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ABSTRACT

Cognitive radio improves radio spectrum utilization either by spectrum sharing

or by opportunistically utilizing the spectrum of the licensed users. Cognitive beam-

forming is a prominent technique that can further enhance the overall performance

of the wireless communication systems through beamforming vector design and/or

power allocation. Harvesting radio frequency (RF) energy from existing wireless

communication systems is a promising potential solution for providing convenient,

perpetual and green energy supply to wireless sensor networks (WSN). The amount

of energy that can be harvested from existing RF energy sources over a short pe-

riod of time can only support low data rate applications with simply transmission

strategies. The main challenge for satisfying the energy requirement of WSN is the

time-varying wireless fading channels. Low complexity cooperation between WSN

and RF energy source can effectively enhance the stability of energy supply for the

sensor node. While multiple transmission antennas are deployed at the existing RF

energy source, judicious transmit beam selection can further improve the harvested

energy at the sensor node, while simultaneously serving multiple users.

In this doctoral research, we present random unitary beamforming (RUB) coop-

erative beam selection schemes to ensure the QoS of primary system and reduce the
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hardware and software complexities of secondary system. We analyze the exact out-

age performance of the primary system, and investigate the tradeoff between primary

system outage probability versus secondary system sum-rate performance. We also

study the performance of overlaid wireless sensor transmission powered by RF energy

harvested from existing wireless system. We derive the exact distribution function of

harvested energy over a certain number channel coherence time over Rayleigh fading

channels with the consideration of hardware limitation, such as energy harvesting

sensitivity and harvesting efficiency. We also analyze the average packet delay and

packet loss probability of sensor transmission subject to interference from existing

system, for both delay insensitive traffics and delay sensitive traffics. The optimal

design of energy storage capacity of the sensor nodes is proposed to minimize the

average packet transmission delay for delay insensitive traffics with two candidate

transmission strategies. We further investigate the energy harvesting performance of

a wireless sensor node powered by RF energy from an existing multiuser MIMO sys-

tem. Specifically, we propose based cooperative beam selection schemes to enhance

the energy harvesting performance at the sensor. We derive the exact distribution

function of harvested energy in a coherence time and further investigate the perfor-

mance tradeoff of the average harvested energy at the sensor versus the sum-rate of

the multiuser MIMO system.



v

Contents

Supervisory Committee ii

Abstract iii

Table of Contents v

List of Figures viii

Acknowledgements x

1 Introduction 1

1.1 Cognitive Beamforming . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 RF Energy Harvesting . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Dissertation Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Cooperative Secondary Beam Selection for Cognitive Multiuser

MIMO Transmission with Random Beamforming 7

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 System and Channel Model . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Cooperative Usable Beam Selection for Single SU . . . . . . . . . . . 11

2.3.1 Mode of Cooperation . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.2 Distribution of the Number of Usable Beams . . . . . . . . . . 12

2.3.3 Throughput of the Secondary System . . . . . . . . . . . . . . 14

2.3.4 Outage Probability of the Primary System . . . . . . . . . . . 15

2.3.5 Numerical Examples . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Cooperative Active Beam Selection for Multiple SUs . . . . . . . . . 19

2.4.1 CBP-CABS Strategy . . . . . . . . . . . . . . . . . . . . . . . 19

2.4.2 CTP-CABS Strategy . . . . . . . . . . . . . . . . . . . . . . . 20

2.4.3 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . 21



vi

2.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Performance of Overlaid Wireless Sensor Transmission with RF

Energy Harvesting 28

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 System and Channel Model . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.2 Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Performance Analysis for Delay Sensitive Traffic . . . . . . . . . . . . 35

3.3.1 Packet Loss Probability Analysis . . . . . . . . . . . . . . . . 35

3.3.2 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . 37

3.4 Channel-Blind Transmission Strategy for Delay insensitive Traffic . . 39

3.4.1 Distribution of Charging Time . . . . . . . . . . . . . . . . . . 40

3.4.2 Packet Delay with Retransmission . . . . . . . . . . . . . . . . 41

3.4.3 Optimal Energy Storage Capacity . . . . . . . . . . . . . . . . 42

3.4.4 Numerical Examples . . . . . . . . . . . . . . . . . . . . . . . 43

3.5 Channel-Aware Transmission Strategy for Delay Insensitive Traffic . . 44

3.5.1 Delay Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.5.2 Optimal Energy Storage Capacity . . . . . . . . . . . . . . . . 48

3.5.3 Numerical Examples . . . . . . . . . . . . . . . . . . . . . . . 49

3.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.7 Appendix: Distribution of Harvested Energy over N Channel Coher-

ence Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 RF Energy Harvesting with Cooperative Beam Selection for Wire-

less Sensors 55

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2 System and Channel Model . . . . . . . . . . . . . . . . . . . . . . . 56

4.2.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2.2 Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.3 RUB-based Cooperative Energy Harvesting for Single Sensor . . . . . 58

4.3.1 Mode of Cooperation . . . . . . . . . . . . . . . . . . . . . . . 58

4.3.2 Distribution of the Number of Usable Beams . . . . . . . . . . 59

4.3.3 Throughput Performance Analysis for the MISO System . . . 60

4.3.4 Energy Harvesting Performance Analysis . . . . . . . . . . . . 61



vii

4.3.5 Numerical Examples . . . . . . . . . . . . . . . . . . . . . . . 64

4.4 RUB-based Cooperative Energy Harvesting for Multiple Sensors . . . 67

4.4.1 Mode of Cooperation . . . . . . . . . . . . . . . . . . . . . . . 67

4.4.2 Energy Harvesting Performance Analysis . . . . . . . . . . . . 68

4.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5 Conclusion and Future Work 74

List of Publications 77

References 78



viii

List of Figures

Figure 2.1 System and channel model. . . . . . . . . . . . . . . . . . . . . 9

Figure 2.2 Throughput of the secondary system. . . . . . . . . . . . . . . . 17

Figure 2.3 Outage probability of the primary system (M = 5). . . . . . . . 18

Figure 2.4 Outage probability of the primary system (M = 2). . . . . . . . 25

Figure 2.5 Sum-rate of the secondary multiuser MIMO system. . . . . . . 25

Figure 3.1 System model for two-stage sensor transmission with RF energy

harvesting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Figure 3.2 Distribution of harvested energy over N channel coherence time

(Ec = 0.006J). . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

Figure 3.3 Packet loss probability at the sink for different energy storage

capacity (N = 3). . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Figure 3.4 Packet loss probability at the sink over N coherence time. . . . 38

Figure 3.5 Distribution of the number of channel coherence time required

for fully charging the sensor. . . . . . . . . . . . . . . . . . . . 44

Figure 3.6 Average packet delay versus energy capacity Ec for channel blind

strategy for delay insensitive traffic. . . . . . . . . . . . . . . . 45

Figure 3.7 Distribution of the number of channel coherence time needed for

packet transmission. . . . . . . . . . . . . . . . . . . . . . . . . 49

Figure 3.8 Average packet delay of two transmission strategies for delay

insensitive traffic. . . . . . . . . . . . . . . . . . . . . . . . . . . 50

Figure 3.9 Average packet delay versus packet loss threshold γT for two

transmission strategies for delay insensitive traffic. . . . . . . . 50

Figure 4.1 System model for RUB-based cooperative RF energy harvesting. 57

Figure 4.2 Distribution of harvested energy at the sensor. . . . . . . . . . 65

Figure 4.3 Average harvested energy at the sensor. . . . . . . . . . . . . . 65

Figure 4.4 Throughput of the MISO system. . . . . . . . . . . . . . . . . . 66

Figure 4.5 Distribution of harvested energy at the sensor. . . . . . . . . . 72



ix

Figure 4.6 Average harvested energy at the sensor. . . . . . . . . . . . . . 72

Figure 4.7 Sum-rate of multiuser MIMO system for M=4 antennas. . . . . 73

Figure 5.1 Three-system model. . . . . . . . . . . . . . . . . . . . . . . . . 75



x

ACKNOWLEDGEMENTS

I would like to take this opportunity to thank all those who contributed to the

success of this work. I am very thankful to my supervisor, Dr. Hong-Chuan Yang,

for supporting me both financially and academically during my graduate studies. He

has been a constant source of knowledge, inspiration and encouragement for me.

I am also deeply grateful to Dr. Daler N. Rakhmatov for serving as the department

member, Dr. Kui Wu and Dr. Yindi Jing as the outside member in my supervisory

committee. Their comments and suggestions have greatly improved my dissertation.

I am also appreciative of Dr. Ying-Chang Liang for his time and valuable comments

on the proposed schemes for cooperative MIMO systems in Chapter 2. Finally, I am

also appreciative of Dr. Peng Lu who contributed to an algorithm that I used to

develop some of the simulation results given in Chapter 2 and Chapter 4.



Chapter 1

Introduction

Wireless sensors are used in a wide range of applications, such as environment moni-

toring, surveillance, health care, intelligent buildings and battle field control [1]. The

sensor nodes are usually powered by batteries with finite capacity, which manifests as

an important limiting factor to the functionality of wireless sensor network (WSN).

Replacing or charging the batteries may either incur high costs for human labor or

be impractical for certain application scenarios (e.g. applications that require sensors

to be embedded into structures). Powering sensor nodes through ambient energy

harvesting has therefore received a lot of attentions in both academia and industrial

communities [2, 3]. On the other hand, cognitive radio was proposed to solve the

spectrum scarcity problem through spectrum sharing [38]. New wireless system can

utilize the spectrum as long as its transmission will not create serious interference.

Cognitive beamforming is a promising technique that enables a multi-antenna sec-

ondary transmitter to regulate its interference to primary system. Radio frequency

(RF) energy harvesting and cognitive beamforming have emerged as two prominent

techniques to obtain energy from and limit interference to currently deployed wireless

communication systems, respectively. Below is a brief description of these two key

enabling technologies of the next generation communication systems.

1.1 Cognitive Beamforming

Cognitive radio was first proposed in [38] to solve the spectrum scarcity problem

through spectrum sharing. By allowing the secondary users (SUs) to access the

spectrum allocated to a primary network, the spectrum utilization can be effectively
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improved and more wireless services can be supported [39].

Cognitive radio implementation can be classified broadly into two paradigms: in-

terweave and underlay implementations [38]. In the interweave implementation (also

referred to as opportunistic spectrum access), the cognitive user first tries to detect

the availability of spectrum holes (unoccupied band) in the licensed band through

spectrum sensing. The main challenging aspect of this mode of communication is

the spectrum sensing by the cognitive users, which is not only very challenging but

also consumes a lot of power. With underlay implementation strategy, the primary

network and cognitive network can transmit simultaneously while ensuring the in-

terference from the secondary transmitter to the primary user is at a tolerable level

[40].

In an underlay cognitive setting, a fundamental challenge is to ensure the Quality-

of-Service (QoS) of the primary system while improving the performance of the sec-

ondary system [41]. Cognitive beamforming is a promising technique that enables a

multi-antenna secondary transmitter to regulate its interference to primary receivers

(PR) through beamforming vector design and/or power allocation [42]. The optimal

cognitive beamforming design is considered in [42, 43, 44, 45, 46] with full or partial

channel state information feedback from the primary system to the secondary system.

The beamforming vector design is considered in [42] and [43] using partial channel

state information. [42] attempts to minimize the outage probability of the secondary

user while meeting the rate requirement of the primary user. In [43], the secondary

link gain is maximized under the constraint of the interference at the primary user. In

[44], joint zero-forcing beamforming and power allocation is studied to maximize the

throughput on the secondary network, while keeping the interferece to the primary

users at a tolerable level. However, [44] assumes perfect channel state information at

the secondary base station (SBS), which is impractical due to the tremendous amount

of feedback required from PRs. [45] and [46] extend the design to partial channel state

information scenario. Note that these work can not guarantee the quality of PR re-

ceived signal as PR link quality was not taken into consideration. In [47], the authors

propose joint optimization algorithms of the beamforming vector and power alloca-

tion for the SBS in order to maximize the rate for the SU while meeting the rate

requirement for the PR. Most of these designs assume that the beamforming vectors

and power can be optimally determined based on instantaneous channel information

of SU channels, which typically require heavy feedback load from SU and/or high

calculation complexity at SBS.
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Random unitary beamforming (RUB) is a low-complexity multi-antenna transmis-

sion scheme that requires very low feedback load, and thus has attracted continuing

research interest [33, 34]. The base station with RUB only needs partial channel state

information, usually in terms of the signal-to-interference-plus-noise ratio (SINR) on

several randomly generated beam directions. It has been shown in [33] that if each

user just feeds back its best beam index and the corresponding SINR, RUB can achieve

the same sum-rate scaling law as the optimal dirty paper coding (DPC) transmission

scheme [34]. However, most of previous works on RUB assume conventional multiuser

multiple-input multiple-output (MIMO) systems, and very limited work considered

RUB transmission in a cognitive radio network environment. Chapter 2 contains a de-

tailed discussion on the cooperative beam selection strategies in an underlay cognitive

radio.

1.2 RF Energy Harvesting

Recently, there has been a growing interest in RF energy harvesting due to the inten-

sive deployment of cellular/WiFi wireless systems in addition to traditional radio/TV

broadcasting systems [8]. It has been experimentally proved that RF energy har-

vesting is feasible from the hardware implementation viewpoint. In [9], the authors

developed prototypes for devices that communicate with each other using ambient

RF signals from TV/cellular systems as the only power source. In [10], the authors

present the experimental performance (e.g., charging time of the sensor and received

signal power at the sink) of RF energy harvesting using PowerCast energy harvesters

[11]. Although these previous works have proved a visible future for the wireless

applications based on RF energy harvesting, most performance results are obtained

through laboratory experiments. There is still a lack of effective theoretical mod-

els that can analytically predict the performance of WSNs powered by RF energy

harvesting.

Researchers have proposed different solutions to harvest RF energy from existing

wireless communication systems. The fundamental performance limits of simultane-

ous wireless information and energy transfer systems over point-to-point link were

studied in [23, 24]. In [25], the authors consider a three-node MIMO wireless sys-

tem, where one receiver harvests energy and another receiver decodes information

from the signal transmitted by a common transmitter. A cognitive network that

can harvest RF energy from the primary system is considered in [26]. The authors
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propose an optimal mode selection policy for sensor nodes to decide whether to trans-

mit information or to harvest RF energy based on Markov modelling. In [27], the

authors investigate mode switching between information decoding and energy har-

vesting, based on the instantaneous signal channel and interference condition over a

point-to-point link. In most of these works, it is generally assumed that the channel

gain remains constant during the whole energy harvesting circle, including obtaining

channel state information, making decision accordingly, and then harvesting energy

and/or decoding information. It worths to point out that wireless fading channels are

in general time varying with channel coherence time in the order of milliseconds. The

harvested energy over one channel coherence time may not be sufficient for channel

estimation alone, not to mention information transmission/decoding.

On another front, considerable research effort has been carried out on the packet

transmission performance analysis and optimization for WSN powered by harvesting

energy from conventional energy sources [12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. The

optimal packet scheduling policies in an energy harvesting communication systems

were investigated over AWGN channels under the assumption of predictable energy

arrival in [12] and [13]. Specifically, [12] targets at minimizing the packet delivery

delay under data and energy arrival causality constraints and [13] also takes into

account the finite energy storage capacity. In [14, 15, 16, 17, 18, 19], throughput

maximization and packet delay minimization problems with energy harvesting con-

straints are studied for different channel environments. In [20], energy management

policies that stabilize the data buffer have been proposed for single-user communica-

tion scenario by applying linear energy-rate approximations. In [21], medium access

control (MAC) protocols for single-hop wireless sensor networks are designed and

analyzed. A save-then-transmit protocol is proposed in [22] to minimize the outage

probability of energy harvesting transmitters by finding the optimal time fraction for

energy harvesting in a time slot, during which the wireless channel is assumed to be

constant. It is worth noting that these works can not directly apply to RF energy

harvesting. First of all, most of these work focus on the design of off-line packet

scheduling strategies with predictable channel or energy state information, which is

not available for RF energy harvesting over time-varying wireless channels. Further-

more, the amount of energy that can be harvested from RF energy sources over a

short period of time (e.g. a channel coherence time) is typically much less than that

from conventional energy sources. As such, WSN powered with RF energy harvesting

can only support low data rate applications with simply transmission strategies.
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In this dissertation, we propose several practical low-complexity RF energy har-

vesting schemes, where the wireless sensor harvests RF energy from multiple antennas

and multiple channel coherence time over time-varying wireless channels. These so-

lutions will be discussed in a greater detail in Chapter 3 and 4.

1.3 Dissertation Outline

The main focus of the dissertation is on the cognitive beamforming transmission with

RF energy harvesting for the next generation cooperative wireless communication

systems. Whenever feasible, we derive the exact analytical expression for the per-

formance metrics of interest in simple closed form, which facilitates fast evaluation

and convenient applications to parameter optimization. These analytical results will

help determine what type of applications that the proposed overlaid implementation

strategy can effectively support. The rest of the thesis is organized as follows.

Chapter 2 investigates the performance of RUB based cooperative beam selection

schemes, where the secondary multiuser MIMO system can determine the usability of

each beamforming vector to guarantee the SINR requirement at the primary system.

We propose cooperative beam selection strategies for both single SU and multiple

SUs transmission cases, and obtain the outage performance of the primary system

and sum-rate of the secondary system for both cases.

We consider an overlaid sensor transmission scenario where a sensor-to-sink com-

munication link operates in the coverage of an existing wireless system over the same

frequency in Chapter 3, where the sensor needs to harvest RF energy from the trans-

mission of existing wireless system. Due to practical hardware constraints, the sensor

node can only harvest RF energy when its received signal power is larger than a certain

sensitivity level [25]. As such, the existing system, being either cellular, WiFi or TV

broadcasting systems, serves as the ambient source for sensor energy harvesting and

as interference source during sensor transmission. We investigate the packet trans-

mission performance of the sensor-to-sink link over Rayleigh fading wireless channels.

Specifically, we first consider delay sensitive scenario, where the sensor needs to pe-

riodically transmit a new packet to the sink with hard delay constraint. We evaluate

the packet loss probability assuming no retransmission is allowed. For delay insensi-

tive traffic, where the sensing data must be delivered to the sink without error at the

expense of a certain delay, we calculate the average delay of packet transmission over

the link with harvested energy.
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Chapter 4 investigates the performance of RUB based cooperative RF energy har-

vesting schemes, where an existing multiuser MIMO system helps the energy harvest-

ing of a RF-energy-powered sensor node, while simultaneously serving its own users.

The existing multiuser MIMO system needs to select the best beams for transmis-

sion, while trying to satisfy energy harvesting requirement of the sensor. To evaluate

the performance tradeoff between the average harvested energy at the sensor and the

sum-rate of the existing multiuser MIMO system, we derive the closed-form statistical

distribution of the amount of energy that can be harvested with the proposed coop-

erative RF energy harvesting scheme. These analytical results will help determine

the optimal energy threshold value that can satisfy requirements of certain sensing

applications, while considering the negative effect on the multiuser MIMO system.

Lastly, Chapter 5 provides the concluding remarks and points out some future

research directions. All of the technical content presented in this dissertation is either

already published in journal and conference papers. These papers are listed at the

end of the dissertation before the references.
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Chapter 2

Cooperative Secondary Beam

Selection for Cognitive Multiuser

MIMO Transmission with Random

Beamforming

2.1 Introduction

In an underlay cognitive setting, a fundamental challenge is to ensure the QoS of the

primary system while improving the performance of the secondary system [41]. Cog-

nitive beamforming is a promising technique that enables a multi-antenna secondary

transmitter to regulate its interference to primary receivers (PR) through beamform-

ing vector design and/or power allocation [42]. The optimal cognitive beamforming

design is considered in[42, 43, 44, 45, 46] with full or partial channel state information

feedback from the primary system to the secondary system. Most of these designs

assume that the beamforming vectors and power can be optimally determined based

on instantaneous channel information of SU channels, which typically require heavy

feedback load from SU and/or high calculation complexity at secondary base station

(SBS).

Random unitary beamforming (RUB) is a low-complexity multi-antenna transmis-

sion scheme that requires very low feedback load, and thus has attracted continuing

research interest [33, 34]. In this Chapter, we adopt RUB as the transmission scheme

for the secondary multiuser MIMO system. To ensure the performance requirement
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of the primary system, i.e. the received SINR at PR is larger than a predefined SINR

threshold, the PR will feed back to the SBS its received signal power from primary

transmitter (PT), such that the SBS can calculate the received SINR at PR and

determine the usability of each beamforming vector. Such cooperation is required

to guarantee the SINR requirement at PR. Note that PR may need to inform its

received signal power to PT for rate adaptation purpose anyway. We propose coop-

erative beam selection strategies for both single SU and multiple SUs transmission

cases. Specifically, for the single SU case, we propose a cooperative usable beam

selection (CUBS) strategy, where the SBS calculates the received SINR at PR for

each beam using the feedback from PR and channel estimation, and then determines

those usable beams. The cooperation of PR in sending its received signal power is

required to guarantee the received SINR at PR is acceptable.1 The SBS then selects

the best beam from all usable beams to serve it users. The SBS then selects the best

beam from all usable beams to serve its user. Note that the SU only needs to feed

back the index of the best usable beam to SBS. We derive the close form expression

of the distribution of the number of the usable beams, based on which we obtain the

exact throughput performance of the secondary system. We also derive the close-form

upper bound for the outage probability of the primary system. Numerical examples

show that the outage performance of the primary system will suffer burst degradation

when the beam selection threshold is smaller than the outage threshold. This is be-

cause the secondary system may transmit with beams that lead to the received SINR

at PR below the outage threshold. To avoid the burst increase of the outage prob-

ability of the primary system as well as achieve high secondary system throughput,

the beam selection threshold should be equal to the outage threshold of the primary

system.

For the multiple SUs case, the SBS needs to select a beam subset, such that

the total interference with all beams in the subset active still lead to the received

SINR at PR larger than the SINR threshold. We propose two cooperative beam

selection strategies, termed as constant beam power cooperative active beam selection

(CBP-CABS) strategy and constant total power cooperative active beam selection

(CTP-CABS) strategy, depending on whether the transmission power on each beam

1With conventional underlay cognitive implementation, the SBS will design its transmission such
that the received interference power at primary receiver is below a certain threshold. The received
SINR at the primary receiver may be unsatisfactory if the received signal power from primary
transmitter is low. Our proposed underlay approach guarantee the primary system quality while
maximizing the transmission opportunities for the secondary systems.
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Figure 2.1: System and channel model.

changes with the number of active beams or not. For both strategies, SUs only

need to feed back their received SINR on usable beam. To examine the performance

tradeoff between the outage probability of the primary system and the sum-rate of

the multiuser MIMO system for each strategy, we derive the closed-form expression of

the outage probability of the primary system and sum-rate of the secondary system.

Numerical examples show that CTP-CABS strategy can achieve larger sum-rate for

the secondary system without significantly affecting the outage performance of the

primary system.

The rest of this Chapter is organized as follows. In Section 2.2, the system and

channel model for the primary system and secondary system is introduced. In Section

2.3, the cooperative beam selection strategy for single SU case is proposed, and we

analyze the outage performance of the primary system and the throughput of the

secondary system. Two cooperative beam strategies for multi-user case are presented

in Section 2.4, together with performance trade-off analysis between primary and

secondary system. Finally, we present some concluding remarks in Section 2.5.

2.2 System and Channel Model

We consider a RUB-based secondary multiuser MIMO system deployed in the cov-

erage area of a primary system with single-antenna primary transmitter (PT) and

primary receiver, as shown in Fig. 2.1. We assume the primary system operates
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in a time-division duplexing (TDD) mode, over the channel frequency SUs want to

access. The secondary system consists of single base station with M antennas and

K single-antenna secondary users. The SBS can serve up to M SUs simultane-

ously using random orthonormal beams generated from an isotropic distribution. Let

W = [w1,w2, . . . ,wM ]T denote the set of beam vectors, assumed to be known to both

the SBS and its SUs. The transmitted signal vector from M antennas over one sym-

bol period can be written as x =
∑M

j=1

√
Pjwjsj, where sj denotes the information

symbol for the jth beam vector, and Pj denotes the transmission power allocated to

the jth beam vector, which satisfies
∑M

j=1 Pj ≤ PS, where PS denotes the maximum

transmission power of the SBS.

We adopt a log-distance path loss plus slow Rayleigh fading channel models for

the operating environment while ignoring the shadowing effect [30]. Let g denote the

fading channel gain from PT to PR, where g ∈ CN (0, 1). The received signal power

at PR can be given by

PR =
PP
ΓdλP
|g|2, (2.1)

where PP denotes the transmission power of PT, dP denotes the distance from PT to

PR, λ is the path loss exponent, ranging from 2 to 5, and Γ is a constant parameter

of the log-distance model. Specifically, Γ = PL(d0)

dλ0
, where d0 is a reference distance in

the antenna far field, and PL(d0) is linear path loss at distance d0, depending on the

propagation environment.

Let h = [h1, h2, . . . , hM ]T denote the fading channel gain vector from the SBS to

PR, where hm ∈ CN (0, 1). The interference power at PR generated by the jth beam

of the SBS transmission can be given by

I
(P )
j =

Pj
ΓdλI
|hTwj|2, j = 1, 2, . . . ,M, (2.2)

where dI denotes the distance from SBS to PR. For notational conciseness, we use αj

to denote the amplitude square of the projection of h on to wj, i.e. αj = |hTwj|2,

whose probability density function (PDF) for Rayleigh fading channel under consid-

eration is given by

fαj(x) = e−x. (2.3)
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In the followings, we propose simple and low-complexity cooperative beam selec-

tion (CBS) strategies for both single SU and multiple SUs cases.

2.3 Cooperative Usable Beam Selection for Single

SU

For single SU case, the SBS uses a single active beam to serve its SU. We assume

that the transmission power allocated to the active beam is PS. To satisfy the QoS

requirement of the primary system, i.e., the received SINR at PR is larger than

a predefined SINR threshold γD, we propose a cooperative usable beam selection

(CUBS) strategy to determine the usability of each beam.

2.3.1 Mode of Cooperation

At the beginning of each channel coherence time, PT sends a pilot signal to PR. PR

estimates the received signal power PR, and then sends it to the SBS. Based on the

received signal from PR, SBS can obtain the channel gain vector h through channel

estimation.2 The SBS then calculates the received SINR at PR corresponding to each

beam, given by

γ(P )
m =

PR

I
(P )
m + σ2

P

,m = 1, 2, . . . ,M, (2.4)

where I
(P )
m is the interference at PR if mth beam is used, given by (2.2), σ2

P is the

noise variance. The SBS compares γ
(P )
m with γD for each beam. If γ

(P )
m ≥ γD, the

SBS adds the index m into a usable beam index set β. Then SU will feed back the

index of the best usable beam by comparing the received power for each beam in set

β. SBS will use the best beam that leads to the largest received signal power at SU

for transmission.

With a certain synchronization mechanism, SBS can receive feedback information

from PR and SUs correctly. Note that it may happen that γ
(P )
m is smaller than γD for

every beam. In this case, set β is empty. SBS will hold its transmission for a channel

coherence time.

2Alternatively, the channel gain vector h can be estimated by the PR and fed back to the SBS,
whereas the feedback load from PR to SBS increases with the size of h.



12

2.3.2 Distribution of the Number of Usable Beams

In the following, we derive the probability mass function (PMF) of the number of

beams Ma that the BS can use, which will be applied to the throughput analysis for

the secondary system.

With the proposed cooperative beam selection scheme, the SBS will select the

best beam to serve the user, while ensuring that the received SINR at PR is above

a predefined SINR threshold γD. We denote the ordered version of the interference

power caused by each beam to PR as I
(P )
1:M , I

(P )
2:M , . . . , I

(P )
M :M , where I

(P )
1:M ≥ I

(P )
2:M ≥ · · · ≥

I
(P )
M :M . Then the ith largest received SINR at PR, denoted by γ

(P )
i:M , can be written as

γ
(P )
i:M =

PR

I
(P )
M−i+1:M + σ2

P

, 1 ≤ i ≤M. (2.5)

If the ith (0 < i < M) largest SINR γ
(P )
i:M is larger than γD, whereas the (i + 1)th

smallest beam γ
(P )
i+1:M is smaller than γD, then the number of usable beams is Ma = i.

If the received SINR at PR is larger than the threshold for all beams, i.e. γ
(P )
M :M > γD,

then the number of usable beams is Ma = M . If the received SINR at PR is smaller

than γD even when the SBS uses the beam corresponding to γ
(P )
1:M , i.e. γ

(P )
1:M < γD, the

SBS will stop transmission to avoid interference to PR.

Therefore, the probability that Ma beams are usable can be given by

Pr[Ma = i] =


Pr[γ

(P )
1:M < γD], i = 0,

Pr[γ
(P )
i:M > γD, γ

(P )
i+1:M < γD], 0 < i < M,

Pr[γ
(P )
M :M > γD], i = M.

(2.6)

After substituting (2.1) and (2.5) into (2.6) and some manipulations, (2.6) can be

rewritten as

Pr[Ma = i] =

∫∞
0

∫ γD
PR

(y+σ2
P )

0 f|g|2(x)dxf
I

(P )
M :M

(y)dy, i = 0,∫∞
0

∫ z
0

∫ γD
PR

(z+σ2
P )

γD
PR

(y+σ2
P )
f|g|2(x)dxf

I
(P )
M−i:M ,I

(P )
M−i+1:M

(z, y)dydz, 0 < i < M,∫∞
0

∫∞
γD
PR

(y+σ2
P )
f|g|2(x)dxf

I
(P )
1:M

(y)dy, i = M,

(2.7)

where PR = PP
ΓdλP

denotes the average received power at PR for notational conciseness,
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and the PDF of |g|2, I
(P )
1:M , and I

(P )
M :M , and the joint PDF of I

(P )
i:M and I

(P )
i+1:M , can be

given by [29]

f|g|2(x) = e−x, (2.8)

f
I

(P )
1:M

(x) =
M

IP
e
− x
IP (1− e−

x
IP )M−1, (2.9)

f
I

(P )
M :M

(x) =
M

IP
e
−Mx
IP , (2.10)

and

f
I

(P )
i:M ,I

(P )
i+1:M

(x, y) =
M !e

− ix+y

IP (1− e−
y

IP )M−i−1

(M − i− 1)!(i− 1)!I
2

P

, 0 < i < M, (2.11)

respectively, where IP = PS
ΓdλI

denotes the average received interference at PR. By

substituting (2.8), (2.9), (2.10), and (2.11) into (2.7) and carrying out integration,

the close form expression of Pr[Ma = i] is calculated as

Pr[Ma = i] =
1− e

−
γDσ

2
P

PR

1+
ΛγD
M

i = 0,

M !e
−
γDσ

2
P

PR

(M−i−1)!(i−1)!
ΛγD

(M−i)(M−i+ΛγD)

∑i−1
n=0(−1)n

(
i−1
n

)
1

ΛγD+n+1+M−i 0 < i < M,

Me
− γDσ

2
P

PR

∑M−1
n=0 (−1)n

(
M−1
n

)
1

ΛγD+n+1
i = M,

(2.12)

where Λ is a constant parameter equal to IP
PR

for notational conciseness.
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2.3.3 Throughput of the Secondary System

We are interested in the average throughput of the secondary system, which can be

calculated as3

R =
M∑
i=1

Pr[Ma = i]Ri, (2.13)

where Pr[Ma = i] denotes the probability that i beams are usable for transmission,

given in (2.12), and Ri denotes the average throughput when i beams are usable,

which can be calculated as

Ri =

∫ ∞
0

log2(1 + x)f
γ

(S)
1:i

(x)dx, i = 1, 2, . . . ,M, (2.14)

where f
γ

(S)
1:i

(x) denotes the PDF of the largest received SINR at SU among all i usable

beams. It is not difficult to see that

γ
(S)
1:i =

P
(S)
1:i

I
(S)
R + σ2

S

, (2.15)

where P
(S)
1:i denotes the largest received power at SU among all i usable beam vectors,

and I
(S)
R denotes the interference from PT to SU, whose PDFs can be given by [29]

f
I

(S)
R

(x) = ISe
− x
IS , (2.16)

and

f
P

(S)
1:i

(x) =
i

P S

e
− x
PS (1− e−

x
PS )i−1, (2.17)

where IS denotes the average interference from PT to SU, and P S denotes the average

received power from SBS to SU, respectively. Therefore, the CDF of γ
(S)
1:i can be

calculated as

F
γ

(S)
1:i

(x) = Pr

[
P

(S)
1:i

I
(S)
R + σ2

S

< x

]
=

∫ ∞
0

∫ (ISz+σ
2
S)x

0

f
I

(S)
R

(z)f
P

(S)
1:i

(y)dydz. (2.18)

3We assume that operation time required for proposed CUBS strategy is much less than channel
coherence time, such that the effect on secondary throughput can be ignored.
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By substituting (2.16) and (2.17) into (2.18), carrying out integrations and taking

derivative, the PDF of γ
(S)
1:i can be obtained as

f
γ

(S)
1:i

(x) =
d

dx
F
γ

(S)
1:i

(x) =
i∑

j=0

(−1)j+1

(
i

j

)
e
− jσ

2
Sx

PS

jσ2
S

PS
(1 + IS

PS
x) + IS

PS

(1 + IS
PS
x)2

. (2.19)

After substituting (2.19) into (2.13) and manipulations, the exact average throughput

of the secondary system for single SU case can be obtained as

R =
M∑
i=1

Pr[Ma = i]
Ma∑
j=0

(−1)j+1

(
Ma

j

)∫ ∞
0

log2(1 + x)

{ jσ2
S

PS

1 + IS
PS
x

+

IS
PS

(1 + IS
PS
x)2

}
e
− jσ

2
Sx

PS dx. (2.20)

2.3.4 Outage Probability of the Primary System

The outage probability of the primary system is defined as the probability that the

received SINR at PR, γ, is less than the predefined outage threshold γth, which can

be calculated as

F (γth) =
M∑
i=0

Pr[γ < γth,Ma = i], (2.21)

where Pr[γ < γth,Ma = i] denotes the outage probability of the primary system when

i beams are usable for transmission. For the case of γth < γD, the primary system is

outage if and only if the SNR at PR is less than γth. Then (2.21) can be simplified as

F (γth) = Pr

[
PR
σ2
P

< γth

]
= 1− e−

σ2
P γth
PR . (2.22)

For the case of γth ≥ γD, the outage probability is upper bounded by the worst

case that the beam with the largest interference power at PR is always selected for
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transmission, which can be given by

F (γth) ≤
M−1∑
i=1

Pr

[
P

(P )
R

I
(P )
M−i+1:M + σ2

P

< γth,
P

(P )
R

I
(P )
M−i+1:M + σ2

P

≥ γD,
P

(P )
R

I
(P )
M−i:M + σ2

P

< γD

]

+ Pr

[
P

(P )
R

σ2
P

< γth,
P

(P )
R

I
(P )
M :M + σ2

P

< γD] + Pr[
P

(P )
R

I
(P )
1:M + σ2

P

< γth,
P

(P )
R

I
(P )
1:M + σ2

P

≥ γ

]

=
M−1∑
i=1

{∫ ∞
γthσ

2
P

∫ s
γD
−σ2

P

s
γth
−σ2

P

∫ ∞
s
γD
−σ2

P

f
P

(P )
R

(s)f
I

(P )
M−i+1:M ,I

(P )
M−i:M

(y, z)dsdydz

+

∫ γthσ
2
P

γDσ
2
P

∫ s
γD
−σ2

P

0

∫ ∞
s
γD
−σ2

P

f
P

(P )
R

(s)f
I

(P )
M−i+1:M ,I

(P )
M−i:M

(y, z)dsdydz

}

+

∫ γthσ
2
P

0

∫ ∞
s
γth
−σ2

P

f
P

(P )
R

(s)f
I

(P )
M :M

(x)dsdx+

∫ ∞
0

∫ γth(x+σ2
P )

γD(x+σ2
P )

f
P

(P )
R

(s)f
I

(P )
1:M

(x)dsdx, (2.23)

where f
I

(P )
1:M

(x) and f
I

(P )
M :M

(x) are marginal PDFs of I
(P )
i:M , f

I
(P )
M−i+1:M ,I

(P )
M−i:M

(x, y) is the

joint PDF of I
(P )
M−i+1:M and I

(P )
M−i:M , which have been given in (2.9), (2.10) and (2.11)

, and fPR(x) is the PDF of PR, given by

fPR(x) =
1

PR

e
− x
PR , (2.24)

where PR = PP
ΓdλP

for notational conciseness. Finally, by substituting (2.9), (2.10),

(2.11) and (2.24) into (2.23) and some manipulations, the close form expression of

the upper bound of the outage probability can be calculated as

F (γth) ≤

∑M−1
i=1

M !
i!

∑M−i−1
n=0

(−1)n

n!(M−i−n−1)!

{[
ΛγD

(ΛγD+i)(ΛγD+i+n+1) −
e
−
iσ2
P

IP
(
γth
γD

−1)

iγth
γD

+n+1+ΛγD

+ e
−σ2

P ( i
IP

+
γD
PR

)(
γth
γD

−1)

(1+ Λ
i
γD)(n+1+Λγth+

iγth
γD

)

]
e
−σ

2
P γD
PR +

[
e
−
σ2
P γD
PR

ΛγD+n+1+i
γth
γD

− e
−
σ2
P γth
PR

Λγth+n+1+i
γth
γD

]
e
−
nσ2
P (

γth
γD

−1)

IP

}
+
∑M−1

n=0 (−1)n M !
n!(M−1−n)!

{
e
−
σ2
P γD
PR

ΛγD+n+1 −
e
−
σ2
P γth
PR

Λγth+n+1

}
+1− e−

σ2
P γth
PR

−
Mσ2

P (
γth
γD

−1)

IP − e
−
γDσ

2
P

PR

1+ Λ
M
γD

{
1− e−( M

IP
+
γD
PR

)(
γth
γD
−1)σ2

P

}
, γth ≥ γD;

1− e−
σ2
P γth
PR , γth < γD.

(2.25)
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Figure 2.2: Throughput of the secondary system.

2.3.5 Numerical Examples

In Fig. 2.2, we plot the throughput of the secondary system as a function of the

beam selection threshold γD for different beam number M . We can see that larger M

leads to larger throughput, as the secondary system enjoys more diversity gain. We

also observe with the increase of the beam selection threshold γD, the throughput of

the secondary system gradually reduces to 0. This is because with larger γD, fewer

usable beams will be fed back to the SBS, resulting in smaller diversity gain for the

secondary system. We also compare analytical results with Monte Carlo simulation

results for M = 5 case. We can see our analytical results perfectly match simulation

results.

In Fig. 2.3, we plot the upper bound and simulated exact outage probability

of the primary system as a function of outage threshold γth with M = 5 beams.

We can see that when γth ≤ γD, the curve follows exponential distribution; when

γD < γth, the outage performance will suffer burst degradation. This is because the

SBS may select the beam that leads to the received SINR at PR smaller than γth for

transmission. We also observe that with known outage threshold γth, the increase of
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γD can not affect the value of the outage probability, while reducing the throughput of

the secondary system. Therefore, to avoid the burst increase of the outage probability

of the primary system, as well as achieve the maximal throughput of the secondary

system, the beam selection threshold should be equal to the outage threshold of the

primary system.

2.4 Cooperative Active Beam Selection for Multi-

ple SUs

For multiple SUs case (K ≥M), the SBS serves multiple selected SUs with multiple

beam-forming vectors. Then PR will suffer interference from all active beams. To

maximize its sum-rate, the SBS needs to select a maximal number of active beams

to serve its SUs, while trying to ensure the received SINR at PR is above the SINR

threshold γD. In this case, we consider two power allocation strategies for proposed

beam selection scheme. In the first strategy, termed as constant beam power co-

operative active beam selection (CBP-CABS) strategy, the transmission power on

each beam remains constant regardless the number of active beams. With constant

total power cooperative active beam selection (CTP-CABS) strategy, however, the

total transmit power is equally allocated only to the active beams and, as such, the

transmission power on each beam changes with the number of active beams.

2.4.1 CBP-CABS Strategy

At the beginning of each channel coherence time, PR estimates the received signal

power PR, and then sends it to the SBS. The SBS estimates the channel vector from

the SBS to PR, and then calculates and ranks the projection amplitude square αm

for each beam, the order version of which is denoted by αm:M , where α1:M ≥ α2:M ≥
· · · ≥ αM :M . After that, the SBS calculates the received SINR at PR when the SBS

uses the m best beams, i.e. the m beams that generate the least interference to PR,

corresponding to αM−m+1:M to αM :M . The total interference power at PR can be

given by
∑M

i=M−m+1 I
(B)
i,m , where I

(B)
i,m denotes the interference power from the ith best

beam with beam power PS
M

, given by

I
(B)
i,m =

(
1

ΓdλI

)(
PS
M

)
αi:M , i = M −m+ 1, . . . ,M. (2.26)
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Note that the transmit power on each beam is constant, independent of the number

of active beams. Then the received SINR at PR, when m best beams are used for

transmission, denoted by γ
(B)
m , can be given by

γ(B)
m =

PR∑M
i=M−m+1 I

(B)
i,m + σ2

p

, 1 ≤ m ≤M, (2.27)

where σ2
p denotes the noise variance at PR. By substituting (2.1) and (4.24) into

(2.27), we have

γ(B)
m =

PP
dλP
|g|2

PS
MdλI

∑M
i=M−m+1 αi:M + Γσ2

p

, 1 ≤ m ≤M. (2.28)

If the received SINR with m best beams is larger than the beam selection threshold

γD, whereas the received SINR with m+ 1 best beams is less than γD, i.e. γ
(B)
m ≥ γD

and γ
(B)
m+1 < γD, the BS then uses the m best beams for transmission. It is worth

noting that the received SINR at PR can be smaller than γD even when the BS uses

the best beam only for transmission, i.e. the received SINR γ
(B)
1 < γD. In this case,

the SBS will hold transmission for a channel coherence time.

2.4.2 CTP-CABS Strategy

With CTP-CABS strategy, the total transmission power of SBS, PS, is uniformly

allocated only to those active beams. The total interference power at PR, when

the m best beams are used, can be written as
∑M

i=M−m+1 I
(T )
i,m , where I

(T )
i,m denotes

the interference power from the ith best beam when m best beams are used for

transmission, given by

I
(T )
i,m =

(
1

ΓdλI

)(
PS
m

)
αi:M , i = M −m+ 1, . . . ,M. (2.29)

Note that in this case the allocated power on each active beam is PS
m

. Then the

received SINR at PR, when m best beams are used for transmission, can be given by

γ(T )
m =

PP
dλP
|g|2

PS
mdλI

∑M
i=M−m+1 αi:M + Γσ2

p

, 1 ≤ m ≤M. (2.30)



21

Similar as CBP-CABS scheme, the SBS will use m selected beams for transmission if

and only if γ
(T )
m ≥ γD and γ

(T )
m+1 < γD, and hold transmission if γ

(T )
1 < γD.

For both strategies, the SBS will perform random beamforming transmission [33,

34] with the selected beams.

2.4.3 Performance Analysis

Different values of γD will lead to different performance tradeoff between primary

and secondary systems. In the following, we derive the closed-form expression of the

outage probability for the primary system with both beam selection strategies.

Conditioning on the number of active beams used for transmission, denoted by

Na, the outage probability for CBP-CABS strategy can be represented as

P
(B)
out (γth) =

M∑
m=0

Pr[γ(B)
m < γth, Na = m]. (2.31)

According to the CBP-CABS strategy, the number of active beams Na is equal to m

(1 ≤ m < M) if and only if γ
(B)
m ≥ γD, and γ

(B)
m+1 < γD. Furthermore, the number of

active beams Na is equal to 0 if the SINR threshold requirement can not be satisfied

with the best beam used for transmission i.e., γ
(B)
1 < γD, and equal to M if the

received SINR is larger than γD with all M beams active, i.e., γ
(B)
M ≥ γD. Therefore,

we can rewrite (2.31) as

P
(B)
out (γth) =

M−1∑
m=1

Pr

[
γ(B)
m < γth, γ

(B)
m ≥ γD, γ

(B)
m+1 < γD

]
+ Pr

[
PR
σ2
p

< γth, γ
(B)
1 < γD

]
+ Pr

[
γD ≤ γ

(B)
M < γth

]
. (2.32)

For the case of γth ≤ γD, (2.32) can be simply calculated as

P
(B)
out (γth) = Pr

[
PR < σ2

pγth

]
=

∫ σ2
pγD

0

fPR(x)dx, (2.33)

where fPR(x) denote the PDF of PR, given by (2.24). By substituting (2.24) into

(2.33), P
(B)
out (γth) can be calculated as

P
(B)
out (γth) = 1− e−

σ2
pγth

PR , γth ≤ γD. (2.34)
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For the case of γth > γD, (2.32) can be mathematically calculated as

P
(B)
out (γth) =

M−1∑
m=1

∫ ∞
0

∫ ∞
0

∫ min(γD(y+z+σ2
p),γth(y+σ2

p))

γD(y+σ2
p)

fPR(x)

×f∑m
i=1 I

(B)
i,m+1,I

(B)
m+1,m+1

(y, z)dxdydz

+

∫ ∞
0

∫ min(γthσ
2
p,γD(y+σ2

p))

0

f
I

(B)
1,1

(y)fPR(x)dxdy

+

∫ ∞
0

∫ γth(y+σ2
p)

γD(y+σ2
p)

f∑M
i=1 I

(B)
i,M

(y)fPR(x)dxdy, (2.35)

where f∑M
i=1 I

(B)
i,M

(x), and f
I

(B)
m+1,m+1,

∑m
i=1 I

(B)
i,m+1

(x, y) denote the PDF of
∑M

i=1 I
(B)
i,M , and

the joint PDF of
∑m

i=1 I
(B)
i,m+1 and Im+1,m+1, respectively, the closed form expression

of which can be obtained as [29]

f∑M
i=1 I

(B)
i,M

(x) =
xM−1e

− x
PS

P
M

S (M − 1)!
, (2.36)

and

f∑m
i=1 I

(B)
i,m+1,I

(B)
m+1,m+1

(x, y) =
M !e

−x+(M−m)y

PS

m!(m− 1)!(M −m− 1)!P
m+1

S

×
m−1∑
j=0

(
m

j

)
(−1)j(x− jy)m−1U(x− jy), x < my, (2.37)

respectively, where U(·) denotes step function, and P S = PS
MΓdλI

for notational concise-

ness. By substituting (2.24), (2.36) and (2.37) into (2.35) and carrying out integra-

tions, we can obtain the closed form expression of P
(B)
out (γth) for CBP-CABS stratagy
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as

P
(B)
out (γth) =

∑M−1
m=1

M !

(M−m)!(m−1)!(M−m−1)!P
M−m+1
S

∑M−m
i=0

(
M−m
i

)
(−1)i

{
e
−
γDσ

2
p

PR[
R1

(
− m

PS
,− 1

PS
− γD

PR

)
−R2

(
− m

PS
− γD

PR
,− 1

PS
− γD

PR

)]
−e−

γthσ
2
p

PR R3

(
− m

PS
,− 1

PS
− γth

PR

)}
+ e

−
γDσ

2
p

PR(
1+

PSγD
PR

)M − e
−
γthσ

2
p

PR(
1+

PSγth
PR

)M
+1− e−

γthσ
2
p

PR
−
Mρσ2p

PS − e
−
γDσ

2
p

PR

1+
PSγD
MPR

{
1− e

−

(
M
PS

+
γD
PR

)
ρσ2
p

}
, γth > γD;

1− e−
σ2pγth

PR , γth ≤ γD,

(2.38)

where

R1(x, y) =

M−m−1∑
λ=0

(−1)1+λiM−m−1−λ (M −m− 1)!

(M −m− 1− λ)!

λ∑
t=0

(M −m− 1− t)!
(λ− t)!yt+1{

(M −m)λ−t

[x+ y(M −m)]M−m−t −
iλ−t

(x+ yi)M−m−t

}
, (2.39)

R2(x, y) =

R1(x, y)U
(
i− 1

ρ

)
+

{
R1(x, y)− S1

(
x, y,

ρσ2
p

1− iρ

)}{
U
(

1

ρ
− i
)
− U

(
1

ρ
− (M −m)

)}

+

{
S2

(
x, y,

ρσ2
p

1− (M −m)ρ

)
+R1(x, y)−

[
S1

(
x, y,

ρσ2
p

1− iρ

)

−S1

(
x, y,

ρσ2
p

1− (M −m)ρ

)]}
U
(

1

ρ
− (M −m)

)
, (2.40)

and

R3(x, y) = S1

(
x, y,

ρσ2
p

1− iρ

){
U
(

1

ρ
− i
)
− U

(
1

ρ
− (M −m)

)}
+

{
S1

(
x, y,

ρσ2
p

1− iρ

)

−S1

(
x, y,

ρσ2
p

1− (M −m)ρ

)
− S2

(
x, y,

ρσ2
p

1− (M −m)ρ

)}
U
(

1

ρ
− (M −m)

)
, (2.41)
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where

S1(x, y, z) =

M−m−1∑
λ=0

(−i)M−m−1−λ (M −m− 1)!

(M −m− 1− λ)!

λ∑
t=0

(−1)t

(λ− t)!yt+1{
M−m−1−t∑

j=0

(−1)j
(M −m− 1− t)!

(M −m− 1− t− j)!

zM−m−1−t−jiλ−te(x+iy)z

(x+ iy)j+1
− e−σ

2
py

λ−t∑
s=0

(−σ2
p)λ−t−s

ρs

(
λ− t
s

)
M−m−1−λ+s∑

j=0

(−1)j
(M −m− 1− λ+ s)!

(M −m− 1− λ+ s− j)!
zM−m−1−λ+s−je(x+

y
ρ )z

(x+ y
ρ )j+1

}
, (2.42)

and

S2(x, y, z) =

M−m−1∑
λ=0

(M −m− 1)!(−i)M−m−1−λ

(M −m− 1− λ)!

λ∑
t=0

(−1)t

(λ− t)!yt+1

M−m−1−t∑
j=0

(M −m− 1− t)!(−1)jzM−m−1−t−j

(M −m− 1− t− j)!{
(M −m)λ−te(x+y(M−m))z

[x+ y(M −m)]j+1
− iλ−te(x+yi)z

(x+ yi)j+1

}
, (2.43)

where ρ = γth
γD
−1. Note that the outage probability for CTP-CABS strategy can also

be obtained by following similar procedure as CBP-CABS strategy, which is omitted

here due to space limitation.

In Fig. 2.4, we plot the outage probability of the primary system as a function

of the outage threshold γth for M = 2 antennas. We can observe that for the case

of γth ≤ γD, the primary system has the same outage probability as no interference

case. For the case of γth > γD, the outage probability of the primary system will

suffer burst degradation. This is because the secondary system may transmit with

beams that lead to the received SINR at PR below γth. We can also observe that

the outage performance for CBP-CABS strategy is slightly better than CTP-CABS

strategy when γth is small, and worse when γth is larger. When γth is very large, the

difference between the outage probability of these two strategies disappears.

In Fig. 2.5, we plot the average sum-rate of the secondary multiuser MIMO system

as a function of the beam selection threshold γD for different user numberK forM = 2

antennas, assuming the user selection scheme proposed in [35] is used. According to

[35], each secondary user feeds back its best beam index and the corresponding SINR

value to the secondary base station. For example, if the mth beam leads to the largest
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SINR for the kth user, then the kth user will feedback the beam index m and the

corresponding SINR value γk,m. Based on the feedback information, the secondary

base station assigns a beam to the user with the largest SINR value among all users

who feed back the index of that beam. Specifically, the base station ranks all K

feedback best beam SINRs. If γk,m is the largest one among all K SINRs, then the

base station selects the kth user for the mth beam. After that, the base station will

rank the feedback SINRs for the remaining beams. If now γn,l is the largest one,

where l 6= m and n 6= k, then the base station assigns the lth beam to the nth user.

This process is continued until either all beams have been assigned to selected users

or there are some unrequested beams remaining. In the later case, the secondary base

station will randomly select users for the remaining beams. The ergodic sum rate of

the resulting system, when Na beams are available, is given by

RNa = E{γBm}
Na
m=1

{
Na∑
m=1

log2(1 + γBm)

}
, (2.44)

where γBm is the received SINR of the selected user on the mth beam.

We can observe that with the increase of γD, the sum-rate of the secondary system

gradually reduces to 0, as expected by intuition. The CTP-CABS strategy always

leads to larger sum-rate than CBP-CABS strategy. Therefore, to avoid the burst in-

crease of the outage probability of the primary system, as well as achieve the maximal

sum-rate of the secondary system, the beam selection threshold γD should be equal

to the outage threshold γth. The CTP-CABS strategy should be used to improve

secondary system sum-rate performance. We also compare analytical results with

Monte Carlo simulation results for K = 20 case. We can see our analytical results

perfectly match simulation results.

2.5 Concluding Remarks

We proposed cooperative beam selection strategies to regulate the received SINR for

the primary system while achieving the maximal sum-rate for the secondary system.

For single SU case, we proposed a cooperative usable beam selection (CUBS) strategy,

where PR only needs to feed back to the secondary system the received signal power

from the PT to PR, based on which the SBS calculates the received SINR at PR for

each beam, and decides usable beams that lead to the received SINR at PR larger
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than a predefined threshold. We derive the upper bound expression of the outage

probability for the primary system and throughput for the secondary system. For

multiple SUs case, we proposed two cooperative beam selection strategies, termed as

CBP-CABS and CTP-CABS, to select a maximal number of beams that the secondary

multiuser MIMO system can use while satisfying the received SINR requirement at

PR. We also analyzed the exact outage performance of the primary system for each

strategy, and investigated the tradeoff between primary system outage probability

versus secondary system sum-rate performance. The result shows that CTP-CABS

strategy can achieve larger sum-rate for the secondary system without significantly

affecting the outage performance of the primary system.
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Chapter 3

Performance of Overlaid Wireless

Sensor Transmission with RF

Energy Harvesting

3.1 Introduction

Wireless sensors are used in a wide range of applications, such as environment moni-

toring, surveillance, health care, intelligent buildings and battle field control [1]. The

sensor nodes are usually powered by batteries with finite life time, which manifests as

an important limiting factor to the functionality of wireless sensor network (WSN).

Replacing or charging the batteries may either incur high costs for human labor or

be impractical for certain application scenarios (e.g. applications that require sensors

to be embedded into structures). Powering sensor nodes through ambient energy

harvesting has therefore received a lot of attentions in both academia and industrial

communities [2, 3]. Various techniques have been developed to harvest energy from

conventional ambient energy sources, including solar power, wind power, thermoelec-

tricity, and vibrational excitations [4, 5, 6, 7].

RF energy is another candidate ambient energy source for powering sensor nodes.

Recently, there has been a growing interest in RF energy harvesting due to the inten-

sive deployment of cellular/WiFi wireless systems in addition to traditional radio/TV

broadcasting systems [8]. It has been experimentally proved that RF energy har-

vesting is feasible from the hardware implementation viewpoint. In [9], the authors

developed prototypes for devices that communicate with each other using ambient
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RF signals from TV/cellular systems as the only power source. In [10], the authors

present the experimental performance (e.g., charging time of the sensor and received

signal power at the sink) of RF energy harvesting using PowerCast energy harvesters

[11]. Although these previous works have proved a visible future for the wireless

applications based on RF energy harvesting, most performance results are obtained

through laboratory experiments. There is still a lack of effective theoretical mod-

els that can analytically predict the performance of WSNs powered by RF energy

harvesting.

In this Chapter, we consider an overlaid sensor transmission scenario where a

sensor-to-sink communication link operates in the coverage of an existing wireless

system over the same frequency. Unlike conventional WSN implementation, where

both the sensor and the sink are equipped with reliable power supplies, we assume

that only the sink has a constant power source and that the sensor needs to harvest

RF energy from the transmission of existing wireless system. Specifically, the sensor

node can only harvest RF energy when its received signal power is larger than a cer-

tain sensitivity level [25]. As such, the existing system, being either cellular, WiFi or

TV broadcasting systems, serves as the ambient source for sensor energy harvesting

and as interference source during sensor transmission. Such an overlaid implemen-

tation strategy of RF-energy powered WSN has the potential to offer attractive and

green solutions to a wide range of sensing applications, particularly in view of the

increasingly severe spectrum scarcity. While scavenging the radiated RF energy from

existing system, the RF energy powered sensor transmission will introduce very lim-

ited interference to existing systems, due to its low transmission power and short

transmission duration.

In this work, we investigate the packet transmission performance of the sensor-to-

sink link over Rayleigh fading wireless channels. Considering sensor’s limited energy

harvesting capability, we assume that the link is used to support low-rate sensing

applications with low traffic intensity. Specifically, we first consider delay sensitive

scenario, where the sensor needs to periodically transmit a new packet to the sink

with hard delay constraint. We evaluate the packet loss probability assuming no

retransmission is allowed. For delay insensitive traffic, where the sensing data must

be delivered to the sink without error at the expense of a certain delay, we calculate the

average delay of packet transmission over the link with harvested energy. Whenever

feasible, we derive the exact analytical expression for performance metrics of interest

in simple closed form, which facilitates fast evaluation and convenient applications
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to parameter optimization. These analytical results will help determine what type of

sensing applications that the proposed overlaid sensor implementation strategy with

RF energy harvesting can effectively support.

The main contributions of this chapter can be summarized as follows.

• We characterize the RF energy harvesting capability of wireless sensor node

over Rayleigh fading channels over multiple channel coherence time. Especially,

the statistical distribution of the amount of energy that can be harvested over

a fixed number of channel coherence time is derived with the consideration of

energy harvesting sensitivity and efficiency.

• We study the packet loss probability of delay sensitive traffic, which is depen-

dent on the amount of harvested energy as well as the interference amount

experienced during packet transmission. We examine the effect of traffic inten-

sity and the energy storage capacity at the sensor on the packet loss probability

based on the exact analytical results.

• For the case of delay insensitive traffic, we propose two low-complexity trans-

mission strategies, depending upon whether the channel quality information of

the sensor-to-sink link, in terms of the received signal-to-interference-plus-noise

ratio (SINR), is available or not. When the received SINR information is not

available at the sensor, we present a stop-and-wait type retransmission strat-

egy to guarantee successful packet delivery for low-intensity delay-insensitive

traffic. We also explore the available SINR information to adaptively transmit

the packet only when the channel quality is acceptable, which leads to more

effective utilization of the harvested RF energy.

• We carry out accurate average delay analysis with both transmission strategies

for delay insensitive traffic. We derive the statistical distribution of the number

of coherence time needed for fully charging the sensor. For the channel aware

transmission strategy, we also derived the exact distribution of total transmis-

sion delay. Finally, we apply the analytical results to investigate the optimal

sensor node design to minimize the average packet transmission delay.

The remainder of the Chapter is organized as follows. In Section 3.2, we intro-

duce the system and channel model under consideration. The performance of the

proposed sensing implementation for delay sensitive traffic is evaluated in Section
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3.3. In Sections 3.4 and 3.5, we present and study two transmission strategies for

delay insensitive traffic. Concluding remarks are given in Section 3.6.

3.2 System and Channel Model

3.2.1 System Model

We consider the point-to-point packet transmission from a single-antenna wireless

sensor to its sink over a flat Rayleigh fading channel. The sink and the sensor are

deployed in the coverage area of an existing wireless system, which could be cellular,

WiFi or TV broadcasting systems. We assume that the sensor can harvest RF energy

from the transmitted signal of the existing system, and use it as its sole energy source

for transmission, as illustrated in Fig. 3.1.

We assume that the sensor works in two stages within one duty cycle, i.e., energy

harvesting stage and packet transmission stage. 1 In the energy harvesting stage, the

sensor harvests RF energy from the radio transmission of existing wireless systems

over multiple channel coherence time. Typically, the sensor can harvest RF energy

only when the received signal power is larger than a power threshold, denoted by Pth

[25]. In general, Pth should be greater than the receiver sensitivity for information

reception.

During the packet transmission stage, the sensor will transmit its collected infor-

mation to the sink using harvested energy. We assume that the energy consumed for

information collection is negligible compared with the energy used for transmission

[28]. Then the energy that can be used for transmission is approximately equal to

the harvested energy. Also note that the sensor transmission will suffer interference

from the existing system in this stage, the effect of which will be further discussed

in the following sections. Due to the low transmission power and short transmission

duration, we ignore the interference that the sensor transmission may generate to the

existing system.

We assume that basic sensor network setup in [9] (e.g., access control method,

channel occupancy) is adopted in our paper, where the delay for access control and/or

carrier sensing is ignorable compared with energy harvesting duration.

1Energy harvesting stage and packet transmission stage may correspond to sleep stage and wake
up stage, respectively, for traditional wireless sensors.
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Figure 3.1: System model for two-stage sensor transmission with RF energy harvest-
ing.
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3.2.2 Channel Model

We adopt a log-distance path loss plus Rayleigh block fading channel models for

the operating environment [30] while ignoring the shadowing effect for the sake of

presentation clarity. In particular, the channel gain between the BS and the sensor

remains constant over one channel coherence time, denoted by Tc, and changes to an

independent value afterwards. Let hn denote the fading channel gain over the nth

coherence time, where hn ∈ CN (0, 1). For notational conciseness, we use αn to denote

its amplitude square, i.e. αn = ||hn||2, whose PDF for Rayleigh fading channel under

consideration is given by

fαn(x) = e−x. (3.1)

Then the instantaneous received signal power at the sensor over the nth coherence

time is given by Pn = Pαn, where P is the average received power at the sensor due

to path loss, given by

P =
PT

ΓdλH
, (3.2)

where PT is the constant transmission power of BS, dH is the distance from BS to the

sensor, λ is the path loss exponent of the environment, ranging from 2 to 5, and Γ

is a constant parameter of the log-distance path loss model. Specifically, Γ = PL(d0)

dλ0
,

where d0 is a reference distance of the antenna far field, and PL(d0) is linear path

loss at distance d0, depending on the propagation environment.

We assume, as is the case in real world systems [10][11], the sensor can only harvest

energy when the instantaneous received signal power Pn is greater than the sensitivity

level Pth and the harvested energy is proportional to Pn − Pth. Consequently, the

amount of energy that the sensor can harvest during the nth coherence time can be

represented as [25]

En =

ηTc(Pn − Pth), Pn ≥ Pth;

0, Pn < Pth,
(3.3)

where 0 ≤ η ≤ 1 is RF energy harvesting efficiency. It follows that the amount of



34

energy harvested by the sensor over N consecutive coherence time can be given by

E
(N)
h = min

(
N∑
n=1

En, Ec

)
, (3.4)

where Ec is the energy storage capacity of the sensor. 2

The transmission power of the sensor when it uses the harvested energy over N

coherence time is equal to
E

(N)
h

Ts
, where Ts denotes the transmission time duration. We

assume, with the notion of low-rate sensing applications, that Ts is much smaller than

the channel coherence time Tc. Let hs and gs denote the fading channel gains from

BS to the sink and from the sensor to the sink, respectively, where hs ∈ CN (0, 1) and

gs ∈ CN (0, 1). The received SINR at the sink can be calculated as

γs =

E
(N)
h

TsdλT
||gs||2

PT
dλI
||hs||2 + Γσ2

, (3.5)

where dT is the distance from the sensor to the sink, dI is the distance from BS to the

sink, and σ2 is the variance of the additive noise at the sink. In general, the sensor

and the sink are very close to each other, i.e. dT � dH ≈ dI .

In the following, we study the performance of such overlaid sensor transmission

when it is used to support low-rate data traffics. These analytical results can help

design and optimize various system parameters, such as the number of channel co-

herence time for energy harvesting, N , sensor transmission power, etc. In this paper,

we focus on properly designing energy storage capacity Ec, while assuming system

parameters, such as BS transmit power PT , sensor sensitivity Pth, sensor energy har-

vesting efficiency η, transmission time duration Ts, and channel model parameters to

be fixed.

2Ec can also be viewed as the energy threshold, above which the sensor can carry out packet
transmission. We will examine the optimization of this important design parameter in the following
sections.
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3.3 Performance Analysis for Delay Sensitive Traf-

fic

We first consider delay sensitive traffic in this section. For certain sensing applica-

tions, such as smart metering and environment monitoring, the sensor node needs to

periodically send their collected information (e.g. energy usage, temperature, humid

information) to the sink. Any delay in the delivery of these information may render

them useless. Therefore, the goal is to successfully transmit these information packet

within a fixed time duration. As such, an important performance metric for such

application is the packet loss probability, i.e. the percent of packets that could not

be delivered to the sink in time. We now analyze the packet loss probability of the

proposed overlaid sensing implementation with RF energy harvesting. An accurate

quantification of this metric will help determine the sensing applications that could

be supported with the proposed implementation.

3.3.1 Packet Loss Probability Analysis

We assume that the sensor must collect and transmit one packet to the sink over

a fixed time duration TF . The number of coherence time in TF , denoted by N , is

approximately equal to
⌊
TF
Tc

⌋
. The sensor will first harvest RF energy for N channel

coherence time and then transmit the packet to the sink using the harvested energy.

We focus on low rate sensing application and ignore the potential packet collision with

other sensors. We also assume that, with adoption of certain error correction coding

scheme, the packet can be successfully received by the sink if the received SINR at

the sink during packet transmission is above γT . As such, packet loss will occurs if

and only if the received SINR at the sink during packet transmission is below the

threshold γT . This may be due to insufficient harvested energy, poor sensor to sink

channel quality, as well as strong interference from BS. Mathematically, the packet

loss probability of the sensor transmission is given by

PPL = Pr[γs < γT ] = Pr[

E
(N)
h

TsdλT
||gs||2

PT
dλI
||hs||2 + Γσ2

< γT ]. (3.6)

Conditioning on E
(N)
h , the packet loss probability can rewritten in terms of the PDFs

of E
(N)
h , ||gs||2, and ||hs||2, denoted by f

E
(N)
h

(·), f||gs||2(·), and f||hs||2(·), respectively,
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as

PPL =

∫ Ec

0

∫ ∞
0

F||gs||2

(
TsγTd

λ
T (PT y

dλI
+ Γσ2)

z

)
f||hs||2(y)f

E
(N)
h

(z)dydz. (3.7)

The PDF of ||hs||2 and ||gs||2 for the Rayleigh fading channel model under consider-

ation are commonly given by

f||hs||2(x) = f||gs||2(x) = e−x. (3.8)

After proper substitution and some manipulations, we can rewrite PPL as

PPL =

∫ Ec

0

(
1− ze−

TsγT ΓdλT σ
2

z

z + PT
dλI
TsγTdλT

)
f
E

(N)
h

(z)dz. (3.9)

To proceed further, we need the PDF of the harvested energy over N coherence time,

f
E

(N)
h

(z). In the Appendix A, we derive the close form expression of f
E

(N)
h

(x) as

f
E

(N)
h

(x) =

∑N
i=2

N !(1−e−
Pth
P )N−ie

− x
ηTcP

− iPth
P

(i−1)!(i−2)!(N−i)!
∑i−2

m=0(1− i)i−2−mCm
i−2∑m

j=0
m!

(m−j)!

{
(i− 1)m−j

∑i−2−j
k=0

(i−2−j)!
(i−2−j−k)!ik+1 ( x

iηTcP
+ Pth

P
)i−2−j−k−1

( x

iη2T 2
c P

2 + Pth

ηTcP
2 − i−2−j−k

iηTcP
) +

∑m−j
s=0 (−1)m−j−sCs

m−j
is

i−1−j−s{
( x
iηTcP

+ Pth
P

)i−2−j( x

iη2T 2
c P

2 + Pth

ηTcP
2 − i−1−j

iηTcP
)

+(Pth
P

)i−1−j−s( x
iηTcP

+ Pth
P

)s−1(− x

iη2T 2
c P

2 − Pth

ηTcP
2 + s

iηTcP
)
}}

+ N
ηTcP

(1− e−
Pth
P )N−1e

− x
ηTcP

−Pth
P + (1− e−

Pth
P )Nδ(x)

+
[
1− FEh(Ec)

]
δ(x− Ec), N > 1;

1
ηTcP

e
− x
PηTc

−Pth
P + (1− e−

Pth
P )Nδ(x) +

[
1− FEh(Ec)

]
δ(x− Ec), N = 1,

(3.10)

where δ(·) denotes the impulse function. The PDF of harvested energy over N =

1, 2, 3 coherence time is plotted in Fig. 3.2. We can see that E
(N)
h follows a mixed

distribution with impulse at x = 0 and x = Ec, which represents the probability that

the sensor can not harvest any energy over N coherence time and the probability

that the sensor will be fully charged after N coherence time. With the increase of

the number of coherence time N , the continuous portion of probability mass moves
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Figure 3.2: Distribution of harvested energy over N channel coherence time (Ec =
0.006J).

towards right, with the distribution of harvested energy spreads more widely along

the energy axis. This is because when N increases, the sensor has larger probability

to harvest more energy.

Finally, the packet loss probability for delay sensitive traffic can be calculated by

substituting (3.10) into (3.9) and carrying out numerical integration. Note that only

finite integration of some basic functions are involved in the calculation.

3.3.2 Numerical Results

We assume the same parameters for RF energy harvesting system as in [9]. In par-

ticular, the transmission power of BS is PT = 10kW . The distance from BS to the

sensor, BS to the sink and the sensor to the sink are set as dH = 100 meters, dI = 100

meters and dT = 1 meter, respectively. The pass loss exponent λ is assumed to be

3, the channel coherence time Tc be 100ms, and the transmission time of the sensor

Ts be 1ms. The sensitivity of the sensor is assumed to be Pth = −10dBm = 0.1mW

[10]. For simplicity, we assume harvesting efficiency η = 1 and path loss constant

Γ = 1.
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In Fig. 3.3, we plot the packet loss probability at the sink as a function of the

SINR threshold for different energy capacity Ec with N = 3. We can see when γT

is small, the packet loss probability shows approximately linear degradation. We

also observe that larger energy capacity Ec leads to smaller packet loss probability.

However, the benefit of packet loss probability shrinks with the increase of the energy

capacity Ec. This is because when Ec gets larger, the sensor has smaller probability

to be fully charged, such that the effect of the energy capacity on the packet loss

probability gradually reduces.

In Fig. 3.4, we plot the packet loss probability at the sink as a function of the

number of the channel coherence time before each packet transmission. We can see the

packet loss probability at the sink gradually reduces as N increases, and converge to

a constant value when N is very large. This is due to the existence of energy storage

capacity Ec, which limits the total harvested energy and in turn the transmission

power. Moreover, we notice that higher SINR threshold leads to higher packet loss

probability, as expected by intuition. Note that our analysis results accurately reflect

how the packet loss probability decreases with the increase of energy harvesting time

NTc, which can be used to predict whether the packet loss probability requirement

can be satisfied with a given maximum delay requirement NTc.

3.4 Channel-Blind Transmission Strategy for De-

lay insensitive Traffic

We now consider the transmission of delay insensitive traffic with the proposed over-

laid sensing implementation with RF energy harvesting. We focus on low-intensity

traffic, whose packets need to be delivered to the sink reliably while suffering certain

delay. The delay insensitive traffic applies to the sensing scenarios that require high-

level data integrity but are less time-critical. The performance metric of primary

interest becomes the average delay for packet delivery, which for the sensor transmis-

sion with energy harvesting include the energy harvesting time as well as transmission

delay.

In this section, we adopt a channel blind transmission strategy where the sensor

will transmit the packet immediately after being fully charged, i.e. harvesting at least

Ec amount of energy. If the transmission is not successful, the sensor will restart the

energy harvesting and packet transmission process until the packet is successfully
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received. We analyze the average delay performance for packet delivery with the

channel blind strategy in the following. We first derive the distribution of the time

required to fully charge the sensor, based on which we obtain the exact closed-form

expression on the average packet transmission delay with retransmission. We also

investigate the effect of energy storage capacity Ec on the average packet delivery

delay and its optimization. We ignore the queuing delay in the analysis in this work

since our focus is on sensing applications with low traffic intensity. The results here

can however be applied to the queuing delay analysis of high-intensity traffic by

adopting certain queuing models.

3.4.1 Distribution of Charging Time

We first derive the statistics of the charging time, i.e. the number of Tc that it takes

to fully charge the sensor. Let Pr[Td = KTc] denote the probability that the sensor

can be fully charged in K channel coherence time, which is equal to the probability

that the harvested energy during the first K − 1 coherence time is less than Ec,

and that during first K coherence time larger than Ec.
3 Therefore, we can calculate

Pr[Td = KTc] as

Pr[Td = KTc] = Pr[
K−1∑
j=1

Ej + EK ≥ Ec,
K−1∑
j=1

Ej < Ec]

=

∫ Ec

0

∫ Ec

Ec−z
f
E

(1)
h

(z)f
E

(K−1)
h

(x)dxdz, (3.11)

where f
E

(1)
h

(x) denotes the PDF of the harvested energy in one coherence time, and

f
E

(K−1)
h

(x) denoted the PDF of the harvested RF energy distribution over the first

K − 1 coherence time, both of which can be obtained from (3.10). After carrying

out integration and some manipulation, the close form expression of Pr[Td = KTc] is

3Random walk theory or Brownian motion can not be used here, as the distribution of harvested
energy over one coherence is mixed with impulse at 0 and Ec.
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given by

Pr[Td = KTc] =

e
− Ec
PηTc

−Pth
P
∑K−1

i=2
(K−1)!(1−e−

Pth
P )K−1−ie

− iPth
P

(i−1)!(i−2)!(K−1−i)!
∑i−2

m=0(1− i)i−2−m

Cm
i−2

∑m
j=0

m!
(m−j)!

{
(i− 1)m−j

∑i−2−j
k=0

(i−2−j)!
(i−2−j−k)!ik+1

{
i

i−1−j−k[
( Ec
iηTcP

+ Pth
P

)i−1−j−k − (Pth
P

)i−1−j−k
]
−
[
( Ec
iηTcP

+ Pth
P

)i−2−j−k

−(Pth
P

)i−2−j−k
]}

+
∑m−j

s=0 (−1)m−j−sCs
m−j

is

i−1−j−s

{
i
i−j[

( Ec
iηTcP

+ Pth
P

)i−j − (Pth
P

)i−j
]
−
[
( Ec
iηTcP

+ Pth
P

)i−1−j

−(Pth
P

)i−1−j
]
− (Pth

P
)i−1−j−s i

s+1

[
( Ec
iηTcP

+ Pth
P

)s+1 − (Pth
P

)s+1
]

+(Pth
P

)i−1−j−s
[
( Ec
iηTcP

+ Pth
P

)s − (Pth
P

)s
]}}

+ (K−1)Ec
ηTcP

(1− e−
Pth
P )K−2e−

Pth
P + e

− Ec
PηTc

−Pth
P (1− e−

Pth
P )K−1, K > 2;

e
− Ec
PηTc

−Pth
P (1− e−

Pth
P + Ec

PηTc
e−

Pth
P ), K = 2.

(3.12)

It is easy to show that the probability that the sensor can be fully charged in one

coherence time (K = 1) can be calculated as

Pr[Td = Tc] = Pr[E
(1)
h ≥ Ec] = e

− Ec
ηTcP

−Pth
P . (3.13)

Finally, the average number of Tc for fully charging the sensor is calculated as

K =
∞∑
K=1

K Pr[Td = KTc] =
e
Pth
P

ηTcP
Ec + e

Pth
P , (3.14)

which is a linear function of the capacity of the sensor, as expected by intuition.

3.4.2 Packet Delay with Retransmission

The sensor node will start packet transmission after being fully charged. We again

assume that for the sink to successfully decode a packet, the received SINR should

be above a threshold γT . The packet error probability at the sink is mathematically
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given by

PE = Pr[γs < γT ] = Pr

[ Ec
TsdλT
||gs||2

PT
dλI
||hs||2 + Γσ2

< γT

]
, (3.15)

where Ec
Ts

is the sensor transmission power. The close form expression of PE can be

obtained using the PDFs of ||hs||2 and ||gs||2, given in (3.8), as

PE =

∫ ∞
0

∫ TsγT d
λ
T (

PT y

dλ
I

+Γσ2)

Ec

0

f||hs||2(x)f||gs||2(y)dxdy = 1− Ece
−Γσ2TsγT d

λ
T

Ec

Ec + PT
dλI
TsγTdλT

. (3.16)

If the received SINR at the sink is below γT , the sensor will repeat the energy har-

vesting and packet transmission until the packet is decoded correctly. Consequently,

the average delay for successfully transmitting a packet to the sink can be calculated

as

TCB = (KTc + Ts)
∞∑
i=1

iP i−1
E (1− PE) =

KTc + Ts
1− PE

, (3.17)

where the term KTc + Ts represents the average time duration for one charging and

packet transmission cycle and P i−1
E (1 − PE) denotes the probability that the packet

can be successfully delivered after ith transmission. Then by substituting (3.5) and

(3.14) into (3.17), the close form expression of the overall average delay for successfully

packet transmission can be given by

TCB =

[(
Ec

ηP
+ Tc

)
e
Pth
P + Ts

](
1 +

PTTsγTd
λ
T

dλIEc

)
e

Γσ2γT Tsd
λ
T

Ec . (3.18)

3.4.3 Optimal Energy Storage Capacity

Intuitively, larger energy storage capacity of the sensor will lead to longer time re-

quired for fully charging the sensor, but smaller probability for transmission failure,

which will help reduce the average number of retransmission for packet delivery. Thus,

we are interested in finding an optimal energy capacity of the sensor, denoted by E∗CB,
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to minimize TCB. By calculating the derivative of TCB with respect to Ec and setting

it to zero, we have

E3
c − Γσ2TsγTd

λ
TE

2
c − TsγTdλT

[
ηP (

PT
dλI

+ Γσ2)(Tc + Tse
−Pth

P )

+
PTΓσ2TsγTd

λ
T

dλI

]
Ec − ηPPTΓσ2T 2

s γ
2
Td

2λ
T (Tc + Tse

−Pth
P )

PT
dλI

= 0, (3.19)

which is the homogeneous equation of Ec with order 3. The optimal energy capacity

E∗CB is the solution of (3.19), that satisfies dTp(E−
c )

dE−
c
≤ 0, dTp(E+

c )

dE+
c
≥ 0 and Ec > 0.

We found that for most practical values of system parameters, there only exists one

unique solution. One can easily find the ultimate minimum if more than one solution

exists, given the simplicity of the objective function.

Since in general the packet transmission time Ts is much smaller than the channel

coherence time Tc for low rate sensing application targeted here, (3.19) can be further

simplified by omitting the terms involving O(T 2
s ) as

E2
c − Γσ2TsγTd

λ
TEc − ηPTcTsγTdλT

(
PT
dλI

+ Γσ2

)
= 0. (3.20)

Then the close-to-optimal energy capacity to minimize the average transmission delay

can be calculated as

E∗CB ≈
Γσ2TsγTd

λ
T +

√
(Γσ2TsγTdλT )2 + 4ηPTcTsγTdλT (PT

dλI
+ Γσ2)

2
. (3.21)

3.4.4 Numerical Examples

In Fig. 3.5, we plot the probability mass function (PMF) of the number of coherence

time needed for the sensor to harvest at least Ec = 0.004J energy. The PMF obtained

through monte carlo simulation are also presented. As we can see, the analytical

results match the simulation result perfectly, which verifies our analytical derivation.

In Fig. 3.6, we plot the average packet transmission delay for the channel blind

strategy as a function of the sensor energy storage Ec with γT = 20dB. It is shown

that with the increase of Ec, the packet delay first quickly reduces, and then gradually

increases. The reason is that, when Ec is small, the sensor can be fully charged quickly,

but the sink can not decode the packet due to low received SINR. The sensor has
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Figure 3.5: Distribution of the number of channel coherence time required for fully
charging the sensor.

to retransmit the packet multiple times, leading to large average delay. When Ec

increases, the delay for packet retransmission reduces as the transmission typically

enjoys high SINR, but the sensor now needs more time to harvest enough energy. We

also mark the approximated and exact values of the optimal energy capacity E∗CB.

We observe that the near-to-optimal solution achieves almost the same average delay

performance as the exact optimal energy capacity value.

3.5 Channel-Aware Transmission Strategy for De-

lay Insensitive Traffic

In this section, we consider an alternative transmission strategy for delay insensitive

traffic and evaluate its delay performance. Note that with the channel blind strategy,

the sensor will transmit its packet immediately after harvesting enough energy, which

may not be successful due to poor signal channel or strong interference in the coming

channel coherence time, and thus leads to the waste of harvested RF energy. To bet-

ter utilize the harvested energy, we consider a channel-aware transmission strategy
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in this section. Specifically, we again assume that the sensor will harvest RF energy

from the BS until being fully charged. After that, instead of transmitting its packet

immediately, the sensor will decide whether to transmit or not according to the in-

stantaneous received SINR estimation at the sink. A packet will be transmitted only

if the experienced SINR at the sink is larger than γT , which will lead to successful

delivery. If the SINR at the sink is below γT , then the sensor will hold its transmission

for future channel coherence time until the SINR is above γT . We assume the sink

can precisely estimate the signal and interference channel, and feed back the SINR

to the sensor at the beginning of each channel coherence time.

We again focus on the average packet delay performance for packet delivery and

would like to quantify the benefit, if any, that the channel information can bring in

terms of delay reduction. Note that total packet transmission delay becomes the sum

of the sensor changing time, the waiting time for packet transmission, and the packet

transmission time Ts.

3.5.1 Delay Analysis

We first derive the statistics of the waiting time for packet transmission, i.e. the

number of channel coherence time Tc that the sensor needs to wait before the SINR at

the sink is larger than γT and packet transmission can start. Let Pr[Tw = MTc] denote

the probability that the sensor needs to wait M channel coherence time before packet

transmission, which is equal to the probability that the SINR at the sink during each

of the first M coherence time is less than γT , and that during the M + 1th coherence

time larger than γT . Therefore, we can mathematically calculate Pr[Tw = MTc] as

Pr[Tw = MTc] = PM
E (1− PE) =

(
1− Ece

−Γσ2TsγT d
λ
T

Ec

Ec + PT
dλI
TsγTdλT

)M(
Ece

−Γσ2TsγT d
λ
T

Ec

Ec + PT
dλI
TsγTdλT

)
, (3.22)

where PE denotes the probability that the instantaneous received SINR at the sink

is below γT , which has been calculated in (3.16).

The distribution of the total delay for packet transmission can be given by

Pr[TCA = LTc + Ts] =
L∑

K=1

Pr[Td = KTc] Pr[Tw = (L−K)Tc], (3.23)

where Pr[Td = KTc] denotes the probability that K channel coherence time is needed
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to fully charge the sensor, which has been derived in (3.12) and (3.13). After substi-

tuting (3.12), (3.13) and (3.22) into (3.23) and some manipulations, the close-form

expression for the probability mass function (PMF) of the total packet transmission

delay with channel-aware transmission strategy can be calculated as

Pr[TCA = LTc + Ts] =
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Ec+
PT
dλ
I

TsγT d
λ
T

)L−K(Ece
−

Γσ2TsγT d
λ
T

Ec

Ec+
PT
dλ
I

TsγT d
λ
T

)

+e
− Ec
PηTc

−Pth
P (1− e−

Pth
P + Ec

PηTc
e−

Pth
P )

(1− Ece
−

Γσ2TsγT d
λ
T

Ec

Ec+
PT
dλ
I

TsγT d
λ
T

)L−2(Ece
−

Γσ2TsγT d
λ
T

Ec

Ec+
PT
dλ
I

TsγT d
λ
T

)

+e
− Ec
PηTc

−Pth
P (1− Ece

−
Γσ2TsγT d

λ
T

Ec

Ec+
PT
dλ
I

TsγT d
λ
T

)L−1(Ece
−

Γσ2TsγT d
λ
T

Ec

Ec+
PT
dλ
I

TsγT d
λ
T

), L > 2.

(3.24)

With the PMF of TCA, we can readily calculate the average packet transmission delay,

TCA. Alternatively, we can first calculate the average number of Tc that the sensor
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needs to wait for packet transmission using (3.22) as

M =
∞∑

M=0

M Pr[Tw = MTc] =
PE

1− PE
=

(
1 +

PTTsγTd
λ
T

EcdλI

)
e
σ2γT TsΓdλT

Ec − 1. (3.25)

Finally, the average delay for successfully transmitting a packet to the sink can be

calculated, by combining the results in (3.14) and (3.25), as

TCA = (K +M)Tc + Ts

=

[
e
Pth
P

PηTc
Ec + e

Pth
P +

(
1 +

PTTsγTd
λ
T

EcdλI

)
e

Γσ2TsγT d
λ
T

Ec − 1

]
Tc + Ts. (3.26)

3.5.2 Optimal Energy Storage Capacity

Intuitively, larger energy storage capacity at the sensor Ec will lead to longer charging

time, but smaller waiting time until the received SINR at the sink becomes larger

than γT . Thus, we expect there is also an optimal value of sensor energy capacity to

minimize TCA. By calculating the derivative of TCA with respect to Ec and setting

it to zero, we have equation

E3
c − ηPTc

[
TsγTd

λ
T

(
PT
dλI

+ Γσ2

)
Ec +

Γσ2PT (TsγTd
λ
T )2

dλI

]
e
σ2γT TsΓdλT

Ec
−Pth

P = 0. (3.27)

To precede further, we apply Taylor series expansion to the exponential term around

Ts, which is typically very small, as

e
Γσ2γT d

λ
T

Ec
Ts = 1 +

Γσ2γTd
λ
T

Ec
Ts +O(T 2

s ). (3.28)

By substituting (3.28) into (3.27) and omitting the terms involving O(T 2
s ), we have

E2
c − ηPTcTsγTdλT

(
PT
dλI

+ Γσ2

)
e−

Pth
P = 0. (3.29)

Then the close-to-optimal energy capacity to minimize the average transmission delay,

denoted by E∗CA, can be calculated as

E∗CA ≈

√
ηPTcTsγTdλT

(
PT
dλI

+ Γσ2

)
e−

Pth
P . (3.30)
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Figure 3.7: Distribution of the number of channel coherence time needed for packet
transmission.

3.5.3 Numerical Examples

In Fig. 3.7, we plot the PMF of the number of coherence time needed to transmit a

packet with the channel-aware transmission strategy for Ec = 0.004J and γT = 20dB.

The Monte Carlo simulation results are also presented. As we can see, the analytical

result matches the simulation result perfectly, which validates our analytical approach.

In Fig. 3.8, we plot the average packet delay as a function of the energy storage

capacity of the sensor for both channel aware and channel blind transmission strate-

gies. It is observed that with the increase of Ec, the packet delay for the channel

aware strategy first quickly reduces, and then gradually increases in an close-to-linear

fashion. The reason is that, when Ec is small, the sensor can be fully charged quickly,

but has to wait for a long time until the received SINR at the sink is larger than

γT , leading to large average total delay. When Ec increases, the delay for waiting

for packet transmission reduces, but the sensor needs more time to get fully charged.

We mark the approximated values of the optimal energy capacity E∗CA. The near-

to-optimal solution achieves almost the same average delay performance as the exact

value of optimal energy capacity. Fig. 3.8 also shows that the average packet delay of
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the channel aware strategy is much smaller than that of the channel blind strategy.

The instantaneous SINR obtained at the beginning of each coherence time not only

helps avoid wasted packet transmission and the associated recharging, but also reduce

the average total packet transmission delay. This observation is further confirmed in

Fig. 3.9, where we plot the average packet delay as a function of the SINR threshold

γT for both channel aware and channel blind strategies. It is observed that with the

increase of γT , the packet transmission delay for both strategies increase quickly, and

the packet delay for the channel blind strategy grows faster than that for the channel

aware strategy.

3.6 Concluding Remarks

In this Chapter, we investigated the packet transmission performance of wireless sen-

sor nodes powered by harvesting RF energy from existing wireless systems. Different

from previous works, we considered the packet effect of fading channel variation on

both energy harvesting and information transmission. For energy harvesting stage,

we investigated and obtained the close-form expression of the distribution functions

of harvested energy over multiple channel coherence time. The distribution of har-

vested energy is calculated based on a practical operation model for energy harvesting,

considering harvesting sensitivity, harvesting efficiency and energy capacity. For the

packet transmission stage, we took into account the effects of interference from ex-

isting wireless system. We accurately quantified the transmission performance of

the proposed implementation for sensor applications with low traffic intensity. We

also investigated the optimization of energy capacity of the sensor to minimize the

average delay for delay insensitive traffic. The analytical results will greatly facili-

tate the practical design of sensor network powered by RF energy harvesting for the

appropriate target sensing applications.
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3.7 Appendix: Distribution of Harvested Energy

over N Channel Coherence Time

We first consider the one coherence time case, i.e. N = 1. The CDF of the harvested

energy can be simply represented as

F
E

(1)
h

(x) = Pr[E
(1)
h < x] = Pr[E1 < x], x ≤ Ec. (3.31)

After substituing (3.3) into (3.31) and some manipulation, we have

F
E

(1)
h

(x) = 1− e−
x

ηTcP
−Pth

P , x ≤ Ec. (3.32)

For the multiple channel coherence time case, i.e. N > 1, we denote the number of

channel coherence time, in which the sensor can harvest energy, by Na. According to

the total probability theorem, the CDF of the harvested energy is shown as

F
E

(N)
h

(x) = Pr[E
(N)
h < x] =

N∑
i=0

Pr[
N∑
n=1

En < x,Na = i]. (3.33)

When the ith largest received power is larger than Pth and the (i + 1)th largest

one is lower than Pth, the number of coherence time that the sensor can harvest

energy is Na = i. We denote the ordered version of N i.i.d. random variables αn as

α1:N ≥ α2:N ≥ · · · ≥ αN :N , and the sum of the i−1 largest variables as βi =
∑i−1

j=1 αj:N .

We can show that Na = i if and only if αi:N ≥
ΓdλHPth
PT

and αi+1:N <
ΓdλHPth
PT

. Therefore,
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FEh(x) can be calculated as

F
E

(N)
h

(x) =
N−1∑
i=2

Pr[βi + αi:N <
x

ηTcP
+
iPth

P
, αi:N ≥

Pth

P
, αi+1:N <

Pth

P
] (3.34)

+ Pr[α1:N <
Pth

P
] + Pr[

Pth

P
≤ α1:N <

x

ηTcP
+
Pth

P
, α2:N <

Pth

P
]

+ Pr[βN + αN :N <
x

ηTcP
+
NPth

P
, αN :N ≥

Pth

P
]

=
N−1∑
i=2

∫ x
iηTcP

+
Pth
P

Pth
P

∫ x
ηTcP

+
iPth
P
−y

(i−1)y

∫ Pth
P

0

fβi,αi:N ,αi+1:N
(t, y, z)dtdydz

+

∫ Pth
P

0

fα1:N
(t)dt+

∫ Pth
P

0

∫ x
ηTcP

+
Pth
P

Pth
P

fα1:N ,α2:N
(t, y)dtdy

+

∫ x
NηTcP

+
Pth
P

Pth
P

∫ x
ηTcP

+
NPth
P
−y

(N−1)y

fβN ,αN :N
(t, y)dtdy,

where fα1:N
(x, y), fα1:N ,α2:N

(x, y), fβN ,αN :N
(x, y), and fβi,αi:N ,αi+1:N

(x, y, z) are the marginal

and joint PDFs of αi:N and βi. In particular, their closed-form expression for Rayleigh

fading environment under consideration can be obtained as [29]

fα1:N
(x) = Ne−x(1− e−x)N−1, (3.35)

fα1:N ,α2:N
(x, y) =

N !

(N − 2)!
e−x−y(1− e−y)N−2, (3.36)

fβN ,αN :N
(x, y) =

N

(N − 2)!
[x− (N − 1)y]N−2e−x−y, x ≥ (N − 1)y, (3.37)

fβi,αi:N ,αi+1:N
(x, y, z) =

N !e−x−y−z(1− e−z)N−i−1[x− (i− 1)y]i−2

(i− 1)!(i− 2)!(N − i− 1)!
, x

i−1
> y > z. (3.38)

By properly substituting (3.35), (3.36), (3.37) and (3.38) into (3.34) and carrying

out integration, the close form expression of the CDF of harvested energy over N
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coherence time is obtained as

F
E

(N)
h

(x) =

∑N
i=2

N !(1−e−
Pth
P )N−ie

− iPth
P

(i−1)!(i−2)!(N−i)!
∑i−2

m=0(1− i)i−2−mCm
i−2

∑m
j=0

m!
(m−j)!{

(i− 1)m−j
∑i−2−j

k=0
(i−2−j)!

(i−2−j−k)!ik+1

[(
Pth
P

)i−2−j−k

−e−
x

ηTcP
(

x
iηTcP

+ Pth
P

)i−2−j−k
]
− e−

x
ηTcP

∑m−j
s=0 (−1)m−j−sCs

m−j(
x

ηTcP
+ iPth

P

)s ( x
iηTcP

+
Pth
P

)i−1−j−s
−
(
Pth
P

)i−1−j−s

i−1−j−s

}
+ (1− e−

Pth
P )N

+N(1− e−
Pth
P )N−1(e−

Pth
P − e−

x
ηTcP

−Pth
P ), x ≤ Ec;

1, x > Ec.

(3.39)

After taking derivative with respect to x, the PDF of E
(N)
h is derived and given in

(3.10). Note that the PDF involves two impulse function at 0 and Ec due to the

capacity constraints.
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Chapter 4

RF Energy Harvesting with

Cooperative Beam Selection for

Wireless Sensors

4.1 Introduction

The secondary transmiter can serve as both data source for its own users and RF

energy source for RF-energy-powered sensor nodes. In [32], the authors investigate

simultaneous wireless transmission and energy harvesting by designing optimal beam-

forming vector and power splitting ratio. It is shown in [25] that with channel infor-

mation at the energy source node, multi-antenna transmission can help increase the

amount of harvested energy at the energy receiving node. Inspired by [25], we consider

a practical cooperative charging scenario in this paper, where an existing multiuser

MIMO system helps the energy harvesting of a RF-energy-powered sensor node, while

simultaneously serving its own users. We adopt random unitary beamforming (RUB)

as the transmission scheme for multiuser MIMO systems, which requires very low

feedback load, and has been incorporated in several wireless standards [33, 34]. We

propose a RUB-based cooperative beam selection scheme, where the base station

(BS) of the existing system selects the best beams for transmission, while trying to

satisfy energy harvesting requirement of the sensor, i.e. the harvested energy over

each coherence time is above a predefined energy threshold. Specifically, for the single

sensor case, the BS of the MISO system selects the best beam for transmission. The

number of usable beams that the BS can select from to serve its user is reduced. We
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derive the closed-form statistical distribution of the amount of energy that can be

harvested at the sensor, and throughput of the existing MISO system. For the multi-

ple sensors case, the BS of the multiuser MIMO system selects a maximal number of

active beams for transmission, while trying to satisfy energy harvesting requirement.

With a constant total transmission power, the BS can enhance energy harvesting at

the sensor by concentrating the transmission power on selected beams. Meanwhile,

the number of users that the BS can serve simultaneously is reduced. To evaluate

the performance tradeoff between the average harvested energy at the sensor and the

existing multiuser MIMO system, we derive the closed-form statistical distribution

of the amount of energy that can be harvested , as well as the sum-rate of existing

MIMO system with the proposed cooperative RF energy harvesting scheme. These

analytical results will help determine the optimal energy threshold value that can

satisfy requirements of certain sensing applications, while considering the negative

effect on the multiuser MIMO system.

4.2 System and Channel Model

4.2.1 System Model

We consider a single-antenna wireless sensor node deployed in the coverage area of

an existing RUB-based multiuser MIMO system, which could be cellular or WiFi

systems. The sensor 1 can harvest RF energy from the transmitted signal of the

multiuser MIMO system, and use it as its sole energy source, as illustrated in Fig.

4.1. The multiuser MIMO system consists of single BS with M antennas and K

single-antenna users. The BS can serve up to M selected users simultaneously

using random orthonormal beams generated from an isotropic distribution. Let

W = [w1,w2, . . . ,wM ]T denote the set of beam vectors, assumed to be known to

both the BS and its users. The transmitted signal vector from M antennas over one

symbol period can be written, assuming m beams are active, as x =
∑m

j=1

√
PT
m

wjsj,

where sj denotes the information symbol for the jth selected user. Here, we assume

that the transmission power PT is constant and equally allocated to different active

beams.

1The sensor can also be a special user of multiuser MIMO system.
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Figure 4.1: System model for RUB-based cooperative RF energy harvesting.
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4.2.2 Channel Model

We adopt a log-distance path loss plus Rayleigh block slow fading channel model for

the operating environment while ignoring the shadowing effect [30]. In particular,

the channel gain between the BS and the sensor remains constant over one channel

coherence time, denoted by Tc, and changes to an independent value afterward. Let

he = [he1 , he2 , . . . , heM ]T denote the fading channel gain vector from the BS to the

sensor, where hem ∈ CN (0, 1). Then the harvested energy at the sensor from the ith

beam, when m beams are active, can be given by

Ei =

(
ηTc
ΓdλH

)(
PT
m

)
|hTe wi|2, i = 1, 2, . . . ,m, (4.1)

where dH is the distance from BS to the sensor, η is the energy harvesting efficiency,

λ is the path loss exponent, ranging from 2 to 5, and Γ is a constant parameter

of the log-distance model. Specifically, Γ = PL(d0)

dλ0
, where d0 is a reference distance

in the antenna far field, and PL(d0) is linear path loss at distance d0, depending

on the propagation environment. For notational conciseness, we use αm to denote

the amplitude square of the projection of he onto wm, i.e. αm = |hTe wm|2, whose

probability density function (PDF) for Rayleigh fading channel under consideration

is given by

fαm(x) = e−x. (4.2)

4.3 RUB-based Cooperative Energy Harvesting for

Single Sensor

4.3.1 Mode of Cooperation

With the proposed cooperative energy harvesting scheme, the BS will select the best

beam to serve the user, while ensuring that the harvested energy at the sensor node

during each coherence time is above a predefined energy threshold Eth.

At the beginning of each channel coherence time, the BS first estimates the channel

vector from the BS to the sensor. The BS then calculates and ranks the projection

amplitude square αm for each beam, the order version of which is denoted by αm:M ,

where α1:M ≥ α2:M ≥ · · · ≥ αM :M . After that, the BS calculates the amount of RF



59

energy that the sensor can harvest when the BS uses each beam, corresponding to

α1:M to αM :M . Specifically, the harvested energy denoted by Ei:M , when the ith best

beam are used for transmission, is given by

Ei:M =

(
ηPTTc
ΓdλH

)
αi:M , i = 1, 2, . . . ,M. (4.3)

If the harvested energy from the ith best beam is larger than the predefined energy

threshold Eth, whereas the harvested energy from the (i+ 1)th best beam is less than

Eth, i.e. Ei:M ≥ Eth, and Ei+1:M < Eth, then the BS selects one beam from best i

beams, corresponding to α1:M to αi:M , to serve its user. It is worth noting that the

amount of harvested energy at the sensor may be smaller than Eth even when the

BS allocates the best beam j∗ corresponding to α1:M , i.e. j∗ = arg maxj(|hTe wj|2).

In this case, the BS will still use beam j∗ with transmission power PT to charge the

sensor as well as serve its user.

4.3.2 Distribution of the Number of Usable Beams

In the following, we derive the probability mass function of the number of usable

beams Ma (1 ≤Ma ≤M) that the BS can use, which will be applied to the through-

put analysis for the MISO system.

According to our proposed cooperative beam selection scheme, the number of

usable beams Ma is equal to m (1 < m < M) if and only if Em:M ≥ Eth, and

Em+1:M < Eth. Furthermore, the number of usable beams Ma is equal to 1 if the

energy threshold can not be satisfied with all transmission power PT allocated to the

best beam, i.e., E1:M < Eth, or if only the best beam can lead to harvest energy larger

than Eth, i.e., E1:M ≥ Eth, and E2:M < Eth. The number of usable beams Ma is equal

to M if the harvested energy is larger than Eth with PT allocated to the worst beam,

i.e., EM :M ≥ Eth. Therefore, the probability that Ma beams are usable can be given

by

Pr[Ma = i] =


Pr[E1:M < Eth] + Pr[E1:M ≥ Eth, E2:M < Eth], i = 1,

Pr[Ei:M ≥ Eth, Ei+1:M < Eth], 1 < i < M,

Pr[EM :M ≥ Eth], i = M.

(4.4)
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After substituting (4.3) into (4.4) and some manipulations, (4.4) can be rewritten as

Pr[Ma = i] =


∫ Eth

Λ

0
fα1:M

(x)dx+
∫ Eth

Λ

0

∫∞
Eth
Λ
fα1:M ,α2:M

(x, y)dxdy, i = 1,∫ Eth
Λ

0

∫∞
Eth
Λ
fαi:M ,αi+1:M

(x, y)dxdy, 1 < i < M,∫∞
Eth
Λ
fαM :M

(x)dx, i = M,

(4.5)

where Λ is a constant parameter equal to ηPTTc
ΓdλH

, the PDF of α1:M , and αM :M , and the

joint PDF of αi:M and αi+1:M , can be given by [29]

fα1:M
(x) = M(1− e−x)M−1e−x, (4.6)

fαi:M ,αi+1:M
(x, y) =

M !e−ix−y(1− e−y)M−i−1

(i− 1)!(M − i− 1)!
, x > y, (4.7)

and

fαM :M
(x) = Me−Mx, (4.8)

respectively. By substituting (4.6), (4.7), and (4.8) into (4.5) and carrying out inte-

gration, the close form expression of Pr[Ma = i] is calculated as

Pr[Ma = i] =



M
∑M−1

j=0

(
M−1
j

) (−1)j

j+1 (1− e−(j+1)
Eth
Λ )

+M !e−
Eth
Λ

(M−2)!

∑M−2
j=0

(
M−2
j

) (−1)j

j+1 (1− e−(j+1)
Eth
Λ ), i = 1,

M !e−i
Eth
Λ

i!(M−i−1)!

∑M−i−1
j=0 (−1)j

(
M−i−1

j

)
1
j+1(1− e−(j+1)

Eth
Λ ), 1 < i < M,

e−M
Eth
Λ i = M,

(4.9)

4.3.3 Throughput Performance Analysis for the MISO Sys-

tem

We are interested in the average throughput of the MISO system, which can be

calculated as

R =
M∑
i=1

Pr[Ma = i]Ri, (4.10)
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where Pr[Ma = i] denotes the probability that i beams are usable, given in (4.9), Ri

is the average throughput when i beams are usable, which can be calculated using

the distribution of the largest SNR among all usable beams, as

Ri =

∫ ∞
0

log2(1 + x)fγ1:Ma
(x)dx, i = 1, 2, . . . ,M, (4.11)

where fγ1:Ma
(x) is the PDF of the largest received SNR γ1:Ma at the user, given by

[29]

fγ1:Ma
(x) =

Ma

γ
e−

x
γ (1− e−

x
γ )Ma−1, (4.12)

where γ denotes the common average received SNR for each beam. By sustituting

(4.12) into (4.10) and some manipulation, the close form expression of the throughput

of the MISO system can be calculated as

R =
M∑
i=1

Pr[Ma = i]

{
Ma

ln 2

Ma−1∑
n=0

(−1)n+1Cn
Ma−1

e
n+1
γS

n+ 1
Ei

(
− n+ 1

γ

)}
, (4.13)

where Ei(·) is the exponential integral function.

4.3.4 Energy Harvesting Performance Analysis

To evaluate the energy harvesting performance, we derive the exact statistical dis-

tribution of the harvested energy over one coherence time Tc at the sensor, which

can be used for calculating average harvested energy, as well as packet transmission

performance of the sensor [31]. Conditioning on the number of usable beams for

transmission, the cumulative distribution function (CDF) of EH can be represented

as

FEH (x) =
M∑
m=1

Pr[EH < x,Ma = m]. (4.14)

According to our proposed cooperative beam selection scheme, the BS selects the

best beam from all Ma usable beams to achieve the largest throughput, whereas the

probability that each of Ma usable beams is selected to charge the sensor is equal to
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1
Ma

. Therefore, we can rewrite (4.14) as

FEH (x) =
M−1∑
m=1

1

m

m∑
i=1

Pr

[
Ei:M < x,Em:M ≥ Eth, Em+1:M < Eth

]
+

Pr[E1:M < x,E1:M < Eth] +
1

M

M∑
i=1

Pr

[
Ei:M < x,EM :M ≥ Eth

]
. (4.15)

For the case of x ≤ Eth, (4.15) can be simply calculated as

FEH (x) = Pr[E1:M < x] =

∫ x
Λ

0

fα1:M
(y)dy, x ≤ Eth, (4.16)

By substituting (4.6) into (4.16), FEH (x) can be calculated as

FEH (x) = M
M−1∑
j=0

(
M − 1

j

)
(−1)j

j + 1
(1− e−(j+1) x

Λ ), x ≤ Eth. (4.17)

For the case of x > Eth, (4.26) can be rewritten as

FEH (x) =
M−1∑
m=1

1

m

{∫ x
Λ

Eth
Λ

∫ Eth
Λ

0
fαm:M ,αm+1:M (y, z)dydz

+
m−1∑
i=1

∫ x
Λ

Eth
Λ

∫ w

Eth
Λ

∫ Eth
Λ

0
fαi:M ,αm:M ,αm+1:M ,(w, y, z)dwdydz

}

+
1

M

{∫ x
Λ

Eth
Λ

fαM :M (y)dy +

M−1∑
i=1

∫ x
Λ

Eth
Λ

∫ y

Eth
Λ

fαi:M ,αM :M ,(y, z)dydz

}

+

∫ Eth
Λ

0
fα1:M (y)dy, x > Eth, (4.18)

where the joint PDF of αi:M , αm:M and αm+1:M , and the joint PDF of αi:M and αM :M

can be given by

fαi:M ,αm:M ,αm+1:M
(x, y, z) =

M !e−ix−y−z(e−y − e−x)m−i−1(1− e−z)M−m−1

(i− 1)!(m− i− 1)!(M −m− 1)!
, x > y > z, (4.19)

fαi:M ,αM :M
(y, z) =

M !

(i− 1)!(M − i− 1)!
e−iy−z(e−z − e−y)M−i−1, y > z, (4.20)
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respectively[29]. By substituting (4.6), (4.7), (4.19) and (4.20) into (4.18) and carry-

ing out integrations, we can obtain the closed form expression of FEH (x) for x > Eth

as

FEH (x) =

M−1∑
m=1

1

m

{
M−m−1∑
j=0

(
M −m− 1

j

)
(−1)j

j + 1
(1− e−(j+1)

Eth
Λ )

}
×

{
M !(e−m

Eth
Λ − e−m

x
Λ )

m!(M −m− 1)!

+

m−1∑
i=1

M !

(i− 1)!(m− i− 1)!(M −m− 1)!

m−i−1∑
k=0

(
m− i− 1

k

)
(−1)m−i−k−1

k + 1

×

[
e−(k+1)

Eth
Λ
e−(m−k−1)

Eth
Λ − e−(m−k−1) x

Λ

m− k − 1
− e−m

Eth
Λ − e−m

x
Λ

m

]}
+

1

M

{
e−M

Eth
Λ − e−M

x
Λ

+
M−1∑
i=1

M !

(i− 1)!(M − i− 1)!

M−i−1∑
j=0

(
M − i− 1

j

)
(−1)M−i−j−1

j + 1[
e−(j+1)

Eth
Λ

M − j − 1
(e−(M−j−1)

Eth
Λ − e−(M−j−1) x

Λ )− 1

M
(e−M

Eth
Λ − e−M

x
Λ )

]}

+M

M−1∑
j=0

(
M − 1

j

)
(−1)j

j + 1
(1− e−(j+1)

Eth
Λ ), x ≥ Eth. (4.21)

After taking derivative of (4.29) and (4.21), the closed-form expression of the PDF

of the harvested energy over one coherence time can be calculated as

fEH (x) =

M
Λ

∑M−1
j=0 (−1)j

(
M−1
j

)
e−(j+1) x

Λ , x < Eth,∑M−1
m=1

e−m
x
Λ

mΛ

{∑M−m−1
j=0

(
M−m−1

j

) (−1)j

j+1 (1− e−(j+1)
Eth
Λ )

}

×

{
M !

(m−1)!(M−m−1)! +
∑m−1

i=1
M !

(i−1)!(m−i−1)!(M−m−1)!

∑m−i−1
k=0

(
m−i−1

k

) (−1)m−i−k−1

k+1

[
e−

(k+1)(Eth−x)

Λ − 1

]}

+ e−M
x
Λ

MΛ

{
M +

∑M−1
i=1

M !
(i−1)!(M−i−1)!

∑M−i−1
k=0

(
M−i−1

k

) (−1)M−i−k−1

k+1[
e−

(k+1)(Eth−x)

Λ − 1

]}
, x ≥ Eth,

(4.22)
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which can be used to calculate the average harvested energy EH in closed-form as

EH =

∫ ∞
0

xfEH (x)dx

= M
M−1∑
j=0

(−1)j
(
M − 1

j

)[
−Eth
j + 1

e−(j+1)
Eth
Λ +

Λ

(j + 1)2
(1− e−(j+1)

Eth
Λ )

]

+
M−1∑
m=1

e−m
Eth
Λ

m

{
M−m−1∑
j=0

(
M −m− 1

j

)
(−1)j

j + 1
(1− e−(j+1)

Eth
Λ )

}
×

{
M !(Eth + Λ

m)

m!(M −m− 1)!
+

m−1∑
i=1

M !

(i− 1)!(m− i− 1)!(M −m− 1)!

m−i−1∑
k=0

(
m− i− 1

k

)
(−1)m−i−k−1

k + 1

[
Eth

m− k − 1
+

Λ

(m− k − 1)2
− Eth

m
− Λ

m2

]}

+
e−M

Eth
Λ

M

{
Eth +

Λ

M
+
M−1∑
i=1

M !

(i− 1)!(M − i− 1)!

M−i−1∑
k=0

(
M − i− 1

k

)
(−1)M−i−k−1

k + 1[
Eth

M − k − 1
+

Λ

(M − k − 1)2
− Eth

M
− Λ

M2

]}
. (4.23)

In Fig. 4.2, we plot the PDF of the harvested energy with Eth = 0.0006J and

M = 4 antennas in comparison with the simulation results. As we can see, the

analytical result matches the simulation result perfectly, where the harvested energy

concentrates around the energy threshold Eth, as expected.

4.3.5 Numerical Examples

In Fig. 4.3, we plot the average harvested energy EH as a function of the energy

threshold Eth for different antenna number M . We can observe that more antennas

leads to larger average harvested energy, as expected. We can also see that the aver-

age harvested energy at the sensor quickly increases as Eth increased, and gradually

converges to a constant value when Eth is large. This is because when Eth is large

enough, the BS will only use the best beam to charge the sensor.

In Fig. 4.4, we plot the average throughput of the MISO system as a function

of the energy threshold Eth for different antenna number M . We can observe that

larger antenna number leads to larger throughput, due to the beam selection benefit.

We also observe that the throughput reduces gradually to a constant value with the

increase of Eth. This is because when Eth is large, the BS will only use the best

beam, from the energy harvesting perspective, to serve its selected user. Combined
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Figure 4.2: Distribution of harvested energy at the sensor.
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Figure 4.3: Average harvested energy at the sensor.
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Figure 4.4: Throughput of the MISO system.



67

with Fig. 4.3, we can see there exists a tradeoff of average harvested energy at the

sensor versus throughput of the MISO system. In particular, larger Eth leads to

larger average harvested energy, but smaller throughput. We can achieve desired

energy harvesting performance by properly adjusting Eth at the expense of certain

throughput degradation in the MISO system.

4.4 RUB-based Cooperative Energy Harvesting for

Multiple Sensors

4.4.1 Mode of Cooperation

With the proposed cooperative energy harvesting scheme, the BS will select a maximal

number of active beams to serve its users, while ensuring that the harvested energy

at the sensor node during each coherence time is above Eth.

At the beginning of each channel coherence time, the BS first estimates the channel

vector from the BS to the sensor. The BS then calculates and ranks the projection

amplitude square αm for each beam, the order version of which is denoted by αm:M ,

where α1:M ≥ α2:M ≥ · · · ≥ αM :M . After that, the BS calculates the total amount of

RF energy that the sensor can harvest when the BS uses m best beams, corresponding

to α1:M to αm:M . The total harvested energy, dented by EH , can be given by EH =∑m
i=1Ei,m, where Ei,m denotes the harvested energy from the ith best beam with

projection amplitude square αi:M , when m best beams are used for transmission,

given by

Ei,m =

(
ηTc
ΓdλH

)(
PT
m

)
αi:M , i = 1, 2, . . . ,m. (4.24)

If the harvested energy with m best beams is larger than the predefined energy thresh-

old Eth, whereas the harvested energy with m + 1 best beams is less than Eth, i.e.∑m
i=1Ei,m ≥ Eth, and

∑m+1
i=1 Ei,m+1 < Eth, then the BS uses the m best beams to

serve its users. Note that with constant total transmission power used at the BS and

uniform power allocation, the sensor can harvest more energy from less active beams,

because the transmission power concentrates on the better beams, i.e. with larger

projection power.
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4.4.2 Energy Harvesting Performance Analysis

Conditioning on the number of active beams for transmission, denoted by Ma, the

cumulative distribution function (CDF) of EH can be represented as

FEH (x) =
M∑
m=1

Pr[EH < x,Ma = m]. (4.25)

According to our proposed cooperative beam selection scheme, the number of ac-

tive beams Ma is equal to m (1 < m < M) if and only if
∑m

i=1Ei,m ≥ Eth, and∑m+1
i=1 Ei,m+1 < Eth. Furthermore, the number of active beams Ma is equal to 1 if the

energy threshold Eth can not be satisfied with all transmission power PT allocated

to the best beam, i.e., E1,1 < Eth, and equal to M if the harvested energy is larger

than Eth with PT allocated to all M beams, i.e.,
∑M

i=1Ei,M ≥ Eth. Therefore, we can

rewrite (4.25) as

FEH (x) =
M−1∑
m=1

Pr

[ m∑
i=1

Ei,m < x,
m∑
i=1

Ei,m ≥ Eth,
m+1∑
i=1

Ei,m+1 < Eth

]

+ Pr[E1,1 < x,E1,1 < Eth] + Pr

[ M∑
i=1

Ei,M < x,
M∑
i=1

Ei,M ≥ Eth

]
.(4.26)

For notational conciseness, we denote the sum of the m largest projection amplitude

square from α1:M to αm:M as zm, i.e. zm =
∑m

i=1 αi:M . It follows that
∑m

i=1Ei,m =(
ηTc
ΓdλH

)(
PT
m

)
zm. For the case of x ≤ Eth, (4.26) can be simply calculated as

FEH (x) = Pr[E1,1 < x] =

∫ µx
Eth

0

fz1(y)dy, x ≤ Eth, (4.27)

where fz1(x) denotes the PDF of z1, given by [14, eq. (3.1)]

fz1(x) = Me−x(1− e−x)M−1, (4.28)

µ is a constant value equal to
EthΓdλH
ηTcPT

for notational conciseness. By substituting (4.28)

into (4.27), FEH (x) can be calculated as

FEH (x) =
µM

Eth
e
− µx
Eth (1− e−

µx
Eth )M−1, x ≤ Eth. (4.29)
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For the case of x > Eth, (4.26) can be mathematically calculated, while noting

Pr[E1,1 < x,E1,1 < Eth] is equal to 0, as

FEH (x) =
M−1∑
m=1

{∫ µ

0

∫ (m+1)µ−y

mµ

fαm+1:M ,zm(y, z)dydz (4.30)

−
∫ (m+1)µ−mµx

Eth

0

∫ (m+1)µ−y

mµx
Eth

fαm+1:M ,zm(y, z)dydz

}
+

∫ Mµx
Eth

Mµ

fzM (y)dy, x > Eth,

where fzM (x) and fαm+1,zm(x) denote the PDF of zM , and the joint PDF of αm+1

and zm, respectively, the closed-form expression of which can be obtained as [14, eq.

(3.19) and (3.31)]

fzM (x) =
xM−1e−x

(M − 1)!
, (4.31)

and

fαm+1:M ,zm(x, y) =
M−m−1∑
i=0

(−1)iM !(y −mx)m−1e−y−(i+1)x

(M −m− 1− i)!m!(m− 1)!i!
, y ≥ mx, (4.32)

respectively. By substituting (4.31) and (4.32) into (4.30) and carrying out integra-

tions, we can obtain the closed form expression of FEH (x) for x > Eth [36]. After

taking derivative of (4.29) and (4.30), the closed-form expression of the PDF of the
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harvested energy over one coherence time can be calculated as

fEH (x) =

{∑M−1
m=1

{∑M−m−1
i=1

(−1)i+1M !
(M−m−1−i)!m!(m−1)!i!

∑m−1
j=0

(
m−1
j

)
(−m)m−1−j∑j

t=0
j!

(j−t)!{
(m−1−j)!
(i+1)m−j

(
mµ
Eth

)j−t
e
−mµx
Eth xj−t−1

(
j − t− mµx

Eth

)
−
(
mµ
Eth

)j−t
e−(i+1)(m+1)µ

∑m−j−1
r=0

(m−1−j)!
(m−1−j−r)!(i+1)r+1

∑m−1−j−r
u=0 (−1)u

(
m−1−j−r

u

)(mµ
Eth

)u
[(m+ 1)µ]m−1−j−r−u

e
imµ x

Eth xj−t+u−1

(
j − t+ u+ imµx

Eth

)
+ e−(i+1)(m+1)µ

∑j−t
s=0

(
j−t
s

)
(−1)s

[
(m+ 1)µ

]j−t−s
∑m−1−j+s

r=0
(m−1−j+s)!

(m−1−j+s−r)!ir+1

∑m−1−j+s−r
u=0 (−1)u

(
m−1−j+s−r

u

)(
mµ
Eth

)u
[(m+ 1)µ]m−1−j+s−r−uxu−1e

imµ x
Eth

(
u+ imµ

Eth
x

)}
− M !

(M−m−1)!m!(m−1)!∑m−1
j=0

(
m−1
j

)
(−m)m−1−j∑j

t=0
j!

(j−t)!

{
e−(m+1)µ

∑j−t
s=0

(
j−1
s

)
(−1)s mµEth

[
(m+ 1)µ

]j−t−s[
(m+ 1)µ− mµx

Eth

]m−1−j+s
+ (m− 1− j)!

(
mµ
Eth

)j−t
e
−mµ x

Eth xj−t−1

(
j − t− mµ

Eth
x

)
−
(
mµ
Eth

)j−t
e−(m+1)µ

∑m−j−1
r=0

(m−1−j)!
(m−1−j−r)!

∑m−1−j−r
u=0 (−1)u

(
m−1−j−r

u

)
(
mµ
Eth

)u
[(m+ 1)µ]m−1−j−r−u(j − t+ u)xj−t+u−1

}}
U
((

1 + 1
m

)
Eth − x

)
+
∑M−1

s=0

{
− (M − 1− s) + Mµx

Eth

}
(Mµ)M−1−sxM−2−se

−Mµx
Eth

(M−1−s)!EM−1−s
th

}
U(x− Eth)

+µM
Eth

e
− µx
Eth

(
1− e−

µx
Eth

)M−1

U(Eth − x),

(4.33)

which can be used to calculate the average harvested energy EH in closed-form

[36]. In Fig. 4.5, we plot the PDF of the harvested energy with Eth = 0.006J and

M = 4 antennas in comparison with the simulation results. As we can see, the

analytical result matches the simulation result perfectly, where the harvested energy

concentrates around the energy threshold Eth, as expected.

In Fig. 4.6, we plot the average harvested energy EH as a function of the energy

threshold Eth for different antenna number M . We can see the average harvested

energy at the sensor quickly increases as Eth increased, and gradually converges to

a constant value when Eth is large. This is because when Eth is large enough, the

BS will only use the best beam to charge the sensor. We also observe that more

antennas leads to smaller average harvested energy when Eth is small, and larger

average harvested energy when Eth is large. This is because when Eth is small, more
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antennas leads to more potential active beams, which leads to wider distribution of

BS transmit power. When Eth is large, the sensor can enjoy more benefits from best

beam selection. When Eth is 0, the MIMO system serves its users with all beams,

and the amount of energy that the sensor can harvest is the same as [31] without

considering energy sensitivity and storage capacity.

In Fig. 4.7, we plot the average sum-rate of the multiuser MIMO system as a

function of the energy threshold Eth for different user number K with M=4 antennas,

assuming the user selection scheme proposed in [35] used to maximize the sum-rate

of the multiuser MIMO system. We can observe that larger user number leads to

larger sum-rate, due to user selection. We also observe that the sum-rate reduces

gradually to a constant value with the increase of Eth. This is because when Eth is

large, the BS will only use the best beam, from the energy harvesting perspective,

to serve its selected user. Especially, while the sum-rate for the case with K = 100

users remains larger than the sum-rate for the case with K = 50 users for any value

of Eth, the sum-rate difference gradually converges to a constant value when Eth goes

to infinity. Combined with Fig. 4.6, we can see there exists a tradeoff of average

harvested energy at the sensor versus sum-rate of the multiuser MIMO system. In

particular, larger Eth leads to larger average harvested energy, but smaller sum-rate.

We can achieve desired energy harvesting performance by properly adjusting Eth at

the expense of certain sum-rate degradation in the multiuser MIMO system.

4.5 Concluding Remarks

We proposed a RUB-based cooperative beam selection scheme, using which the ex-

isting multiuser MIMO system can help increase the amount of harvested energy of

wireless sensor nodes. We considered both single user case and multiuser case for the

existing MIMO system. We obtained the closed-form expression of the distribution

of harvested energy and the average harvested energy of the sensor node, based on

which, we investigate the tradeoff of the average harvested energy versus the sum-rate

of the multiuser MIMO system.
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Figure 4.5: Distribution of harvested energy at the sensor.
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Figure 4.6: Average harvested energy at the sensor.
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Chapter 5

Conclusion and Future Work

This dissertation focussed mainly on the low complexity cooperation solutions for

RF energy harvesting from existing wireless communication systems. First of all,

we considered an underlay cognitive radio, which is a potential candidate technology

of the next generation wireless communication systems. Particularly, we considered

two low complexity cooperation schemes to ensure the performance requirement of

the primary system, while the multi-user MIMO secondary system also selects the

best beam to serve its users. We then introduced some theoretical results regarding

RF-energy-powered sensor transmission. Specifically, we presented the exact distri-

bution of harvested energy over a certain number channel coherence time with the

consideration of hardware limitation, such as energy harvesting sensitivity and har-

vesting efficiency. We also analyzed the delay and packet loss performance of sensor

transmission and proposed the optimal design of energy storage capacity of the sensor

nodes to minimize the average packet transmission delay with two candidate trans-

mission strategies for delay insensitive traffics. In the last part of this dissertation,

we proposed low complexity cooperative beam selection schemes between RF-energy-

powered wireless sensor node and existing multi-user multi-antenna system. We ana-

lyzed the performance of both RF energy harvesting for the sensor node and sum-rate

for the existing system.

We believe that this work can be extended further in many directions in the

future. For example, we can extend the analysis from Rayleigh fading channel to other

fading channel environment to quantify the performance of RF energy harvesting for

wireless sensor networks. We can also use the asymptotic analysis, which examine the

performance of the overlaid sensor transmission when certain system parameters, e.g.

transmission power, number of antennas, etc, approaches infinity. Furthermore, the
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Figure 5.1: Three-system model.

proposed cooperative RF energy harvesting schemes are designed just for single sensor

transmission. These schemes can be extended to a multiple-sensor wireless sensor

networks after proper adjustments. For example, we can investigate the maximal

number of RF-energy-powered-sensors that can be deployed in the coverage of existing

multi-user MIMO system while the requirement of both systems are satisfied. Lastly,

the analysis of these schemes would not only help the researcher to analyze and predict

their performance for a target application but will also pave the way to modify these

schemes to achieve better performance with minimal increase in the computational

complexity.

Specifically, we consider a three-system model shown in Fig. 5.1. A RF-energy-

powered-sensor is deployed in the coverage area of existing cognitive systems, where

the secondary system is a multiuser MIMO system. The sensor can harvest RF energy

from the transmitted signal of the secondary system, and use it as its sole energy

source for transmission. The sensor needs to harvest RF energy above a predefined

energy threshold from the secondary base station over each channel coherence time,

whereas the secondary system should limit its interference to primary receiver below

an interference threshold.

We can explore the optimal beamforming design by maximizing the sum-rate of

the secondary system, subject to both the energy harvesting and interference con-

straints for the other two systems. We can also propose low complexity cooperative

strategies to satisfy the requirement of each system simultatenously. We assume that

the secondary system uses RUB transmission, which requires very low feedback. We

can propose priority-based two-round beam selection schemes, depending on whether

the primary receiver or the sensor has the first priority. For example, when the sensor
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has the first priority, the secondary system will select a beam vector β1st that can

satisfy the energy requirement for the first beam selection round. Then for the second

round, the secondary system will further select beams from β1st to limit interference to

primary receiver below the interference threshold. After that, the secondary system

allocates all available beams to serve its SUs. Then we can analyze and compare the

performance of the two schemes, together with the beamforming design optimization

results. We may also consider single SU case for the secondary system as a separate

work.
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