is used for energy harvesting in order

to complete the data rate and the energy harvesting requirements at the receiver as

illustrated in (4.17) and (4.20).

• Case 2: The energy harvested from the subchannels in E satisfies the energy har-

vesting constraint (4.1c) if J?
Tx = Z, and hence, the subchannels in D (equivalent

to the set N) are used for information decoding in addition to those subchannels in

W. This means I?Rx =W
⋃
D̄ and J?

Tx = E, where D̄ = D and D̃ = ∅.

• Case 3: The achievable rate obtained by decoding the information form the sub-

channels inW satisfies the data rate constraint (4.1b) if I?TX = Z, and hence, the

subchannels in D (equivalent to the set N) are used for energy harvesting in ad-

dition to those subchannels in E. In this case I?Rx =W and J?
Tx = E

⋃
D̃, where

D̃ = D and D̄ = ∅.

• Case 4: The energy harvested from the subchannels in E and the data rate obtained

by decoding the information from the subchannels inW satisfy the energy harvest-

ing and the data rate constraints (4.1c) and (4.1b), respectively, if I?TX = J
?

TX = Z,

and hence, D = ∅ (implied that N = ∅). In this case I?Rx =W and J?
Tx = E.

E. Special Case

This section studies the case when the optimal solution of problem (4.8) returns no joint

subchannels ; i.e., Z? = ∅. This means the GTD based SWIPT is reduced to the SVD

based SWIPT since there is no subchannel carrying more than one type of signals.

This special case is remarked when all the available powers per each subchannels are

required at the strongest or the weakest subchannels to satisfy the energy harvesting

constraint (4.1c) or the date rate constraint (4.1b). For example, if the energy harvesting
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constraint and the data rate constraint has the following amounts:

EH =
J∑

j=1
ηPmaxσ

2
j , (4.23a)

C =

K∑
i=J+1

log2

(
1 +

Pmaxσ
2
i

σ2

)
, (4.23b)

the optimal solution of problem (4.8) returns Z? = ∅. However, this case occurs rarely

and is not observed in the numerical simulations.

In general, the optimal GTD design has an exponential complexity due to the combi-

natorial nature of the power allocation problem (4.8) [14, 16]. Furthermore, the required

signals separation at the receiver leads to more complicated and non systematic design

due to the presence of the sets N and D at the transmitter and the receiver, respectively,

as explained in the above cases. Therefore, the proposed approach is used for benchmarks

only.

4.2.2 Transmit Power Minimization for GTD Based SWIPT

(Sub-optimal Design)

In this section, a suboptimal approach is proposed for the GTD based SWIPT to

tackle the high complexity of the optimal approach that is developed in Section 4.2.1.

The high complexity of the optimal approach is arose from the combinatorial nature of

the power allocation problem (4.8) which grows exponentially with the number of the

subchannels K.

The proposed solution in this section exploits the fact that the strongest subchannels

are preferred to satisfy both data rate and energy harvesting constraints. Combining this

fact with the concept that the GTD allows the transmitter to use any subchannel jointly

for information and energy transmission, the strongest subchannels are used jointly to

carry information and energy signals. Hence, the power allocation is carried out over

a limited number of subchannel assignments that always guarantees joint transmissions.

Therefore, no binary variables are required here since the power allocation is obtained

over fixed subchannel assignments.
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A. Optimal Power Allocation for Fixed Transmit-Side Subchannel Assign-

ment

Consider the following power allocation problem with fixed subchannel assignment

minimize
αi,βj

∑
i∈ITX

αi +
∑

j∈JTX

β j, (4.24a)

s.t.
∑

i∈ITx

log2

(
1 +

αiσ
2
i

σ2

)
> C, (4.24b)∑

j∈JTx

ηβ jσ
2
j = EH, (4.24c)

0 6 αi 6 Pmax, 0 6 β j 6 Pmax, (4.24d)

U = ITX ∪ JTX, |U| < K, (4.24e)

0 6 αu + βu 6 Pmax, u ∈ U, (4.24f)

where ITX and JTX are fixed sets. Unlike problem (4.8) that is introduced to obtain

the optimal power allocation and the subchannel assignment in the previous section,

the formulation of problem (4.24) has no binary variables. Therefore, the subchannel

assignment in problem (4.24) ; i.e., the sets ITx and JTx should be defined in advance.

In fact, a provisional number of subchannel assignments should be examined and choose

the one that provides the least total transmit power. A systematic procedure for finding

the provisional subchannel assignments that lead to desired power allocation is given in

Algorithm 7. The obtained power allocation matrix P is a diagonal matrix whose diagonal

entries given as pu = αu + βu,u = 1, . . . , |U|.

In Algorithm 7, steps 2 and 3 specify the minimum numbers of the highest gains

subchannels Jmin and Imin that are required to satisfy the energy harvesting EH and the

data rate C constraints, respectively, when the maximum transmit power per subchannel

Pmax is applied. In step 4, problem (4.24) feasibility is presented. Because Jmin and Imin

are computed by applying Pmax to the highest gains subchannels, problem (4.24) feasibility

is not limited only to the condition given in step 4. In fact, any of the examined subchannel

assignments that are defined in steps 7-15 could provide no solution. In general, the total

number of the provisional subchannel assignments that are examined to obtain the desire
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Algorithm 7 Solution to problem (4.24)
1: Initialize P(0) = ∞, P = 0K .
2: Set Jmin so the following condition is satisfied

∑Jmin−1
j=1 ηPmaxσ

2
j < EH 6∑Jmin

j=1 ηPmaxσ
2
j

3: Set Imin so the following condition is satisfied
∑Imin+1

i=1 log2
(
1 + Pmaxσ

2
i /σ

2) > C >∑Imin
i=1 log2

(
1 + Pmaxσ

2
i /σ

2)
4: if Jmin + Imin > K then
5: Problem (4.24) is infeasible and stop.
6: else
7: for k = 1 : K − Imin − 1 do
8: J

(k)
Tx =

{
1,2, . . . , Jmin

}
9: I

(k)
Tx =

{
1,2, . . . ,K − Jmin

}
10: Use CVX to solve (3.5) and obtain P(k) =

∑
i∈ITx αi +

∑
j∈JTx β j

11: if P(k) < P(0) then
12: ITx = I

(k)
Tx , JTx = J

(k)
Tx , P(0) = P(k) and P = P(k)

13: end if
14: Jmin = Jmin + 1
15: end for
16: end if
17: if steps 7-15 returns no solution then
18: Problem (4.24) is infeasible.
19: end if

power allocation P is K − Imin − 1.

The sets of the joint subchannels Z and the clear subchannels N are specified after

finding the power allocation P. Due to steps 8 and 9 in Algorithm 7, all the subchannel

assignments that are examined in problem (4.24) guarantee the presence of the joint

subchannels ; i.e.,Z , ∅ whereZ = ITX
⋂
JTX. Furthermore, all the clear subchannels in

the setN , whenever existed, are used either for information exchange or energy harvesting

where N = U \ Z. It is worth noting that constraint (4.24e) leave a set of weakest

subchannels Ẑ out of the problem (4.24). This is inline with Remark 4.1 that is discussed

in Subsection 4.2.1 as those weakest subchannels are important for the system to separate

the signals carried by the joint subchannels at the receiver. The set of those weakest

subchannels Ẑ is defined as Ẑ =
{
|U|+1, . . . , |U|+ |Z|

}
and the transmitter applies only

low power pẑ > 0 to them in order to keep the streams active as discussed in Remark 4.1.

82



Chapter 4 – Transceiver Design for SS Based MIMO SWIPT With per Subchannel
Transmit Power Constraint

B. Precoder and Filter Design via GTD

Similar to the approach that is proposed Subsection 4.2.1, the precoder F and the filter

W are designed via the GTD decomposition of the diagonal matrix Σ(P)1/2. Including

the low powers pẑ in the matrix P gives the first and last batch of elements in λ of the

diagonal matrix Σ(P)1/2 as

λz =
√
αz + βzσz, z ∈ Z, (4.25a)

λẑ =
√

pẑσẑ, ẑ ∈ Ẑ. (4.25b)

The remaining subchannels that are corresponded to the clear subchannels ; i.e., the

subchannels in the set N can be written as

λn =


√
α?nσn, if |ITx | > |Z| ,√
β?nσn, if |JTx | > |Z| ,

(4.26)

where n ∈ N . Equation (4.26) implied that the subchannels in the set N carry one type

of signals ; i.e., either information or energy signals. The use of the subchannels in the

set N is because the way of the provisional subchannel assignments are defined in the

steps 8 and 9 of Algorithm 7.

The form of r that leads to the desired signals separation at the receiver for this

approach is similar to the form of r that is given in equation (4.15). Thus, the structure

of R at the receiver is similar to that one given by equation (4.16). Therefore, Theorem 4.1

can also be used to define the subchannel assignment at the receiver. In contrast to the

optimal approach, the subchannel assignment at the receiver in this approach has more

systematic order as will be explained in the next subsection.

C. Energy Harvested and Achievable Rate

According to Theorem 4.1, the receiver decodes the data from the set IRx =W
⋃
D̄

and harvests energy from the subchannels JTx = E
⋃
D̃ where D̄

⋃
D̃ = D. As stated in

equation (4.15a), the streams that are transmitted by the subchannels in the set N are

equivalent to the streams that are received by the subchannels in the set D. Based on

equation (4.26), the subchannels in the set N are used to transmit only type of signals,
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and hence by equation (4.15a), the subchannels in the set D are used at the receiver

either for information decoding ; i.e., D̃ = ∅ or energy harvesting ; i.e., D̄ = ∅. In the

following, we explain at which cases D̄ = ∅ or D̃ = ∅.

Based on Theorem 4.1, the energy harvested from e ∈ E is

EHe = η

(
r2

e +
1
r2

e

(
λ2

ž − r2
e
) (

r2
e − λ

2
ẑ
) )
. (4.27)

Substituting the corresponding λ′s and r′s as given in (4.25a) and (4.15) to (4.27) yields

EHe = η
(
βžσ

2
ž + pẑσ

2
ẑ

)
≈ ηβžσ

2
ž , (4.28)

since pẑσ
2
ẑ ≈ 0. Note that ž = zmax, . . . , zmin, where zmax and zmax are maximum and the

minimum elements in the set Z. Now, if |JTx | = |Z| (that imply also |JTx | < |ITx |), the

energy harvested from the streams E satisfies the constraint (4.1c) with equality;hence,

JTx = E and D̃ = ∅. On the other hand, if |JTx | > |Z| (that imply also |JTx | > |ITx |), by

(4.26) and (4.15a) the all receive-side streams by the subchannels in D are also used for

energy harvesting in addition to those in E; i.e., JTx = E
⋃
D and D̃ = D. Constraint

(4.1c) is then satisfied from the energy harvested from the subchannels in JRX.

Since the information bearing subchannels are interference-free by construction, the

achievable rate can be obtained from (2.21a). As with energy harvesting, there are two

cases that arise from (4.26), that is: 1) |ITx | = |Z| (that imply also |ITx | < |JTx |), and 2)

|ITx | > |Z| (that imply also |ITx | > |JTx |). Concentrating on the former, recalling that

rk = Rkk , and using (4.25a) and (4.15c) in (2.21a) yields the rate of stream w ∈ W as

Cw = log2

(
1 +

αžσ
2
ž

σ

)
. (4.29)

In this case, the total rate
∑

w∈W Cw = C so that the constraint (4.1b) is satisfied and

IRX =W while D̄ = ∅. In the case of |ITX | > |Z|, by (4.26) and (4.15a) the |N | receive-

side streams in D are also used for information transfer so that the total rate of streams

IRx =W ∪D satisfies the constraint (4.1b) and D̄ = D.

Although the proposed approach in this section yields suboptimal power allocation,
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there are two main advantages in this approach over the optimal approach that is proposed

in Subsection 4.2.1. The first advantage is that the power allocation can be obtained in

polynomial time complexity since the power allocation process is carried over a limited

number of the subchannel assignments (less than K). This is in contrast with the optimal

approach which has high complexity that increases exponentially with K [14, 16]. The

second advantage is that the suboptimal approach has more systematic design than the

optimal approach since the clear subchannels in the suboptimal design are only assigned

either for information exchange or energy transfer.

4.2.3 Transmit Power Minimization for the SVD Based SWIPT
In this section, the SVD based SWIPT system that is presented [14, 16] is revisited

with brief details. The focus will be on the optimal design in order to compare with

proposed GTD solutions that are developed in Subsection 4.2.1 and Subsection 4.2.2.

The problem of the power minimization of the SVD based SWIPT is formulated as

follows [14, 16]

minimize
P,ai

tr(FFH), (4.30a)

s.t.
∏
i∈K

(
1 +

ai piσ
2
i

σ2

)
> 2C, (4.30b)∑

i∈K

(1 − ai)ηpiσ
2
i > EH, (4.30c)

0 6 pi 6 Pmax, ai ∈ {0,1}, i ∈ K . (4.30d)

Unlike the GTD based SWIPT system, the power allocation problem of the SVD based

SWIPT system has only single binary variable vector. This is due to the structure of the

SVD since any subchannel should be used either for information exchange ; i.e., ai = 1 or

energy transfer ; i.e., ai = 0.

According to [14, 16], problem (4.30) can be transformed into MISOCP by following

Proposition 4.1 and Proposition 4.2 as written below

minimize
pi, p̃i, ai

∑
i∈K

pi, (4.31a)

s.t. xn−1,2q−1xn−1,2q > x2
n,q, n = 1, . . . ,m, q = 1, . . . ,2m−n, (4.31b)
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xm,1 > t, t = 2C/µ, (4.31c)

x0,q = 1 +
p̃iσ

2
i

σ2 , i ∈ K, q ∈ K, (4.31d)

x0,q = 1, i = K + 1, . . . , µ, (4.31e)

xn,q > 0, n = 0, . . . ,m, q = 1, . . . ,2m−n, (4.31f)∑
i∈K

η(pi − p̃i)σ
2
i > EH, (4.31g)

p̃i 6 aiPmax, p̃i 6 pi, i ∈ K, (4.31h)

p̃i > pi − (1 − ai)Pmax, p̃i > 0, i ∈ K, (4.31i)

0 6 pi 6 Pmax, ai ∈ {0,1}, i ∈ K . (4.31j)

Similar to problem (4.8), problem (4.31) can be solved via standard optimization packages

such as CVX [86].

4.2.4 RF Powers at the Transmit Antenna
This chapter studies GTD and SVD based SWIPT approaches under the assumption

of maximum transmit power per each subchannel. In general and from the practical

implementation perspective, transmitters in MIMO wireless communication systems deal

with the RF transmit power at the antenna instead of the subchannel. In this subsection,

the case of the actual RF power that is used at each of the transmit antennas is briefly

studied. In following, an illustrative example is presented To highlight the difference

between the concepts of per subchannel/antenna maximum transmit power.

Suppose that the objective of the GTD and the SVD based SWIPT approaches is to

minimize the total transmit power that satisfy energy harvesting and data rate constraints

that are equal to 0.75 mW and 10 bps/Hz, respectively. The transmitter and the receiver

in both approaches are equipped with equal number of antenna that is Nt = Nr = 6. The

maximum transmit power per each subchannel is set to 0.5 W. A Rayleigh fading channel

spatially uncorrelated is assumed in this example. The channel entries are i.i.d ZMCSCG

variables with variance σ2
h = ad−γ where a = 0.1 is the path loss factor, d = 12 m is

the distance between the transmitter and the receiver and γ = 3 denotes the path loss

exponent. The noise variance σ2 is set to −50 dBm and the energy conversion efficiency

η is set to 0.66.
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Table 4.2: Transmit powers per subchannel and per antenna for GTD and SVD based SWIPT
systems.

No. Subchannel gain (σi)
GTD based SWIPT SVD based SWIPT

Psub. (W) PAnt . (W) Subchannel use Psub. (W) PAnt . (W) Subchannel use

1 0.0369 0.5 0.2349 EH+Inf 0.5 0.4893 EH

2 0.0251 0.5 0.2951 EH+Inf 0.5 0.0096 EH

3 0.0203 0.3466 0.0340 EH+Inf 0.3460 0.5431 EH

4 0.0120 10−6 0.1653 Separation 0.0031 0.0296 Inf

5 0.0067 10−6 0.0896 Separation 0.0029 0.1161 Inf

6 0.0023 10−6 0.5277 Separation 0.0012 0.1654 Inf

Table 4.2 shows the transmit power that is used at each subchannel and antenna in

both GTD and SVD based SWIPT systems. The gains of the subchannels σi are obtained

by taking SVD of the channel matrix. The transmit powers per subchannel Psub for the

GTD and the SVD approaches are calculated by following the solutions developed in

Subsection 4.2.1 and Subsection 4.2.3, respectively. On the other hand, the transmit

powers per antennas PAnt for both GTD and SVD approaches are computed by following

equations (2.18) and (2.16) that are presented in Section 2.4.

It should be noted that the total amount of the transmit power that is used at the

subchannels is equivalent to the total amount to the transmit that is used at the antennas

in each of the GTD and the SVD approaches. This is because of the orthogonality

of the precoders that are used at the transmitters in each approach, as illustrated in

equations (2.18) and (2.16). We can observe that the transmit powers are sorted in more

balanced manner at the antennas in comparison to the transmit powers per subchannels

especially in the GTD approach. This means that using power amplifiers that support

relatively higher power than the value of the maximum power per subchannel would be a

reasonable choice. Note that the GTD is only studied theoretically in this work and hence

the practical implementation aspects that are related to the realization of GTD and SVD

approaches, such as the use of power amplifiers and precoder designs, are left for future

works.
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4.3 Energy Harvesting MaximizationWith Data Rate

and per Subchannel Transmit Power Constrains
In this section, two SS based SWIPT transceivers are developed to maximize the

energy harvested and meet the required data rate at the receiver where the transmitter

is characterized by limited transmit power per each subchannel. The first transceiver

is designed using GTD and presented in Subsection 4.3.1. The second transceiver is

developed based on SVD and introduced in Subsection 4.3.2.

4.3.1 Energy Harvesting Maximization for GTD Based SWIPT
The focus in this section is on designing a GTD based SWIPT transceiver to max-

imize the energy harvesting. The proposed design relies on the structure of the GTD

which allows any of the available subchannels to carry more than one type of signals. In

this design, per subchannel power constraint is assumed at the transmitter. Note that

the proposed approach in this section is different from the one in Subsection 3.5.1 since

the latter uses instantaneous total power constraint at the transmitter. However, the

difference in the power constraint between both approaches results in different solutions

for each one.

The following optimization problem describes the design objective of the GTD transceiver:

maximize
P, r�λ, JTx, IRx

EH =
∑

j∈JRX

K∑
l= j

ηR2
jl, (4.32a)

s.t.
∑

i∈IRX

log2

(
1 +

R2
ii

σ2

)
> C, (4.32b)

0 6 pk 6 Pmax, k ∈ K, (4.32c)

where K denotes the set of all the available subchannels while JTx ⊂ K and IRx ⊂

K represent the sets of the subchannels that are assigned for energy harvesting and

information decoding at the receiver, respectively. Pmax is the maximum available power

per subchannel at the transmitter and P denote to the power allocation matrix while λ

represents the positive diagonal elements of the matrix ΣP1/2.

Similar to the solutions that already developed for all the previous GTD designs, the
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solution of problem (4.32) can be obtained in two steps. The first step is to obtain the

power allocation P where the same method that is used to find the power allocation P

in suboptimal GTD design is followed in this section. The second step involves applying

the GTD on Σ(P)1/2 to design the precoder F at the transmitter and the linear filter W

at the receiver.

A.Power Allocation and Transmit-Side Subchannel Assignment

The transmitter allocates the power according to the positive singular values σ of the

channel matrix H. Considering the fact that the GTD gives the transmitter the flexibility

to use any subchannel to carry both information and energy signals, the power allocation

problem at the transmitter for a fixed subchannel assignment can be written as follows:

maximize
βj,αi

EH =
∑

j∈JTX

ηβ jσ
2
j , (4.33a)

s.t.
∑

i∈ITX

log2

(
1 +

αiσ
2
i

σ2

)
> C, (4.33b)

U = ITx ∪ JTx, |U| < K, (4.33c)

0 6 αu + βu 6 Pmax, αu > 0, βu > 0, u ∈ U, (4.33d)

where the β j and αi denote to th power allocated the transmitter for energy and informa-

tion transfer on the j-th and i-th streams. The sets ITx and JTx represent the subchannels

assigned at the transmitter for information exchange and energy transfer, respectively

while K denote to the total numbers of the available subchannels. Like the suboptimal

GTD approach that is introduced in Section 4.2.2, the power allocation in problem (4.33)

is obtained by examined a few number of predefined subchannel assignments and select

the one that returns the highest amount of energy as illustrated in Algorithm 8.

The first step in Algorithm 8 specifies the minimum number of the subchannels Imin

that is required to obtain the least amount of the rate that is higher than required rate

C in constraint (4.33b). The process of specifying Imin ensures that the highest gain

subchannels can be used for joint information and energy transmissions. Clearly, problem

(4.33) is not feasible if the required Imin to satisfy the data rate constraint C is equal or

greater than the total number of available subchannels K as mentioned in the second step
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of Algorithm 8. According to step 6 in Algorithm 8, the total number of the examined

subchannel assignments does not exceed K − Imin. Each subchannel assignment is defined

in an iterative manner based on steps 7 and 8. It is obvious from steps 7 and 8 that in

each iteration, the number of the subchannels assigned for information increases while the

number of the energy subchannels decreases. The reason for this process is to allow more

transmit power to be used for energy harvesting at the highest gain subchannels since

the moderate and the low gains subchannels could be used to satisfy part of the data

rate constraint. This process continues as long as the energy obtained increases at each

iteration and stops when the amount of energy obtained starts to diminish as depicted

in the conditions provided by steps 10 and 13. The conditions in steps 10 and 13 can be

interpreted as follows. The process of updating the subchannel assignment stops when

the amount of the energy that is obtained by the newly updated subchannel assignment

is less than the amount of the energy obtained from the old subchannel assignment.

The subchannel assignment that returns the highest harvested energy consists of the

sets JTx and ITx. The set U = ITx
⋃
JTx contains all the subchannels that are used in

the power allocation problem (4.33), where U ⊂ K. Steps 7 and 8 in Algorithm 8 ensures

the presence of the joint subchannels set Z. Note that the joint subchannels set refers

to the subchannels that are used by the transmitter to transfer information and energy

jointly and can be found as Z = ITx
⋂
JTx. Also, depending on the data rate constraint

(4.33b), the selected subchannel assignment may return a set of clear subchannels. The

set of clear subchannels N contains the subchannels that are used by the transmitter to

send either information or energy signals and can be specified as N = U \Z.

According to Remark 4.1, the presence of the set Z leads to Ẑ , ∅, where Ẑ = K \U.

The set Ẑ consists all the weakest subchannels that are not used in problem (4.33) where���Ẑ��� = |Z|. As discussed in Remark 4.1, the subchannels in the set Ẑ are important

for the GTD based SWIPT systems to perform the signal separation at the receiver.

Moreover, these subchannels can also contribute to increase the energy harvesting amount;

therefore, the transmitter applies the maximum power to each subchannel in the set Ẑ ;

i.e., pẑ = Pmax.

Finally, the obtained power allocation P is diagonal matrix whose its first |U|-th

90



Chapter 4 – Transceiver Design for SS Based MIMO SWIPT With per Subchannel
Transmit Power Constraint

Algorithm 8 Solution to problem (4.33)

1: Find Imin that satisfies the following condition:
∑Imin−1

i=1 log2
(
1 + Pmaxσ

2
i /σ

2) 6 C <∑Imin
i=1 log2

(
1 + Pmaxσ

2
i /σ

2).
2: if Imin > K then
3: Problem (4.33) is infeasible
4: else
5: Set I = Imin, EH(0) = 0, and P = 0K .
6: for k = 1 : K − Imin do
7: Set I(k)Tx =

{
1,2, . . . , I

}
8: Set J (k)Tx =

{
1,2, . . . ,K − I

}
9: Use CVX to obtain αi and β j and compute EH(k) =

∑
i∈J (k)Tx

ηβ jσ
2
j

10: if EH(k) > EH(0) then
11: Set ITx = I

(k)
Tx , JTx = J

(k)
Tx , EH(0) = EH(k) and P = P(k).

12: I = I + 1.
13: else
14: Stop this algorithm and returns ITx = I

(k−1)
Tx , JTx = J

(k−1)
Tx , and P = P(k−1).

15: End if
16: End for
17: End if

diagonal entries are pu = αu + βu while the last
���Ẑ��� entries pẑ are set to Pmax as discussed

above. Note that, all K available subchannels are used in this design since the objective

is to achieve a maximum amount of energy harvesting.

B. Precoder and Filter Design via GTD

The precoder and the filter design process is carried out by applying the GTD on the

diagonal matrix ΣP1/2. To apply the GTD, the elements of r are required to be defined

properly such that the resulted R at the receiver leads to satisfy the rate constraint (4.32b)

and also leads to energy harvesting amount equivalent to the sum of the energy that is

transferred by the subchannels in the sets JTx and Ẑ. Note that r must be multiplicatively

majorized by the diagonal elements of ΣP1/2 ; i.e., r � λ. The elements of λ in this design

have a similar form to those defined in equations (4.25a), (4.25b), and (4.26) that are

introduced Subsection 4.2.2.

The element of r that gives the required streams separation at the receiver can be

defined as in (4.15). Following Proposition 4.3 and Corollary 4.1, the end-to-end signal
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at the receiver described by (2.20) has matrix R equivalent to the one defined in equation

(4.16). It is worth noting that the index L should be replaced by K in equations (4.15)

and (4.16) since all the available subchannels in the system are utilized to maximize the

harvested energy.

C. Harvested Energy and Achievable Rate

Since the matrix R at the receive-side has a similar form to that one in equation

(4.16), Theorem 4.1 can be used to verify the energy harvested and the achievable rate

in this GTD design. It is worth noting that Theorem 4.1 considers the energy harvesting

as a constraint, however, the main point in Theorem 4.1 was to show that the amounts

of the energy harvested and the rate of the data decoded at the receiver side coincides

with amounts of the energy and the data rate that are obtained by the power allocation

at the transmitter side. Furthermore, Theorem 4.1 has defined the optimal subchannel

assignment at the receiver. Therefore, Theorem 4.1 is also applicable in this design to

define the subchannel assignment at the receiver ; i.e., IRx and JTx. In addition to that,

equation (4.17) in Theorem 4.1 can be used to show that the data rate achieved at the

receiver is equal to the data rate in constraint (4.33b) while equation (4.20) can be applied

to verify that the amount of the harvested energy is equal to total amount of the energy

transferred by transmitter.

According to Theorem 4.1, the receiver uses subchannels in the set IRx =W
⋃
D̄ to

decode the data while the subchannels in set JTx = E
⋃
D̃ are used for energy harvesting,

where D̄
⋃
D̃ = D. Note that the elements of the sets D, E and W are defined in

Subsection 4.2.1.C. Based on equation (4.15), the streams that are transmitted by the

subchannels in the setN are equivalent to the streams that are received by the subchannels

in the set D. Hence, the receiver uses the subchannels in the set D for information

decoding when |ITx | > |Z| and this implies that IRx = W
⋃
D and JTx = E, where

D̄ = D and D̃ = ∅. On the other hand, the receiver uses the subchannels in the set D

for energy harvesting when |JTx | > |Z| and this implies that IRx =W and JTx = E
⋃
D

where D̄ = ∅ and D̃ = D. However, the cases that are regarding the use of the set D in

this design are analogous to those that are presented in Subsection 4.2.2.C where more
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details can be found there.

4.3.2 Energy Harvesting Maximization for the SVD based SWIPT

System

In this section, SVD is used to design a transceiver that maximizes the energy harvest-

ing for the SS based MIMO SWIPT systems. Although the work in [76] studied the energy

harvesting maximization of the SVD based SWIPT system as discussed in Section 3.5.2,

the study in this section has different aspects regarding the power allocation and sub-

channel assignment. The authors in [76] have shown that assigning one subchannel at

the transmitter to transfer energy is optimal in order to maximize the harvested energy

at the receiver. However, this is valid when the transmitter has the instantaneous total

transmit power constraint. In this section, the transmitter is constrained by a limited

transmit power per subchannel and such constraint forces the transmitter to use more

than one subchannel in order to maximize the harvested energy.

The following optimization problem describes the design objective of this section

maximize
pi,ai

EH =
∑
i∈K

(1 − ai)ηpiσ
2
i , (4.34a)

s.t.
∏
i∈K

(
1 +

ai piσ
2
i

σ2

)
> 2C, (4.34b)

0 6 pi 6 Pmax, ai ∈ {0,1}, i ∈ K . (4.34c)

Problem (4.34) is similar in structure to problem (4.30) in Subsection 4.2.3. Therefore,

Proposition 4.1 and Proposition 4.2 can be used in problem (4.34) to linearize the products

of the variables ai pi and to transform constraint (4.34b) into multiple SORC constraints.

After applying Proposition 4.1 and Proposition 4.2, probelm (4.34) can be written as

follows

maximize
pi, p̃i, ai

EH =
∑
i∈K

η(pi − p̃i)σ
2
i , (4.35a)

s.t. xn−1,2q−1xn−1,2q > x2
n,q, n = 1, . . . ,m, q = 1, . . . ,2m−n, (4.35b)

xm,1 > t, t = 2C/µ, (4.35c)

93



Chapter 4 – Transceiver Design for SS Based MIMO SWIPT With per Subchannel
Transmit Power Constraint

x0,q = 1 +
p̃iσ

2
i

σ2 , i ∈ K, q ∈ K, (4.35d)

x0,q = 1, i = K + 1, . . . , µ, (4.35e)

xn,q > 0, n = 0, . . . ,m, q = 1, . . . ,2m−n, (4.35f)

p̃i 6 aiPmax, p̃i 6 pi, i ∈ K, (4.35g)

p̃i > pi − (1 − ai)Pmax, p̃i > 0, i ∈ K, (4.35h)

0 6 pi 6 Pmax, ai ∈ {0,1}, i ∈ K . (4.35i)

Constraints (4.35b)-(4.35f) are imposed using Proposition 4.2 where m = dlog2 Ke and

µ = 2m. Constraints (4.35g) and (4.35h) are due to the use of Proposition 4.1. The

formulation of (4.35) is MISOCP and can be solved numerically by using CVX [86].

4.4 Data Rate Maximization With Energy Harvest-

ing and per Subchannel Transmit Power Con-

strains
In this section, two different transceivers are proposed to maximize the data rate in

SS based SWIPT systems. The first transceiver is presented in Subsection 4.4.1 and

developed based on the GTD. The second transceiver is introduced in Subsection 4.4.2

and designed using SVD.

4.4.1 Data Rate Maximization for GTD Based SWIPT System

In the following, we use GTD to design a point-to-point MIMO SWIPT transceiver

for data rate maximization. The transceiver design objective can be formulated in the

following optimization problem

maximize
P, r�λ, IRx, JTx

C =
∑

i∈IRx

log2

(
1 +

R2
ii

σ2

)
, (4.36a)

s.t.
∑

j∈JRX

K∑
l= j

ηR2
jl > EH, (4.36b)

0 6 pk 6 Pmax, k ∈ K . (4.36c)
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The design problem in (4.36) can be solved by following the same methods that are

used for designing the power minimization and energy maximization transceivers in Sub-

section 4.2.2 and Subsection 4.3.1. The design process is implemented in two steps. In

first step, the power allocation P is found by following a similar process that is used in

Subsection 4.2.2. The second step targets the precoder and the linear filter designs.

A. Power Allocation and Transmit-Side Subchannel Assignment

The first step of the transceiver design begins with power allocation at the transmitter.

The power is allocated in the transmitter based on the singular values σ of the channel

matrix H. The power allocation problem at the transmitter is formulated as

maximize
αi,βj

C =
∑

i∈ITX

log2

(
1 +

αiσ
2
i

σ2

)
, (4.37a)

s.t.
∑

j∈JTX

ηβ jσ
2
j > ĒH, (4.37b)

U = ITx ∪ JTx, |U| < K, (4.37c)

0 6 αu + βu 6 Pmax, αu > 0, βu > 0, u ∈ U, (4.37d)

where αi and β j are the powers allocated by the transmitter for information exchange and

energy transfer, respectively, while ITX and JTX represent the sets of the subchannels

assigned at the transmitter for information exchange and energy transfer, respectively.

Note that ĒH 6 EH and the reason for this treatment to the energy harvesting constraint

(4.37b) will be explained later.

Similar to the power allocation that is obtained for the designs in Subsection 4.2.2

and Subsection 4.3.1, the power allocation in this design is found by examining a limited

number of subchannel assignments as show in Algorithm 9.

The solution developed in Algorithm 9 starts with defining the minimum number of

the subchannels Jmin that returns the least amount of energy that is higher than the

required EH in constraint (4.36b). It is obvious that if Jmin is equal or greater than the

total number of the available subchannels K, problem (4.36) is infeasible as illustrated

in the condition at the second step of Algorithm 9. Assuming problem (4.36) is feasible,

the total number of the subchannels assignments that are examined in this solution are
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Algorithm 9 Solution to problem (4.37)
1: Find Jmin that satisfies the following condition:

∑Jmin−1
i=1 ηPmaxσ

2
j 6 EH <

∑Jmin
i=1 ηPmaxσ

2
j .

2: if Jmin > K then
3: Problem (4.37) is infeasible.
4: else
5: Initialize J = Jmin, C(0) = 0, ITx = ∅, JTx = ∅ and P = 0K .
6: for k = 1 : K − Jmin do
7: Set J (k)Tx =

{
1,2, . . . , J

}
8: Set I(k)Tx =

{
1,2, . . . ,K − J

}
9: Set U(k) = I(k)Tx

⋃
J
(k)

Tx
10: Set Ẑ(k) = K \U(k)
11: Compute ÊH =

∑
ẑ∈Ẑ

ηPmaxσ
2
ẑ
.

12: if ÊH < EH then
13: Compute ĒH = EH − ÊH
14: Use CVX to solve problem (4.37) and obtain αi and βj and compute C(k) =∑

i∈I
(k)

Tx
log2

(
1 + αiσ2

i /σ
2).

15: if C(k) > C(0) then
16: ITx = I

(k)
Tx , JTx = J

(k)
Tx , C(0) = C(k) and P = P(k).

17: J = J + 1
18: else
19: Stop this algorithm and returns ITx = I

(k−1)
Tx , JTx = J

(k−1)
Tx , and P = P(k−1).

20: End if
21: End If
22: if ÊH > EH then
23: Set JTx = Ẑ, ITx = K \ JTx
24: Return pk = Pmax, P = diag[p1, . . . , pK ] and stop this algorithm.
25: End if
26: End for
27: End if

in general K − Jmin. Steps 7 and 8 define the provisional subchannel assignments that

are used to obtain the required power allocation matrix. It is worth noting that steps

7 and 8 in Algorithm 9 guarantee the presence of the joint subchannels ; i.e., Z , ∅.

This also implies that Ẑ , ∅ where Ẑ represent the set of the weakest subchannels that

are left out of problem (4.37). The existence of Ẑ is also consistence with Remark 4.1

that is introduced in Subsection 4.2.1.B. The set Ẑ can be found as Ẑ = K \ U as

illustrated in step 10, where K denotes to the set of the total available subchannels

while U = ITx
⋃
JTx represents the set of the all subchannels that are used to solve in

problem (4.37). In general, the presence of the subchannels in the set Ẑ is necessary for

the received streams separation process as discussed in Remark 4.1. Furthermore, the
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subchannels in Ẑ can also be used in this design to contribute towards the satisfaction of

the the energy harvesting constraint (4.36b). Therefore, the transmitter applies maximum

transmit power Pmax to these subchannels as illustrated in step 11 of Algorithm 9.

Depending on the energy harvesting constraint (4.36b), the energy ÊH that is com-

puted in step 11 could either satisfy a part or all the required EH in (4.36b). The cases

that are related to the amount of ÊH are introduced in Algorithm 9 by steps 12 and 22.

In case of ÊH < EH, the transmitter uses the subchannels that are defined in steps 7 and

8 to solve problem (4.37) where ĒH is found as described in step 13. The subchannel

assignment are update iteratively until the assignment that return the highest achievable

rate is found. Note that in this case the selected subchannel assignment guarantees the

presence of the joint subchannels set Z = ITx
⋂
JTx while there is a possibility that the

clear subchannels set N = U \Z is existed. The obtained power allocation in this case is

a diagonal matrix P and its first|U| elements are equal to pu = αu + βu while the last
���Ẑ���

elements are set to pẑ where pẑ = Pmax.

On the other hand, if ÊH > EH, the subchannel assignment follows step 23 in Al-

gorithm 9 while the power allocation matrix is set as in step 24. Note that in this case

there is no joint subchannel set, ; i.e., Z = ∅ since the information subchannels set ITx

and the energy harvesting subchannels set JTx are disjoint ; i.e., ITx
⋂
JTx = ∅.

B. Precoder and Filter Design

In this step, the construction of the precoder F and the receiver-side matrix W are

accomplished by applying GTD on the matrix ΣP1/2. However, applying GTD requires

defining the elements of the vector r suitably to ensure that the resulted matrix R at

the end-to-end received signal gives the same achievable rate and energy harvesting that

are obtained by solving (4.37). Note that r must be multiplicatively majorized by the

diagonal elements of ΣP1/2 ; i.e., r � λ. Considering the case when the subchannel

assignment at the transmitter returns Z , ∅, the elements of λ coincides with those given

in equations (4.25a), (4.25b) and equation (4.26). We note that defining the element of

r as in equation (4.15) results in matrix R that achieves equivalent data rate to the one

obtained by solving problem (4.36) and satisfies the required EH in constraint (4.36b).

The resulted R at the receiver coincides with the one that is given in equation (4.16).
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Note that the index L should be replaced by K in equations (4.15) and (4.16) since all

the available subchannels in the system are used in solving problem (4.37).

C. Energy Harvested and Achievable Rate

This section completes the design process by defining the receiver side subchannel

assignment. Since matrix R given in equation (4.16) is resulted at receiver, Theorem 4.1

can be applied to define the subchannel assignment at the receiver ; i.e., IRx and JTx.

Also, Theorem 4.1 is applicable to verify that the achievable rate and the energy harvested

at the receiver coincide with the data rate and energy harvesting obtained by solving

(4.37).

Based on Theorem 4.1, the subchannels in the set IRx = W
⋃
D̄ are used at the

receiver for information decoding while the subchannels in the set JTx = E
⋃
D̃ are

employed for energy harvesting at the receiver where D̄
⋃
D̃ = D. The streams that

are received by the subchannels in sets D̄ and D̃ are identical to the stream that are

transmitted by the subchannels in the set N as given by equation (4.15). According to

the solution provided by Algorithm 9, all the subchannels in the set N should convoy

either information or energy signals. Therefore, all the subchannels in the set D used for

information decoding at the receiver when |ITx | > |Z|. This implies that IRx =W
⋃
D

and JTx = E where D̄ = D while D̃ = ∅. Contrarily, all the subchannels in the set

D are used for energy harvesting when |JTx | > |Z|. This indicates that IRx = W and

JTx = E
⋃
D where D̃ = D while D̄ = ∅.

Finally, we remark that equation (4.20) introduced in Theorem 4.1 can be applied to

verify the energy that is transferred by the transmitter using the subchannels in the sets

JTx and Ẑ matches the energy harvested at the receiver from the streams in the set JTx.

Meanwhile, equation (4.17) given in Theorem 4.1 can be used to show that the rate of

the information exchanged by the transmitter using the subchannels in the set ITx equals

to the rate of the information that is decoded at the receiver from the streams in the set

IRx.

D. Special Case

This part focuses on special case that leads to have Z = ∅. This case occurs when

ÊH > EH as illustrated in step 22 in Algorithm 9. In this case, the transmitter assigns
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the weakest subchannels for energy transfer ; i.e., JTx = Ẑ while the strongest subchannel

are used for information exchange that is ITx = K \JTx. Therefore, the joint subchannels

are not existed at the transmitter and the subchannel assignment at receiver is identical

to the subchannel assignment at transmitter ; i.e., IRx = ITx and JTx = JTx. The GTD

design in this case is reduced to the SVD design.

4.4.2 Data Rate Maximization for the SVD Based SWIPT Sys-

tem

The aim in this section is to design a point-to-point SVD based MIMO SWIPT

transceiver for maximizing the data rate. The following optimization problem is intro-

duced for the proposed design

maximize
pi,ai

C =
∑
i∈K

log2

(
1 +

ai piσ
2
i

σ2

)
, (4.38a)

s.t.
∑
i∈K

(1 − ai)ηpiσ
2
i > EH, (4.38b)

0 6 pi 6 Pmax, ai ∈ {0,1}, i ∈ K . (4.38c)

The problem above can be simplified by linearizing product term ai pi in (4.38a) and

(4.38b) using Proposition 4.1. Therefore, problem (4.38) can be reformulated as follows:

maximize
pi,p̃i,ai

C =
∑
i∈K

log2

(
1 +

p̃iσ
2
i

σ2

)
, (4.39a)

s.t.
∑
i∈K

η(pi − p̃i)σ
2
i > EH, (4.39b)

p̃i 6 aiPmax, p̃i 6 pi, i ∈ K, (4.39c)

p̃i > pi − (1 − ai)Pmax, p̃i > 0, i ∈ K, (4.39d)

0 6 pi 6 Pmax, ai ∈ {0,1}, i ∈ K, (4.39e)

where (4.39c) and (4.39d) constraints are used to linearize the product term ai pi. Problem

(4.39) can be solved numerically using CVX package.
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4.5 Numerical Results
In this section, simulation results are presented to compare the performance of GTD

and SVD based precoding methods for SWIPT. A Rayleigh block fading spatially un-

correlated MIMO channel H with symmetric antenna setup Nt = Nr = 6 is assumed in

all simulations. The elements of H are independent ZMCSCG variables with variance

σ2
h = ad−γ where a = 0.1 is the path loss factor, d = 12 m is the distance between the

transmitter and the receiver and γ = 3 represents the path loss exponent. The noise power

σ2 is set to −50 dBm and the energy conversion efficiency η is set to 0.66. The power

is measured in watts (W) and the information rate is measured in bits per channel use

(bps/Hz). In all the simulations, the results are averaged over 10000 independent channel

realizations using Monte Carlo simulations. In all figures, the blue color refers to GTD

based SWIPT plots while the red color refers to the SVD based SWIPT plots.

A. Transmit Power Minimization

This section presents numerical results to evaluate the GTD and the SVD based

SWIPT transceiver designs for power minimization. In Figure 4.2, the plots with lines

refer to the optimal the GTD and the SVD optimal solution designs that are developed

in Subsection 4.2.1 and Subsection 4.2.3, respectively, while the plots with makers denote

the suboptimal GTD design that is presented in Subsection 4.2.2. Figure 4.2 shows

the outage probability of the GTD and the SVD designs for different data rate C and

energy harvesting EH requirements. In Figure 4.2a, the GTD designs have remarkably

less outage probability than the SVD design. For example, at maximum transmit power

per subchannel Pmax = 1 W, both optimal and suboptimal GTD designs shows outage

probability roughly equal to 3% while the optimal SVD design shows outage probability

up to 30% when C = 15 bps/Hz and EH = 0.6 mW. In Figure 4.2b, when EH is fixed, it

can be observed that the large increase in the data rate requirement leads to a significant

rise in Pmax at the SVD design in comparison with GTD designs. For example, increasing

C from 10 bps/Hz to 18 bps/Hz while maintaining outage probability up to 10% and

EH = 0.35 mW, forces the SVD design to increase Pmax approximately by 0.7 W. On the

other hand, the GTD designs need to rise Pmax by only 0.35 W to maintain the same
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conditions above.

The improvement in the performance of the GTD designs over its counterpart the

SVD design is due to the fact that the highest gain subchannels can be used jointly

for information and energy transfer which is not allowed in the SVD design. Also, it

can be noted that the optimal and the suboptimal GTD designs both yield a comparable

performance. This is because the two designs assign the highest gain subchannels for joint

information and energy transmissions. However, there is a minor loss in the performance

of the suboptimal GTD design in comparison to the optimal GTD design and this is

expected since the power allocation is carried out over limited number of the subchannel

assignments in the suboptimal design.

B. Energy Harvesting Maximization

In this section, the results of the GTD and the SVD energy harvesting maximization

transceiver designs are introduced. The results of the optimal GTD approach are obtained

by following similar approach to that is introduced in Subsection 4.2.1 while the results

of the suboptimal GTD approach are obtained according to the development that is

presented in Subsection 4.3.1. The results of the SVD approach are obtained based on

the setup that is developed in Subsection 4.3.2.

Figure 4.3 plots the harvested energy EH versus the maximum transmit power per

subchannel Pmax considering different values of data rate requirements C. In Figure 4.3,

the energy harvested in the GTD based SWIPT approach increases steeply with the

rise of Pmax. In contrast, the plots representing the SVD based SWIPT approach show

relatively low increase in the harvested energy as Pmax increases. For example, the energy

harvested by the GTD approach increases by 1 mW each time Pmax has 0.5 W rise when

C = 8 bps/Hz while the SVD approach gains approximately 0.6 mW. Furthermore, the

GTD approach maintains more harvested energy than the SVD approach and at the same

time attains higher data rate when Pmax is fixed. This can be shown when Pmax is set

to 0.8 W, the GTD approach maintains 0.28 mW more energy and 4 bps/Hz higher data

rate than the SVD approach.

Figure 4.4 shows the harvested energy against the data rate constraint for different

Pmax. It is very clear that the GTD approach shows significantly high harvested energy
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in comparison to SVD approach for any value of C and Pmax. For example, when C is

fixed to 10 bps/Hz and Pmax is set to 1.5 W, the GTD approach can scavenge 40% more

energy than the SVD approach.

The superior performance that is introduced by the GTD approach is because the

highest gain subchannel at the transmitter are always preserved for energy and informa-

tion transfer. Unlike the GTD approach, any subchannel in the SVD approach is used

either for information exchange or energy transfer.

It can be observed from the plots in Figure 4.3 and Figure 4.4 that both the optimal

and the suboptimal GTD designs have equivalent performance. This is expected since

both solutions use the subchannels of the highest gains for joint information and energy

jointly.

B. Data Rate Maximization

This section introduces simulation results to evaluate the GTD and SVD based SWIPT

designs for data rate maximization. The results of the optimal are obtained by following

the MISCOP solution that is developed in Subsection 4.2.1 and the results of the of the

suboptimal GTD are obtained based on the developments in Subsection 4.4.1. The results

of the SVD design are plotted based on the solution in Subsection 4.4.2.

In Figure 4.5, the achievable rate C of the GTD and the SVD designs are plotted versus

the maximum transmit power per subchannel Pmax under different energy harvesting EH

constraints. It can be observed that when Pmax is sufficient to satisfy EH constraint the

GTD design achieves higher rate than the SVD design. Consider for example Pmax =

0.6 W and EH = 0.2 mW, the achievable rate when using GTD design is approximately

19.5 bps/Hz while the SVD design achieves 14.5 bps/Hz. Also, it can be noted from

Figure 4.5 that the achievable rate in the GTD design improves significantly with the rise

of Pmax in comparison with SVD design. It is worth noting that both designs have zero

data rate when Pmax is relatively low. This is expected since the both approaches have

equivalent feasibility and the EH constraints are not satisfied when Pmax is low.

Figure 4.6 plots the achievable rate of the GTD and the SVD design versus the EH

for different Pmax constraints. Similar to Figure 4.5, the curves in Figure 4.6 illustrate

that the GTD design achieves better performance than the SVD design. The difference

105



Chapter 4 – Transceiver Design for SS Based MIMO SWIPT With per Subchannel
Transmit Power Constraint

in the performance between the two design is due to the flexible use of the subchannels

in the GTD design where the information and energy signals can be transmitted jointly

using any subchannel. Note that such flexibility does not exist in the SVD design.

Similar to energy harvesting maximization case, the results of the optimal and sub-

optimal GTD approaches show equivalent performance as the highest gains subchannels

are used jointly for data and energy transfer.

4.6 Summary
In this chapter, the GTD and the SVD based SWIPT systems were restudied by con-

sidering maximum transmit power per subchannel constraint instead of the instantaneous

total power constraint that is used in the previous chapter. Unlike the developments

proposed in the previous chapter, the deigns in this chapter require to develop new power

allocation and subchannel assignment in order to comply with the limitations that are

imposed by the new transmit power constraint. In all the GTD based SWIPT transceiver

designs, the GTD structure was exploited to allow the transmitter to convoy information

and energy signals jointly using the highest gain subchannels.

The first design developed in this chapter was the GTD based SWIPT transmit power

minimization transceiver. Although the examined optimization problem of this particu-

lar design is combinatorial and nonlinear, MISCOP formulation was proposed to obtain

jointly the optimal power allocation and subchannel assignment at the transmitter. The

form of r that is used to decompose Σ(P?)1/2 in order to design precoder F and the

receive-side matrix W introduced in this chapter. To complete the transceiver design,

Theorem 4.1 proposed to define the optimal subchannel assignment at the receiver. How-

ever, the optimal solution has in general exponential complexity due to the MISCOP

formulation of the joint power allocation and subchannel assignment problem. Hence,

a suboptimal solution that obtains near-optimal power allocation by examining only a

limited number of subchannel assignments developed in this chapter. The suboptimal

solution is used in the next sections to design GTD transceivers for energy harvesting

maximization and data rate maximization.

For comparison purpose, SVD based SWIPT transceivers for transmit power minimiza-

tion, energy harvesting maximization and data rate maximization were also presented in
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this chapter. Note that SVD design for transmit power minimization was introduced

in [14, 16] whereas the SVD designs for energy harvesting maximization and data rate

maximization were developed in this chapter. In all the SVD designs, the optimal power

allocation and subchannel assignment were obtained jointly by adopting the MISCOP

formulation that is developed in [14, 16].

The numerical results showed that GTD based designs significantly outperform the

state-of-the-art SVD designs. The outstanding improvements that introduced in the GTD

designs arose from the fact that the highest gain subchannels are used jointly to transfer

information and energy signals.
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Chapter 5

SS Based MIMO SWIPT Systems

with Non-linear Energy Harvesting

Model

5.1 Introduction
Energy harvesting (EH) circuit; i.e., the rectifier plays an important role in SWIPT.

The rectifier is used to convert the harvested RF signals to a DC voltage. The rectifier

in its simplest form consists of a diode, low-pass filter and load as shown in Figure 5.1

[87]. Note that real-world applications may use more complicated rectifiers that involve

various elements such as Schottky diodes and also designed based on different topologies

such as single and multiple diodes [88].

The early studies of SWIPT, including the references mentioned in Section 2.2, have

assumed that the conversion efficiency of the rectifier is constant and the input/output

relation at the rectifier is always linear. Measurements and circuit simulations of rectifier

implementations have shown that the linear proportional of the rectifier input/output is

approximately true only when the rectifier input power is within a limited range that

depends on the rectifier design [88–90]. Based on this observation, a simple parametric

EH model that depends only on the received signal power was proposed in [17]. This

model highlights an important feature of nonlinearity that arises from the saturation
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RL
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voltage
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Figure 5.1: Simple representation of a rectifier [87]
.

of the converted DC power beyond a certain input RF power due to the EH circuitry

[17, 87]. Due to its simplicity and ability to match the realistic EH efficiency quite well,

the “saturation EH model” has been used extensively in the recent SWIPT literature.

For example, the work in [91] used the saturation EH model in MIMO multiuser wireless

powered communication networks (WPCN) where the problem of joint power allocation,

user scheduling and beamforming was studied. The author in [92] studied the rate-energy

region of PS/TS based SWIPT in point-to-point MIMO systems under the saturation EH

model. In [93], the saturation EH model was adopted for multiple heterogeneous users in

PS enabled SWIPT system where the optimal beamforming vectors that minimizes the

transmit power at the BS and splitting ratio at each receiver were jointly obtained. The

author in [94] investigated the adaptive switching mode between information decoding

and energy harvesting in point-to-point SISO system where the saturation EH model is

considered. The works in [95, 96] studied the resource allocation problem of SWIPT

in CRN and NOMA-CRN, respectively, assuming the saturation EH model. In [97], an

energy efficient SWIPT system was developed in multi-cell MISO networks where the

saturation EH model is used. The research in [98] focused on maximizing the information

rate of TS/PS based SWIPT system in AF relaying networks with the saturation EH
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model whereas the work in [99] investigated the energy efficiency maximization of PS

based SWIPT in two-way DF relaying networks consider the saturation EH model.

An alternative analytical model based on diode characteristics of the rectifier was

proposed in [100]. It has been shown in this model that the harvested DC pwer is a

function of the entire received signal waveform, not just the received power. Later research

works [101–105] have investigated the use of this model for waveform design. Even though

the diode-based model is more accurate than the EH saturation model when the rectifier

input RF power is low, however, for fixed waveform and moderate-to-high input power at

the rectifier, both EH models yield comparable results [87].

In the following, the saturation EH model is presented. The SS based SWIPT systems

will be investigated under this model. The focus in this chapter will be on the energy

harvesting maximization case.

5.2 The Saturation EH Model
In general, the energy conversion efficiency of the rectifier improves as the input RF

power increases. This improvement is not infinite and the energy conversion efficiency

starts diminishing when the input RF power exceeds a particular level. This occurs when

the input RF is very large in which the voltage drop at the diode is larger than the reverse

breakdown voltage [89].

The saturation EH model is a parametric model proposed in [17] and captures the

energy conversion efficiency dependencies on the input RF power. The saturation EH

model is constructed by fitting to realistic measurements of rectifier implementations

based on curve fitting techniques [17]. According to [17], the harvested energy is modeled

as

EH = M ·
1 − e−upRF

1 + e−upRF+uv
, (5.1)

where pRF is the RF input power at the EH circuit. Parameter M is the maximum har-

vested power when the rectifier is saturated due to an extremely large input RF power

and constants u and v capture the effect of the EH circuit elements, such as resistance and

capacitance. The set of parameters {M,u, v} are found by curve fitting on the measure-

ments of a given EH circuit, as illustrated in Figure 5.2. Note that now the EH efficiency
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(b) M = 3.821, u = 0.6606 and v = 1.794. Mea-
surement data from [107].
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(c) M = 6.745, u = 0.2231 and v = 1.059. Mea-
surement data from [108].
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(d) M = 30.96, u = 0.06897 and v = 21.59. Mea-
surement data from [109].

Figure 5.2: Comparison between the saturation EH model given by (5.1), the linear EH model,
and measurements data from practical EH circuits. The parameters M, u and v in (5.1) were
obtained by a standard curve fitting tool when the rectifier input power pRF is in mWs.

η(pRF) = EH/pRF is not a constant but a non-linear function of the rectifier input power

pRF .
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It is clear that for each of the considered circuit there is a minimum input power above

which the saturation EH model yields a good approximation to the practical implemen-

tation. This minimum power depends on the circuitry, but typically is around 0.1 mW,

as was also stated in [87]. One can also observe from Figure 5.2, that the considered

rectifiers operate efficiently and are approximately linear between input powers ranging

from 0.1 mW to few mWs. This implies that the given rectifiers should be used in appli-

cations where the EH requirement is of the same order; otherwise RF power is wasted for

operating in the inefficient or the saturation region of the rectifier. To deal with high EH

requirements issue that is marginally closed to M, a reconfigurable rectifier that works

efficiently in dynamic regions of input RF powers can be used [110]. Another possible

solution is to split the received RF power over multiple rectifiers so each single rectifier

avoids working at the saturation region [111, 112]. In this work, the multiple rectifiers

solution is considered for the SS based SWIPT systems where the impact of applying this

solution on the GTD and SVD based SWIPT is studied.

5.3 Transceiver Design for Energy Harvesting Max-

imization of SS Based MIMO SWIPT Systems

With The Saturation EH Model
In general, the multiple rectifiers solution that are proposed in [111, 112] can be applied

to the SS based SWIPT system by attaching multiple rectifiers to each single subchannel

at the receiver, as illustrated in Figure 5.3. The following optimization problem describes

the transceiver design objective.

maximize
P, I,J , φ jn

EH =
∑
n∈N

Mn ·
1 − e−un

∑
j∈J φ jnpRFj

1 + e−ul
∑

j∈J φ jnpRFj +unvn
, (5.2a)

s.t.
∑
i∈I

log2
(
1 + ρ(pi)

)
> C, (5.2b)∑

n∈N

φ jn = 1, ∀ j ∈ J , (5.2c)

0 6 φ jn 6 1, ∀ j ∈ J , n ∈ N, (5.2d)∑
k∈K

pk 6 Pt . (5.2e)
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Figure 5.3: Combining the solution in [111, 112] with the SS based SWIPT system.

The sets K = {1,2, . . . ,K} represents the total subchannels and both I ⊂ K and J ⊂ K

denote to the sets of information bearing and energy harvesting subchannels, respectively,

while N = {1,2, . . . ,N} denotes to the number of rectifiers. The term ρ(pi) represents the

signal-to-noise ratio of the i-th stream which is a function of the transmitted power pi

and φ jn is the power splitting ratio from the j-th subchannel to the n-th rectifier.

In fact, The structure that is shown in Figure 5.3 is complex and difficult to implement

from both practical and theoretical perspectives. From the practical side, implemented

this structure is costly as it requires using splitters as many as the number of the available

subchannel at the receiver where each splitter is connected to all rectifiers. As for the

theoretical standpoint, obtaining the optimal power allocation jointly with the subchannel

assignment and the splitting ratios require solving the optimization problem (5.2) which

is combinatorial and non-concave. Problem (5.2) is combinatorial is due to the presence

of the sets I and J as variables while the non-concavity of problem (5.2) is due to the

objective function which is non-concave with respect to both pRF
j and φ jn [113, 114].

To avoid the complications mentioned above, a more simplified structure that uses

only single subchannel for energy harvesting from which the received RF power is splitted

over multiple rectifiers. The simplified structure leads to a reasonable realization from

the practical point of view since only one splitter with multiple rectifiers are used. On the
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other hand, finding the optimal power allocation and the subchannel assignment alongside

the splitting ratio becomes tractable with this simplified structure as will be shown in the

next sections.

5.3.1 Energy Harvesting Maximization for GTD Based SWIPT

with The Saturation EH Model
Considering the simplified structure that is explained above and as illustrated in Fig-

ure 5.4, the energy harvesting maximization problem of the GTD based SWIPT is for-

mulated as follows

maximize
P, r�λ, IGTD⊂K,j∈K, φn

EH =
∑
n∈N

Mn ·
1 − e−unφnpRFj

1 + e−unφnpRFj +unvn
, (5.3a)

s.t.
∑

i∈IGTD

log2

(
1 +

R2
ii

σ2

)
> C, (5.3b)∑

n∈N

φn = 1, (5.3c)

0 6 φn 6 1, ∀n ∈ N, (5.3d)∑
k∈K

pk 6 Pt, (5.3e)

where
(
pRF

j =
∑

j∈K
∑K

l= j R2
jl

)
represents the received RF power at the j-th subchannel.

Note that there is only one subchannel assigned for energy harvesting, and hence, one

splitter is used to split the received RF power over N rectifiers. Therefore, the number

of the variables φ is largely reduced from J × N in problem (5.2) to N in problem (5.3).

Clearly, The reduction in the number of variables φ makes the solution of problem (5.3)

less complex.

Although problem (5.3) has a simplified form, it is still non-concave as its objective

function is non-concave with respect to pRF
j and φn [113, 114]. To overcome this issue,

the optimal power allocation matrix P? is obtained at the first time and then optimizing

the splitting ratios φn.

A. Optimal Power Allocation

To facilitate the process of finding the optimal power allocation P?, the impact of pRF
j
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Figure 5.4: The simplified structure of the multiple rectifier solution for the GTD based SWIPT
system.

on EH in (5.3) should be identified. It can be noted from Figure 5.3 that rising the value

of pRF
j results in an increment of EH; therefore, pRF

j should be maximized in order to have

EH maximized. This means the term
(∑

j∈K
∑K

l= j R2
jl

)
should be maximized. It is worth

to be noted that, in the GTD based SWIPT, the power allocation matrix P is embedded

in the matrix R. Thus, obtaining the optimal power allocation P? requires solving the

following optimization problem

maximize
P, r�λ,IRX⊂K, j∈K

∑
j∈K

K∑
l= j

R2
j,l, (5.4a)

s.t.
∑

i∈IRx

log2

(
1 +

R2
i,i

σ2

)
> C, (5.4b)

tr(FFH) 6 Pt . (5.4c)

Problem (5.4) is similar to problem (3.29) that is studied in section 3.5.1 ; therefore,

Algorithm 5 can be applied to problem (5.4) and obtains P?, r, IRX, and j. This leads

to construct each of the precoder matrix F and the received-side matrix W.

B. Optimal Split Ratios

After finding the optimal received RF power pRF?
j , the optimal split ratios can be
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obtained by solving the following problem

maximize
φn

EH =
∑
n∈N

Mn ·
1 − e−unφnpRF?j

1 + e−unφnpRF?j +unvn
, (5.5a)

s.t.
∑
n∈N

φn = 1, (5.5b)

0 6 φn 6 1. (5.5c)

The objective function of problem (5.5) belongs to the class of fractional programming

and is known in the literature as the sum-of-ratios problem that is in general non-convex

optimization problem [113, 114]. The work in [114] has proposed a general solution to

solve this type of problems. The solution developed in [114] is applicable to any sum-of-

ratios problem if the single term of the ratios summation has a concave function in the

numerator and convex function in the denominator while all the constraints are convex.

By examining the objective function of (5.5), it can be easily verify that the numerator

is concave function while the denominator is convex with respect to φn. Also, constraints

(5.5b) and (5.5c) are convex; hence, the solution that is developed in [114] can be applied

to solve problem (5.5).

According to [114],the solution of problem (5.5) is equivalent to the solution of the

following problem

maximize
φn

∑
n∈N

κ?n

[
Mn

(
1 − e−unφnpRF?j

)
− τ?n

(
1 + e−unφnpRF?j +unvn

) ]
,

s.t. (5.5b) and (5.5b), (5.6)

where the parameters κ = [κ?1 , . . . , κ
?
n ] and τ = [τ?1 , . . . , τ

?
n ] should satisfy the following

equations:

τ?n

(
1 + e−unφ?npRF?j +unvn

)
− Mn

(
1 − e−unφ?npRF?j

)
= 0, (5.7a)

κ?n

(
1 + e−unφ?npRF?j +unvn

)
− 1 = 0. (5.7b)

Based on [114], problem (5.6) is solved for any given k and τ, and then optimal k?

and τ? are obtained from (5.7a) and (5.7b). Note that problem (5.6) is concave and all
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the constraints are linear, and hence, it can be solved by a standard optimization solvers

such as CVX package [86].

Next, a method that finds the optimal values of the parameters κ? and τ? is presented.

Define the following functions θn(τn) = τn

(
1 + e−unφnpRF?j +unvn

)
− Mn

(
1 − e−unφnpRF?j

)
and

θN+l(κl) = κl

(
1 + e−ulφlpRF?j +ulvl

)
− 1, where l ∈ {1,2, . . . ,N}. Based on [114], the optimal

values of τ? and κ? are obtained if θ(τ,κ) = [θ1, θ2, . . . , θ2N ] = 0. Thus, the modified

Newton method can be used to find the optimal τ? and κ? iteratively as follows. In the

q-th iteration, the parameters τ(q+1) and κ(q+1) are updated, respectively, as given below

τ(q+1) = τ(q) + ζ (q)x(q)1:N, (5.8a)

κ(q+1) = κ(q) + ζ (q)x(q)N+1:2N, (5.8b)

where x(q) is given as

x(q) = θ(τ(q),κ(q))

θ
′

(τ(q),κ(q))
, (5.9)

and θ
′

(τ,κ) is the Jacobian matrix of θ(τ,κ). ζ (q) is the largest value of δm that satisfiesθ (
τ(q) + δmx(q)1:N,κ

(q) + δmx(q)N+1:2N

) 6 (1 − νδm)

θ(τ(q),κ(q)) , (5.10)

where m = {1,2, . . .}, δ ∈ (0,1), and ν ∈ (0,1). According to [114], the modified Newton

method converges to a unique solution (τ?,κ?) that satisfy equations (5.7a) and (5.7b).

Algorithm 10 summarize the solution to problem (5.5).

Algorithm 10 Solution to problem (5.5)
1: Initialize the maximum number of iteration Q, the maximum tolerance ε , κ(q), τ(q),

Choose δ ∈ (0,1) and ν ∈ (0,1).
2: for q = 0 to Q do
3: Using CVX, solve problem (5.6) to find φ(q)n under given κ(q) and τ(q)
4: if ‖θ(τ,κ)‖ 6 ε then
5: Set φ?n = φ(q)n and stop this algorithm.
6: else
7: Update τ(q+1) and κ(q+1) according to (5.8a)-(5.8b), and set q = q + 1.
8: End if
9: End for
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C. Suboptimal Split Ratios

The optimal solution to problem (5.5) requires solving three different problems in

an iterative manner as explained in the previous subsection. In this subsection, a less

complex and suboptimal solution is proposed. This solution is based on dividing the total

number of rectifiers into two sets; the active set and the idle set, and then the optimal

received RF power pRF?
j is uniformly splitted over the active set of rectifiers.

To specify the active set, we first find threshold values of power p̂ = [p̂1, p̂2, . . . , p̂N ]

that satisfy the following equation

l ·
1 − e−

up̂l
l

1 + e−
up̂l
l +uv

= (l − 1) · 1 − e−
up̂l
l−1

1 + e−
up̂l
l−1+uv

, ∀l = {2,3, . . . ,N}, (5.11)

where p̂1 = 0. The active set is defined as N̂ = {1,2, . . . , n̂} while n̂ is computed as follows

n̂ = max
{
l
���� pRF?

j > p̂l ∧ l ∈ {1, . . . N}
}
. (5.12)

The idle set is defined as N = {n̂ + 1, . . . ,N}. Hence, the split ratios are obtained as

φn =


1
n̂, n ∈ N̂,

0, n ∈ N .
(5.13)

Note that each value of p̂l is found by solving equation (5.11) using modified Newton

method as explained below.

Define the following function:

θ(p̂l) =

(
l ·

1 − e−
up̂l
l

1 + e−
up̂l
l +uv

− (l − 1) · 1 − e−
up̂l
l−1

1 + e−
up̂l
l−1+uv

)
. (5.14)

We find the value of p̂l that makes the function θ(p̂l) = 0 in an iterative manner as follows.

In q-th iteration, p̂(q+1)
l is updated as

p̂(q+1)
l = p̂(q)l + ζ

(q)x(q), (5.15)
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where x(q) is given as

x(q) =
θ
(
p̂(q)l

)
θ
′

(
p̂(q)l

) , (5.16)

and θ′ (p̂l) is first derivative of θ (p̂l). The factor ζ (q) is the largest value of δm that satisfies

���θ (
p̂(q)l + δ

mx(q)
)��� 6 (1 − νδm)

���θ (
p̂(q)l

)��� , (5.17)

where m = {1,2, . . .}, δ ∈ (0,1) and ν ∈ (0,1). The modified Newton method finds a unique

solution p̂l that satisfies equation (5.14) [115]. It is worth noting that the split ratios can

be found easily after obtaining the threshold values p̂ which requires solving a single

variable equation. In fact, all the threshold values p̂l can be obtained only one time and

used in the future transmissions to compute the split ratios. Algorithm 11 summarizes

the suboptimal solution. Note that steps (1-10)in Algorithm 11 are implemented only

once to specify the threshold powers p̂l .

Finally, using Algorithm 5 that maximizes the received RF power together with Al-

gorithm 10 or Algorithm 11 completes the GTD based SWIPT energy harvesting maxi-

mization transceiver design.

Algorithm 11 Sub-optimal split ratios
1: for l = 2 to N do
2: Initialize the maximum number of iteration Q, the maximum tolerance ε , p̂(q),

Choose δ ∈ (0,1) and ν ∈ (0,1).
3: for q = 0 to Q do
4: if θ

(
p̂(q)l

)
6 ε then

5: Set p̂l = p̂(q)l and set l = l + 1.
6: else
7: Update p̂(q+1) according to (5.15), and set q = q + 1.
8: End if
9: End for
10: End for
11: Find the active set N̂ = {1, . . . , n̂}, where n̂ is found based on (5.12).
12: Find the idle set as N = N \ N̂ .
13: Compute the split ratios φn according to (5.13).
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5.3.2 Energy Harvesting Maximization for SVD Based SWIPT

with The Saturation EH Model

Let consider the simplified structure that is explained earlier. The following optimiza-

tion problem describes the SVD based SWIPT transceiver design objective

maximize
P, ISVD⊂K,e∈K, φn

EH =
∑
n∈N

Mn ·
1 − e−unφnpRFe

1 + e−unφnpRFe +unvn
, (5.18a)

s.t.
∑

i∈ISVD

log2

(
1 +

piσ
2
i

σ2

)
> C, (5.18b)∑

n∈N

φn = 1, (5.18c)

0 6 φn 6 1, ∀n ∈ N, (5.18d)∑
k∈K

pk 6 Pt, (5.18e)

where pRF
e = peσ

2
e and e ∈ K is the energy harvesting assigned subchannel. Problem

(5.18) is similar to problem (5.3); thus, the approach that is used in the Subsection 5.3.1

to solve problem (5.3) is applied to obtain the optimal solution of problem (5.18). That is,

the optimal power allocation P? is obtained jointly with optimal subchannel assignment

I?SV D and e? in the first step, and then the optimal/sub-optimal split ratios are found

secondly.

A. Optimal Power Allocation

The optimal power allocation P? should be obtained in which pRF
e is maximized and

the powers pi are enough to meet the rate requirement. This requires solving the following

optimization problem

maximize
P, ISVD⊂K, e∈K

pRF
e = peσ

2
e , (5.19a)

s.t.
∑

i∈ISVD

log2

(
1 +

piσ
2
i

σ2

)
> C, (5.19b)

tr(FFH) 6 Pt . (5.19c)
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The problem above is similar to problem (3.32) that is presented and solved by Algorithm 6

in the Subsection 3.5.2 of Chapter 3. Therefore, Algorithm 6 is applied to problem (5.18)

to find jointly the power allocation P? and the subchannel assignment I?SV D and e?.

A. Obtaining The Split Ratios
The split ratios can be obtained by solving the following optimization problem

maximize
φn

EH =
∑
n∈N

Mn ·
1 − e−unφnpRF?e

1 + e−unφnpRF?e +unvn
, (5.20a)

s.t.
∑
n∈N

φn = 1, (5.20b)

0 6 φn 6 1. (5.20c)

Problem (5.20) is identical to the problem of finding the split ratios of the GTD based

SWIPT design. Thus, Algorithm 10 can be applied to solve problem (5.20) and find the

split ratios of the SVD based design optimally or Algorithm 11 can be used to obtain

sub-optimal split ratios.

5.4 Numerical Results
This section presents numerical results to evaluate the GTD and SVD approaches

under the saturation EH model. A spatially uncorrelated Rayleigh MIMO channel H is

assumed. The entries of H are independent ZMCSCG random variables with variance

σ2
h = ad−γ where a = 0.1 is the path loss factor, γ = 3 is the path loss exponent and d

is the distance between the transmitter and the receiver measured in meters (m). The

noise power is set to −60 dBm. A symmetric antenna setup Nt = Nr = 4 is assumed in all

simulations. For the saturation EH model, the parameters in Figure 5.2a are used in the

simulations, that is, Mn = 3.348 mW, un = 0.6152 and vn = 1.55. The power is measured

in watts (W) and the information rate is measured in bits per second per hertz (bps/Hz).

The results are averaged over 105 independent channel realizations using Monte Carlo

simulations.

In all figures, the blue color refers to the GTD based SWIPT and the red color to

the SVD based SWIPT. Also, the lines denote to the results related to the optimal split

ratios solution while the markers represents to the suboptimal split ratios case.
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Figure 5.5: Harvested Energy vs. total transmit power constraint Pt for different rate require-
ments. The total number of rectifiers N = 5 and the distance d = 10 m.
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Figure 5.6: The impact of the number of rectifiers on the harvested energy for different transmit
power and rate constraints with d = 8 m.
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Figure 5.7: Harvested Energy vs. rate constraints C for different total transmit powers with
number of rectifiers is N = 5 and d = 10 m.
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Figure 5.8: The effect of the distance between the transmitter and the receiver on the harvested
energy for different total transmit power and fixed rate constraints .
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Figure 5.5 plots the harvested energy using five rectifiers versus the total transmit

power for different data rate requirements when the receiver is 10 m distant from the

transmitter. Note that N̂ in this figure represents the number of the active rectifiers that

are used among the total available number of rectifies for energy harvesting whereas the

horizontal dashed lines denote to the maximum energy that is harvested by each number of

the active rectifiers. More details about specifying N̂ can be found in Subsection 5.3.1.C.

In Figure 5.5, it can be noted that any significant increment in the data rate require-

ments reduces the energy harvested only marginally in the GTD approach. In contrast, the

SVD approach suffers from a major loss in the harvested energy when the rate constraint is

significantly increased. For example, increasing the rate constraint from C = 11 bps/Hz to

C = 19 bps/Hz reduces the harvested energy only by approximately 0.35 mW in the GTD

based SWIPT while the drop in the harvested energy reaches 1.4 mW in the SVD based

SWIPT when the total transmitted power constraint is Pt = 4 W in both approaches.

The difference in the performance between the approaches is due to the fact that highest

gain subchannel is used for energy and information transmission simultaneously in the

GTD approach while the use of any subchannel in the SVD approach is limited either for

information or energy transmission.

Figure 5.6 illustrates the affect of the number of rectifiers on the harvested energy

with distance d = 8 m. It is observed that at high transmitted power, for example Pt = 8

W, the harvested energy is remarkably increased when more rectifiers is used in both the

GTD approach and the SVD approach.

Figure 5.7 demonstrates the harvested energy versus the rate constraint for different

values of the total transmit power constraint with the number of rectifiers N = 5 and

distance d = 10 m. Both approaches show comparable results at low and moderate

information rate requirements, for example, both approaches harvest 1.29 mW when the

information rate constraint C = 6 bps/Hz and the total transmit power constraint Pt = 2

W. This is because the data rate constraint is satisfied by applying relatively low transmit

power to the low/moderate gains subchannel while the majority of the transmit power

is used at the highest gain subchannel for energy transmission. However, the curves

representing the SVD based SWIPT decay quickly as the information rate constraint
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increases at any value of the transmit power. On the other hand, the GTD based SWIPT

curves start to decay slowly as the information rate constraint increased specially when

the total transmit power increases. For example, the GTD based SWIPT achieves EH =

0.96 mW while the SVD based SWIPT achieves only 0.24 mW at high information rate

constraint and relatively low transmit power constraint, namely, C = 18 bps/Hz and

Pt = 2 W. It can be observed when the data rate constraint is extremely high, the

GTD based SWIPT harvests more energy than SVD based SWIPT in spit of using less

transmitted power. For example, when the information rate constraint C = 24 bps/Hz,

the GTD based SWIPT achieves EH = 2.6 mW with Pt = 6 W while the SVD based

SWIPT attains EH = 1.8 W with Pt = 10 W. This remarkable improvements is due to

the flexibility introduced by the GTD since it allows the use of the highest gain subchannel

jointly for information transfer and energy harvesting.

Figure 5.8 shows the impact of the distance between the transmitter and the receiver

on the harvested energy for different transmit power and fixed rate constraints. It is

observed that both approaches show a steady drop in the harvested energy as the distance

is increased. This is expected since increasing the distance reduces the subchannels gains.

However, the GTD based SWIPT maintains higher energy harvesting values than its

counterpart the SVD based SWIPT at any distance and total transmit power.

In all figures, the suboptimal solution of split ratios shows equivalent performance to

the optimal solution that is obtained by using Algorithm 10. This is justifiable since the

suboptimal solution ensures that each rectifier operates within the efficient region. This

behavior is expected to be similar in the optimal solution.

5.5 Summary
This chapter studied the affect of using the saturation EH model on SS based SWIPT

systems. A general transceiver design for energy harvesting maximization was presented.

A more simplified design that uses single subchannel for energy harvesting with multiple

rectifies was proposed to tackle the complexity introduced in the general design. The

simplified design was applied for the GTD based SWIPT and the SVD based SWIPT

where the optimal power allocation and subchannel assignment with the optimal/sub-
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optimal split ratios were jointly obtained.

The numerical results illustrated that the use of simplified structure with multiple

rectifiers provides efficient solution that avoids the saturation in each rectifier when the

total number of rectifiers is relatively high. As expected, the figures in the numerical

results showed that the GTD based SWIPT has a superior performance over the SVD

based SWIPT. This is due to the flexibility introduced in the GTD approach where the

transmitter can use the highest gain subchannel to send data and energy signals which is

not possible in the SVD approach.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions
The work in this thesis focused on developing a novel approach for SWIPT, based

on the GTD, in a point-to-point MIMO communication system. In this approach, the

GTD structure is exploited to allow the transmitter to use the highest gain subchannels

jointly for both energy transfer and information exchange while the receiver harvests

energy and decodes information from separate received subchannels to comply with SS

scheme requirements. In this study, three transceiver designs for MIMO SWIPT based

on GTD were developed and tested under different circumstances. The performance of

the developed designs was compared against the state-of-the-art SVD based designs.

In Chapter 2, a comprehensive overview on the techniques that enable SWIPT in dif-

ferent wireless networks topologies and configurations was presented. The concentration

in this chapter was on defining the required tools and models to design SVD and GTD

based SWIPT systems.

In Chapter 3, fundamental and key developments were introduced in Theorem 3.1,

which is essentially used to construct and design different transceivers in the rest of

this chapter. Based on the result derived in Theorem 3.1, three GTD based SWIPT

transceivers were developed. Each transceiver targets one objective; minimizing the trans-

mitted power, maximizing the harvested energy and maximizing the achievable rate with

limited total transmit power at the transmitter. New algorithms were proposed to employ
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the GTD to achieve the objective of each transceiver. In these algorithms, the optimal

power allocation and the subchannel assignment that gives the optimal performance of

each design were obtained. The developed algorithms have shown that the best eigenchan-

nel in the GTD based SWIPT transceivers is adopted to carry signals used for information

exchange and energy harvesting, where the information is decoded at the receiver from

one stream and the energy is harvested from another particular stream at the receiver.

This fact leads to two key advantages for the GTD based SWIPT transceivers over its

SVD counterparts. The first advantage is that less transmitted power can be used to

satisfy certain amounts of data rate and energy harvesting at the receiver, and a higher

data rate can be achieved or more energy harvesting can be attained in the GTD based

SWIPT transceivers. For example, to maintain an information rate equal to 14 bps/Hz

and energy harvesting equal to 0.2 mW at the receiver, the proposed GTD approach uses

only 48% of the average total transmitted power used by the SVD approach whenever the

transmitter has sufficient power to satisfy the system rate and energy harvesting require-

ments. The second advantage of the GTD based transceivers is that the optimal power

allocation is obtained by examining only one fixed subchannel assignment instead of ex-

amining K subchannel assignments in order to achieve the optimal power allocation in the

SVD based transceivers. It is interesting to note that the transmit power minimization

and the data rate maximization of SVD based SWIPT transceivers were also developed

in this chapter for comparison purposes, whereas the SVD based SWIPT transceiver that

maximizes the harvested energy was introduced in [76].

Chapter 4 restudied the transceivers that are developed in Chapter 3 considering a

limited per subchannel transmit power constraint instead of the total transmit power

constraint assumed in the designs of Chapter 3. This modification in the transmit power

constraint turns the optimization problems associated with the GTD and SVD based

SWIPT transceivers to be combinatorial ,and hence, the design structures such as the

power allocation and the subchannel assignment are different from those designs that

were developed in Chapter 3. For the GTD based SWIPT, two solutions were proposed

to design a transceiver that minimizes the total transmitted power while meeting data

rate and energy harvesting requirements. In the first solution, an optimal transceiver
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design that has an exponential complexity was developed. In the second solution, a

polynomial complexity transceiver design that achieves near optimal results (in most cases

optimal) was proposed. This solution was adopted to design transceivers that maximize

the harvested energy and the information rate. All the GTD based SWIPT transceivers

showed that the subchannels corresponding to the highest gains are used to transmit

information and energy jointly whereas these transmissions are separated at the receiver

to match the requirements of the SS technique.

For comparison purposes, optimal SVD based SWIPT transceivers that maximize the

harvested energy and the date rate were introduced in Chapter 4, and the transceiver that

minimizes the total transmitted power was developed in [14, 16]. The numerical results

demonstrated that all of the GTD based SWIPT transceivers have superior performance

over the SVD based SWIPT transceivers.

In Chapter 5, the SS based SWIPT energy harvesting maximization transceiver design

was studied when the saturation non-linear energy harvesting model presented in [17]

is adopted. The general structure of the SS based SWIPT transceiver was described

and the impact of using the saturation EH model on the transceiver design was also

discussed. To overcome the complexity in the general structure of the SS based transceiver,

a simplified structure that uses a single subchannel attached to multiple rectifiers for

energy harvesting was proposed. Based on this simplified structure, GTD and SVD based

SWIPT transceivers were developed where the optimal power allocation and subchannel

assignment jointly with the optimal/suboptimal split ratios were obtained. Simulation

results illustrated that the GTD approach harvests higher energy than the SVD approach.

Overall, the GTD approach exhibits better performance than the SVD approach when

the system demands high data rate and works within noisy environments that involve

interference such as the interference that is originated from the error in the channel

estimation or the interference that is generated from other users operating within the

same the frequency band. Therefore, the GTD approach would be a good option to enable

SWIPT in systems that operate within the conditions mentioned above, for example, 5G

systems. In general, 5G systems are expected to provide a high data rate (x1000 than

the current 4G system provides) [116]. However, applying the GTD approach to 5G
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systems requires more investigation. This includes testing the GTD approach assuming

environments and parameters that capture 5G systems aspects such as the channel model,

the distance, the number of antenna used at the transmitter and the receiver, etc1. Note

that the numerical results presented in this thesis are not based on parameters that are

used in particular applications as the aim of this study is to develop a new approach that

tackle the limitations of the current state-of-the art SVD approach.

6.2 Future Works
The current GTD developments in this work can be extended to further theoretical

and practical directions. Theoretically, the proposed GTD designs could be tested under

the following conditions:

1. The developed transceivers can be tested assuming the case of imperfect CSI knowl-

edge at the transmitter and receiver.

2. The work in this thesis can be evaluated considering the non-linear energy har-

vesting models such as the non-linear models that are proposed in [100]. In fact,

considering this non-linear energy harvesting model leads to some modifications to

transmit signal design in order to improve efficiency of the energy conversion [87].

Therefore, different signalling schemes that are developed in [102, 104, 117–122]

could be applied to the proposed GTD approaches.

3. The GTD developments in this thesis can be examined assuming different wire-

less channel models that reflect more practical scenarios such using Rician fading

channels or Nakagami-m fading channels.

Moreover, the proposed transceivers in this work could be extended into different

network configurations, for example:

1. The GTD decomposition was used in [123, 124] as a framework to triangularize

multi-user MIMO broadcasting channels, and therefore it is worth investigating the

combination of the work in this thesis with the mentioned works above to generalize

the proposed GTD based SWIPT for multi-user MIMO networks.
1This paragraph is the response to comment 1.
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2. We remark that achieving the generalization in the point above could lead to other

research directions, such as employing the SS technique based on GTD to enable

SWIPT in AF/DF relay networks.

3. Incorporating SWIPT with physical layer security is a well-known research area,

for example see the works in [125–136] and the references therein. We noted that

the study in [137] has constructed an optimal coding scheme that achieves the

secrecy capacity in MIMO networks that comprises two legitimate users and an

eavesdropper. GTD was a fundamental tool in decomposing the MIMO wiretap

channel in [137] and it would be worth incorporating the work in this thesis with

the study in [137] to developed a solution for SWIPT systems based on GTD with

secure connection requirements.

Another research avenue worth exploring in future is the practical implementation

aspects of GTD based SWIPT. In fact, the research in [14] has addressed the main con-

cern regarding the practical implementation of SS based SWIPT, that is, performing the

required signal processing; i.e., the channel matrix decomposition in the RF band. The

study in [14] suggested to use analog passive electronic devices to tackle the practical

limitation issue. Recently, there are works [138, 139] that have used passive electronic

elements to perform analog eigenmode beamforming. According to [14], the techniques

developed in [138, 139] could be used to implement the SVD based SWIPT approach.

Hence, similar approaches to [138, 139] could be developed to implement the GTD based

SWIPT design. In general, a practical implementation of the proposed GTD design would

require efficient implementation of phase shifting, switching/multiplexing as well as im-

plementing a complex switch-bar matrix operation in hardware including efficient control.
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Appendix A

One Subchannel is Optimal for

Energy Harvesting

Let σ1 > σ2 > · · · > σK be the non-zero singular values of H and assume the energy har-

vesting constraint is EH. To show that one subchannel is optimal for energy harvesting,

consider the following two scenarios that both satisfy the energy harvesting constraint

EH = pnσ
2
n , (A.1)

and

EH = p̃nσ
2
n + p̃mσ

2
m, (A.2)

where n > m so that σn > σm and pn, p̃n, p̃m > 0 are the transmit powers required in both

cases. Let β > 0 so that

σ2
n = σ

2
m + β, (A.3)

due to assumption σn > σm. Substituting (A.3) in (A.1) and (A.2) and equating yields

(p̃n + p̃m)σ
2
m − pnσ

2
m = β (pn − p̃n) , (A.4)

where β (pn − p̃n) > 0 because pn > p̃n due to (A.1) and (A.2). Therefore pn < p̃n + p̃m.
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Proof of Theorem 3.1

Let J = { j} so that the energy harvested at the GTD based receiver is given by

EHGTD = η
(
R2

j j + R2
j j+1 + · · · + R2

jL
)
. (B.1)

For simplicity, we assume that η = 1 where the proof is valid for any value of η. Substi-

tuting (2.10) in (2.13a) and following [81], it can be shown that the value of the diagonal

element Rj j = r j is related to the off-diagonal elements on the same row as

R2
j j+1 + · · · + R2

jL =
1

R2
j j

(
ψ2

j − R2
j j
) (

R2
j j − ω

2
j
)
, (B.2)

where the parameters ψ j and ω j are set in the GTD algorithm during the j-th iteration

as discussed in Section 2.3.2. From (B.1) and (B.2) the harvested energy as a function of

the predefined diagonal elements r is thus given by

EHGTD = r2
j +

1
r2

j

(
ψ2

j − r2
j
) (

r2
j − ω

2
j
)
, (B.3)

where the values of ψ j and ω j also depend on r. Clearly (B.3) implies that for the

subchannels i ∈ IGTD carrying data, we must have ψi = ri or ωi = ri in the GTD algorithm

at the i-th iteration to guarantee interference free information transmission.

The multiplicative majorization condition r � λ and ordering λ1 > λ2 > . . . > λL
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imply that

λL 6 rk 6 λ1, ∀k = 1,2, . . . , L, (B.4)

where λ is a vector constructed from the diagonal elements of the matrix Σ(P?)1/2. Ac-

cording to [81], the values of ψk and ωk must satisfy

λL < ψk 6 λ1, (B.5a)

λL 6 ωk < λ1, (B.5b)

that together with (B.4) limit the range of CGTD and EHGTD. This leads to two different

cases when EHGTD = EHSVD is guaranteed, namely CGTD = CSVD and CGTD > CSVD,

depending on how the power and subchannels are allocated in the SVD based system as

shown below.

Let us denote e = e? for the subchannel assigned for energy harvesting by the SVD

based precoder so that E = {e} and ISVD = {1, . . . , L} \ {e} are the optimal subchannel

assignments. The energy harvested EHSVD = λ2
e by the SVD based system satisfies

λ2
L 6 EHSVD 6 λ2

1. We show below that if e < {1, L}, the subchannels J = { j} and

IGTD = {1, . . . , L} \ { j} and the vector r � λ can be designed so that the energy harvested

by the GTD based system (B.3) satisfies EHGTD = EHSVD with λL < r j < λe. Since

the energy harvesting constraint is satisfied in part through interference, more power can

be allocated to information transmission leading to information rate CGTD > CSVD. The

special case e ∈ {1, L}, on the other hand, leads to EHGTD = EHSVD and CGTD = CSVD.

According to (B.3), the contribution of interference to the harvested energy is highest

when ψ j is maximized and ω j minimized. For given r j , the constraints (B.5) imply that

a maximum amount of interference is obtained when ψ j = λ1 and ω j = λL. However, ψ j

and ω j are not free parameters but set during the j-th iteration of the GTD algorithm

and depend in general on the first j entries r1,r2, . . . ,r j of r. Based on the GTD algorithm

discussed in Section 2.3.2, ψ j = λ1 and ω j = λL can be obtained simultaneously if and

only if energy is harvested from the subchannel j = L − 1 and

r1 = λ2; r2 = λ3; . . . ; rL−2 = λL−1, (B.6)
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as given in (3.6). This implies that the GTD based system decodes information always

from the subchannels i = 1,2, . . . , L − 2, L and there is no need for numerical optimization

of subchannel assignment as in the SVD based system.

Based on the above, let us now fix the subchannel assignment for GTD as J = {L−1},

IGTD = {1, . . . , L − 2, L} and set r1, . . . ,rL−2 as in (B.6). Substitute ψL−1 = λ1, ωL−1 =

λL and EHGTD = EHSVD = λ2
e into (B.3), so that after some algebraic manipulations

we get rL−1 as given in (3.6). Since the interference term is maximized in (B.3), the

value rL−1 6 λe is the minimum possible that satisfies the energy harvesting constraint

EHGTD = EHSVD. The majorization condition, together with (B.6) provides rL as also

given in (3.6), and the only non-zero off-diagonal element in R, RL−1L, is given as (3.7)

and follows from (B.3). The construction (3.6) satisfies now r � λ and yields a matrix R

for which EHGTD = EHSVD = λ
2
e given any power allocation P and subchannel assignment

E = {e}, ISVD = {1, . . . , L} \ {e} in the SVD based system.

Given r as described above, two cases can be identified depending on how the SVD

based system allocates the energy harvesting subchannel, namely, 1) when e ∈ {1, L}; and

2) when e < {1, L}. In the first case (3.7) implies directly rL−1 = λe and the interference

term in (B.3) vanishes. Since r is now just a permutation of λ, SVD and GTD based

systems are equivalent so that EHSVD = EHGTD and CGTD = CSVD. For the second

case rL−1 < ψL−1 = λ1 and rL−1 > ωL−1 = λL so that the interference term in (B.3) is

positive and rL−1 < λe. To show that this improves the rate of the GTD based system, the

condition
∑
IGTD log2(1+ r2

i σ
−2) >

∑
i∈ISVD

(
1+ λ2

i σ
−2) must hold. To check this condition

is always true for the assignment discussed above, we write the achievable rate of the

GTD system in term of λ’s by using (B.6) and substitute the value of rL as given in (3.6)

to the above condition to obtain

CGTD︷                                                      ︸︸                                                      ︷
L−1∑
i=2

log2

(
1 +

λ2
i

σ2

)
+ log2

(
1 +

λ2
1 + λ

2
L − λ

2
e

σ2

)
>

L∑
i=1
i,e

log2

(
1 +

λ2
i

σ2

)
.

︸                  ︷︷                  ︸
CSVD

(B.7)
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From (B.7) the condition for CGTD > CSVD can be directly written as in

log2

(
1 +

λ2
e

σ2
n

)
+ log2

(
1 +

λ2
1 + λ

2
L − λ

2
e

σ2
n

)
> log2

(
1 +

λ2
1
σ2

n

)
+ log2

(
1 +

λ2
L

σ2
n

)
(B.8a)

⇐⇒ log2

[(
1 +

λ2
1 + λ

2
L

σ2
n

)
+
λ2

1λ
2
e + λ

2
Lλ

2
e − λ

4
e

σ4
n

]
> log2

[(
1 +

λ2
1 + λ

2
L

σ2
n

)
+
λ2

1λ
2
L

σ4
n

]
(B.8b)

⇐⇒ λ2
e (λ

2
1 + λ

2
L − λ

2
e ) − λ

2
1λ

2
L > 0. (B.8c)

To prove (B.8c) indeed holds, define y > 0 and z > 0 to be real positive numbers. Because

λL < λe < λ1, we can write λ2
e = λ

2
L + y and λ2

1 = λ
2
L + y + z and substitute into (B.8c).

After some simplifications we get yz > 0, and, thus CGTD > CSVD, completing the proof

of Theorem 3.1.
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Proof of Proposition 4.3

Recall (2.2) and (2.3) and let r = u, λ = v and L = k. Proposition 4.3 is true if the

following is satisfied
L∏

l=1
rl =

L∏
l=1

λl, (C.1)

and their descendingly ordered elements satisfy

n∏
l=1

rl 6
n∏

l=1
λl, (C.2)

for all 1 6 n < L.

The product term (C.1) can be easily proved by substituting the corresponding ele-

ments of r given (4.15) and the corresponding elements of λ given in (4.12), (4.13) and

(4.14) in (C.1).

To show (C.2) also holds, conditions (C.3a) and (C.3b) below must hold since (C.1)

is true.

rmax 6 λmax, (C.3a)

rmin > λmin, (C.3b)

where rmax and rmin are the maximum and the minimum elements in r while λmax and

λmin are the maximum and the minimum elements in λ.
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There are two cases regarding (C.3a), that is: 1) rmax = λmax, and 2)rmax < λmax. If

λmax is a clear subchannels ; i.e., belongs to the set N , in this case rmax = λmax according

to (4.15). If λmax is a joint subchannel ; i.e., belongs to the set Z, by construction,

λmax =
√
φ?1 + β

?
1σ

2
1 . Thus, any element of r that are defined in equation (4.15) is less

than λmax. To explain this case in more details, consider rmax is one of the received

subchannels in the set D; equations (4.15a) and (4.13) imply that rmax < λmax is always

true. On the other hand, if rmax is one the received subchannels in the setW, substituting

EHž = β
?
ž σ

2
ž + pẑσ

2
ẑ , λž =

√
φ?ž + β

?
ž σ

2
ž and √pẑσẑ in their corresponded rmax in equation

(4.15c), yields rmax =
√
φ?žσ

2
ž which less less than λmax. Note that the elements of r that

are associated with the received subchannels in the set E cannot be rmax due to their

definition given by equation (4.15b).

In (C.3b), only the case rmin > λmin is considered since the elements of r is defined

assuming Z , ∅, and hence, the set Ẑ is always existed. This means λmin =
√

pẑσẑ as

illustrated in Remark 4.1. By examining equation (4.15), rmin is related with the received

subchannels in the set E. Substituting EHž = β
?
ž σ

2
ž + pẑσ

2
ẑ , λž =

√
φ?ž + β

?
ž σ

2
ž and √pẑσẑ

in their corresponded rmin in (4.15b), yields rmin =

√
φ?
ž
+β?

ž

√
pẑσẑ

√
φ?
ž

which is greater than λmin.

This completes the proof of Proposition 4.3.
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Proof of Theorem 4.1

Following the structure of the the matrix R that is given in equation (4.16), the received

streams that are corresponded to rows e ∈ E are assigned for energy harvesting while

the the received streams that are corresponded to rows rows w ∈ W are assigned for

information decoding. The received streams that are corresponded to rows d ∈ D are

flexible ; i.e., each single received stream can be used either for energy harvesting or

information decoding according to the subchannel assignment at the transmitter.

For simplicity, we assume the energy conversion process is perfect ; i.e., η = 1. The

energy content of received stream e ∈ E is

EHe = R2
e,|N |+1 + R2

e,|N |+2 + . . . ,R
2
e,L . (D.1)

Substituting (2.10) and (2.13a) in (D.1) and following the GTD algorithm [81], it can be

shown that the value of the diagonal element Re,|N |+1 = re is related to the off-diagonal

elements on the same row as

R2
e,|N |+1 + · · · + R2

e,L =
1

R2
e,|N |+1

(
ψ2

e − R2
e,|N |+1

) (
R2

e,N+1 − ω
2
j
)
, (D.2)

where the parameters ψe and ωe are set in the GTD algorithm during the e-th iteration

as discussed in Section 2.3.2. Note that (D.2) implies that energy of the first off-diagonal

element, which is set by the GTD algorithm at the e-th iteration, is equal to the energy of
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the off-diagonal elements at row e of the matrix R given in equation (4.16). This is true

because the elements of R is obtained through multiplication processes at each iteration

with the unitary matrices B1 and B2 as illustrated in equation (2.12a). Thus, the energy

of (2.13a) is preserved and remains intact in all the off-diagonal elements at the e-th row

of the matrix R. The energy content of the received stream e ∈ E can be written as

function of the predefined diagonal element re as follow:

EHe = r2
e +

1
r2

e

(
ψ2

e − r2
e
) (

r2
e − ω

2
e
)
, (D.3)

where the values of ψe and ωe also depend on the form re and the values r1, . . . ,re−1.

According to the GTD algorithm, the values of r ; i.e., r1, . . . ,re lead to ψe = λž and

ωe = λẑ. Thus (D.2) is written as

EHe = r2
e +

1
r2

e

(
λ2

ž − r2
e
) (

r2
e − λ

2
ẑ
)
. (D.4)

Substituting the corresponding λž, λẑ and re as given in (4.12), (4.14) and (4.15b) in

(D.4), yields

EHe = β
?
ž σ

2
ž + pẑσ

2
ẑ ≈ β

?
ž σ

2
ž , (D.5)

since pẑσ
2
ẑ ≈ 0. If

∑
e∈E EHe = EH, the energy harvested from the streams E satisfy the

constraint (4.1c) and J?
Rx = E. On the other hand, if

∑
e∈E EHe < EH, there is a subset

D̃ ⊆ D which has streams that are used for energy harvesting. Since the subchannels in

D̃ are clear subchannels, the energy harvested is

EHd̃ = r2
d̃
. (D.6)

Substituting the corresponded rd̃ from (4.15a) in (D.6) with λn as given (4.13), gives the

energy harvested as

EHd̃ = β
?
j σ

2
j . (D.7)

Therefore, the energy is harvested from the subchannels in the set J?
Rx = E

⋃
De.

According to the matrix given in (4.16), the information bearing subchannels are
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interference free; thus, the rate obtained from the subchannel w ∈ W is

Cw = log2
(
1 + r2

w

)
. (D.8)

Substituting (4.15c), (4.12) and (4.14) in (D.8), yileds

Cw = log2
(
1 + φ?žσ

2
ž
)
. (D.9)

If
∑

w∈W Cw = C, the achievable rate obtained by decoding the information from the

stream W satisfies the constraint (4.1b) and I?Rx = W. If
∑

w∈W Cw < C, there is a

subset Dw ⊆ D which has streams that are used for information decoding. Since the

subchannels in D̄ are clear subchannels, the rate can be obtained from

Cd̄ = log2
(
1 + r2

d̄

)
. (D.10)

Substituting the corresponded rd̃ from (4.15a) in (D.10) with λn as given (4.13), gives the

rate as

Cd̄ = log2
(
1 + φ?i σ

2
i
)
. (D.11)

Therefore, the information is decoded from the subchannels in the set I?Rx =W
⋃
DW .
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