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Abstract

Over the years, the Internet-of-things (IoT) have evolved towards the vision that ev-

eryday physical objects are endowed with network connectivities, facilitating the in-

teractions between the physical world and the cyber world. One of the enabling tech-

niques of IoT to provide ubiquitous connectivities is machine-type communications

(MTC), which has been identified as one of few top use cases for the fifth-generation

(5G) network development. It is expected that developing quality-of-service (QoS)

for MTC would portray an essential role in future-generation communications. To

accommodate ever-increasing IoT applications, MTC networks are required to carry

low-power communications among a massive number of ubiquitously-deployed and

energy-constrained electronics over heavily-used frequency resource. This poses se-

vere challenges in energy provisioning for sustainable operation, connectivity over

long transmission range, and reliability for massive access.

This dissertation aims to make contributions towards addressing the mentioned

challenges. First, to solve the energy bottleneck of IoT devices, we propose a self-

sustainable communication paradigm and design operational protocols to adapt to

the network environment. The performance of the proposed paradigm in large-scale

system has been analytical studied. Second, to improve the connectivity of IoT net-

works, we introduce an energy-efficient cooperative relaying scheme and design differ-

ent operational protocols based on the availability of channel state information. We
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also characterize the performance of the cooperative relaying in tractable expressions

which directly reveal the effects of different parameters. Third, we investigate the

performance of various 3rd Generation Partnership Project (3GPP)-approved relia-

bility schemes for uplink IoT. Specifically, under these reliability schemes, the uplink

coverage probability has been characterized in large-scale IoT networks with mas-

sive access. The analytical results reveal the scaling properties of some parameters

and demonstrate the effect of the temporally-correlated/independent interference.

Finally, we also shed light on promising future research directions.
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Chapter 1

Introduction

1.1 Internet-of-Things and Machine-Type Com-

munications

1.1.1 Internet-of-Things

One of the ultimate goals of information and communications technology (ICT) is

to evolve towards the concept of “anytime, anywhere, anyone, connected to any-

thing,” [1]. The Internet-of-things (IoT), under development and still in nascent

stages, is making this vision possible, by establishing connections between the real

world and the virtual Internet. Physically, IoT merges our environment (e.g., homes,

vehicles, workplaces) through smart gadgets, such as RFID, sensors, actuators, mo-

biles phones, and wearables, to extract useful information from the collected data for

responsiveness, adaptiveness, automation, and intelligence [2]. Furthermore, the gi-

ant IoT infrastructure is envisioned to be the main hub between various technologies,

e.g., edge computing [3,4], virtual reality [5], blockchains [6]. This allows the physi-

cal objects of pervasive presence to extend all the internet services to accommodate

our ever-increasing demand.
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The IoT revolution is shaping our ways of living, working and even thinking with

its vast amount of applications surrounding us in many fields such as [7–10]

• Home applications which people use for their daily lives. Network-interfaced

electric toothbrushes, exercise facilities, washing machines, temperature and

moisture control systems are some of the examples. Google Nest and Apple

HomeKit are commercial platforms already available to host IoT-based home

applications.

• Transportation applications which regulate, monitor, and secure the traffic.

Different types of sensors, aggregators, coordinators, and classifiers are in-

volved to collect instant information and make the right decisions to facilitate

efficient and reliable transportation systems. Some examples include: park-

ing management, electronic tolling, unnamed driving and navigation, accident

avoidance, and speed enforcement.

• Healthcare applications which identify (e.g., through anomaly discovery and

behavioral pattern recognition), inform, and prevent people from health issues.

Body sensors and wearables, such as Apple Watch, are typical applications for

health monitoring, e.g., heart rate, blood pressure, and depressive disorder.

• Industry applications for product manufacturing and management. Such exam-

ples include merchandise tracking, quality inspection, warehouse management,

and automatic vending.

IoT applications commonly feature with a four-phase of life cycle as follows: First,

data collection phase, where IoT devices collect target information by monitoring the

physical environment; Second, communication phase, where the collected data are
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sent through the Internet infrastructure to the desired destinations, such as data

processors and servers; Third, data analysis phase, where the aggregated data is

analyzed to extract useful information; Four, decision-making phase, where the ex-

tracted information is used to make intelligent decisions based on some optimization

processes. Thus, IoT is an evolved system based on the Internet. Compared to the

Internet, a distinguishing feature of IoT is autonomous decision making based on

artificial intelligence enabled by self-recognizable smart things.

The IoT is a complex system the characteristics of which vary from one applica-

tion to another. Some of the general and fundamental characteristics of the IoT are

identified follows [11,12].

• Intelligence: Enabled by a combination of algorithms and computation, the

IoT is intelligent in the sense that it facilitates a massive number of smart

things to respond properly to serve decision making purposes.

• Connectivity: Connectivity empowers the interaction between every part of the

real world with the virtual Internet.

• Sensing: Sensing technologies serve as the means to create awareness of the

physical environment to the cyber world.

• Heterogeneity: The IoT applications are heterogeneous as they are based on

different software and hardware platforms and have interactions with other

platforms through different interfaces.

• Enormousness: The number of end devices to be connected with each other

are expected to be much greater than the end devices connected to the existing

Internet.
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1.1.2 Machine-Type Communications

IoT networks need to be engineered to carry a massive volume of data generated by

the growing IoT applications. Over the past decade, a new class of machine-type

communications (MTC), also referred to as machine-to-machine (M2M) communi-

cations, have emerged to accommodate the IoT traffic with diverse quality-of-service

(QoS) requirements.

The key features that differentiate MTC from conventional human-to-human

(H2H) communications are listed as follows [13,14].

• MTC lacks human intervention in the communication process.

• MTC mainly occurs in the uplink as a majority of IoT applications require

upload of collected data to the servers.

• MTC traffic involves varying loads and varying QoS requirements (e.g., delay

and throughput).

• MTC traffic are usually bursty due to its event-driven nature.

MTC has been identified as one of few top use cases for the fifth-generation

(5G) network development [15]. In Release 12 [16], the 3rd Generation Partner-

ship Project (3GPP) standardization defined the low-cost MTC operation as cate-

gory 0 (or CAT-0). In particular, CAT-0 specifies a transmission rate of up to 1

Mbps for M2M communications. CAT-0 devices should enjoy a simplified hardware

complexity by at least 50% compared to CAT-1 which is defined for LTE cellular

devices. To realize this objective CAT-0 indicates the application of only one an-

tenna at an M2M receiver with a maximum bandwidth of 20 MHz. Besides, M2M

devices should support Frequency-Division Duplexing (FDD) half-duplex operation
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to eliminates the need for advanced duplex filters. Later on, in Release 13 [17], the

3GPP incorporated two special categories, namely, CAT-M and CAT-N, for MTC

and Narrowband-IoT, respectively, to LTE specifications which includes fully-defined

MTC and IOT features. Specifically, CAT-M aims to launch commercial solutions

of low-power wide-area IoT. CAT-M requires a further reduced hardware complexity

of M2M devices which should be below 25% of that of the CAT-1 devices. Moreover,

the maximum channel bandwidth allocated to a CAT-M device should be limited to

1.4 MHz. To enable M2M communication through thick walls, the CAT-M target is

to reach 15 dB of coverage gain for M2M devices with the power class of 23 dBm.

On the other hand, the goal of CAT-N is to promote battery longevity, reduced

complexity and improved coverage. The link budget of NB-IoT is up to 20 dBm

with a maximum bandwidth of 0.2 MHz. Moreover, peak rates of 0.144 Mbps and

0.2 Mbps are specified for the uplink and downlink, respectively.

Furthermore, the merging between MTC and cellular networks are predicted as

the off-the-shelf cellular infrastructure of wide geographical coverage serve as a nat-

ural choice to handle a majority of MTC traffic. MTC subscriptions are already

available at cellular service providers. For example, KORE Telematics provides

services over cellular connections for billing, remote support, logistics, and relation-

ship management [18]. Moreover, standardizations by 3rd Generation Partnership

Project (3GPP) to promote the MTC and cellular integration are currently under

progress [19,20].

Fig. 1.1 shows the typology of MTC envisioned by 3GPP [21], which consists of

three main parts, i.e., MTC networks, cellular networks, and the core network. In

MTC networks, the majority of MTC occurs among M2M devices and between M2M

devices and MTC gateways. The former is enabled by the local inter-device commu-
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Figure 1.1: Topology of MTC communications over cellular networks.

nication so that the information does not need to be interchanged by the gateways.

The latter targets for remote information interchange with M2M servers. Both types

of communications can be realized through direct transmission or multihop trans-

mission. In cellular networks, legacy H2H communication between user equipment

(UE) coexists with MTC between MTC gateways and cellular base stations (BSs).

It is also possible to establish device-to-device (D2D) connections between UEs and

MTC gateways [22]. This not only enables the interactions between UEs and M2M

devices but also allows UEs to assist MTC, e.g., through cooperative relaying.
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1.2 Challenges and Research Motivations

The diversity of emerging MTC applications presents assorted challenges in devel-

oping MTC. Inspecting the common use cases and features of MTC, we can identify

that MTC has challenges in the following aspects.

• Energy-related challenges in supporting a long life cycle of MTC devices. Re-

plenishing batteries is costly and inconvenient for remote areas and even im-

possible for toxic environments. The exponentially growing number of IoT

devices is aggravating this problem.

• Connectivity-related challenges in supporting long transmission range. In last-

mile IoT networks, MTC devices may need to communicate with a gateway far

way. It is a challenging task to achieve long transmission range with energy-

constrained MTC devices and heavily-used frequency resources to accommo-

date enormous transmission demand.

• Reliability-related challenges in supporting massive access, message timeliness

and high throughput for data-intensive applications. Ultra-reliable low-latency

communications (URLLC) is one of the three classes of use cases in 5G. Meeting

MTC with URLLC has not been addressed by the latest 3GPP Release 15 and

is the main focus of the ongoing 3GPP Release 16.

To solve the energy scarcity and sustain the operation of massive IoT devices,

radio frequency (RF) energy harvesting, which converts the received RF signals into

electricity, emerges as a solution. The broadcast characteristic and pervasiveness of

RF signals nowadays (e.g., from TV towers [23] or Wi-Fi access points [24]) make

this solution a nature and practical choice for wireless IoT devices. The advance of
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RF energy harvesting technology gives birth to two emerging self-sustainable com-

munication technologies, namely, wireless-powered communications [25] and ambient

backscatter communications [26]. Wireless-powered communication utilizes the har-

vested energy to generate RF signals for information transmission. While ambient

backscattering utilizes the harvested energy to passively reflect the existing RF sig-

nals in the air.

Though wireless-powered communication and ambient backscatter communica-

tions somehow mitigate the energy scarcity, both of them face their own challenges.

Specifically, a wireless-powered device involves power-consuming active transmission.

Consequently, the device may need to spend a long time to harvest and accumulate

energy for the circuit operation. To address such challenges, some existing literature

mainly focuses on designing network protocols for wireless-powered devices [27–31]

to utilize network resources more efficiently. For example, the authors in [29] intro-

duce a harvest-then-transmit protocol for the relay to optimize the time allocation

for energy harvesting in the downlink and information transmission in the uplink to

maximize throughput. These network protocols manage to enhance the performance

of wireless-powered devices under different system configurations. However, the per-

formance is still limited by the high circuit power consumption because of the active

transmission nature. On the other hand, ambient backscatter communication suffers

from low bit rate because an ambient backscatter transmitter adopts simple modu-

lation schemes with small constellations, such as amplitude shift keying and binary

phase shift keying. As an ambient backscatter transmitter just passively reflects the

incident signals, it has a low degree of freedom for transmit power control. Moreover,

due to the dual-hop path loss of ambient carrier signals [32], ambient backscattering

is only feasible for short-range communication. Existing approaches to optimize am-
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bient backscatter communications mainly focus on tuning the reflection coefficient

of the backscatter transmitter to adapt to varying network environments [33–36].

However, the performance of ambient backscatter communications still suffers from

the dual-hop path loss and low transmission rate due to the hardware limitation.

The above-mentioned challenges largely limit the applications of wireless-powered

communications and ambient backscatter communications in practice. This moti-

vates us to design new solutions to enhance the applicability of these self-sustainable

communications paradigms.

To improve connectivity, cooperative relaying has served as an effective approach

especially for extending the transmission range. The key benefit of cooperative relay-

ing is to achieve enhanced signals strength without increasing the transmit power [37].

This concept is particularly attractive for MTC, due to the resource limitation of

the MTC devices. Moreover, as MTC devices are usually deployed in large size and

with high density, mutliple relaying devices and paths might be available to increase

the connectivity. In this regard, cooperative relaying with RF energy harvesting has

attracted a great deal of recent research attention. Both (active) wireless-powered

relaying and (passive) ambient backscatter relaying have been proposed and studied

in the recent literature [28,38–42] and shown to provide more robust connectivity as

well as improved energy efficiency and spatial efficiency. However, wireless-powered

relaying and ambient backscatter relaying faces the same challenges imposed by

wireless-powered communication and ambient backscatter communications which

have been discussed above. This motivates us to design energy-efficient solutions

to improve end-to-end connectivity with extended transmission range.

Toward reliability of MTC, the 3GPP consortium has worked out a series of so-

lutions. For example, Fractional Power Control (FPC) which partially compensates
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for the uplink path loss is included as an essential scheme for uplink transmission to

mitigate interference [43]. Essentially, FPC manages to save the transmit power of

center users and avoids the edge users to cause excessive interference [44]. A recent

study [45] reports that FPC provides significant performance gains, especially for

the edge users compared to the scheme that each user adopts its maximum trans-

mit power. Another promising technique that plays an important role in robust

uplink communication is the hybrid Automatic Repeat Request (HARQ). Type-I

HARQ and Type-II HARQ with chase combining (HARQ-CC) [46] are two most

widely adopted HARQ techniques due to their practicability. The former decodes

the received signal of each transmission independently while the latter combines the

received signals of different transmissions with maximum-ratio combining (MRC) for

decoding. As MTC is uplink intensive, we are motivated to study the uplink per-

formance of practical IoT scenarios with 3GPP-approved solutions and characterize

the performance in tractable expressions.

1.3 Contributions and Organizations

To fill the research gaps reviewed above, we propose solutions and investigate the

performance of different schemes for energy efficiency or reliability of MTC in large-

scale IoT networks. The main contributions of this dissertation are summarized as

follows.

• New hybrid M2M communications paradigm and its performance

analysis. Chapter 3 investigates the performance of a hybrid M2M com-

munication paradigm with ambient backscattering and wireless-powered com-

munication functions. Since the radio signals for energy harvesting and for
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backscattering only come from the ambient, the performance of the hybrid

M2M communications depends largely on the environment factors, e.g., distri-

bution, spatial density, and transmission load of ambient energy sources. Two

mode selection protocols have been designed for the hybrid transmitter, allow-

ing a more flexible adaptation to the environment. Then, analytical models

have been developed to characterize the impacts of the environment factors on

the hybrid M2M communication performance. Together with extensive simu-

lations, the analysis shows that the communication performance benefits from

larger repulsion, transmission load and density of ambient energy sources. Fur-

thermore, how different mode selection mechanisms affect the communication

performance has been investigated.

• Design of operational protocols and performance analysis for a novel

self-sustainable relaying scheme. Chapter 4 proposes a novel hybrid re-

laying strategy by combining wireless-powered communication and ambient

backscattering functions to improve the applicability and performance of data

transfer. In particular, the hybrid relay can harvest energy from radio fre-

quency (RF) signals and use the energy for active transmission. Alternatively,

the hybrid relay can choose to perform ambient backscattering of incident RF

signals for passive transmission. For the operation of the hybrid relaying, se-

lecting a proper mode based on the network environment is the key to better

relaying performance. Two mode selection protocols have been devised to co-

ordinate between the active and passive relaying in the cases with and without

instantaneous channel state information (CSI) of active transmission, respec-

tively. In the former case, since the hybrid relay is aware of whether the two
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relaying modes are applicable for the current time slot based on the CSI, it

selects active relaying if applicable due to higher capacity and selects passive

relaying otherwise. In the latter case, the hybrid relay first explores the two

relaying modes and commits to the mode that achieves more successful trans-

missions during the exploration period. With different mode selection proto-

cols, the success probability and ergodic capacity of a dual-hop hybrid relaying

system have been characterized considering the field of randomly located am-

bient transmitters. The analytical and the numerical results demonstrate the

effectiveness of the mode selection protocols in adapting the hybrid relaying

into the network environment and reveal the impacts of system parameters on

the performance of the hybrid relaying. As applications of the analytical frame-

work which is computationally tractable, optimization problems based on the

derived expressions have been formulated to optimize the system parameters

with different objectives. The optimal solutions exhibit a tradeoff between the

maximum energy efficiency and target success probability.

• Coverage probability analysis of IoT networks with massive uplink

access under Hybrid automatic repeat request (HARQ). Chapter 5

analyzes the effects of power control on the transmission SIR loss and the

signal-to-interference ratio (SIR) gain of MRC under HARQ in large-scale IoT

networks with massive uplink access. In the context of temporally-correlated

quasi-static interference (QSI) and temporally-independent fast-varying inter-

ference (FVI), the uplink coverage probabilities of the large-scale IoT networks

have been characterized under various power control schemes. The developed

analytical framework reveals some scaling properties and provides insights into
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the effects of network parameters (e.g., power control parameters) on the uplink

coverage performance. It is demonstrated that the SIR gain of MRC is more

remarkable in the scenario with QSI compared to that with FVI. Moreover,

the SIR gain of MRC increases with path-loss compensation exponent.

The fundamentals of the investigated topics and the applied analytical frame-

works are described in Chapter 2. The technical contributions of this dissertation

are presented in Chapter 3 through 5. Chapter 3 proposes a novel hybrid commu-

nication paradigm for M2M communications and characterizes its performance in

terms of energy outage probability, coverage probability and throughput under dif-

ferent mode selection mechanisms. Chapter 4 extends the hybrid communication to

cooperative relaying for energy-efficient transmission with extended range. Chapter

5 investigates performance analysis of large-scale IoT networks with massive uplink

access under HARQ. Each technical chapter has the related works presented at the

beginning and adopts different notations for the symbols. Finally, Chapter 6 con-

cludes this dissertation with the summations of the main contributions and discusses

the promising future directions for each individual technical chapters.

1.4 Notations

In this dissertation, we use E[·] to denote the average over all random variables in

[·], EX [·] to denote the expectation over the random variable X, and P(E) to de-

note the probability that an event E occurs. Besides, ‖x‖ is used to represent the

Euclidean norm between the coordinate x and the origin of the Euclidean space. z̄

and |z| denote the complex conjugate and modulus of the complex number z, re-

spectively. i is the imaginary unit, i.e., i =
√
−1. The notations fX(·), FX(·), MX(·)
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and LX(·) are used to denote, respectively, the probability density function (PDF),

cumulative distribution function (CDF), moment generating function (MGF), and

Laplace transform of a random variable X. erfc(·) is the complementary error func-

tion defined as erfc(x) = 2√
π

∫∞
x

exp(−t2)dt. Besides, let
(
n
i

)
= n(n−1)···(n−i−1)

i(i−1)···1 denote

the binomial coefficient and [a, b]+ , max(a, b). Let G(x, y) represent the gamma

distribution with shape parameter x and scale parameter y, and E(x) represent the

exponential distribution with rate parameter x.
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Chapter 2

Fundamentals

This section introduces the fundamentals of the concepts and properties of the math-

ematical tools applied in the analysis of the thesis.

2.1 Spatial Point Processes

Stochastic geometry serves as a powerful statistical framework for the analysis of

large-scale wireless networks with different sources of uncertainties, such as spatial

randomness, power control, fading, and shadowing. Over recent years, stochastic

geometry models have been extensively developed for interference and signal-to-

interference-plus-noise (SINR) characterizations in different types of large-scale net-

works such as cellular networks, ad hoc networks, and cognitive radio networks [49,

50]. Existing literature has demonstrated the tractability and yet high accuracy

in the performance characterizations and bounds derived from stochastic geometry

analysis. These the analytical characterizations reveal the effects of network param-

eters and provide design insights on the network deployment and operation, which
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are usually not easy to be obtained from computationally intensive simulations.

Stochastic geometry is widely adopted for large-scale analysis as it provides the

analytical framework that characterizes the average behaviour of the entire system

over all the possible realizations instead of a specific device at a certain geograph-

ical location. To model the randomness of system typologies, stochastic geometry

abstract the considered system to a certain stochastic point process [51]. In other

words, based on the network type and properties (e.g., MAC protocols), a match-

ing point process is adopted to model the spatial locations of the system devices.

Then, based on the probability distribution of the matching point process, stochastic

geometry analysis measures the system performance by taking the spatial average.

In the following, we define the stochastic point processes used for the performance

modeling in this thesis.

Definition 1 (Poisson point process): A point process Φ = {xj}j∈N ⊂ Rd is a

Poisson point process PPP if and only if the number of points inside any compact

set B ⊂ Rd is a Poisson random variable, and the numbers of points in disjoint sets

are independent.

The probability generating functional for the PPP is given by

E
[∏
x∈Φ

v(x)

]
= exp

(
− λ

∫
Rd

(
1− v(x)

)
dx

)
. (2.1)

Because of the independence property, the PPP offers a simple and tractable

modeling framework which may lead to simple and even closed-form expressions

in some special cases. Despite its analytical tractability, the PPP fails to model

the correlation among the locations of the system entities. The weakness of PPP

modeling is that the spatial points may locate too close to each other due to their
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independence [52]. Nevertheless, in real-world systems, the RF transmitters, such as

cellular base stations and access points, are deployed with reference to the locations

of each other [53, 54]. In other words, the distribution of network components may

exhibit repulsion behaviors, which is a common phenomenon in wireless systems, e.g.,

sensor networks [55]. An instance in real network design is that RF transmitters,

such as access points, relay nodes, and data sinks, are not deployed too close to each

other, which is an obvious evidence of repulsive behavior. This calls for the need

of more sophisticated and general geometric approaches to model the correlation

phenomena in the real-world systems.

To cope with this issue, the α-Ginibre point process (GPP) [56] has been devel-

oped. α-GPP is a repulsive point process which allows to characterize the repulsion

among randomly located points and covers the PPP as a special case (i.e., when

α → 0). The coefficient α (α = −1/κ for a positive integer κ) indicates the repul-

sion degree of the spatial points. Specifically, the repulsion is the strongest in case

α = −1 and disappears when α approaches 0. The α-GPP can be formally defined

as follows.

Definition 2 (α-Ginibre point process): A α-GPP is a determinantal point pro-

cesses with the kernel given by

K(x,y) = ζ eπζxȳe−
πζ
2

(|x|2+|y|2), x,y ∈ O = B(0, R), (2.2)

with respect to the Lebesgue measure on C.

For any α-GPP Ω, let ζ denote the spatial density of the points of Ω, and K

represent an almost surely finite collection of Ω located inside an observation window

Ox, denoted as a circular Euclidean plane with positive radius R. Without loss of
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generality, in this paper, we restrict the analysis on a generic point located at x

within Ox. We begin with the Laplace transform of α-GPP characterized by means

of Fredholm determinants [57]. The Fredholm determinant is generally expressed in

the form of a complex-valued function, which contains the coordinates of the spatial

points represented by complex numbers as the variables. For |α| ≤ 1, the Fredholm

determinant of an arbitrary function F is expressed as Det
(
Id+αF

)
. More properties

of the Fredholm determinant can be found in [57].

Proposition 1 [56, Theorem 2.3] Let ϕ represent an arbitrary real-valued function.

For an α-GPP, the Laplace transform of
∑

k∈K ϕ(xk) can be expressed as

E

[
exp

(
−s
∑
k∈K

ϕ(xk)

)]
= Det

(
Id + αKϕ(s)

)− 1
α , (2.3)

where Kϕ(s) is given by

Kϕ(s) =
√

1− exp(−sϕ(x))GΩ(x,y)
√

1− exp(−sϕ(y)), x,y ∈ K, (2.4)

wherein GΩ is the Ginibre kernel which represents the correlation force among dif-

ferent spatial points in Ω defined as

GΩ(x,y) = ζ eπζxȳe−
πζ
2

(|x|2+|y|2), x,y ∈ K. (2.5)

As the Laplace transform in (2.3) is given in the form of Fredholm determinant,

the evaluation of it may involve high computation complexity. For example, the

conventional approach in [58] approximates the Fredholm determinant by the deter-

minant of an N ×N matrix, resulting in a complexity of O(N3). The recent results
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in [59] allow a more efficient computation of the Fredholm determinant with sig-

nificantly reduced complexity. A simplified expression for evaluating the Fredholm

determinant is presented in the following Proposition.

Proposition 2 [59, Lemma 3] With Kϕ(s) defined in (2.4) and GΩ(x,y) defined

in (2.5), the Fredholm determinant on the right-hand side of (2.3) can be evaluated

as

Det
(
Id + αKϕ(s)

)− 1
α

=

Nclosed∏
n=0

(
1+

2α(πζ)n+1

n!

∫ R

0

exp(−πζr2)r2n+1
(
1−exp

(
−sϕ(r)

))
dr

)− 1
α

. (2.6)

The complexity in calculating (2.6) is O(Nclosed). As Nclosed goes to infinity, the

exponential convergence rate of (2.6) follows from the smoothness of the Ginibre

kernel [56].

2.2 Wireless-Powered Communications

2.2.1 Basic Principles

Wireless powered communication is a sustainable networking paradigm with power

supply from the radio environment. Specifically, equipped with RF energy harvest-

ing capability, the wireless-powered devices are enabled to harvest energy from RF

signals in the air and store the harvested energy for future use. Different from con-

ventional battery-powered devices which are replenished by connecting an external

power cord or by changing batteries, a wireless-powered device replenishes its energy

storage, e.g., battery or capacitor, only based on RF energy harvesting. Therefore,
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the main difference from a battery-powered device is that a wireless-powered device

needs to be additionally equipped with an RF energy harvester.

The main components of an RF energy harvester are as follows.

• The impedance matching is a resonator circuit operating at the designed fre-

quency to maximize the power transfer between the antenna and the multiplier.

The efficiency of the impedance matching is high at the designed frequency.

• The main component of the voltage multiplier is diodes of the rectifying circuit

which converts RF signals (AC signals in nature) into DC voltage.

• The capacitor regulates the DC outage and ensures to deliver power smoothly

to the load.

The efficiency of the RF energy harvester depends on the efficiency of the an-

tenna, the accuracy of the impedance matching between the antenna and the voltage

multiplier, and the power efficiency of the voltage multiplier that converts the re-

ceived RF signals to DC voltage. Generally, higher RF energy harvesting efficiency

can be achieved with higher incident RF power density [60].

The RF signals can come from either dedicated RF sources or ambient RF sources.

The former and the latter refer to the RF transmitters that are intended and unin-

tended for the purpose of RF energy transfer, respectively. Dedicated RF sources

(e.g., power beacons) can be deployed to provide energy to wireless-powered devices

when a more reliable energy supply is needed. By contrast, the harvested energy from

ambient RF sources (e.g., TV towers and WiFi access points) can be dynamic and

opportunistic as the ambient RF sources are uncontrollable to the energy harvester.
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2.2.2 Advantages and Limitations

Compared to conventional battery-powered devices, wireless-powered devices elim-

inate the need for battery recharging and replacement, and thus reduce the opera-

tional cost. However, wireless-powered devices have to accumulate sufficient energy

first before performing other operations, such as signal processing and transmission.

This incurs a time delay and makes wireless-powered communication hard to satisfy

instant communication demand.

For wireless-powered communication with dedicated RF sources, the transmit

power, frequency and time can be fully controlled to provide reliable energy supply

for different quality-of-service (QoS) requirements. This is in contrast to renewable

energy-powered communications, the renewable sources (e.g., solar and wind) of

which are time-varying and uncontrollable. However, deploying dedicated RF sources

incur an infrastructure cost. Another disadvantage is that wireless-powered devices

are only functional within the energy provisioning zone of the dedicated RF sources.

For wireless-powered communication with ambient RF sources, the RF energy is

essentially free and pervasive, which exempts the deployment and operational cost

for dedicated RF sources. Moreover, without the restriction of energy provisioning

from dedicated RF sources, wireless-powered devices have better mobility. However,

the performance of wireless-powered devices is subject to the strength of ambient RF

energy. Usually, the communication links can only be established on a best-effort

basis.
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2.3 Ambient Backscatter Communications

2.3.1 Basic Principles

Different from other conventional wireless communications, backscatter communi-

cation does not involve active generation of RF signals for transmission. Instead,

the backscatter transmitter modulates a sequence of digital symbols onto the RF

backscattered waveforms at the antenna. The waveform adaptation is made by ad-

justing the load impedance, i.e., reflection coefficient, of the antenna to generate dif-

ferent waveforms from that of the original signal. This is known as load modulation.

Figure 2.1 shows the diagram of a backscatter transmitter with binary load modula-

tion. It has two loads with the impedances intentionally matching and mismatching

with the antenna impedance, respectively. The antenna reflection coefficient, and

thus the amount of the reflected signal from the antenna, can be tuned by switch-

ing between the two impedance loads. Specifically, when the load with the matched

impedance is chosen, most of the incident signal is harvested, i.e., an absorbing state.

Conversely, if the antenna switches to the other load, a large amount of the signal is

reflected, i.e., a reflecting state. A backscatter transmitter can utilize an absorbing

state and a reflecting state to indicate a bit “0” and a bit “1”, respectively, to its

intended receiver. It follows that, in the reflecting state, the receiver will observe a

superposition of the original wave from the signal source (e.g., the interrogator) and

the backscatter transmitter’s reflected wave. In the absorbing state, the receiver will

only see the original wave. The states are then interpreted as information bits. The

information rate can be adapted by varying the bit duration.

Figure 2.1 again shows the diagram of binary amplitude demodulation based on

envelope detection at the receiver. The circuit has four components: an antenna, an
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Figure 2.1: Paradigms for backscatter communications.

envelope averager, a threshold calculator, and a comparator. The instantaneously

incoming waves at the antenna are smoothed at the envelope averager, which gives an

envelope of the instantaneous signals. The threshold calculator generates a threshold

value by taking the mean of the long-term averaged envelope. Then, the comparator

makes a comparison between the smoothed instantaneous envelope of the received

modulated backscatter and the threshold to decide the value of the information bits.

2.3.2 Advantages and Limitations

As the backscatter transmitter only works as a passive transponder that reflects

part of the incident signals during modulation, the hardware circuit requires no con-

ventional communication components such as oscillator, amplifier, filter, and mixer.

Thus, ambient backscattering features with ultra-low power consumption. For ex-

ample, the experiment in [61] demonstrates that a batteryless backscatter sensor

can function continuously with an input RF power of 18 dBm (equivalently, 0.1103

µW/cm2 power density) for energy harvesting. Typically, the backscatter transmit-

ter only consists of a digital logic integrated circuit, an antenna, and optional power

storage, making it cheap, small, and easy to deploy. Another obvious advantage

is that, by utilizing existing RF signals in the air, an ambient backscatter system
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virtually incurs no cost for deploying and maintaining carrier emitters. Furthermore,

without the reliance on the dedicated carrier emitters, multiple ambient backscat-

ter transmitters can initiate transmissions independently and simultaneously, thus

making multi-hop communications possible [62].

Despite the above advantages, ambient backscatter communications have the

following limitations. As the ambient carrier emitters are not controllable by the

backscatter transmitter, it is difficult to guarantee the QoS for ambient backscatter

communications. Moreover, as both the harvested energy and reflected signals based

on the ambient RF signals are typically small, the effective transmission range and

achievable bitrate are very limited compared to the conventional backscatter systems,

such as passive sensors [63] and RFID tags [64].

2.4 Hybrid-Automatic Repeat Request

Hybrid automatic repeat request (HARQ) is a retransmission mechanism that com-

bines forward error correction (FEC) at the physical layer with the standard auto-

matic repeat request (ARQ) at the MAC layer [65]. Specifically, The FEC coding is

utilized to correct the erroneous message by encoding the message with redundancy,

while the ARQ is adopted to recover the uncorrectable errors through retransmis-

sion. Due to the hybrid operation, HARQ achieves a better performance than the

standard ARQ in poor channel conditions at the expense of lower throughput in

good channel conditions.

Type-I HARQ and Type-II HARQ with chase combining (HARQ-CC) [9] are two

most widely adopted HARQ techniques due to their practicability.

• Type-I HARQ: Both error detection, e.g., cyclic redundancy check, and FEC
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parity bits are added to the data prior to each transmission. If the received data

cannot be decoded correctly, a negative acknowledgement from the receiver or

timeout is used to indicate a retransmission request. Upon the request, the

sender retransmits the same data packets. The receiver abandons the received

signals from the previous transmission and attempts to decode from the current

transmission.

• Type-II HARQ-CC: The initial transmission contains only data and error de-

tection. If a retransmission occurs upon a retransmission request, the retrans-

mission will additionally contain FEC parity bits. At the receiver side, the

received signals from the retransmission(s) and the initial transmission are

combined through maximal ratio combining (MRC) to improve signal strength

for decoding.

Under good channel conditions where the initial transmission of each data packet

succeeds, only Type-I HARQ suffers throughput loss due to the use of FEC. Under

bad channel conditions where retransmissions occur, Type-II HARQ-CC outperforms

Type-I HARQ due to the use of the diversity combining technique.
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Chapter 3

Wireless-Powered D2D

Communications with Ambient

Backscattering

This chapter1 aims to address the energy-bottleneck of IoT devices. As reviewed in

Chapter 2, both wireless-powered communication and ambient backscattering have

their own shortcomings which limit their applications in certain cases. We therefore

propose new solutions to overcome the limitations.

3.1 Related Work

Recently, wireless-powered communications [60] have attracted much attention and

have been applied in D2D communications to improve energy efficiency. In [66], the

authors investigate a cognitive D2D transmitter that harvests energy from cellular

1A version of this chapter has been published in the IEEE Transactions on Wireless Communi-
cations [112] and also in part in the Proceedings of IEEE Vehicular Technology Conference [150].
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users and transmits on a selected cellular channel. The study focuses on the im-

pact of different spectrum access schemes on the transmission outage probability.

In [67], the authors propose a selection scheme for cellular users to choose between

wireless-powered D2D relaying and direct transmission. Under a K-tier heteroge-

neous network model, the outage probability of cellular users is derived in closed-form

expressions. Both [66] and [67] aim at improving the self-sustainable D2D communi-

cations through efficient spectrum allocation. However, the use of wireless-powered

transmission is subject to channel availability. In particular, wireless-powered trans-

mission is not feasible when all the channels are occupied. Different from these

research efforts, our hybrid design allows transmission by ambient backscattering

when wireless-powered transmission is infeasible, which does not cause noticeable

interference to legitimate users [26,68].

Different from the works [66,67] that consider ambient RF energy harvesting, the

work in [69] studies D2D communications with dedicated power beacons for wireless

energy provisioning. Both energy outage and secrecy outage probabilities are ana-

lyzed under different power beacon allocation schemes. The work in [70] introduces a

system model termed wirelessly powered backscatter communication network, which

utilizes dedicated power beacons transmitting unmodulated carrier signals to power

the network nodes. Once successfully powered, each node can transmit information

by backscattering the signals from the same power beacon. From the studies in [69]

and [70], it is confirmed that adopting power beacons increases the available wireless

power, and thus facilitates both wireless-powered communications and backscatter

communications. However, this approach is costly and not energy-efficient due to

the use of power beacons.

More recently, ambient backscatter communications have been analyzed in wire-
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less network environments. The authors in [71] investigate a cognitive radio network

where a wireless-powered secondary user can either harvest energy or adopt ambient

backscattering from a primary user on transmission. To maximize the throughput

of the secondary user, a time allocation problem is developed to obtain the optimal

time ratio between energy harvesting and ambient backscattering. The work in [72]

introduces a hybrid backscatter communication as an alternative access scheme for

a wireless-powered transmitter. Specifically, when the ambient RF signals are not

sufficient to support wireless-powered communications, the transmitter can adopt ei-

ther bistatic backscattering or ambient backscattering depending on the availability

of a dedicated carrier emitter. A throughput maximization problem is formulated

to find the optimal time allocation for the hybrid backscatter communication oper-

ation. Both [71] and [72] study deterministic scenarios. Instead, our work takes into

account the spatial randomness of network components and focuses on investigating

the impact of different spatial distributions.

3.2 Network Model and Stochastic Geometry Char-

acterization

3.2.1 Network Model

We consider a hybrid M2M communications between the hybrid transmitter S and

the associated hybrid receiver D in coexistence with ambient RF transmitters, e.g.,

cellular base stations and mobiles. As shown in Fig. 3.1, the hybrid transmitter

is equipped with an RF energy harvester, an RF transmitter and a load modula-

tor which enables both harvest-then-transmit (HTT) and ambient backscattering
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Figure 3.1: The structure of the hybrid transmitter and hybrid receiver.

functions. Accordingly, the hybrid receiver is equipped with both a quadrature

demodulator and backscatter demodulator to decode the active transmission and

ambinet backscatter transmission, respectively. Fig. 3.2 illustrates our considered

system model. We consider two groups of coexisting ambient transmitters, denoted

as Φ and Ψ, respectively, which work on different frequency bands. The RF energy

harvester of the hybrid transmitter scavenges on the transmission frequency of Φ.

If the hybrid transmitter is in ambient backscattering mode, it performs load

modulation on the incident signals from Φ. Alternatively, when the hybrid trans-

mitter is in HTT mode, it harvests energy from ambient transmitters in Φ, and

transmits over a different frequency band used by ambient transmitters in Ψ.2 The

received signal at the hybrid receiver from the hybrid transmitter is impaired by

the interference from Ψ. We assume that Φ and Ψ follow independent α-Ginibre

point process (GPP) [56] which will be justified and detailed in Section 3.2.2. For

example, the RF energy harvester of the hybrid transmitter scavenges energy from

LTE-A cellular mobiles on 1800 MHz. In HTT mode, the active M2M transmission

is performed using WiFi Direct [73] over 2.4 GHz, and gets interfered by the ambient

2Similar to [74], we assume that the hybrid transmitter decides the transmit frequency and
indicates to the hybrid receiver through broadcasting in the preamble. Thus, the hybrid receiver
is implemented to work on the transmit frequency of Φ and Ψ when the hybrid transmitter is in
ambient backscattering mode and HTT mode, respectively.
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users working on the same frequency band. The locations of the ambient users on

1800 MHz and those on 2.4 GHz are independent.

Figure 3.2: Illustration of the hybrid M2M communication.

Without loss of generality, the hybrid transmitter, denoted as S, and the asso-

ciated hybrid receiver, denoted as D, are assumed to locate at the origin when we

analyze their corresponding performance, respectively. In particular, the point pro-

cesses Φ and Ψ are assumed to be supported on the circular observation windows OS

and OD with radius R, which are centered at S and D, respectively. The transmit

power of the ambient transmitters belonging to Φ and Ψ are denoted as PA and PB,

respectively. Let ζA and ζB denote the spatial density of Φ and Ψ, respectively. And

α ∈
(
0, 1
]

represents the repulsion factor which measures the correlation among the

spatial points in Φ and Ψ. Then, Φ can be represented by a homogeneous marked

point process Φ = {XA,CA,A, ζA, α, PA}, where XA = {xa|a ∈ Φ} denotes the set

of locations of the ambient transmitters in Φ, CA = {ca|a ∈ Φ} denotes the set

of state indicators (in particular, ca = 1 if transmitter a is on transmission in the

reference time slot, and ca = 0 otherwise), and A denotes the set of active ambient

transmitters of Φ observed in OS by the hybrid transmitter. We assume that ca
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is an independent and identically distributed (i.i.d.) random variable. Then, the

transmission load of Φ can be calculated as lA = P[ca = 1], which measures the

portion of time that an ambient transmitter is active. It is worth noting that the set

of active transmitters in the reference time is a thinning point process with spatial

density lAζA. Similarly, Ψ is characterized by Ψ = {XB,CB,B, ζB, α, PB}, where XB

denotes the set of the locations of transmitters in Ψ, CB is the set of state indicators

for Ψ, and B denotes the set of the ambient transmitters of Ψ observed in OD by the

hybrid receiver. lB = P[cb = 1] denotes the transmission load of Ψ, where cb is the

state indicator of b ∈ B. Let ξ represent the ratio of lBζB to lAζA, i.e., ξ = lBζB/lAζA,

referred to as the interference ratio. A larger value of ξ indicates a higher level of

interference.

Let xS represent the location of the hybrid transmitter. The power of the incident

RF signals at the antenna of S can be calculated as PI = PA
∑

a∈A ha,S‖xa − xS‖−µ,

where hx,y represents the fading channel gain between x and y on the transmit

frequency of Φ, and µ denotes the path loss exponent. The circuit of the hybrid

transmitter becomes functional if it can extract sufficient energy from the incident

RF signals. When the hybrid transmitter works in different modes (i.e., either HTT

or ambient backscattering), the hardware circuit consumes different amounts of en-

ergy.3 Let ρB and ρH denote the circuit power consumption rates (in Watt) in am-

bient backscattering and HTT modes, respectively. If the hybrid transmitter cannot

harvest sufficient energy, an outage occurs.

In ambient backscattering mode, if the instantaneous energy harvesting rate (in

Watt) exceeds ρB, the hybrid transmitter can generate modulated backscatter. Dur-

3The typical circuit power consumption rate of a wireless-powered transmitter ranges from
hundreds of micro-Watts to several milli-Watts [77, 78], while that of a backscatter transmitter
ranges from several micro-Watts to hundreds of micro-Watts [23].
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ing backscattering process, a fraction of the incident signal power, denoted as PH ,

is rectified for conversion from RF signal to direct current (DC), and the residual

amount of signal power, denoted as PR, is reflected to carry the modulated informa-

tion. In ambient backscattering mode, the energy harvesting rate (in Watt) can be

represented as [75,76] PB
E = βPH = β%PI , where 0 < β ≤ 1 denotes the efficiency of

RF-to-DC energy conversion, and % represents the fraction of the incident RF power

for RF-to-DC energy conversion. Note that the value of % depends on the symbol

constellation adopted for multi-level load modulation [76]. For example, % is 0.625

on average assuming equiprobable symbols if binary constellations are adopted with

modulator impedance values set as 0.5 and 0.75 [75].

Let xD represent the location of the hybrid receiver. d=‖xS − xD‖ denotes the

distance between S and D. Then, in ambient backscattering mode, the power of the

received backscatter at D from S can be calculated as PS,D = δPI(1 − %)hS,Dd
−µ if

PB
E > ρB and PS,D = 0 otherwise. Here 0 < δ ≤ 1 is the backscattering efficiency of

the transmit antenna, which is related to the antenna aperture [79]. If S is active in

ambient backscattering mode, the resulted signal-to-noise ratio (SNR) at D is

νB =
PS,D

σ2
=
δPI(1− %)hS,D

dµσ2
, (3.1)

where σ2 is the variance of additive white Gaussian noise (AWGN).

If the received SNR νB is above a threshold τB, D is able to successfully decode

information from the modulated backscatter at a pre-designed rate TB (in bits per

second (bps)). This backscatter transmission rate is dependent on the setting of

resistor-capacitor circuit elements.

When the hybrid transmitter S chooses to adopt active RF transmission, it is
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operated by the HTT protocol [29]. In HTT mode, the hybrid transmitter works

in a time-slot based manner. Specifically, in each time slot, the first period, with

time fraction ω, is for harvesting energy, during which the impedance of the load

modulator is tuned to fully match that of the antenna to maximize the energy con-

version efficiency. The corresponding energy harvesting rate is PH
E = ωβPI . This

harvested energy is first utilized to power the circuit. Then the remaining energy, if

available, is stored in an energy storage. If the harvested energy is enough to operate

the circuit, the hybrid transmitter spends the rest of the period (1− ω) to perform

active transmission with the stored energy.

In the active transmission phase, the transmit power of S is PS =
PH
E−ρH
1−ω if

PH
E > ρH and PS = 0 otherwise. Then, the received SINR at D can be expressed as

νH =
PSh̃S,Dd

−µ∑
b∈B PBh̃b,D‖xb − xD‖−µ + σ2

, (3.2)

where h̃x,y denotes the fading channel gain between x and y on the transmit frequency

of Ψ.

As the hybrid M2M communications and the transmission from ambient trans-

mitters may occur in different environments, we consider different fading channels for

hS,D, h̃S,D, ha,S and h̃b,D. Specifically, hS,D and h̃S,D are assumed to follow Rayleigh

fading. Both ha,S and h̃b,D follow i.i.d. Nakagami-m fading, which is a general channel

fading model that contains Rayleigh distribution as a special case when m = 1. This

channel model allows a flexible evaluation of the impact of the ambient signals.4 The

fading channel gains are expressed as ha,S, h̃b,D ∼ G(m, θ/m) and hS,D, h̃S,D ∼ E(λ),

4Our work can be extended to the case when hS,D and h̃S,D also follow a Nakagami-m distri-
bution. However, the resulted analytical expressions bring about high computational complexity
without much insight. Therefore, we focus on exponentially distributed hS,D and h̃S,D in this
chapter.
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where θ and λ are expectation of the corresponding fading channel gains.

Let W denote the frequency bandwidth for active transmission in HTT mode.

The transmission capacity of a hybrid transmitter in HTT mode can be computed as

TH = (1−ω)W log2 (1 + νH) if PH
E > ρH and νH > τH, and TH = 0 otherwise. Here τH

is the minimum SINR threshold for the hybrid receiver to successfully decode from

the received active RF signals [50].

For operation of our proposed hybrid transmitter, we consider two mode selection

protocols, namely, power threshold-based protocol (PTP) and SNR threshold-based

protocol (STP).

• Under PTP, a hybrid transmitter first detects the available energy harvesting

rate PH
E . If PH

E is below the threshold which is needed to power the RF trans-

mitter circuit (for active transmission), i.e., PH
E ≤ ρH, ambient backscattering

mode will be used. Otherwise, HTT mode will be adopted.

• Under STP, the hybrid transmitter first attempts to transmit by backscatter-

ing. If the achieved SNR at the receiver is above the threshold which is needed

to decode information from the backscatter, i.e., νB > τB, the transmitter will

be in ambient backscattering mode. Otherwise, it will switch to HTT mode.

The motivation behind PTP is to use active transmission for higher throughput if

the ambient energy resource is abundant, and adopt backscattering to diminish the

occurrences of energy outage otherwise. The motivation of STP is to enjoy full-time

transmission by backscattering when the achievable SNR is high, and adopt HTT if

ambient backscattering does not have good performance. Note that for implemen-

tation of the two protocols, PTP allows the transmitter to operate independently

based on its local information while STP requires the transmitter to obtain feedback
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Table 3.1: NOTATIONs.

Symbol Definition

α Repulsion factor of the ambient transmitters
β RF-to-DC energy conversion efficiency of the hybrid transmitter
d The distance between the hybrid transmitter and the hybrid receiver
µ Path loss exponent
ω The time fraction used to harvest energy in HTT mode
ρB, ρH The circuit power consumption in ambient backscattering mode and

HTT mode, respectively
PA, PB The transmit power of ambient transmitters operating on energy

harvesting frequency and transmission frequency, respectively
PI The incident RF power at the antenna of the typical hybrid transmitter
PB
E , PH

E The RF energy harvesting rate of a typical hybrid transmitter
in ambient backscattering mode and HTT mode, respectively

σ2 The variance of AWGN
δ Backscattering coefficient
ξ The ratio between ζB and ζA
ζA, ζB The spatial density of ambient transmitters in Φ and Ψ, respectively
νB, νH Achieved SNR and SINR of a hybrid transmitter in ambient

backscattering mode and HTT mode, respectively
τB, τH Target SNR and SINR for a hybrid receiver to decode information in

ambient backscattering mode and HTT mode, respectively

from the receiver.

We investigate the two simple protocols described above in view of their prac-

ticality of implementation and tractable analysis. We will reveal how the naive

mechanism adopted in each protocol affects different performance metrics. More

sophisticated protocols that offer superior performance can be designed by utilizing

system information such as channel state information feedback, interference detec-

tion, and energy source localization. However, these protocols may require more

computational overhead as well as complicated and expensive hardware implemen-

tation, which are not practical for low-power devices based on energy harvesting.

Remark 1: The analytical expressions derived in this chapter represent a lower

bound on the achievable performance. This is because for implementation simplicity
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and practicability we consider that the mode selection is performed only once at the

beginning of hybrid M2M communication. The selected mode may not always be the

better choice when the network channel condition varies. The analytical approach

presented in the chapter can be straightforwardly extended to the case when mode

selection is performed at the beginning of each fading block.

The main notations used in this chapter are listed in Table 5.1.

3.2.2 Geometric Modeling of the Systems

Due to its tractability, the Poisson point process (PPP) has been widely adopted

for modeling different types of wireless networks [50]. PPP abstracts each randomly

located point according to a uniform distribution in the Euclidean space. However,

as pointed out in [52], PPP modeling only serves as lower bounds to the coverage

probability and mean rate of real-world deployment. The reason is that the spatial

points in a PPP may locate very close to each other because of independence. This

calls for the need of more sophisticated and general geometric approaches to model

the correlation among spatial points. In this context, GPP and its variants have

attracted considerable attention. Recent research work has adopted GPP in [80], α-

GPP in [81–84] and β-GPP in [85] to model the distribution of cellular base stations.

In this chapter, the performance analysis of the hybrid M2M communications is based

on α-GPP [56]. We use α-GPP because it renders tractable analytical expressions

in terms of Fredholm determinants. The Fredholm determinant is a generalized

determinant of a matrix defined by bounded operators on a Hilbert space and has

shown to be efficient for numerical evaluation of the relevant quantities [56].
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3.2.3 Performance Metrics

We measure the performance of the hybrid M2M communications in three important

metrics, namely, energy outage probability, coverage probability, and throughput.

The hybrid transmitter experiences an energy outage when the energy obtained

from the ambient transmitters is not enough to support its circuit operation. Let

OB and OH denote the energy outage probability of the hybrid transmitter being

in ambient backscattering mode and HTT mode, respectively. Mathematically, the

overall energy outage probability is given as

O = BOB + (1− B)OH = BP[PB
E ≤ ρB] + (1− B)P[PH

E ≤ ρH], (3.3)

where B denotes the probability that the hybrid transmitter selects ambient backscat-

tering mode.

The transmission of the hybrid transmitter is considered to be successful if the

achieved SNR or SINR at the associated receiver exceeds its target threshold. We

define coverage as an event of successful transmission. Let CB and CH denote the

coverage probability of the hybrid transmitter being in ambient backscattering mode

and HTT mode, respectively. Then, the overall coverage probability is given as

C = BCB + (1− B)CH

= BP[νB > τB, P
B
E > ρB] + (1− B)P[νH > τH, P

H
E > ρH]. (3.4)

Moreover, the average throughput achieved by the hybrid transmitter is given as

T = BTB + (1− B)TH, (3.5)
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where TB denotes the average throughput in ambient backscattering mode and TH

has been defined in Subsection 4.2.

An upper bound on the achievable performance can be obtained by consider-

ing block fading channels with mode selection performed at the beginning of each

fading block. As we focus on the impact of system parameters and comparison of

the proposed mode selection protocols, we omit presenting the upper bound. The

upper bound performance can be derived by following the same analytical approach

presented in this chapter.

3.3 Analytical Results

In this section, we derive analytical expressions for the performance metrics intro-

duced in Section 3.2.3 based on the repulsive point process framework introduced in

Section 3.2.2.

3.3.1 Energy Outage Probability

We first derive the expressions of the energy outage probability based on the defini-

tion in (3.3).

Theorem 3.3.1 Under PTP, the energy outage probability of a hybrid transmitter

is calculated as

OPTP = FPI

( ρH

ωβ

)(
FPI

(ρB

β%

)
− FPI

( ρH

ωβ

)
+ 1

)
, (3.6)
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where FPI (ρ) is the CDF of PI given as

FPI (ρ) = L−1

Det
(
Id + αAΦ(s)

)− 1
α

s

 (ρ), (3.7)

wherein L−1 means inverse Laplace transform and AΦ(s) is given by

AΦ(s) =

√
1−

(
1 +

sθPA
m‖x− xS‖µ

)−m
×GΦ(x,y)

√
1−

(
1 +

sθPA
m‖y − xS‖µ

)−m
, (3.8)

and GΦ is the Ginibre kernel of Φ defined as

GΦ(x,y) = lAζA e
πlAζAxȳe−

πlAζA
2

(|x|2+|y|2),x,y ∈ A. (3.9)

For readability, we present the proof of Theorem 3.3.1 in Appendix 3.6.1.

Consequently, we extend the above outcome in Theorem 3.3.1 to the case of

STP by altering the mode selection probability based on the STP criteria, resulting

in the following Theorem.

Theorem 3.3.2 Under STP, the energy outage probability of a hybrid transmitter

is

OSTP =

∫ ∞
ρB
β%

exp

(
− λτBd

µσ2

δρ (1− %)

)
fPI (ρ)dρ

(
FPI

(ρB

β%

)
− FPI

( ρH

ωβ

))
+ FPI

( ρH

ωβ

)
,

(3.10)
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where FPI (ρ) has been given in (3.7), and fPI (ρ) is the PDF of PI calculated as

fPI (ρ) = L−1
{

Det
(
Id + αAΦ(s)

)− 1
α

}
(ρ), (3.11)

wherein AΦ(s) has been defined in (3.8).

The proof of Theorem 3.3.2 is shown in Appendix 3.6.2.

Note that both OPTP and OSTP are functions of ζA, not ζB. Thus, given ζA and

the transmission load lA, the interference ratio ξ does not affect the energy outage

probability. We also note that similar to the stochastic geometry analysis based on

PPP in the existing literature, e.g., [52], it is difficult to see the relationship between

the performance metric and system parameters directly from the general-case results

in Theorems 3.3.1 and 3.3.2 derived based on the α-GPP framework. However, these

general-case results can be simplified in some special cases. We then investigate a

special setting which considerably simplifies the above results.

Corollary 1 When the distribution of ambient transmitters in Φ follows a PPP, the

RF signals from these transmitters experience Rayleigh fading (i.e., ha,S ∼ E(1)),

and the path loss exponent is equal to 4, the energy outage probability of a hybrid

transmitter can be evaluated by (3.6) under PTP and (3.10) under STP, with fPI (ρ)

and FPI (ρ) expressed, respectively, as

fPI (ρ) =
1

4

(
π

ρ

)3
2

ζA
√
PA exp

(
−π

4ζ2
APA

16ρ

)
, (3.12)

FPI (ρ) = erfc

(
ζA
√
PAπ

2

4
√
ρ

)
. (3.13)

The proof of Corollary 3 is given in Appendix 4.8.2.
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3.3.2 Coverage Probability

Next, we consider the coverage probability between a hybrid M2M transmitter-

receiver pair. We have the coverage probability of PTP described as follows.

Theorem 3.3.3 The coverage probability of the hybrid M2M communications under

PTP is

CPTP =

(
1− FPI

( ρH

ωβ

))∫ ∞
ρH
βω

exp

(
−λτHd

µσ2(1− ω)

ωβρ− ρH

)
Det
(
Id + αBΨ(ρ)

)− 1
αfPI (ρ)dρ

+ FPI

( ρH

ωβ

)∫ ∞
ρB
β%

exp

(
− λτBd

µσ2

δρ (1− %)

)
fPI (ρ)dρ, (3.14)

where FPI (ρ) and fPI (ρ) have been obtained in (3.7) and (3.11), respectively, and

BΨ(ρ) is

BΨ(ρ) =

√
1−
(

1+
θλτHdµ(1−ω)PB

m(ωβρ−ρH)‖x−xD‖µ

)−m
×GΨ(x,y)

√
1−
(

1+
θλτHdµ(1−ω)PB

m(ωβρ−ρH)‖y−xD‖µ

)−m
, (3.15)

wherein GΨ is the Ginibre kernel of Ψ defined as

GΨ(x,y)= lBζB e
πlBζBxȳe−

πlBζB
2

(|x|2+|y|2),x,y ∈ B. (3.16)

The proof of Theorem 3.3.3 is shown in Appendix 3.6.4.

Moreover, we derive the coverage probability for STP in the following Theorem.

Theorem 3.3.4 The coverage probability of the hybrid M2M communications under
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STP is

CSTP =

∫ ∞
ρH
βω

exp

(
−λτHd

µ(1−ω)σ2

ωβρ− ρH

)
Det
(
Id + αBΨ(ρ)

)− 1
αfPI (ρ)dρ

×
∫ ρB

β%

0

exp

(
− λτBd

µσ2

δρ(1− %)

)
fPI (ρ)dρ+

[∫ ∞
ρB
β%

exp

(
− λτBd

µσ2

δρ(1− %)

)
fPI (ρ)dρ

]2

, (3.17)

where fPI (ρ) has been obtained in (3.11), and BΨ(ρ) is defined in (3.15).

Proof. According to the criteria of STP, CSTP can be expressed by CPTP in (3.37)

with BPTP replaced by BSTP given in (3.33). Therefore, (3.17) can be obtained from

(3.14) through the aforementioned replacement.

3.3.3 Throughput

Then, we move on to calculate the average throughput that can be achieved over a

hybrid M2M communication link. We have the average throughput of PTP presented

as follows:

Theorem 3.3.5 Under PTP, the average throughput of a hybrid M2M communica-

tion link can be computed as

TPTP = TBFPI

( ρB

ωβ

)∫ ∞
ρB
β%

exp

(
− λτBd

µσ2

δρ(1− %)

)
fPI (ρ)dρ+(1−ω)W

(
1−FPI

( ρB

ωβ

))
×
∫ ∞

log2(1+τH)

∫ ∞
ρH
βω

Det
(
Id+αCΨ(ρ)

)− 1
α exp

(
−λd

µσ2(1− ω)(2t − 1)

ωβρ− ρH

)
fPI (ρ)dρdt,

(3.18)

where FPI (ρ) and fPI (ρ) have been obtained in (3.7) and (3.11), respectively, and
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CΨ(ρ) is computed as

CΨ(ρ) =

√
1−
(

1+
θλdµ(2t−1)(1−ω)PB
m(ωβρ−ρH)‖x−xD‖µ

)−m
×GΨ(x,y)

√
1−
(

1+
θλdµ(2t−1)(1−ω)PB
m(ωβρ−ρH)‖y−xD‖µ

)−m
. (3.19)

The proof of Theorem 3.3.5 is presented in Appendix 3.6.5.

Consequently, utilizing BSTP obtained in (3.33), we arrive at the following theorem

stating the achievable throughput for STP.

Theorem 3.3.6 Under STP, the average throughput of a hybrid M2M communica-

tion link can be computed as

TSTP = TB

[∫ ∞
ρB
β%

exp

(
− λτBd

µσ2

δρ(1− %)

)
fPI (ρ)dρ

]2

+ (1− ω)W

∫ ρB
β%

0

exp

(
− λτBd

µσ2

δρ(1− %)

)
× fPI (ρ)dρ

∫ ∞
log2(1+τH)

∫ ∞
ρH
βω

exp

(
−λd

µσ2(1− ω)(2t − 1)

ωβρ− ρH

)
×Det

(
Id + αCΨ(ρ)

)− 1
αfPI (ρ)dρdt, (3.20)

where fPI (ρ) has been obtained in (3.11) and CΨ(ρ) is defined in (3.19).

Proof. By replacing BPTP in (3.40) with BSTP expressed as (3.33), TSTP can be

obtained as in (3.20).

Though Theorems 3.3.5 and 3.3.6 do not provide closed-form analytical expres-

sions, the integrals can be efficiently evaluated by numerical analysis software like

Matlab and Mathematica. Moreover, the expressions can be simplified considerably

in some special cases like Corollary 3. We only present the general results for the

throughput expressions of PTP and STP in this chapter due to limited space.
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Table 3.2: Parameter Setting.

Symbol µ d R θ λ % β δ τH τB

Value 4 5 m 30 m 1 1 0.625 [75] 30 % [60] 1 -40 dB 5 dB

3.4 Performance Evaluation and Analysis

In this section, we validate our derived analytical expressions and conduct perfor-

mance analysis based on numerical simulations. The performance of the proposed

hybrid M2M communications is evaluated in the scenario coexisting with two groups

of ambient transmitters Φ and Ψ, respectively, working on the energy harvesting

frequency and active RF transmission frequency of the hybrid transmitter. The

transmit power level of the transmitters in Φ and Ψ are set to be PA = PB = 0.2 W,

which is within the typical range of uplink transmit power for mobile devices. The

interference ratio and transmission load are set to ξ = 0.2 and lA = lB = 1, respec-

tively. The bandwidth of the transmitted signal W in HTT mode is 1 MHz, and the

noise variance σ2 is -120 dBm/Hz. When the hybrid transmitter is in HTT mode,

we assume equal time duration for energy harvesting and information transmission

and the circuit power consumption is set at 113 µW [86]. In ambient backscattering

mode, we consider ρB = 8.9 µW for circuit power consumption and TB =1 kbps for

the transmission rate [26] .

For the simulation of α-GPP, we consider three typical scenarios, strong repulsion

(α = −1), medium repulsion (α = −0.5) and no repulsion (α → 0, i.e., PPP),

representing different social degrees among the ambient transmitters. In addition,

for the evaluation of the Fredholm determinant, we adopt (2.6) and set Nclosed to

be 100. The other system parameters adopted in this section are listed in Table 4.2

unless otherwise stated.

In the remaining of this section, the lines and symbols are used to represent the
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results evaluated from analytical expressions and Monte Carlo simulations, respec-

tively. Additionally, for the comparison purpose, we evaluate the performance of a

pure wireless-powered transmitter operated by the HTT protocol and a pure am-

bient backscatter transmitter as references, the plots of which are labeled as “Pure

HTT” and “Pure Ambient Backscattering”, respectively. The performance of a pure

wireless-powered transmitter (called pure HTT transmitter) and a pure ambient

backscatter transmitter can be obtained by setting the hybrid transmitter in HTT

mode and ambient backscattering mode, respectively, in all conditions. Specifically,

the energy outage probability, coverage probability and average throughput of the

pure ambient backscatter transmitter can be evaluated by OB in (4.5), CB in (3.35)

and TB in (3.38), respectively. Moreover, the energy outage probability, coverage

probability and average throughput of the pure HTT transmitter can be evaluated

by OH in (3.28), CH in (3.36) and TH in (3.39), respectively.

We first examine the energy outage probabilities. Figs. 3.3 and 3.4 showOPTP and

OSTP obtained in (3.6) and (3.10), respectively, as a function of ζA. Note that when

ζA varies from 0 to 0.04, equivalently, the average number of ambient transmitters

changes from 0 to 113. The accuracy of the energy outage probability expressions

are validated by the simulation results with different values of α and µ under differ-

ent transmission load lA and fading factors. In principle, larger ζA results in larger

incident power at the hybrid transmitter, thus decreasing energy outage probabilities

under a certain operation mode. However, one finds that only OSTP is a monoton-

ically decreasing function of ζA while OPTP not necessarily is. This is because the

energy outage probability in HTT mode is higher than that in ambient backscatter-

ing mode given a certain ζA. PTP works in ambient backscattering mode when ζA

is low and OPTP first decreases with the increase of ζA. When ζA reaches a certain
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Figure 3.3: OPTP as a function of ζA.
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Figure 3.4: OSTP as a function of ζA.

level (e.g., 0.005 for case µ = 3), the hybrid transmitter is more in HTT mode, thus

causing an increase of OPTP. As for STP, it is in HTT mode when ζA is low. When

ζA becomes higher, the STP is more in ambient backscattering mode, which means

that lower energy outage probability can be achieved. Therefore, mode switching

results in a smooth and monotonic performance measure for OSTP.

From both Figs. 3.3 and 3.4, we observe that the repulsion factor α among am-

bient transmitters has a considerable impact on energy outage probability. In other

words, stronger attraction among the ambient transmitters leads to a lower en-
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ergy outage probability of the hybrid transmitter. This can be understood that

the incident power is more affected by the ambient transmitters in the vicinity of

the hybrid transmitter. Strong repulsion generates a more scattered distribution

of ambient transmitters guaranteeing that the hybrid transmitter is surrounded by

ambient transmitters. By contrast, in the case of PPP, the distribution of ambient

transmitters exhibits clustering behavior. Therefore, the likelihood that the hybrid

transmitter has ambient transmitters nearby turns smaller, resulting in a higher

chance of energy outage.
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Figure 3.5: Comparison of energy outage probabilities. (α = −1)

We observe that either a smaller path loss exponent (e.g., µ = 3 in Fig. 3.3) or

a larger Nakagami shape parameter m (e.g., m = 4 in Fig. 3.4) can reduce energy

outage probabilities as both render less propagation attenuation. Additionally, as

shown in Fig. 3.4, the transmission load lA is directly related to the aggregated energy

harvesting rate, and thus the energy outage probability is inversely proportional to

lA.

Then, in Fig. 3.5, we compare energy outage probability of PTP, STP, pure am-
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bient backscattering, and pure HTT under different ambient transmitter densities.

It can be found that energy outage probabilities are directly proportional to ζA. As

expected, the pure ambient backscatter transmitter experiences less energy outage

than the pure HTT transmitter in all cases due to lower circuit power consumption.

Moreover, we observe that in terms of the energy outage probability, PTP is advan-

tageous over STP when ζA is low (e.g., smaller than 0.02), and is outperformed by

STP when ζA is high. This is due to the fact that PTP and STP, respectively, have

better chance to be in ambient backscattering and HTT modes if ζA is low, and tend

to switch to the other mode otherwise.

Figs. 3.6 and 3.7 illustrate how the coverage probabilities CPTP and CSTP obtained

in (3.14) and (3.17), respectively, vary with ambient transmitter density ζA under

different transmission loads and fading coefficients. In principle, larger density ζA,

repulsion factor α, transmission load lA, and Nakagami shape parameter m lead

to more incident power, and thus, result in increased transmit power at the hybrid

transmitter (either in ambient backscattering mode or in HTT mode) to improve the

coverage probability. The mentioned effects on the coverage probability have been

verified for both PTP and STP in Figs. 3.6 and 3.7, respectively, which indicates that

both CPTP and CSTP are monotonically increasing functions of ζA, α, lA and m. Note

that from Figs. 3.6 and 3.7, with the increase of ζA, the coverage probabilities tend

to be steady below 1. This is because, given an interference ratio ξ, the increase of

ζA not only provides the hybrid transmitter with more harvested energy to transmit,

but also leads to more interference that harms the transmission.

Fig. 3.8 compares coverage probabilities (as functions of density ζA) of PTP,

STP, pure ambient backscattering, and pure HTT. When ξ is small (i.e., ξ = 0.2)

as shown in Fig. 3.8(a), the pure HTT transmitter experiences low interference, and
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Figure 3.6: CPTP as a function of ζA.
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Figure 3.7: CSTP as a function of ζA.

thus, achieves significantly higher coverage probability than pure ambient backscat-

tering. However, in the case with high interference ratio (i.e., ξ = 0.8) as depicted in

Fig. 3.8(b), their performance gap becomes smaller and pure ambient backscattering

outperforms pure HTT when ζA is large (e.g., above 0.06), due to the high inter-

ference received by the pure HTT transmitter. We also observe that PTP achieves

similar performance to that of STP under small ζA and is obviously outperformed

by STP as ζA grows larger (e.g., above 0.06). The reason behind is that PTP selects

operation mode solely based on the incident power and is unaware of the interference
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Figure 3.8: Comparison of coverage probabilities as a function of ζA. ((a) ξ = 0.2, (b)
ξ = 0.8)

level so that it remains in HTT mode even when the achieved SINR is low. This

reflects that STP is more suitable for use in an interference rich environment.

In Fig. 3.9, we show the coverage probability as a function of backscattering

efficiency δ when ζA is set at 0.02 and 0.04. As pure HTT is not affected by the

backscattering efficiency, the resulting coverage probability remains constant. We
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observe that the coverage probability of a pure backscattering transmitter is a mono-

tonically increasing function of the backscattering efficiency. Under PTP, when ζA

is small (e.g., ζA = 0.02), the hybrid transmitter is likely to select either HTT

mode or ambient backscattering mode, resulting in a coverage probability between

that of pure HTT and that of pure ambient backscattering. When ζA is large (e.g.,

ζA = 0.04), the hybrid transmitter has very high chance to stay in HTT mode, and

thus results in a coverage probability almost overlapping with that of pure HTT.

Under STP, when ζA = 0.02, the increase of backscatter efficiency gives the hybrid

transmitter more chance to select ambient backscattering mode which has lower

coverage probability than that of HTT mode, and therefore, the overall coverage

probability of STP decreases. When ζA = 0.04, the hybrid transmitter also has

larger chance to select ambient backscattering mode as the backscattering efficiency

increases. However, in this case, the coverage probability of ambient backscatter-

ing mode is significantly improved with higher backscattering efficiency. Thus, the

overall coverage probability of STP increases with ζA.

In Fig. 3.10, we demonstrate how the coverage probabilities vary with the RF-to-

DC conversion efficiency β when ζA is set at 0.02 and 0.04. It is straightforward that

the coverage probabilities are monotonically increasing functions of β. We can also

see that the variations of the coverage probabilities due to the change of β decrease

as ζA becomes larger. This indicates that higher RF-to-DC conversion efficiency

is more beneficial to the coverage probability of the hybrid transmitter when the

density of ambient transmitters is small. Additionally, the coverage probability of

a pure backscattering transmitter changes very slightly as β varies. This is because

the coverage probability is mainly affected by two factors, i.e., energy harvesting

rate PB
E = β%PI and effective backscattered power PR = δ(1 − %)PI . Once the en-

51



ergy harvesting rate exceeds the circuit power consumption of a pure backscattering

transmitter ρB, the effective backscattered power is not impacted by the energy har-

vesting rate. Due to the fact that ρB is very small, the energy harvesting rate reaches

ρB with a probability approaching 1 at both ζA = 0.02 and ζA = 0.04. Therefore, the

variation of β within a normal range, i.e., from 0.3 to 0.8, does not cause significant

change on the coverage probability of a pure backscattering transmitter.

Furthermore, Fig. 3.11 illustrates the comparisons of the coverage probabilities

(as functions of transmitter-receiver distance d) under different density of the ambient

transmitters ζA and interference ratio ξ. We focus on evaluating the scenario with

both small ζA and ξ and the scenario with both large ζA and ξ.In the former scenario

(i.e., ζA = 0.02 and ξ = 0.1) as shown in Fig. 3.11(a), the pure HTT transmitter is

inferior to the pure ambient backscatter transmitter when d is small (e.g., d < 2).

It is because the pure HTT transmitter has a higher chance of energy outage when

ζA is small. However, the pure HTT transmitter is more robust to longer d since

it first aggregates the harvested energy and generates higher transmit power than

backscattered power. Moreover, with the increase of d from 0, STP first outperforms

PTP by operating in ambient backscattering mode in low ζA and is outperformed by

PTP when d is larger due to the same reason. Eventually, both achieve comparable

performance when d is above a certain value (i.e., around 7 m).

Conversely, in the scenario with larger ζA and ξ (i.e., ζA = 0.04 and ξ = 0.6), as

depicted in Fig. 3.11(b), the pure HTT transmitter is superior to the pure ambient

backscatter transmitter when d is small (e.g., d < 6) because abundant ambient

RF resources mitigate the occurrence of energy outage. However, due to severe

interference, CH (coverage probability of the pure HTT transmitter) plunges with

the increase of d. Instead, the pure ambient backscatter transmitter becomes more
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Figure 3.9: Coverage probability as a function of backscattering
efficiency.
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Figure 3.10: Coverage probability as a function of RF-to-DC
conversion efficiency.

robust to longer d. It can be seen that CPTP overlaps with CH because when the

harvested energy is ample the hybrid transmitter always operates in HTT mode.

Overall, the performance gap between PTP and STP is small in this scenario.

Fig. 3.12 compares the throughput (as a function of density ζA) of PTP, STP, pure
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Figure 3.11: Comparison of coverage probabilities as a function of d. ((a) ζA = 0.02,
ξ = 0.1, (b) ζA = 0.04, ξ = 0.6)

ambient backscattering, and pure HTT. We focus on the cases when the interference

ratio is small (ξ = 0.2) and large (ξ = 0.8) with the corresponding results shown

in Figs. 3.12(a) and 3.12(b), respectively. We observe that the trend of through-

put performance has been somehow reflected by the coverage probabilities shown in

Fig. 3.8. Similar to our observation for Fig. 3.8, we can draw the conclusion that, in
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Figure 3.12: Comparison of average throughput as a function of ζA. ((a) d = 5, ξ = 0.2,
(b) d = 5, ξ = 0.8)

general, PTP yields higher throughput when the interference level is low. Otherwise,

STP is more suitable for use.

Additionally, Fig. 3.13 examines the influence of transmitter-receiver distance d

on the throughput performance. As expected, the pure HTT transmitter prominently

outperforms the pure ambient backscatter transmitter with relatively smaller ξ and
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Figure 3.13: Comparison of average throughput as a function of d. ((a) ξ = 0.2, ζA = 0.02,
(b) ξ = 0.8, ζA = 0.01)

larger ζA (i.e., ξ = 0.2 and ζA = 0.02) as shown in Fig. 3.13(a). The performance

gap becomes progressively significant with decreasing d. PTP also attains remarkable

throughput gain over STP since, in this context, energy harvesting rate is a better

indication to select HTT mode. By contrast, in the case with relatively larger ξ

and smaller ζA (i.e., ξ = 0.8 and ζA = 0.01) as shown in Fig. 3.13(b), PTP is less
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advantageous than STP because the energy harvesting rate detection in PTP fails

to take into account the increased interference. By contrast, STP becomes superior

and exhibits less susceptibility as d grows. The cause is that STP operates more in

ambient backscattering mode which is immune to the increased interference.

3.5 Conclusion and Future Work

In this chapter, we have introduced a novel paradigm of hybrid M2M communica-

tions that integrate ambient backscattering with wireless-powered communications.

To enable the operation of our proposed hybrid transmitter in diverse environments,

two simple mode selection protocols, namely PTP and STP, have been devised based

on the energy harvesting rate and received SNR of the modulated backscatter, respec-

tively. Under the framework of repulsive point process modeling, we have analyzed

the hybrid M2M communications and focused on investigating the impact of environ-

ment factors. In particular, the performance of the hybrid M2M communications has

been characterized in terms of energy outage probability, coverage probability, and

average throughput. The performance analysis has shown that the self-sustainable

M2M communications benefit from larger repulsion, transmission load and density

of ambient energy sources. Moreover, we have found that PTP is more suitable

for use in the scenarios with a large density of ambient energy sources and low in-

terference level. On the contrary, STP becomes favorable in the scenarios when

the interference level and density of ambient energy sources are both low or both

high. Additionally, PTP appears to be more reliable to yield better throughput for

long-range transmission in general.
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3.6 Appendix

3.6.1 Proof of Theorem 3.3.1

Proof. The distribution of the aggregated received power at the origin from ambient

transmitters can be determined by the calculation of its Laplace transform. Specif-

ically, the Laplace transform of the accumulated incident power at the antenna of

the hybrid transmitter can be obtained as

LPI (s) = E [exp (−sPI)]

=E

[∏
a∈A

exp

(
− sPAha,S
‖xa − xS‖µ

)]

= E

[∏
a∈A

Mh

(
− sPA
‖xa − xS‖µ

)]

= E

[
exp

(∑
a∈A

ln

(
Mh

(
− sPA
‖xa − xS‖µ

)))]
(i)
= Det

(
Id + αAΦ(s)

)− 1
α , (3.21)

where Mh(·) is the MGF of ha,S and (i) follows by applying Proposition 1, and AΦ is

AΦ(s) =
√

1−Mh (−sPA‖x− xS‖−µ)

×GΦ(x,y)
√

1−Mh (−sPA‖y − xS‖−µ), (3.22)

where GΦ is the Ginibre kernel given in (2.5). Since h ∼ G(m, θ
m

), the MGF of a

Gamma random variable h can be calculated as Mh(z) = (1− θz
m

)−m. Therefore, we
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have

Mh

(
−sPA‖x− xS‖−µ

)
=

(
1 +

sθPA
m‖x− xS‖µ

)−m
. (3.23)

Inserting (3.23) in (3.22) gives the expression in (3.8).

Given the Laplace transforms of PI , by definition, the PDF of PI is attained by

taking the inverse Laplace transform as follows:

fPI (ρ) = L−1{LPI (s)}(ρ)

= L−1
{

Det
(
Id + αAΦ(s)

)− 1
α

}
(ρ), (3.24)

with AΦ(s) given in (3.8).

Furthermore, integrating PDF in (3.24) yields

FPI (ρ) =

∫ ρ

−∞
L−1 {LPI (s)} (t)dt

= L−1

{
LPI (s)
s

}
(ρ)

= L−1

Det
(
Id + αAΦ(s)

)− 1
α

s

 (ρ). (3.25)

When the hybrid transmitter is working in ambient backscattering mode, one can

obtain the Laplace transform LPB
E

(s) as

LPB
E

(s) = E [exp (−sβ%PI)] = LPI (sβ%). (3.26)

Consequently, we can obtain the energy outage probability in ambient backscat-

tering mode OB, or equivalently, the CDF of PB
E evaluated at ρB, by integrating the
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PDF obtained in (3.26) as

OB = FPB
E

(ρB) = FPI

(
ρB

β%

)

= L−1

Det
(
Id + αAΦ(s)

)− 1
α

s


(
ρB

β%

)
. (3.27)

Similarly, one obtains the energy outage probability in HTT mode OH, or equiv-

alently the CDF of PH
E evaluated at ρH, as

OH = FPH
E

(ρH) = FPI

(
ρH

ωβ

)

= L−1

Det
(
Id + αAΦ(s)

)− 1
α

s


(
ρH

ωβ

)
. (3.28)

Let BPTP denote the probability that the hybrid transmitter operated by PTP

is in ambient backscattering mode. According to the criteria of PTP, from the

definition in (3.3), we have

OPTP = BPTPOB + (1− BPTP)OH (3.29)

= P
[
PI ≤

ρH

ωβ

]
FPI

(
ρB

β%

)
+

(
1− P

[
PI ≤

ρH

ωβ

])
FPI

(
ρH

ωβ

)
. (3.30)

One notices that BPTP is equal to the CDF of PI evaluated at ρH
ωβ

, which is

expressed as

BPTP = FPI

(
ρH

ωβ

)

= L−1

Det
(
Id + αAΦ(s)

)− 1
α

s


(
ρH

ωβ

)
. (3.31)
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Then, by inserting (4.5), (3.28) and (3.31) in (3.30), we obtain OPTP in (3.6).

3.6.2 Proof of Theorem 3.3.2

Proof. According to the criteria of STP, we have the probability of being in ambient

backscattering mode as

BSTP , P[νB > τB, P
B
E > ρB] (3.32)

= P
[
δPIhS,D

dµσ2
(1− %) > τB, P

B
E > ρB

]
= P

[
hS,D>

τBd
µσ2

δPI (1− %)
, PIβ% > ρB

]
(a)
= P

[
hS,D>

τBd
µσ2

δPI (1−%)

∣∣∣PI> ρB

β%

]
P
[
PI>

ρB

β%

]
= EPI

[
P

[
hS,D>

τBd
µσ2

δPI (1− %)

∣∣∣∣∣PI
]
1{PI>

ρB
β%
}

]

=

∫ ∞
ρB
β%

exp

(
− λτBd

µσ2

δρ (1− %)

)
fPI (ρ)dρ, (3.33)

where (a) follows by the Bayes’ theorem [89, page 36], and 1{E} is an indicator

function that takes the value of 1 if event E happens, and takes the value of 0

otherwise.

Then, by replacing BPTP in the expression of (3.29) with BSTP shown as (3.33),

we have (3.10) in Theorem 3.3.2 after some mathematical manipulations.
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3.6.3 Proof of Corollary 3

Proof. When there exists no repulsion, the GPP becomes a PPP with α approaching

zero. By using the expansion [57]

Det
(
Id + αAΦ(s)

)− 1
α α→0−→ exp

(
−
∫
OS

AΦ(x,x)dx

)
, (3.34)

we can simplify (3.24) as follows when ha,S ∼ E(1) and µ = 4.

fPI (ρ)=L−1

{
exp

(
−2πζA

∫ R→∞

0

r

1+r4(sPA)−1
dr

)}
(ρ)

= L−1

{
1

s
exp

(
−π

2ζA
√
sPA

2

)}
(ρ)

(ii)
=

1

2πi
lim
T→∞

∫ z+iT

z−iT
exp

(
ρs− π2ζA

√
sPA

2

)
ds

(iii)
=

1

2πi

∫ ∞
0

exp(−ρt)
[

exp

(
π2ζA
√
−tPA

2

)
− exp

(
−π

2ζA
√
−tPA

2

)]
dt

(iv)
=

1

π

∫ ∞
0

exp

(
−ρ 4u2

π4ζ2
APA

)
sin(u)

8u

π4ζ2
APA

du

(v)
=

1

4

(
π

ρ

)3
2

ζA
√
PA exp

(
−π

4ζ2
APA

16ρ

)
,

where (ii) follows Mellin’s inverse formula [90] which transforms the inverse Laplace

transform into the complex plane, i is the imaginary unit, i.e., i =
√
−1, and z is

a fixed constant greater than the real parts of the singularities of exp
(
−π2ζA

√
sPA

2

)
,

(iii) applies the Bromwich inversion theorem with the modified contour [91, Chapter

2], (iv) applies Euler’s formula [92, Page 1035] and a replacement of u = π2ζA
√
tPA

2
,

and (v) uses the method of integration by parts.

Furthermore, based on the fPI (ρ) expression, the CDF FPI (ρ) in (3.12) can be

obtained after some mathematical manipulations.
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3.6.4 Proof of Theorem 3.3.3

Proof. We first determine the coverage probability in ambient backscattering mode.

One simply notes that the expression of CB in (3.4) is equivalent to the definition of

BSTP in (3.32). Hence, we have

CB =

∫ ∞
ρB
β%

exp

(
− λτBd

µσ2

δρ (1− %)

)
fPI (ρ)dρ. (3.35)

Let Q = ξ
∑

b∈B PBh̃b,D‖xb − xD‖−µ denote the aggregated interference at the

receiver. We then derive the coverage probability in HTT mode as

CH = P[νH > τH, P
H
E > ρH]

= EPI
[
P
[
h̃S,D>

τHd
µ(1− ω)(Q+ σ2)

ωβPI − ρH

∣∣∣∣PI]1{PI> ρH
βω
}

]
= EPI

[
exp

(
−λτHd

µσ2(1−ω)

ωβPI − ρH

)
E

[
exp

(
− λτHd

µ(1−ω)

ωβPI − ρH

× ξ
∑
b∈B

PBh̃b,D‖xb − xD‖−µ
)]
1{PI>

ρH
βω
}

]
(vi)
=

∫ ∞
ρH
βω

exp

(
−λτHd

µσ2(1− ω)

ωβρ− ρH

)
Det
(
Id + αBΨ(ρ)

)− 1
αfPI (ρ)dρ, (3.36)

where (vi) is given following Proposition 1, and BΨ(ρ) is defined in (3.15).

By definition in (3.4), the coverage probability under PTP can be written as

CPTP = BPTPCB + (1− BPTP)CH. (3.37)

Then, by plugging BPTP shown as (3.31), CB shown as (3.35) and CH shown as (3.36)

into (3.37), we have (3.14).
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3.6.5 Proof of Theorem 3.3.5

Proof. The average throughput in ambient backscattering mode TB can be calcu-

lated as

TB = E[TB1{νB>τB,PB
E>ρB}

]

= TBP[νB > τB, P
B
E > ρB] = TBCB, (3.38)

where TB has been defined in Subsection 4.2 and CB has been obtained in (3.35).

Moreover, the average throughput in HTT mode can be computed as

TH = E[(1− ω)W log2(1 + νH)1{νH>τH,PH
E>ρH}

]

(vii)
= (1− ω)WE

[∫ ∞
0

P[log2(1 + νH) > t]dt1{νH>τH,PH
E>ρH}

]
= (1− ω)W

∫ ∞
log2(1+τH)

EPI
[

exp

(
−λd

µ(1− ω)(2t − 1)

ωβPI − ρH

)
×
(
σ2 + ξ

∑
b∈B

PBh̃b,D‖xb − xD‖−µ
)
1{PI>

ρH
βω
}

]
dt

(viii)
= (1− ω)W

∫ ∞
log2(1+τH)

∫ ∞
ρH
βω

exp

(
−λd

µσ2(1− ω)(2t − 1)

ωβρ− ρH

)
×Det

(
Id+αCΨ(ρ)

)− 1
αfPI (ρ)dρdt, (3.39)

where (vii) follows E[X] =
∫∞

0
P[X > x]dx [52], (viii) is derived by applying Propo-

sition 1, and CΨ(ρ) is defined in (3.19).

By definition in (3.5), the average throughput under PTP can be written as

TPTP = BPTPTBCB + (1− BPTP)TH. (3.40)
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Inserting BPTP shown as (3.31), CB shown as (3.35), and TH shown as (3.39) into

(3.40) yields (3.18).
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Chapter 4

Ambient Backscatter-Assisted

Wireless-Powered Relaying

This Chapter1 aims to proposed new solutions to improve the connectivity of MTC.

4.1 Related Works

There are limited research efforts in the literature on wireless-powered communica-

tions enhanced with ambient backscattering. Reference [88] investigated a cognitive

radio network where the wireless-powered secondary user is equipped with ambient

backscattering capability. In this network, when the primary user is on transmission,

the secondary user can select to perform energy harvesting or ambient backscattering.

When the primary user is off, the secondary user can perform active transmission

with the harvested energy. Optimal transmission policies are designed to maximize

1A version of this chapter has been published in the IEEE Transactions on Green Communica-
tions and Networking [93] and also in part in the Proceedings of IEEE International Conference on
Communications [94].
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the throughput of the secondary network. Based on the system model in [88], the

authors in [95] formulated optimal resource allocation problems to maximize the

sum throughput of the secondary users. Moreover, the authors in [96] extended the

system model in [88] to a large scale and characterized the coverage probability and

throughput for both primary users and secondary users based on stochastic geometry

analysis. Additionally, our work in the previous chapter of this dessertation inves-

tigated an integrated wireless-powered transmitter with ambient backscattering for

M2M communication. It was shown that ambient backscattering is suitable to work

as an alternative to wireless-powered transmission when the ambient energy is not

sufficient and or when the interference level is high. To further exploit the bene-

fits of wireless-powered communications with ambient backscattering for extending

the communication range, we investigate this hybrid communication paradigm for

cooperative relaying. To the best of our knowledge, this is the first time that the

integration of wireless-powered transmission and ambient backscattering is proposed

for cooperative IoT networks, to enhance the applicability and performance.

4.2 System Model and Stochastic Geometry Char-

acterization

This section introduces the system model under consideration and then describes

some preliminary results of the adopted stochastic geometry framework.
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Figure 4.1: A dual-hop relaying system in an α-GPP field of ambient emitters and inter-
ferers.

4.2.1 System and Relaying Protocol

As shown in Fig. 4.1, the system model contains a source node S that needs to

transmit to a destination node D. However, there exists no direct link between S

and D, e.g., due to obstacles/shadowing or severe path loss. Similar to [97, 98], we

only consider the scenario where the information from S to D is forwarded through

the relay node R to focus on investigating the relaying performance. R is com-

posed of both an active transceiver and an ambient backscatter transmitter so that

it can perform either wireless-powered relaying (WPR) or ambient backscatter re-

laying (ABR). Accordingly, D is equipped with both a quadrature demodulator and
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backscatter demodulator to decode the information from R. All three nodes S, R,

and D are equipped with a single antenna and work in a half-duplex fashion. Similar

to the system models in [30,99], both S and D are assumed to have sufficient energy,

e.g., from its internal battery, to supply their operations. Thus, the focus is on R

which is equipped with an energy harvester and an onboard capacitor with capacity

EC to store the harvested energy for the relaying operation. Similar to [100,101], we

consider that R adopts the harvest-use architecture, with which the harvested energy

is either consumed immediately or lost, e.g., due to hardware limitations such as high

leakage of the capacitor. This implies that no harvested energy is accumulated for

the subsequent time slot. We leave the case with energy accumulation for future

work.

As shown in the left block diagram in Fig. 4.1, a time switching-based receiver

architecture [60] is adopted to enable R to work in either energy harvesting, informa-

tion decoding or transmission. R performs energy harvesting/ambient backscattering

and active transmission on two different frequency bands. For example, the hybrid

relay can be designed to harvest energy and perform ambient backscattering by us-

ing the downlink signals of ambient BSs while the hybrid relay can actively transmit

data on the operating frequency of the source node S. Let Ψ and Φ denote the point

processes, i.e., the sets, of ambient emitters and the interferers, respectively. The

ambient emitters are the surrounding transmitters working on the frequency band

that the hybrid relay performs energy harvesting/ambient backscattering2. The in-

terferers are the surrounding low-power transmitters, e.g., sensors, working on the

frequency band that the hybrid relay performs active transmission. We assume that

2As the interferers are considered to be low-power devices, the transmit power of the interferers
are much lower than that of the carrier emitters. Therefore, we do not consider complex multi-band
rectifier design at the hybrid relay to additionally harvest energy from the interferers.
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during any time slot the distributions of Ψ and Φ follow independent homogeneous

α-GPPs3. As during each time slot the source-to-relay and relay-to-destination trans-

missions are considered to be affected by the same set of interferers, our analytical

framework is suitable to model relaying systems with no or low mobility where the

locations of ambient transmitters relatively remain static during each transmission.

Let ζ̃ (ζ), α̃ (α), and P̃T (PT ) denote the spatial density, repulsion factor, and trans-

mit power of the transmitters in Ψ (Φ), respectively4. The system model in Fig.

4.1 is expected to find its applications in various IoT scenarios featured with low

traffic volume and data rate, such as wireless sensor networks, body area networks

and M2M communication networks, where the source and interferers are energy-

constrained IoT devices that have communication demand. The source node relies

on the hybrid relay which utilizes the resources from ambient emitters (e.g., BSs and

Wi-Fi access points) to enhance the communication performance (e.g., connectivity

and transmission range).

Fig. 4.2 shows the time slots of the relaying protocol adopted by the considered

hybrid relaying system to coordinate among energy harvesting and the dual-hop

relaying. Let T denote the duration of a time slot. At the beginning of each time slot,

an ω (0<ω<1) fraction of T is allocated for R to harvest ambient energy. Then, the

first half and second half of the remaining time (i.e., each with duration (1−ω)T
2

) are

allocated for the source-to-relay transmission and relay-to-destination transmission,

respectively. During the relay-to-destination transmission, R operates in either the

WPR mode or the ABR mode, denoted as W and A5, respectively, based on the

3The mathematical details about α-GPP can be found in [56,102].
4We use (̃·) to denote notations related to ambient emitters Ψ and their frequency band. We do

not have tilde for notations related to the interferers Φ and their frequency band.
5W and A appear in the subscripts and superscripts of variables to represent the operation

mode.
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system environment. The mode selection is performed by the hybrid relay and the

proposed mode selection protocols are to be introduced in Sec. 4.3. Once the mode

selection is complete, R indicates the selected mode to D through signaling and D is

tuned to the corresponding receiver for signal decoding. If the WPR mode is chosen,

R first decodes the active transmission from S in the source-to-relay transmission

phase and adopts the decode-and-forward protocol for relaying the data from S to

D in the relay-to-destination transmission phase6. If the ABR mode is chosen, R

also first decodes the active transmission from S in the source-to-relay transmission

phase, but forwards the decoded message to D through ambient backscattering. The

source node can work as the controller to coordinate the transmissions of the relaying

system. For example, S can maintain a clock and send control signals to schedule

the operation of the hybrid relaying system according to the relaying protocol shown

in Fig. 4.2. The control signal for the relay node can be received directly, and that

for the destination node can be forwarded by the relay node. The synchronization

between the source and relay nodes and that between the relay and destination nodes

can be achieved through a correlation-based timing estimator [103, 104]. Similar

to [99] and [30], we consider no timing synchronization errors among S, R and D.

In the WPR and ABR mode, denote EW and EA, respectively, as the circuit en-

ergy consumption over the whole time slot plus the energy consumption for decoding

information in the source-to-relay transmission phase. We have EA < EW < EC ,

with EC being the capacitor capacity of R. The hybrid relay is able to function

in the WPR mode and ABR mode only if the harvested energy during the energy

harvesting phase of each time slot ER exceeds EW and EA, respectively.

6Our analytical framework can be straightforwardly extended to the case when the amplify-
and-forward protocol is adopted in WPR mode. The relaying protocols shown in Fig. 4.2 directly
applies.
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Figure 4.2: A time-slot based relaying protocol.

4.2.2 Channel Model

We consider the quasi-static interference scenario [105] where the interferers Φ remain

static within each time-slot and vary across different time slots. All the channels in

the systems are considered to experience independent and identically distributed

(i.i.d.) block Rayleigh fading. In particular, the fading channel gains follow expo-

nential distributions. Besides, we consider i.i.d. zero-mean AWGN with variance σ̃2

and σ2 on the transmit frequency of Ψ and Φ, respectively.

Harvested Energy

The hybrid relay harvests energy from the ambient emitters in Ψ for its operation.

The power of the RF signals from Ψ received by the hybrid relay can be computed

as QR = P̃T
∑

xk∈Ψ h̃k,R‖xk − xR‖−µ̃, where h̃a,b ∼ E(1) is the fading channel gain

between nodes a and b on the transmit frequency of Ψ, and µ̃ represents the path-loss

exponent for the signals from the ambient emitters in Ψ. Then, the instantaneous

energy harvesting rate (in Watt) at the hybrid relay can be expressed as ρR = βQR,

where β ∈ (0, 1] denotes the RF-to-DC conversion efficiency. And the amount of

energy harvested during the energy harvesting phase is obtained as ER = ωTρR.
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Source-to-Relay Transmission

During the source-to-relay transmission phase, the receive signal-to-interference-plus-

noise ratio (SINR) at the relay node R is given by νR =
PShS,Rd

−µ
S,R

IR+σ2 , where PS is the

transmit power of the source node, ha,b ∼ E(1) denotes the fading channel gain

between a and b on the transmit frequency of Φ, dx,y represents the distance between

x and y, µ is the path-loss exponent for signals from the interferers Φ, S and R,

IR =
∑

j∈Φ PT hj,R‖xj − xR‖−µ is the aggregated interference received at R.

Relay-to-Destination Transmission

Let ρW = EW

T
and ρA = EA

T
denote the average circuit power consumption rate

of R in the WPR mode and the ABR mode, respectively, and ρC , EC
T

denotes

the normalized energy capacity over a time slot duration. Moreover, let us define

%W , ρW
ωβ

, %A , ρA
ωβ

and %C , ρC
ωβ

.

If the WPR mode is chosen, R uses all the available energy for active transmission

during the relay-to-destination transmission phase. Then, the transmit power can

be calculated as

PW
R =



0 if QR≤%W,

TωβQR−EW
T (1−ω)

2

= 2(ωβQR−ρW)
1−ω if %W<QR≤%C ,

EC−EW
T (1−ω)

2

= 2(ρC−ρW)
1−ω otherwise.

(4.1)

Correspondingly, the receive SINR at D is νW
D =

PW
R hR,Dd

−µ
R,D

ID+σ2 , where ID =
∑

j∈Φ PThj,D

‖xj − xD‖−µ is the aggregated interference received at D.
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Then, the end-to-end capacity achieved in WPR mode can be computed as

CW =


(1−ω)

2
W log2

(
1 + ν

)
if ν≥τW,

0 otherwise,

(4.2)

where W denotes the transmission bandwidth of R in the WPR mode, ν represents

the end-to-end SINR calculated as [106] ν = min(νR, ν
W
D ), and τW is the target SINR

threshold for active transmission at R and D.

Otherwise, if R decides to forward data through ambient backscattering, the

transmit power of modulated backscatter can be calculated as [76]

PA
R = ηξQR, (4.3)

where η is the fraction of the incoming RF signals reflected during backscattering

and ξ ∈ (0, 1] is the backscattering efficiency of the transmit antenna. ξ represents

the portion of the reflected signals that are effectively used to carry the modulated

data. The values of η and ξ are dependent on the tag-encoding scheme [75] and tag

antenna aperture [107], respectively.

We consider that frequency shifting [108] is adopted by the hybrid relay to trans-

form the backscattered signals to another frequency that does not overlap with that

of the signals from the carrier emitters 7. Then, the backscattered signals will be

exempt from the interference from the carrier emitters. Consequently, the SNR from

ambient backscatter at D is expressed as νA
D =

PA
R h̃R,Dd

−µ
R,D

σ̃2 .

For ambient backscattering, due to the adopted simple amplitude demodulation

7Frequency shifting, for example, can be achieved by toggling the RF transistor of an ambient
backscatter transmitter at a different speed [109]
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based on envelope detection [26], the Shannon capacity expression cannot be used to

calculate the channel capacity. Following the experimental results of the hardware

design in [26], we consider an empirical backscatter capacity model for the relay-to-

destination link, i.e., a fixed channel capacity CA > 0 predefined by the hardware

configuration of the ambient backscatter transmitter or zero channel capacity can be

achieved once the receive SNR at D is above or below a threshold τA, respectively. A

similar backscatter channel capacity mode has also been adopted in the references [88,

95]. The value of CA is dependent on the encoding scheme adopted and the setting

of the resistor-capacitor of the ambient backscattering circuit [26, 88]. An ambient

backscatter receiver typically requires much higher receive SNR to achieve a low bit

error rate compared with a quadrature demodulator [110]. For example, a bit error

rate of around 10−3 can be obtained with 10 dB receive SNR [111]. We refer to [24,26]

for more physical layer details of ambient backscattering. As ambient backscattering

usually adopts very simple modulation schemes with small constellations, such as

amplitude shift keying and binary phase shift keying, it is reasonable to consider

that CA < CW. Therefore, when the hybrid relay is in ABR mode, the end-to-end

capacity becomes CA if the dual-hop transmission is successful.

Table 4.1 summaries the main notations used in this chapter.

4.2.3 Operation Model Selection Protocols

The advantage of the hybrid relay lies in the fact that it can select the more suitable

operational mode to achieve better performance under different network conditions.

However, as the hybrid relay is a wireless-powered device, any mode selection proto-

cols that have large computational complexity, e.g., based on online optimizations,

are not applicable. For implementation practicality, low complexity mode selection

75



Table 4.1: NOTATIONs.

Symbol Definition

Ψ, Φ The point processes representing the ambient emitters and
interferers, respectively

S, R, D The source node, hybrid relay, and destination node
α̃, α Repulsion factors for Ψ and Φ, respectively

P̃T , PT The transmit power of the transmitters in Ψ and Φ, respectively
µ̃, µ Pass-loss exponent for the signals from Ψ and Φ, respectively
PS The transmit power of the source node S
EA, EB The circuit power consumption of the hybrid relay in a time slot with

wireless-powered relaying and ambient backscatter relaying, respectively
σ̃2, σ2 The variance of AWGN in the transmit frequency of the transmitters

in Ψ and Φ, respectively
ER The amount of harvested energy at the hybrid relay R
EC The capacitor capacity of R
W The channel bandwidth for the hybrid relaying system
ξ Backscattering efficiency
β The RF-to-DC conversion efficiency
ω Fraction of time used by R for energy harvesting
νW

D , νA
D The receive SINR and SNR at D from the active transmission and

ambient backscatter, respectively
τW, τA The SINR threshold to decode from the active transmission and

ambient backscatter, respectively
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based on available information and limited communication overhead needs to be de-

vised. For the mode selection of the hybrid relay, we consider the situations with

and without instantaneous CSI of active transmission. For the former and the lat-

ter situations, we propose two protocols, namely, energy and SINR-aware protocol

(ESAP) and explore-then-commit protocol (ETCP), respectively, for the hybrid re-

lay adapting to the network environment. The operational procedures of the mode

selection protocols are described in the following.

• ESAP: At the beginning of each time slot, S first sends preamble signals to R

and R detects its instantaneous energy harvesting rate ρR. If the instantaneous

energy harvesting rate ρR > ρW, R first detects the receive SINR νR. If τR>τW

then R transmits preambles to D through active transmission with transmit

power PW
R =

[2(ρR−ρW)
1−ω , 2ρC

1−ω

]+
. Then, D provides feedback of its receive SINR

to R through signaling. If the receive SINR at D is greater than τW, R chooses

the WPR mode for relaying and D works with the quadrature demodulator.

Otherwise, R chooses ABR mode for relaying and D uses the backscatter de-

modulator. For ESAP, we consider the ideal case that the detection at the

beginning of each time slot causes negligible time compared to the duration of

a time slot.

• ETCP: ECTP begins with an exploration period that occupies the first initial

2n (n ∈ N+) time slots to learn the network conditions before committing to

a certain operation mode for steady-state transmission based on the learned

knowledge. Specifically, in the exploration period, R works in each operational

mode for n times in an arbitrary sequence. Afterward, D feeds back the num-

bers of successful transmissions in the WPR mode and ABR mode, denoted
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as NWPR and NABR, respectively, to S. From then on, R always selects the

WPR mode, if NWPR > NABR, and the ABR mode, if NABR > NWPR, and

uniformly selects between the ABR and WPR modes at random, otherwise if

NABR = NWPR.

Note that both of the proposed mode selection protocols are adopted only at

the hybrid relay. ESAP operates based on the information including the physical

parameters of R, i.e., ρW and ρC , and network environment-dependent parameters,

i.e., ρR, and νD. The physical parameters can be known by the relay as predefined

knowledge, while the network-dependent parameters can be obtained through de-

tection at the beginning of each time slot. By contrast, ETCP chooses the mode

based on the history information without knowing the current channel condition. It

can be seen that both mode selection protocols are practical as they are based on

information attainable at the hybrid relay.

It is worth mentioning that ESAP incurs much higher overhead than that of

ETCP. In particular, ESAP requires the hybrid relay to know the expression of

PW
R in (4.1) and values of ρW and ρC a priori. Additionally, the hybrid relay with

ESAP needs feedback from the destination node and calculation of PW
R according

to (4.1) for every time slot. By contrast, the hybrid relay with ETCP only incurs

communication and computation overhead once at end of the exploration period,

i.e., in the first initial 2n time slots, it only needs one feedback from the destination

node and one comparison operation between the values of NWPR and NABR after the

first 2n initial time slots. Therefore, ETCP has much lower overhead than ESAP.
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4.2.4 Geometric Modeling of the System

In this chapter, the stochastic geometry analysis of the proposed hybrid relaying is

based on α-GPP [56]. The analysis on a generic point located at ‖x‖ is restricted to

an observation window Ox, denoted as a circular Euclidean plane with positive radius

R. α-GPP is a repulsive point process which allows characterizing the repulsion

among the distribution of the randomly located points and covers the PPP as a

special case (i.e., when α → 0). The coefficient α (α = −1/k for a positive integer

k) indicates the repulsion degree of the spatial points. Specifically, the repulsion is

the strongest with α = −1 and disappears with α→ 0.

4.2.5 Preliminaries

This subsection describes some primarily results of α-GPP modeling which are ap-

plied later in the analysis of this chapter. We consider that the hybrid relay R

locates at the origin of the Euclidean space surrounded by the α-GPP distributed

ambient emitters Ψ with transmit power P̃T . In the Rayleigh fading environment,

the distribution of the received signal power from Ψ at R, i.e., QR, are presented in

the following proposition.

Proposition 3 [112, Theorem 1] The probability density function (PDF) and cu-

mulative distribution function (CDF) of QR are given, respectively, as

fQR
(q) = L−1

{
Det
(
Id + α̃GΨ(x,y)$x(s)$y(s)

)− 1
α̃

}
(q), (4.4)

and FQR
(q) = L−1

{
1

s
Det
(
Id + α̃GΨ(x,y)$x(s)$y(s)

)− 1
α̃

}
(q), (4.5)
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where L−1{·}(x) represents the inverse Laplace transform which can be evaluated by

the Mellin’s inverse formula [90], Det(Id+ ·) denotes the Fredholm determinant [102,

(10)], $z(s),
√

1−
(
1+sP̃T‖z‖−µ̃

)−1
, and GΨ(x,y) , ζ̃ exp

(
−πζ̃

2
(‖x‖2+‖y‖2−2xȳ)

)
,

x,y ∈ Φ, is the Ginibre kernel of Ψ, which represents the correlation force among

different spatial points in Ψ.

4.3 Operational Model Selection Protocols

The advantage of the hybrid relay lies in the fact that it can select the more suitable

operational mode to achieve better performance under different network conditions.

However, as the hybrid relay is a wireless-powered device, any mode selection proto-

cols that have heavy computational complexity, e.g., based on online optimizations,

are not applicable. For implementation practicality, low complexity mode selection

based on obtainable information and limited communication overhead needs to be

devised. For the mode selection of the hybrid relay, we consider the situations with

and without instantaneous CSI of active transmission. For the former and the lat-

ter situations, we propose two protocols, namely, energy and SINR-aware Protocol

(ESAP) and explore-then-commit protocol (ETCP), respectively, for the hybrid re-

lay adapting to the network environment. The operational procedures of the mode

selection protocols are specified as follows.

• ESAP: The idea of the ESAP is using ABR to assist data forwarding when the

WPR is not feasible (i.e., either when R does not harvest sufficient energy or

the forwarded data cannot be successfully decoded by D) based on the current

system conditions. At the end of each energy harvesting phase, the mode

selection of ESAP is performed based on the CSI of WPR mode which can
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be obtained from the receiver’s feedback for the training preambles sent by

the transmitter [113]. In particular, S first sends preamble signals to R, and R

detects its receive SINR νR and the amount of harvested energy ER. If νR > τW

and ER > EW, R transmits preambles to D with transmit power given in (4.1).

If the preamble signals from R are successfully decoded by D, i.e., νW
D > τW,

D provides feedback of νW
D to R through signaling. R selects the WPR mode

if the above two conditions are jointly satisfied, selects the ABR mode if the

above two conditions are not jointly satisfied but the condition that νR > τW

and ER > EA holds8, and remains silent otherwise. For ESAP, we consider the

ideal case that the mode selection at the end of each energy harvesting phase

causes negligible time and energy consumption.

• ETCP: The idea of the ETCP is to select the averagely better-performed mode

in terms of success probability based on the history information. In particular,

ECTP begins with an exploration period that occupies the first initial 2n (n ∈

N+) time slots to learn the network conditions before committing to a certain

operation mode for steady-state transmission based on the learned knowledge.

Specifically, in the exploration period, R works in each operational mode (WPR

or ABR) for n time slots in an arbitrary sequence. Afterward, D feeds back the

numbers of successful transmissions in the WPR mode and ABR mode, denoted

as NWPR and NABR, respectively, to S. Since then, R always selects the WPR

mode, if NWPR > NABR, and the ABR mode, if NABR > NWPR, and uniformly

selects between the ABR and WPR modes at random, if NABR = NWPR.

Note that the hybrid relay with ESAP requires feedback from the destination node

8Equivalently, the ABR mode is selected if (νR > τW and EW ≥ ER > EA) or (νR > τW,
ER > EW, and νWD ≤ τW). Note that ESAP does not need the CSI of ABR.
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and the calculation of PW
R given in (4.1) every time slot. By contrast, the hybrid

relay with ETCP only needs one feedback from the destination node at the end of the

exploration period and one comparison operation between the values of NWPR and

NABR after the feedback. Therefore, ETCP incurs much lower communication and

computation overhead than ESAP. We also note that ETCP is designed to choose

the mode with higher success probability instead of capacity as the hybrid relaying

mainly targets for IoT applications, such as wireless actuators and medical sensors,

where the communication devices usually have low traffic volume and power budget.

For those applications, instant access is more important than throughput. However,

ETCP can be easily modified to favor capacity by letting the hybrid relay select

the mode that results in higher achieved capacity in the exploration period. The

modified ETCP is not considered in this chapter due to the space limit.

4.4 Analysis of Success Probability

In this section, we analyze the performance of the hybrid relaying system in the

presence of randomly located ambient emitters and interferers. For this,

• we first derive the mode selection probabilities of the hybrid relay with the

proposed protocols,

• we characterize the interference distribution under the α-GPP modeling frame-

work and derive the success probabilities of the hybrid relaying with both ESAP

and ETCP,

• and we also simplify the success probabilities in the special cases when one of

the operational modes of the hybrid relay is disabled and when the distribution
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of ambient transmitters follow PPPs.

The transmission of the dual-hop hybrid relaying system succeeds if 1) the relay

can harvest sufficient energy for its circuit operation and the achieved SINR at

the relay is greater than the threshold τW so that the information transmitted by

the source can be successfully decoded and 2) the achieved SINR or SNR at the

destination is greater than τW or τA so that the information forwarded by the relay

through WPR or ABR, respectively, can be successfully decoded. Let M ∈ {W,A}

denote the operational mode indicator of the hybrid relay R. Mathematically, the

success probability of the hybrid relaying is expressed as

SHR = P
[
νR>τW, ν

W
D >τW, ER > EW,M = W

]
+ P

[
νR>τW, ν

A
D>τA, ER > EA,M=A

]
(a)
= P

[
νR>τW, ν

W
D >τW, ER>EW|M=W

]
P
[
M=W

]
+P
[
νR>τW, ν

A
D>τA, ER>EA|M=A

]
P
[
M=A

]
. (4.6)

4.4.1 General-Case Result for ESAP

We first investigate the hybrid relaying with ESAP. Note that with block Rayleigh

fading channels, the source-to-relay transmission and relay-to-destination transmis-

sion in the WPR mode are affected by the same set of interferers with static locations.

In other words, the relay and destination nodes experience spatially and temporally

correlated interference [114]. In this scenario, we characterize the success probability

of hybrid relaying defined in (4.6) in the following theorem.
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Theorem 4.4.1 The success probability of the hybrid relaying with ESAP is

SESAP
HR =exp

(
−κ(τW)σ2

)(
χA(τW, ρC−ρW)

(
1−FQR

(
%C
)
−
∫ ∞
%C

δ(q)fQR
(q)dq

)
+

∫ %C

%W

(
1−δ(q)

)
χA(τW, ωβq−ρW)fQR

(q)dq

+ Det
(

Id + αGΦ(x,y)ψx

(
κ(τW)

)
ψy

(
κ(τW)

))− 1
α

∫ ∞
%A

δ(q)fQR
(q)dq

)
, (4.7)

where κ(v) ,
dµS,Rv

PS
, δ(q) , exp

(
− dµR,Dσ̃

2τA

ηξq

)
, GΦ(x,y) , ζ exp

(
− πζ

2
(‖x‖2 + ‖y‖2 −

2xȳ)
)

, ψz(s) ,

√
1−
(
1+sPT‖z‖−µ

)−1

, fQR
(q) and FQR

(q) are given in (4.4) and

(4.5), respectively, χA is given as:

χA(v, p) = exp
(
− `(v, p)σ2

)
Det
(

Id+αGΦ(x,y)ϕx

(
`(v, p)

)
ϕy

(
`(v, p)

))− 1
α
, (4.8)

therein `(v, p),
dµR,Dv(1−ω)

2p
, and

ϕz(s),

√
1−
(
1+κ(τW)PT‖z‖−µ

)−1(
1+sPT‖z−xD‖−µ

)−1

.

For readability, the proof of Theorem 4.4.1 is presented in Appendix 4.8.1.

The analytical expression in (4.7) appears in terms of the Fredholm determi-

nant [56], which allows efficient numerical evaluation of the relevant quantities [82,

112, 115, 116]. It is observed that the analytical expression of SESAP
HR in (4.7) has

multiple terms. This is due to the feature that the proposed hybrid relaying has a

two-mode operation. The analytical expression involves the joint probabilities that

an operational mode is selected and the relay transmission in the selected mode is
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successful. We note that the analytical expression in (4.7) has a comparable com-

putational complexity to the analytical results in [112, 116]. The term that has the

highest computational complexity (e.g., the last term in (4.7)) involves one integral of

the inverse Laplace transform of the Fredholm determinant, which can be evaluated

relatively easily with numerical integration tools.

4.4.2 Special-Case Results

Next, we investigate some special settings in which the general-case result in (4.7)

can be considerably simplified.

Pure Ambient Backscatter Relaying

In the special case when R forwards information from S to D through ambient

backscattering only, referred to as pure ABR, we have the corresponding success

probability as follows.

Corollary 2 The success probability of the pure ABR is

SABR = exp
(
− κ(τW)σ2

)
Det
(

Id+αGΦ(x,y)ψx

(
κ(τW)

)
ψy

(
κ(τW)

))− 1
α

×
∫ ∞
%A

δ(q)fQR
(q)dq, (4.9)

where fQR
(q) is given in (4.4).

Proof. The performance of the pure ABR can be derived by setting R exclusively

in ABR mode for relaying as long as the harvested energy is enough to support

the function. Mathematically, by plugging P
[
M = W

]
= 0 and P

[
M = A

]
=

P
[
ER > EA] into the definition in (4.6), the corresponding success probability can
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be expressed as

SABR = P
[
νR>τW, ν

A
D>τA, ER>EA

]
, (4.10)

which is equivalent to the second term of SESAP
A in (4.31) with EW replaced by ∞.

Therefore, the analytical expression of SABR in (4.9) yields from the derivation of

SESAP
A with the mentioned replacement.

We note that the success probability of the hybrid relaying in (4.7) can be ex-

panded as follows:

SESAP
HR

= P
[
νR>τW, ν

W
D >τW, ν

A
D>τA, ER>EW

]
+ P

[
νR>τW, ν

W
D >τW, ν

A
D≤τA, ER>EW

]
+ P

[
νR>τW, ν

A
D>τA, ν

W
D ≤τW, ER>EW

]
+ P

[
νR>τW, ν

A
D>τA, EW≥ER>EA

]
= P

[
νR>τW, ν

A
D>τA, ER>EA

]
+ P

[
νR>τW, ν

W
D >τW, ν

A
D≤τA, ER>EW

]
, (4.11)

where the first equality follows by expanding the first term of (4.31) into two cases

when νA
D > τA and νA

D ≤ τA and the last equality follows by combining the first,

the third and the fourth terms before the equality. One finds that the probability

representation of SABR in (4.10) is exactly the first term of (4.11). Given that the

second term of (4.11) is always positive, we have the following observation.

Remark 1: The success probability of the hybrid relaying with ESAP is strictly

higher than that of the pure ABR.

Let GESAP
ABR denote the performance improvement of the hybrid relaying with ESAP

over the pure ABR in terms of the success probability, i.e., GESAP
ABR = SESAP

HR − SABR.
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In particular, we have

GESAP
ABR = exp

(
−κ(τW)σ2

)(
χA(τW, ρC−ρW)

(
1−FQR

( ρC
ωβ

)
−
∫ ∞
ρC
ωβ

δ(q)fQR
(q)dq

)
︸ ︷︷ ︸

G1

+

∫ ρC
ωβ

ρW
ωβ

(
1−δ(q)

)
χA(τW, ωβq−ρW)fQR

(q)dq︸ ︷︷ ︸
G2

)
. (4.12)

Based on the expansion of the Fredholm determinant in [116, eqn. 14], χA(τW, ρC−

ρW) can be expressed as

χA(τW, ρC−ρW) = exp

(
−
dµR,DτW(1−ω)σ2

2(ρC−ρW)

)

×
∏
n≥0

(
1+

2α(πζ)n+1

n!

∫ R

0

exp(−πζr2)r2n+1

1+2(ρC−ρW)rµ(dµR,DτW(1−ω)PT )−1
dr

)− 1
α

. (4.13)

As the repulsion factor α ∈ [−1, 0) and all the other parameters take positive values,

it is readily checked that χA is an increasing function of ρC − ρW. Given that the

physical capacity of the capacitor, i.e., ρC , is fixed, χA decreases with the increase of

ρW. As a result, both G1 and G2 in (4.12), and thus GESAP
ABR , are decreasing functions

of ρW. It is also noted that ρA does not appear in the expression of GESAP
ABR .

Remark 2: According to (4.12), the improvement of the hybrid relaying with

ESAP over the pure ABR GHR
ABR can be increased with the reduced circuit power

consumption EW, while GHR
ABR is not affected by any change of the circuit power

consumption EA.

Furthermore, considering the special case of Corollary 2 where the distributions

of Ψ and Φ exhibit no repulsion, i.e., the Poisson field of the ambient emitters and

interferers with α̃→ 0 and α→ 0, we can simplify SABR in a closed form.
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Corollary 3 When the path-loss exponent µ equals 4, the success probability of pure

ABR in the Poisson field of ambient emitters and interferers is

SABR =
π2

4
ζ̃

√
P̃TN−1 exp

(
−
d4

S,Rσ
2τW

PS

−
π2ζd2

S,R

2

√
τWPT
PS

)
Erf
(√

N%−1
A

)
, (4.14)

where N ,
d4R,Dσ̃

2τA

ηξ
+

π4ζ2QP̃T

16
and Erf(t) = 1√

t

∫ t
−t exp(−x2)dx is the error func-

tion [117].

The proof of Corollary 3 is presented in Appendix 4.8.2.

The closed-form expression in (4.14) directly reveals the effects of the parameters

on the success probability. As the circuit power consumption of the pure ABR is

ultra-low, we have %A → 0, and thus Erf
(√

N
%A

)
→ 1 and SABR ≈ π2

4
ζ̃

√
P̃T
N

exp

(
−

d4S,Rσ
2τW

PS
− π2ζd2S,R

2

√
τWPT
PS

)
. One easily observes that SABR is an increasing function

of ζ̃, PS, and P̃T , and a decreasing function of τW, τA, dS,R, dR,D, ζ, and PT .

Pure Wireless-Powered Relaying

Next, we consider another special case when R forwards information over the relay-

to-destination link only with wireless-powered transmission referred to as the pure

WPR. The corresponding success probability is given in the following corollary.

Corollary 4 The success probability of the pure WPR is

SWPR =exp
(
−κ(τW)σ2

)(∫ %C

%W

χA(τW, ωβq−ρW)fQR
(q)dq

+ χA(τW, ρC−ρW)
(
1−FQR

(
%C
)))

, (4.15)

where χA, FQR
(q), and fQR

(q) are given in (4.8), (4.5), and (4.4), respectively.
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Proof. The performance of the pure WPR can be obtained by letting R forward

the information from S to D with active transmission only, once the harvested energy

is sufficient for the function. Mathematically, we have P
[
M = W

]
= P

[
νR>τW, ν

W
D >

τW, ER > EW

]
and P

[
M = A

]
= 0. By assigning the above conditions to the

definition in (4.6), the corresponding success probability can be expressed as

SWPR =P
[
νR>τW, ν

W
D >τW, ER>EW

]
, (4.16)

which is exactly the probability representation of SESAP
W in (4.31). Therefore, the

analytical expression of SWPR in (4.15) can be directly obtained from (4.35).

Remark 3: As the probability representation of SWPR in (4.16) is exactly SESAP
W

in (4.31), we have SESAP
HR = SESAP

W + SESAP
A > SWPR, noting that SESAP

A is positive.

Therefore, the success probability of the hybrid relaying with ESAP is strictly higher

than that of the pure WPR.

Let GHR
WPR denote the performance improvement of the hybrid relaying over the

pure WPR in terms of the success probability, i.e., GESAP
WPR = SESAP

HR − SWPR. In

particular, we have

GESAP
WPR

= exp
(
−κ(τW)σ2

)(
Det
(

Id+αGΦ(x,y)ψx

(
κ(τW)

)
ψy

(
κ(τW)

))−1
α︸ ︷︷ ︸

G3

∫ ∞
%A

δ(q)fQR
(q)dq

− χA(τW, ρC−ρW)

(∫ ∞
%C

δ(q)fQR
(q)dq +

∫ %C

%W

δ(q)χA(τW, ωβq−ρW)fQR
(q)dq

)
︸ ︷︷ ︸

G4

)
.

(4.17)
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Recall that χA is a decreasing function of ρW from the previous analysis. Given

that the physical capacity of the capacitor is fixed, it is readily checked that G3

remains constant with %W while G4 decreases with ρW, and thus %W. Hence, GESAP
WPR

is an increasing function of %W. Additionally, we have

∂GESAP
WPR

∂%A

= − exp
(
−κ(τW)σ2

)
G3δ(%A)fQA

(%A) < 0.

Thus, GESAP
WPR is a decreasing function of %A.

Remark 4: It is observed from (4.17) that the improvement of the hybrid relay-

ing with ESAP over the pure WPR becomes more remarkable with increased circuit

power consumption EW and reduced circuit power consumption EA.

4.4.3 General-Case Results for ETCP

Next, we continue to investigate the performance of hybrid relaying with ETCP at

the steady states when R has committed to a particular mode based on its selection

criterion. The mode selection probability of ETCP depends on the average success

probabilities of the pure ABR and WPR, which have been obtained in Corollary

2 and Corollary 4, respectively. Based on these results with ETCP, we have the

success probability of hybrid relaying in the following theorem.

Theorem 4.4.2 The success probability of the hybrid relaying with ETCP at the

steady states is

SETCP
HR =

1

2
(SWPR + SABR) +

1

2

(
φ
(
SWPR,SABR

)
− φ
(
SABR,SWPR

))
(SWPR − SABR),

(4.18)
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where SABR and SWPR are given in (4.9) and (4.15), respectively, and φ is given as

φ(x, y) =
n∑
i=1

i∑
j=1

(
n

i

)(
n

i−j

)
xi(1− x)n−iyi−j(1− y)n−i+j.

The proof of Theorem 4.4.2 can be found in Appendix 4.8.3.

When the hybrid relay adopts a strategy that uniformly selects between the

ABR and WPR modes at random, referred to as uniform random mode selection

(URMS), the corresponding success probability can be easily obtained by averaging

the success probabilities of the two modes, i.e., SURMS
HR = 1

2
(SABR + SWPR). Let

Υ , SETCP
HR − SURMS

HR = 1
2

(
φ
(
SWPR,SABR

)
− φ

(
SABR,SWPR

))
(SWPR − SABR). It is

readily checked that φ
(
SWPR,SABR

)
− φ

(
SABR,SWPR

)
and SWPR − SABR are both

positive, both negative, or both equal to zero. Therefore, we have Υ ≥ 0, which

yields the following observation.

Remark 5: The success probability of the hybrid relaying with ETCP is strictly

no worse than that with uniformly random mode selection.

4.5 Analysis of Ergodic Capacity

This section investigates the end-to-end ergodic capacity that can be achieved from

the hybrid relaying. Specifically, we provide the general-case results for hybrid re-

laying with ESAP and ETCP and the special-case results for pure ABR and WPR.
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The ergodic capacity of the hybrid relaying can be defined as

CHR ,
(1− ω)

2

(
CWP

[
M = W

]
+ CAP

[
M = A

])
=

(1− ω)

2

(
E
[
W log2(1 + ν)

∣∣M = W
]
P[M=W]

+CAP
[
νR > τW, ν

A
D > τA|M=A

]
P
[
M=A

])
, (4.19)

where the coefficient 1−ω
2

comes from the fact that the transmission for each hop

occupies 1−ω
2

fraction of a time slot duration and the last equality follows the as-

sumption that CA � CW.

4.5.1 General-Case Results for ESAP

According to the definition in (4.19), the ergodic capacity of the hybrid relaying with

ESAP is presented in the following theorem.

Theorem 4.5.1 The ergodic capacity of the hybrid relaying with ESAP is

CHR =
1− ω

2

(
W

ln(2)

∫ ∞
τW

exp
(
− κ(v)σ2

)
1 + v

(
χA(v, ρC − ρW)

(
1− FQR

(
%C
))

+

∫ %C

%W

χA(v, ωβq − ρW)fQR
(q)dq

)
dv + CASESAP

A

)
, (4.20)

where χA, FQR
(q), fQR

(q), and SESAP
A are given in (4.8), (4.5), (4.4), and (4.36),

respectively.

The proof of Theorem 4.5.1 is presented in Appendix 4.8.4.
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4.5.2 Special-Case results

For the analysis of the ergodic capacity, we also investigate the special cases when

R relays the information from S to D by using only ambient backscattering or only

wireless-powered transmission. In particular, the result of the former case is pre-

sented in the following corollary.

Corollary 5 The capacity of the pure ABR is

CABR =
(1−ω)CA

2
exp
(
−κ(τW)σ2

)
×Det

(
Id+αGΦ(x,y)ψx

(
κ(τW)

)
ψy

(
κ(τW)

))−1
α

∫ ∞
%A

δ(q)fQR
(q)dq, (4.21)

where fQR
(q) is given in (4.4).

Proof. If the relay-to-destination transmission is performed only through ambi-

ent backscattering, we have

P[M = W] = 0 and P[M = A] = P
[
νR>τA, ν

A
D>τA, ER>EA

]
= SABR, (4.22)

By assigning (4.22) into the definition in (4.19), we have the corresponding ergodic

capacity as

CABR =
1− ω

2
CASABR, (4.23)

where SABR has been obtained in Corollary 2.

Subsequently, CABR in (4.21) can be directly obtained by inserting SABR in (4.9)

into (4.23).

Moreover, if R performs relaying with only the wireless-powered transmission, we
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have the capacity of the pure WPR in the following corollary.

Corollary 6 The capacity of the pure WPR is

CWPR =
W (1− ω)

2 ln(2)

∫ ∞
τW

exp
(
− κ(v)σ2

)
1 + v

(
χA(v, ρC − ρW)

(
1− FQR

(
%C
))

+

∫ %C

%W

χA(v, ωβq−ρW)fQR
(q)dq

)
dv, (4.24)

where χA, FQR
(q), and fQR

(q) are given in (4.8), (4.5), and (4.4), respectively.

Proof. From the proof of Corollary 6, we have the conditions that R only

performs WPR as

P
[
M = W

]
= P

[
νR>τW, ER>EW, ν

W
D >τW

]
and P

[
M = A

]
= 0. (4.25)

By inserting (4.25) into (4.19), we have

CWPR =
(1− ω)

2
E
[
W log2(1 + ν)1{νR>τW,νWD >τW,ER>EW}

]
, (4.26)

where E
[
W log2(1 + ν)1{νR>τW,νWD >τW,ER>EW}

]
has been obtained in (4.44). We,

therefore, have CWPR in (4.24) by plugging (4.44) into (4.26).

4.5.3 General-Case Results for ETCP

Theorem 4.5.2 The ergodic capacity of the hybrid relaying with ETCP at the steady

states is

CETCP
HR =

1

2
(CABR + CWPR) +

1

2

(
φ
(
SWPR,SABR

)
− φ
(
SABR,SWPR

))
(CWPR − CABR),

(4.27)
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where CABR, CWPR, SABR, and SWPR have been obtained in (4.21), (4.24), (4.9), and

(4.15), respectively.

Proof. Recall that, from the proof of Theorem 4.4.2, we have obtained the prob-

ability of R selecting the ABR mode and WPR mode under ETCP at the steady

states in (4.41) and (4.42), respectively. According to the mode selection criterion

of ETCP described in Section 4.2, the ergodic capacity of the hybrid relaying with

ETCP at the steady states can be expressed as

CETCP
HR =

1

2
(CABR +CWPR) +

1

2
(P[NWPR > NABR]−P[NABR > NWPR])(CWPR−CABR).

(4.28)

By inserting the expressions of P[NABR > NWPR], P[NWPR > NABR], CABR, and CWPR

obtained in (4.41), (4.42), (4.21), and (4.24), respectively, into (4.28), we have the

expression of CETCP
HR in (4.27).

4.6 Numerical Results

In this section, we show numerical results to validate and evaluate the success prob-

abilities and ergodic capacity of the hybrid relaying system analyzed in Section 4.4.

To demonstrate the advantage of the proposed hybrid relaying with the mode selec-

tion protocols, we compare their performance with that of the pure WPR, and the

pure ABR. The performance results of the hybrid relaying with ESAP and those with

ETCP, the pure WPR and the pure ABR are labeled as “HR-EASP”, “HR-ETCP”,

“WPR” and “ABR”, respectively. In the simulation, the ambient emitters Ψ and

interferers Φ are distributed on a circular disc of radius R = 500 m with the relay

node R centered at the origin. Besides, the source node S and destination node D
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are placed at (-dS,R,0) and (dR,D,0), respectively. Ψ and Φ are considered as BSs and

sensor devices with transmit power P̃T = 40 dBm and PT = 20 dBm, respectively.

The frequency bandwidth of Ψ and Φ are set as 20 MHz [118] and 50 kHz [119],

respectively. The noise variance is -120 dBm/Hz. We set the transmit power of the

source node as PS = PT . The energy harvesting time fraction of the hybrid relay

is set at ω = 0.4. If the WPR is adopted, the average circuit power consumption

rate of R is set at ρW = 50µW , which is within the typical power consumption

range of a wireless-powered transmitter [156]. For the ABR, we set ρA = 5µW ,

an order of magnitude smaller than ρW. The normalized capacitor capacity ρC is

0.02 Joules/second. The ambient backscattering efficiency and capacity are set at

ξ = 0.25 and CA = 50 Kbps, respectively. The other system parameters adopted are

listed in Table 4.2 unless otherwise stated.

Table 4.2: Parameter Setting.

Symbol α α̃ µ µ̃ dS,R, dR,D τW τA η β
Value -0.5 -1 3.5 3.0 5 m 0 dB 20 dB 0.375 [75] 0.5 [60]

4.6.1 SINR Threshold on Success Probability

In Fig. 5.1, the success probabilities SESAP
HR and SETCP

HR obtained in Theorem 4.4.1

and Theorem 4.4.2, respectively, are shown as functions of the SINR threshold τW.

To demonstrate the accuracy of the analytical expressions, we compare them with

the results generated by Monte Carlo simulations. It can be seen that for both SESAP
HR

and SETCP
HR , the analytical results match closely with the simulation results over a

wide range of τW and τA. Fig. 4.3(b) depicts SETCP
HR under different settings of n.

For comparison, we also show the success probability of hybrid relaying with URMS,

i.e., SURMS
HR = 1

2
(SABR + SWPR), labeled as “URMS”. It can be found that SETCP
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Figure 4.3: Success probability as a function of τW.

under different settings of n outperforms all SURMS
HR , which agrees with Remark 5.

Moreover, SETCP monotonically increase with n. This is due to the fact that the

more number of the time slots to explore, the higher chance the hybrid relay finds

the averagely better-performed mode. We can see that the performance gap resulted

from the increase of n decreases when n is large. In the following simulations, the
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value of n is set as 5 to avoid a lengthy exploration period.
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4.6.2 Impact of System Environment (i.e., repulsion factors

α̃ and α and densities ζ̃ and ζ of Ψ and Φ) on Success

Probability

Fig. 4.4 shows the success probabilities SESAP
HR and SETCP

HR as functions of α under

different α̃. It can be found that greater repulsion among the ambient emitters Ψ,

i.e., smaller α̃, increases the success probabilities. By contrast, greater repulsion

among the interferers Φ decreases the success probabilities. This comes from the

fact that, given the spatial density, larger repulsion among the transmitters in Ψ

(Φ) results in the higher probability that some transmitters in Ψ (Φ) locate near R,

and thus stronger received signals from Ψ (Φ). As a result, smaller α̃ leads to more

carrier signals for energy harvesting and smaller α generates more interference at R.

Fig. 4.5 studies how the success probabilities vary under different density of inter-

ferers ζ. As expected, the success probabilities monotonically decrease with ζ. We

observe that the hybrid relaying with ESAP achieves a higher success probability

than that of the pure ABR and the pure WPR, which corroborates Remark 1 and

Remark 3, respectively. Given the knowledge of receive SINR at the destination

node, ESAP can switch the hybrid relay to the ABR mode when the detected in-

terference is high. Therefore, the hybrid relaying with ESAP outperforms both the

pure WPR the pure ABR. When ζ is large, e.g., ζ = 104/km2, pure ABR achieves

comparable performance to that of the hybrid relaying with ESAP.

For the hybrid relaying with ETCP, SETCP
HR approaches the better-performed

mode (WPR or ABR) than the worse-performed mode in most conditions, which

demonstrates the effectiveness of the exploration period in determining the better-

performed mode. For the pure ABR, it is worth noting that, though the interference
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on the transmit frequency of Φ does not affect the ABR link on the transmit fre-

quency of Ψ, the interference still affects the source-to-relay link and thus SABR.

Since only the source-to-relay link is affected, SABR is more robust to the impact of

increased interference than SWPR. This is evident from Fig. 4.5 that SABR decreases

with the increase of ρ at a much slower rate than that of SWPR.

Fig. 4.6 examines the impact of the density of the ambient emitters ζ̃. In contrast

to the influence of ζ, the increase of ζ̃ augments the success probabilities of all types

of relaying. The reason is that a larger ζ̃ means more ambient energy resources,

and thus more transmit power in either the WPR mode or APR mode. When

ζ̃ is relatively large, (e.g., above 2000/km2), the pure ABR outperforms the pure

WPR. The reason is that when the signal power from ambient emitters is strong,

the transmit power of the pure WPR is mostly limited by its capacitor capacity

while that of the pure ABR does not have such a limitation. In other words, PW
R

stops increasing with ζ̃ once the capacitor is fully charged. By contrast, PA
R keeps

increasing with ζ̃.

4.6.3 Impact of Normalized Capacitor Capacity ρC on Suc-

cess Probability

In Fig. 4.7, we investigate the impact of the normalized capacitor capacity i.e.,

ρC = EC
T

. It can be found that the capacity of the capacitor has a considerable

impact on the success probabilities of the hybrid relaying with ESAP and the pure

WPR. The reason is that the capacitor capacity is directly related to the transmit

power of the wireless-powered transmission. By contrast, SABR remains steady with

the variation of ρC , as the transmit power of the pure ABR is not related to the
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Figure 4.6: Success probability as a function of ζ̃.
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Figure 4.7: Success probability as a function of ρC .

capacitor capacity. Again, SETCP
HR approaches more closely to the better-performed

one among SABR and SWPR in most of the shown range. We note that both the suc-

cess probabilities of the hybrid relaying with ESAP and the pure WPR are saturated

when %C becomes large. This implies that it is not necessary to equip a capacitor

with oversized capacity for the hybrid relaying and the pure WPR. In practice, the

capacitor capacity can be properly chosen to achieve a certain objective of success

probability in the target network environment. Furthermore, by integrating ambi-
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ent backscattering, the hybrid relaying with either ESAP or ETCP can relieve the

requirement on capacitor capacity compared with the pure WPR.

4.6.4 Effect of Energy Harvesting Time Fraction ω on Suc-

cess Probability and Ergodic Capacity

Fig. 4.8 evaluates how the energy harvesting time fraction ω of the relaying protocol

affects the success probability. We observe that the success probabilities of WPR,

ESAP and ETCP monotonically increase with ω. The reason is that larger ω not

only decreases the probability of harvesting insufficient energy for the circuit power

consumption but also increases the transmit power of WPR, resulting in higher

success probabilities. By contrast, the variation of ω barely changes the success

probability of ABR. This is because the energy demand for circuit power consumption

of ABR is ultra-low which can be satisfied at a very small value of ω, and thus, further

increasing ω does not cause a noticeable impact on the success probability.

Fig. 4.9 examines the impact of ω on the ergodic capacity performance. We first

validate the analytical expressions of CESAP
HR , CETCP

HR , CABR, and CWPR obtained in

Theorem 4.5.1, Theorem 4.5.2, Corollary 4, and Corollary 5, respectively. It

can be seen that our analytical results of ergodic capacity well match the Monte

Carlo simulation results over a wide range of ω. In terms of the ergodic capacity,

the hybrid relaying with ESAP still achieves the higher ergodic capacity than those

of the pure ABR and the pure WPR. We can observe that the plots of the hybrid

relaying with ESAP and the pure WPR are unimodal functions of ω within the shown

range. This reveals that there can be an optimal value of ω to maximize the ergodic

capacity of the hybrid relaying and the pure WPR. It is noted that the ergodic
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capacity of the pure ABR is also a unimodal function of ω. Due to the ultra-lower

circuit power consumption, the maximal CABR is achieved at a value much smaller

than the shown range, and thus we omit displaying it. Moreover, the performance

gap between the hybrid relaying with ESAP and the pure WPR becomes larger with

the decrease of the energy harvesting time fraction. This implies that the smaller the

energy harvesting time, the greater the performance gain of the hybrid relaying with
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Figure 4.10: Energy efficiency as a function of PS (τW = 10τW).

ESAP over the pure WPR. The reason is that ABR is adopted in ESAP when the

harvested energy is deficient for active transmission. For ETCP, it can be seen that

a longer exploration period may not always result in higher ergodic capacity. The

reason is that ETCP favors higher success probability instead of ergodic capacity.

4.6.5 Impact of Transmit Power PS on Energy Efficiency

Based on the analytical results of ergodic capacity, we also evaluate the energy effi-

ciency (in bits/Joule) of the relaying system, defined as the ergodic capacity versus

the transmit power of the source node, i.e., EHR = CHR

PS
. As shown in Fig. 4.10, the

ergodic capacities of all types of the relaying are unimodal functions of PS. Specifi-

cally, increasing PS at first enhances the energy efficiency because of an increase of

the ergodic capacity. However, as PS keeps increasing, the ergodic capacity increases

at a rate lower than that of PS, and thus, the energy efficiency starts to decrease.
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4.6.6 Applications of Analytical Framework

Furthermore, we demonstrate applications of the derived analytical framework in op-

timizing system parameters. In energy-constrained communication systems, power

allocation is a crucial design issue. Therefore, we consider two power allocation-

related design problems: transmit power minimization and energy efficiency maxi-

mization. For the first problem, we minimize the transmit power of the source node

with constraints on the minimum capacity by optimizing the energy harvesting time

fraction ω. The formulation is expressed as follows:

P1 : min
ω

PS

subject to C1 : CHR ≥ CTarget
HR ,

C2 : 0 ≤ PS ≤ P̄ , 0 ≤ PW
R ≤ P̄ ,

C3 : 0 ≤ ω ≤ 1,

where CTarget
HR denotes the target ergodic capacity and P̄ denotes the maximum trans-

mit power for the source node and the relay node in the WPR mode. C2 denotes

the transmit power constraints for the source node and the hybrid relay, and C3

denotes the time allocation constraint.

For the second problem, we maximize the energy efficiency of the relaying system

with the reliability constraint that the success probability of the hybrid relaying

should be above some target value, denoted as STarget
HR . The formulation is shown as
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follows:

P2 : max
ω,PS

EHR =
CHR

PS

subject to C1 : SHR ≥ STarget
HR ,

C2 : 0 ≤ PS ≤ P̄ , 0 ≤ PW
R ≤ P̄ ,

C3 : 0 ≤ ω ≤ 1,

where C1 is the reliability requirement and C2 and C3 are the same as those in

P1. Solving this problem provides us optimal choices of the energy harvesting time

fraction ω and transmit power PS.

4.6.7 Numerical Solutions of Optimization Problems

Next, we numerically solve the formulated optimization problems. Fig. 4.11(a) and

Fig. 4.11(b) illustrates the minimum transmit power allocation and corresponding ω

and PS as functions of the target ergodic capacity, respectively, for P1. As expected,

the minimum transmit power is an increasing function of the target ergodic capacity.

By utilizing the instantaneous CSI of active transmission, the hybrid relaying with

ESAP achieves the same target ergodic capacity with much lower transmit power

than that with ETCP.

Fig. 4.12(a) and Fig.4.12(b) demonstrate the maximum energy efficiency and the

corresponding PS and ω as functions of the target success probability, respectively, for

P2. Again, the hybrid relaying with ESAP outperforms that with ETCP in terms of

maximum energy efficiency due to higher achieved capacity. It is observed that with

the increase of the target success probability the maximum energy efficiency first
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Figure 4.11: Minimum transmit power and optimal energy harvesting time fraction with
reliability constraints. (ρQ = 2000/km2, P̄ = 30 dBm)

remains steady and then decreases. The reason is that larger PS is required to en-

sure higher reliability, which may sacrifice energy efficiency. Moreover, the optimal ω

increases with the reliability requirement. This can be understood straightforwardly

that more harvested energy is needed for the hybrid relay to perform WPR to guar-
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Figure 4.12: Maximum energy efficiency and optimal energy harvesting time fraction and
with reliability constraints. (ρQ = 2000/km2, P̄ = 30 dBm)

antee high reliability. The results of the optimal resource allocation problem can

be used as guidance for setting the hybrid relaying to balance the tradeoff between

energy efficiency and reliability.
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4.7 Conclusion

We have proposed a hybrid relaying paradigm that is capable of operating in ei-

ther ambient backscatter relaying mode or wireless-powered relaying mode. Both

relaying modes are based on but have different ways of, utilizing ambient RF sig-

nals. Therefore, how to switch between the two relaying modes under different

network environment largely determines the performance of the hybrid relaying. To

address this issue, we have devised two protocols for the hybrid relaying to perform

operational mode selection with and without instantaneous CSI of active transmis-

sion. Considering the use of the hybrid relaying in a dual-hop relay system with

spatially randomly located ambient emitters and interferers, we have derived the

end-to-end success probabilities and ergodic capacity of the system under different

mode selection protocols based on stochastic geometry analysis. We have demon-

strated analytically and numerically the superiority of the hybrid relaying over the

pure wireless-powered relaying and the pure ambient backscatter relaying, as the

proposed mode selection protocols effectively select the proper operation to adapt

to the system environment. The analytical results reveal the impacts of different

system parameters on the studied performance metrics and allow us to optimize the

system parameters based on the objective.

4.8 Appendix

4.8.1 Proof of Theorem 1

Proof. According to the criterion of ESAP described in Section 4.3, we have the

probability that the hybrid relay is in the WPR mode and the ABR mode, respec-
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tively, expressed as

P
[
MESAP = W

]
= P

[
νR>τW, ER>EW, ν

W
D >τW

]
, (4.29)

and P
[
MESAP = A

]
= P

[
νR>τW, ER>EW, ν

W
D ≤τW

]
+P
[
νR>τW, EW≥ER>EA

]
. (4.30)

By inserting (4.29) and (4.30) into (4.6), we have

SESAP
HR =P

[
νR>τW, ν

W
D >τW, ER>EW

]
︸ ︷︷ ︸

SESAP
W

+ P
[
νR>τW, ν

A
D>τA, ν

W
D ≤τW, ER>EW

]
+ P

[
νR>τW, ν

A
D>τA, EW≥ER>EA

]
︸ ︷︷ ︸

SESAP
A

,

(4.31)

where SESAP
W (SESAP

A ) represents the joint probability that the transmission is suc-

cessful and the hybrid relay is in the WPR (ABR) mode under ESAP. We first obtain

SESAP
W as follows:

SESAP
W = P

[
hS,R >

dµS,RτW(IR+σ2)

PS

, hR,D >
dµR,DτW(ID+σ2)

PW
R

, ωβTQR > EW

]
(a)
= E

[
exp

(
−
dµS,RτW(IR+σ2)

PS

)
exp

(
−
dµR,DτW(IR+σ2)

PW
R

)
1{QR>%W}

]
, (4.32)

where (a) follows the complementary CDF of the exponential random variable, i.e.,

P[h > x] = exp(−x) for h ∼ exp(1)

With quasi-static interference, the relay and the destination nodes are affected
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by spatially and temporally correlated interference imposed by the same ambient

interferers Φ within the same time slot. Therefore, IR and ID are correlated. Let

LIR,ID(s1, s2) = E[exp(−s1IR − s2ID)] denote the Laplace transform of joint PDF of

IR and ID. We can express SESAP
W as follows

SESAP
W = E

[
exp

(
−
dµS,RτWσ

2

PS

−
dµR,DτWσ

2

PW
R

)
LIR,ID

(
dµS,RτW

PS

,
dµR,DτW

PW
R

)
1{QR>%W}

]
,

(4.33)

where the Laplace transform can be calculated as

LIR,ID
(
dµS,RτW

PS

,
dµR,DτW

PW
R

)
= EΦ,hj,R,hj,D

[
exp

(
−
dµS,RτW

PS

∑
j∈Φ

PThj,R
dµj,R

−
dµR,DτW

PW
R

∑
j∈Φ

PThj,D
dµj,D

)]
(b)
= EΦ

[∏
j∈Φ

(
1+

PTd
µ
S,RτW

PSd
µ
j,R

)−1(
1+

PTd
µ
R,DτW

PW
R dµj,D

)−1
]

(c)
= Det

(
Id+αGΦ(x,y)ϕx

(
dµR,DτW

(
PW

R

)−1
)
ϕy

(
dµR,DτW

(
PW

R

)−1
))− 1

α
, (4.34)

where (b) follows the Laplace transform of an exponential random variable, i.e.,

Lh(Z) = (1 + Z)−1 for h ∼ E(1), and (c) takes the average over the α-GPP Φ by

applying Proposition 1.

By inserting (4.34) into (4.33) we have the following expression after some math-
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ematical manipulations.

SESAP
W

=exp
(
−κ(τW)σ2

)(
Det
(

Id+αGΦ(x,y)ϕx

(
`(τW, ρC−ρW)

)
ϕy

(
`(τW, ρC−ρW)

))− 1
α

× exp
(
−`(τW, ρC−ρW)σ2

)(
1−FQR

(
%C
))

+

∫ %C

%W

exp
(
−`(τW, ωβq − ρW)σ2

)
×Det

(
Id+αGΦ(x,y)ϕx

(
`(τW, ωβq−ρW)ϕy

(
`(τW, ωβq−ρW)

))− 1
α
fQR

(q)dq

)
. (4.35)

Subsequently, we continue to derive SESAP
A as follows:

SESAP
A = P

[
hS,R>

τWd
µ
S,R(IR+σ2)

PS

, h̃R,D>
dµR,Dσ̃

2τA

ηξQR

, EW≥ωβTQR>EA

]
+ P

[
hS,R>

dµS,RτW(IR+σ2)

PS

, h̃R,D>
dµR,Dσ̃

2τA

ηξQR

, hR,D≤
dµR,DτW(ID+σ2)

PW
R

, ωβTQR>EW

]
.

(e)
= exp

(
−κ(τW)σ2

)(
Det
(

Id+αGΦ(x,y)ψx

(
κ(τW)

)
ψy

(
κ(τW)

))−1
α

∫ ∞
%A

δ(q)fQR
(q)dq

− χA(τW, ρC−ρW)

∫ ∞
%C

δ(q)fQR
(q)dq −

∫ %C

%W

χA(τW, ωβq−ρW)δ(q)fQR
(q)dq

)
, (4.36)

where (e) follows similar derivation steps of SESAP
W in (4.35) and χA(v, p) has been

defined in (4.8).

Finally, by plugging (4.35) and (4.36) into (4.31), we have SESAP
HR expressed in

(4.7).

4.8.2 Proof of Corollary 2

Proof. The case when the ambient emitters and interferers are distributed following

PPPs can be modeled as a special case of our adopted α-GPP when α → ∞. In
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particular, by using the expansion [57]

Det
(
Id + αBΦ(s)

)− 1
α α→0−→ exp

(
−
∫
O
BΦ(x,x)dx

)
, (4.37)

we can simplify the Fredholm determinant in (4.9) as follows when α→∞, α̃→∞,

and µ = 4:

Det
(

Id+αBΦ

(
κ(τW)

))− 1
α
=exp

(
−2πζ

∫ R→∞

0

(
1−
(

1+
d4

S,RτWPT

PSr4

)−1
)
rdr

)

=exp

(
− π2ζ

2

√
d4

S,RτWPT

PS

)
. (4.38)

Similarly, following the expansion in (4.37), fQR
(q) can be simplified as follows:

fQR
(q)=L−1

{
exp

[
−2πζ̃

∫ R→∞

0

r

1+r4(sP̃T )−1
dr

]}
(q)

= L−1

{
exp

(
−π

2

2
ζ̃

√
sP̃T

)}
(q)

(f)
=

1

2πi
lim
L→∞

∫ N+iL

N−iL
exp (qs) exp

(
−π

2

2
ζ̃

√
sP̃T

)
ds

(g)
=

1

π

∫ ∞
0

exp(−qt)

[
exp

(
i
2
π2ζ̃

√
tP̃T

)
− exp

(
− i

2
π2ζ̃

√
tP̃T

)
2i

]
dt

(h)
=

1

π

∫ ∞
0

exp(−qt) sin
(1

2
π2ζ̃

√
tP̃T

)
du =

1

4

(
π

q

)3
2

ζ̃

√
P̃T exp

(
− π4ζ̃2P̃T

16q

)
,

(4.39)

where the inverse Laplace transform is converted in step (f) into a complex plane

according to Mellin’s inverse formula, and N is a fixed constant greater than the

real parts of the singularities of exp

(
−π2

2
ζ̃

√
sP̃T

)
, (g) uses the Bromwich inversion

theorem with a modified contour, and (h) holds as exp(ix)−exp(−ix)
2i

= sin(x).
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Finally, by plugging (4.38) and (4.39) into (4.9), we have SABR in (4.14) after

some mathematical manipulations.

4.8.3 Proof of Theorem 2

Proof. With ETCP, the mode selection of R is based on achieved performance in the

initial 2n time slots instead of the current one. Therefore, the steady-state success

probability of the hybrid relaying in a particular mode is independent of the mode

selection probability. Recall that the hybrid relay under ETCP eventually selects

the ABR mode when the number of successful transmissions in the ABR mode is

higher than that in the WPR mode during the exploration period. According to this

mode selection criterion, the corresponding success probability can be expressed as

SETCP
HR =P

[
νR>τW, ν

W
D >τW, ER>EW

]
P
[
METCP =W

]
+P
[
νR>τW, ν

A
D>τA, ER>EA

]
P
[
METCP =A

]
+

1

2

(
P
[
νR>τW, ν

W
D >τW, ER>EW

]
+P
[
νR>τW, ν

A
D>τA, ER>EA

])
×
(

1− P
[
METCP =W

]
−P
[
METCP =A

])
=

1

2
(SWPR + SABR) +

1

2

(
P
[
NWPR>NABR

]
− P

[
NABR>NWPR

])
× (SWPR − SABR). (4.40)

The number of successful transmissions in the ABR mode and that in the WPR

mode are dependent on SABR and SWPR, obtained in (4.9) and (4.15), respectively.
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Based on these results, we have

P
[
NABR>NWPR

]
=

n∑
i=1

(
n

i

)
P
[
NABR = i

] i∑
j=1

(
n

i−j

)
P
[
NWPR = i− j

]
=

n∑
i=1

(
n

i

)
S iABR(1− SABR)n−i

i∑
j=1

(
n

i− j

)
S i−jWPR

(
1− SWPR

)n−i+j
.

(4.41)

Similarly, we have

P
[
NWPR>NABR

]
=

n∑
i=1

(
n

i

)
S iWPR(1− SWPR)n−i

i∑
j=1

(
n

i−j

)
S i−jABR

(
1− SABR

)n−i+j
.

(4.42)

Then, by inserting (4.41) and (4.42) into (4.40), we have the expression of SETCP
HR

in (4.18).

4.8.4 Proof of Theorem 3

Proof. Recall that, with ESAP, the probabilities of the hybrid relaying working in

the WPR mode (i.e., P[M = W]) and ambient backscatter mode (i.e., P[M = A])

have been obtained in (4.29) and (4.30), respectively. By inserting (4.29) and (4.30)

into the definition in (4.19), we have the ergodic capacity of the hybrid relaying with
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ESAP as follows:

CESAP
HR =

1− ω
2

(
E
[
W log2(1 + ν)1{νR>τW,νWD >τW,ER>EW}

]
+CA

(
P
[
νR>τW, ν

A
D>τA, ν

W
D ≤τW, ER>EW

]
+ P

[
νR>τW, ν

A
D>τA, EW≥ER > EA

]))
=

1− ω
2

(
E
[
W log2(1 + ν)1{νR>τW,νWD >τW,ER>EW}

]
+ CASESAP

A

)
, (4.43)

where SESAP
A has been obtained in (4.36).

The first term in the brackets of (4.43) can be calculated as

E
[
W log2(1 + ν)1{νR>τW,νWD >τW,ER>EW}

]
(h)
= W

∫ ∞
0

P
[

log2(1 + ν)1{νR>τW,νWD >τW,ER>EW} > t
]
dt

(i)
=

W

ln(2)

∫ ∞
τW

P
[
ν > v, ωTβQR>EW

] 1

1 + v
dv

=
W

ln(2)

∫ ∞
τW

P
[

min(νR, ν
W
D ) > v,QR > %W

] 1

1 + v
dv

=
W

ln(2)

∫ ∞
τW

P
[
νR > v, νW

D > v,QR > %W

] 1

1 + v
dv

(j)
=

W

ln(2)

∫ ∞
τW

exp
(
−κ(v)σ2

)(
χA(v, ρC−ρW)

(
1−FQR

(%C)
)

+

∫ %C

%W

χA(v, ωβq−ρW)fQR
(q)dq

)
1

1 + v
dv, (4.44)

where (h) follows E[A] =
∫∞

0
P[A > t]dt [52], (i) replaces t with log2(1 + v), and (j)

follows the derivation of SESAP
W in (4.35) with τW replaced by v.

Finally, plugging (4.36) and (4.44) into (4.43) yields CESAP
HR in (4.20).
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Chapter 5

On Coverage Probability With

Type-II HARQ in Large-Scale

Uplink IoT Networks

This Chapter1 aims to study the performance of practical IoT networks with massive

access.

5.1 Related Works

Analysis of retransmission schemes in large-scale networks is fundamental to the

understanding of retransmission performance in practical communication systems.

Only a few prior works have investigated HARQ schemes in large-scale cellular net-

works. Retransmission SIR loss in static networks is a key observation reported in

the existing literature [46, 121, 122]. The SIR loss is due to temporal interference

1A version of this chapter has been published in IEEE Wireless Communications Letter [120].
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correlation because the initial transmission and the corresponding retransmission

are affected by the same interferers. References [46] and [123] study both Type-I

and Type-II HARQ-CC in downlink heterogeneous networks with and without BS

cooperation, respectively. The focus of [122] is a unified analysis of Type-I HARQ

in downlink cellular networks with different multiple-antenna configurations. These

works highlight the presence of retransmission SIR loss, however, do not quantify its

effect. The authors in [124] characterize the interference correlation in terms of Pear-

son’s correlation coefficient [125] in a cluster Poisson network with Type-I HARQ

and find that interferer clustering increases the interference correlation. Different

from the above literature that target downlink transmissions without power control,

reference [126] studies Type-I HARQ in uplink cellular networks under FPC. To

the best of our knowledge, none of the existing literature has investigated Type-II

HARQ-CC in uplink cellular networks.

5.2 System Model and Assumptions

We consider an uplink IoT network, where the APs (i.e., MTC gateways) ΦA are

distributed as a homogeneous PPP with spatial density ζA. We focus on the heavy

load scenario with universal frequency reuse due to massive access and each AP is

associated with a device uniformly distributed within the Voronoi cell of the AP

on each resource block. This device distribution model is referred to as the user

point process of type I in [127]. As the shape and area of the Voronoi cells of APs

are dependent on their neighbouring cells, the resulted device point process ΦD on

each resource block conditioned on the Voronoi cells is not a PPP. Without loss

of generality, we analyze the uplink transmission performance of a typical device,
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denoted as d. The serving AP of the typical device, named tagged AP, is located

at the origin. We employ the power-law path-loss model with path-loss exponent

α > 2 and small-scale fading. The small-scale fading gain, denoted as hi, between a

device i ∈ ΦD and the tagged AP, is assumed to be an independent and identically

distributed (i.i.d.) exponential random variable with unit mean. Moreover, h =

{hi|i ∈ ΦD} are assumed to be i.i.d. and vary across different transmission attempts.

A generalized fractional power control (GFPC) scheme [128] is adopted for uplink

transmission, which sets the transmit power of any device as

Pi =


%lαεi if %lαεi ≤ P̂ ,

P̄ Otherwise,

(5.1)

where % is the baseline transmit power, li denotes the link distance between device

i and its associated AP, ε ∈ [0, 1] is the path-loss compensation exponent (PCE), P̂

and P̄ , respectively, denote the maximum transmit power and the enforced transmit

power if Pi exceeds P̂ . Note that the considered power control generalizes several

power control schemes of interest. Specifically, the GFPC is equivalent to i) FPC

[129] when P̂ =∞; ii) truncated fractional power control (TFPC) [129] when P̂ <∞

and P̄ = 0; iii) full channel inversion power control (FCIPC) [130] when ε = 1 and

P̂ =∞; and iv) no power control (NPC) when ε = 0.

Due to the spatial correlation of the uplink devices, the exact characterization of

the device distribution is not available. For tractability, we adopt the inhomogeneous

PPP-based approximation introduced in [127] to approximate the distribution of the

interfering devices ΦI = ΦD\{d}. Specifically, ΦI are modeled by an inhomogeneous

PPP with density ζI . The functions of the density ζI , the PDF of l0, i.e., fl0(r), and
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that of lj, ∀j ∈ ΦI , i.e., flj(l), are given, respectively, as ζI(dj) = ζA
(
1 − exp

(
−

C1ζAπd
2
j

))
, fl0(r) = 2C2πζAr exp

(
− C2ζAπr

2
)
, and flj |dj(r) =

fl0 (r)

1−exp(−C2πζAd
2
j )
, 0 ≤

r ≤ dj, where C1 = 12
5

, C2 = 13
10

, and dj denotes the distance between deivce j and

the tagged AP.

The IoT network uses a Type-II HARQ-CC as the retransmission scheme. Specifi-

cally, the tagged AP requests one retransmission, denoted as R, if the receive signal-

to-interference ratio (SIR)2 of the initial transmission, denoted as T, is below a

pre-defined threshold τ . Upon receiving the retransmission, the tagged AP performs

decoding from the combined signals of the two transmissions based on MRC. This

work focuses on studying the case with one retransmission round. The results with

multiple retransmission round can be obtained by following the analytical approach

adopted in this work straightforwardly. With the GFPC, the uplink SIR at the

tagged AP either for an initial transmission or for the corresponding retransmission

(if occurs) is calculated as

η(t) =
Pdhdd

−α
d∑

j∈ΦI
Pjhjd

−α
j

(a)
=

hdl
α(1−ε)
d∑

j∈ΦI
lαεj hjd

−α
j

, t ∈ {T,R}, (5.2)

where (a) follows as ld = dd.

Let Φ
(t)
B ,Φ

(t)
D represent the realizations of the AP and the device point processes,

respectively, during a transmission attempt t ∈ {T,R} of the typical device. Note

that Φ
(T)
A (Φ

(T)
U ) is identical to and different from Φ

(R)
A (Φ

(R)
U ), in the scenarios quasi-

static interference (QSI) and fast-varying interference (FVI) [105], denoted as Q and

F, respectively. In the following, the superscript (t) is dropped for the scenario with

QSI and kept for the scenario with FVI to indicate the identity and difference of the

2We focus on the interference-limited regime, i.e., the noise power is ignored, as interference
power dominates noise power in large-scale wireless networks.
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Table 5.1: NOTATIONs.

Symbol Definition

ΦD, ΦI The point processes representing the uplink devices and
the interfering devices, respectively

ε Path-loss compensation exponent
% Baseline transmit power

P̂ Maximum transmit power

P̄ Enforced transmit power adopted when P̂ cannot be reached
ζI Intensity of interferering devices
τ SIR threshold

network realizations, respectively. Given the type of interference experienced, i.e.,

either Q or F, the coverage probability is defined as

CA := P
[
η(T) > τ

]︸ ︷︷ ︸
:=C(T)

+P
[
η(R) > τ − η(T), η(T) ≤ τ |ΞA

]
, (5.3)

where A ∈ {Q,F} denotes the interference type indicator, P[·] represents event

probability, C(T) represents the coverage probability of the initial transmission,

ΞQ := {ΦA,ΦU} and ΞF :=
{

Φ
(T)
A ,Φ

(T)
U ,Φ

(R)
A ,Φ

(R)
U

}
are the sets of network real-

izations in the scenarios with QSI and FVI, respectively.

The main notations used in this chapter are summarized in Table 5.1.

5.3 Analysis of Uplink Coverage Probability

This section characterizes the expectation of the coverage probability of a typical

uplink device considering different settings of the power control parameters for sce-

narios with QSI and FVI. We start with the general results as follows.

Theorem 5.3.1 In uplink IoT networks, the coverage probability with GFPC under
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Rayleigh fading can be approximated by

C̃Q
GFPC = C̃

(T)
GFPC +

∫ τ

0

(∫ B
P̂

0

ξτ,η,t

(uαε2
v
α
2

,
B

αε
2

P̄

t
αε
2 v

α
2

)
dt

+

∫ ∞
B
P̂

ξτ,η,t

(uαε2 tαε2
B

αε
2

P̄
v
α
2

, v−
α
2

)
dt

)
dη, (5.4)

C̃
(F)
GFPC = C̃

(T)
GFPC +

∫ τ

0

(∫ B
P̂

0

exp

(
− t− ωτ−η,0,t

(uαε2
v
α
2

,
B

αε
2

P̄

t
αε
2 v

α
2

))
dt

×
∫ B

P̂

0

ξη,η,t

(uαε2
v
α
2

,
B

αε
2

P̄

t
αε
2 v

α
2

)
dt+

∫ ∞
B
P̂

ξη,η,t

(uαε2 tαε2
B

αε
2

P̄
v
α
2

, v−
α
2

)
dt

×
∫ ∞
B
P̂

exp

(
− t− ωτ−η,0,t

(uαε2 tαε2
B

αε
2

P̄
v
α
2

, v−
α
2

))
dt

)
dη, (5.5)

where C̃
(T)
GFPC is

C̃
(T)
GFPC =

∫ B
P̂

0

exp

(
− t− ωτ,0,t

(uαε2
v
α
2

,
B

αε
2

P̄

v
α
2 t

αε
2

))
dt

+

∫ ∞
B
P̂

exp

(
− t− ωτ,0,t

( uαε2 tαε2
B

αε
2

P̄
v
α
2

, v−
α
2

))
dt, (5.6)

and Ba = C2πζA(a
%
)

2
αε , ωa,b,c(x, y) = f0,c

(
Qa,b(0, x)

)
+fBP

c
,c

(
Qa,b(x, y)

)
and ξa,b,c(x, y) =(

f0,c(Ga,b(x, 0)
)
+fBP

c
,c

(
Ga,b(y, x)

))
exp

(
−t−ωa,b,c(x, y)

)
, Ga,b(x, y) := xsa−b(x)sb(x)2−

ysa−b(y)sb(y)2, Qa,b(x, y) := sa−b(x)sb(x) − sa−b(y)sb(y), sa(x) := 1
1+ax

, fa,b(x) :=

b2

C2

∫∞
a

∫ v
a
xεb(u, v)dudv, therein εb(u, v) := e−ub

(
1− e−

C1
C2
vb)

(1− e−vb)−1.

The proof of Theorem 5.3.1 is shown in Appendix 5.6.1.

We notice from (5.4) and (5.5) that in the case when P̂ = P̄ , CA
GFPC is only

affected by the product ζAP̂
2
αε for given α, ε and τ . This indicates that to guarantee a

certain target coverage probability, P̂ can be set inversely proportional to ζA ensuring
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a fixed value of ζAP̂
2
αε .

Next, we investigate the uplink coverage probability in some special cases of the

GFPC. We present the analytical results in the following corollaries.

Corollary 7 In uplink IoT networks, the coverage probability with FPC under Rayleigh

fading can be approximated by

C̃Q
FPC = C̃

(T)
FPC +

∫ τ

0

∫ ∞
0

f0,t

(
Gτ,η

(uαε2
v
α
2

, 0
))

× exp

(
− t− f0,t

(
Qτ,η

(
0,
u
αε
2

v
α
2

)))
dtdη, (5.7)

C̃F
FPC = C̃

(T)
FPC +

∫ τ

0

∫ ∞
0

f0,t

(
Gη,η

(uαε2
v
α
2

, 0
))

exp

(
− t− f0,t

(
Qη,η

(
0,
u
αε
2

v
α
2

)))
dt

×
∫ ∞

0

exp

(
− t− f0,t

(
Qτ−η,0

(
0,
u
αε
2

v
α
2

)))
dtdη, (5.8)

where C̃
(T)
FPC =

∫∞
0

exp
(
− t− f0,t

(
Qτ,0

(
0, u

αε
2 v−

α
2

)))
dt.

Moreover, in the special case of FCIPC, C̃A
FPC can be further simplified as

C̃Q
FCIPC = C̃

(T)
FCIPC+

∫ τ

0

f0,1

(
Gτ,η

(uα2
v
α
2

, 0
))

exp

(
− f0,1

(
Qτ,η

(
0,
u
α
2

v
α
2

)))
dη, (5.9)

C̃S
FCIPC = C̃

(T)
FCIPC+

∫ τ

0

f0,1

(
Gη,η

(uα2
v
α
2

, 0
))

× exp

(
− f0,1

(
Qη,η

(
0,
u
α
2

v
α
2

))
− f0,1

(
Qτ−η,0

(
0,
u
α
2

v
α
2

)))
dη, (5.10)

where C̃
(T)
FCIPC = exp

(
− f0,1

(
Qτ,0

(
0, (u

v
)
α
2

)))
.

Proof. The coverage probabilities with FPC can be obtained by assigning P̂ =∞

into the analytical expressions in (5.4) and (5.5). The coverage probabilities with

FCIPC can be further obtained by letting ε = 1 in (5.7) and (5.8).

With the analytical results in Theorem 5.3.1 and corollary 7, we have the following

123



observation.

Remark 1: In an ultra-dense network, i.e., when ζA → ∞, C̃A
GFPC ∼ C̃A

FPC, which

can be verified by letting BP̂ →∞ as a direct result of ζA →∞.

Corollary 8 The uplink coverage probability with NPC (i.e., when ε = 0) is approx-

imated by

C̃Q
NPC = C̃

(T)
NPC+

∫ τ

0

∫ ∞
0

ϕt
(
Gτ,η(v

−α
2 , 0)

)
exp

(
− t− ϕt

(
Qτ,η(0, v

−α
2 )
))

dtdη, (5.11)

C̃F
NPC = C̃

(T)
NPC +

∫ τ

0

∫ ∞
0

ϕt
(
Gη,η(v

−α
2 , 0)

)
exp

(
− t− ϕt

(
Qη,η(0, v

−α
2 )
))

dt∫ ∞
0

exp
(
− t− ϕt

(
Qτ−η,0(0, v−

α
2 )
))

dtdη, (5.12)

where C̃
(T)
NPC =

∫∞
0

exp
(
−t−ϕt

(
Qτ,0(0, v−

α
2 )
))

dt and ϕt(z) := t
C2

∫∞
0
z
(
1−e−

C1
C2
vt)

dv.

Proof. The coverage probabilities with NPC can be obtained by assigning ε = 0

into the analytical expressions in (5.4) and (5.5).

With the analytical results in Corollary 8, we have another scaling property of

C̃A
GFPC as follows.

Remark 2: Given the SIR threshold τ and ε, when ζA → 0, C̃GFPC ∼ C̃NPC, which

can be verified by letting BP̂ → 0 as a direct result of ζA → 0.

Moreover, in contrast to CA
GFPC which is affected by the product ζAP̂

2
αε , it can be

observed from Corollary 7 and Corollary 8 that both the coverage probability with

FPC and that with NPC are not affected by AP density ζA and maximum transmit

power P̂ .

Corollary 9 The uplink coverage probability with TFPC (i.e., when P̄ = 0) is ap-
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proximated by

C̃Q
TFPC = C̃

(T)
TFPC +

∫ τ

0

∫ B
P̂

0

ξτ,η,t

(uαε2
v
α
2

, 0
)

dtdη, (5.13)

and

C̃F
TFPC = C̃

(T)
TFPC +

∫ τ

0

∫ B
P̂

0

exp
(
− t− ωτ−η,0,t

(uαε2
v
α
2

, 0
))

dt

×
∫ B

P̂

0

ξη,η,t

(uαε2
v
α
2

, 0
)

dtdη, (5.14)

where C̃
(T)
TFPC =

∫ B
P̂

0
exp
(
− t− ωτ,0,t

(
u
αε
2 v−

α
2 , 0
))

dt.

Proof. The coverage probabilities with TFPC can be obtained by assigning

P̂ = 0 into the analytical expressions in (5.4) and (5.5).

5.4 Numerical Results

This section validates our analytical expressions through Monte Carlo simulations

and evaluates the impact of system parameters. In the simulations, we set the AP

density ζA as 10 APs/km2, path-loss exponent α as 4, and baseline transmit power

% as −50 dBm, unless otherwise stated. The curves and the markers are used to

represent the analytical results and the simulation results, respectively.

5.4.1 Impact of power control parameters ε, P̂ and P̄

Fig. 5.1 compares the coverage probabilities achieved by the retransmission scheme

with FVI and QSI and the initial transmission. The performance degradation of

the retransmission scheme with QSI over that with FVI can be observed under
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(a) ε = 0 (NPC, Corollary 8)
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(c) ε = 1 (FCIPC, Corollary 7)

Figure 5.1: Coverage probability with different values of ε (P̂ =∞).
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different settings of PCE. To quantify such performance degradation, we evaluate

the retransmission SIR loss, defined as the ratio of the required SIR for achieving

a target coverage probability with FVI to that with QSI, i.e.,
f−1(CF

FPC(τ))

f−1(CF
QPC(τ))

, where

f−1(CA
FPC(τ)) represents the inverse function of CA

FPC(τ). When the target coverage

probability is 80%, the SIR loss is around 3.3 dB, 2.1 dB and 0.7 dB, when PCE ε

equals 0, 0.5 and 1, respectively. This reveals that the SIR loss can be effectively

mitigated by increasing the path-loss compensation. Another observation is that

higher path-loss compensation increases the coverage probability with a low SIR

threshold, however, decreases the coverage probability with a large SIR threshold.

Thus, it is more beneficial to adopt a smaller path-loss compensation when the target

SIR is large.

Fig. 5.2 illustrates the coverage probabilities when the maximum transmit power

P̂ = −20 dBm, −10 dBm, 0 dBm. It can be observed that the coverage probability

benefits from larger P̂ at high-coverage regime but benefits from smaller P̂ at the

low-coverage regime. When the target coverage probability is 80%, the SIR loss is

4.3 dB, 3.7 dB and 1.7 dB, respectively. This implies that setting a larger maximum

transmit power reduces the SIR loss, which agrees with the findings in Fig. 5.1.

In Fig. 5.3, we examine how the enforced transmit power P̄ affects the coverage

probabilities when the SIR threshold is relatively small (i.e., τ = −5 dB) and large

(i.e., τ = 10 dB). We find that larger P̄ increases the coverage probabilities when τ

is small but decreases the coverage probabilities when τ is large. This can be under-

stood from the fact that the SIR at the receiver is more dominated by the received

signal power and the interference power when τ is small and large, respectively.
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Figure 5.2: Coverage probability with different values of P̂
(for P̄ = P̂ = P ).

30 40 50
0.93

0.94

0.95

0.96

C
ov

er
ag

e 
P

ro
ba

bi
lit

y

30 40 50

0.3

0.32

0.34

0.36

C
ov

er
ag

e 
P

ro
ba

bi
lit

y

Figure 5.3: Coverage probability with different values of P̄ (for
ε = 0.5).

5.4.2 SIR gain of MRC

Next, we study the effect of MRC under FPC by comparing the coverage probability

under retransmissions with and without MRC. The benefit of MRC is quantified

in terms of SIR gain defined as GA
MRC := f−1(CA(τ))

f−1(TA(τ))
, where TA denotes the coverage

probability under retransmission without MRC. Note that the coverage probability of

128



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
PCE 

0.9

1

1.1

1.2

1.3

1.4

S
IR

 G
ai

n 
(d

B
)

Figure 5.4: SIR gain of MRC with different values of ε (for τ = 0 dB, P̂ =∞).

retransmission without MRC under FPC can be generated from the analytical results

in Corollary 7 with Gτ,η and Qτ,η replaced by Gτ+η,η, and Qτ+η,η, respectively, when

A = Q, and with Qτ−η,0 replaced by Qτ,0 when A = F, (i.e., Type-I HARQ). Fig. 5.4

demonstrates the SIR gain of MRC under FPC when the target coverage probability

is 80%. The results manifest that larger SIR gain of MRC can be achieved by

increasing the transmit power. Moreover, the SIR gain of MRC is more pronounced

in the scenario with QSI than that with FVI, especially when the transmit power is

low.

Fig. 5.5 illustrates the SIR gains of MRC with QSI and FVI over a wide range of

base station density. It can be seen that, with the increase of network density, both

the SIR gain of MRC with QSI and that with FVI first increase then decrease to a

steady regime when the base station density is high. Moreover, the gap between the

SIR gains of MRC with QSI and FVI becomes meager in ultra-sparse and ultra-dense

networks.
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Figure 5.5: SIR gain of MRC with different base station density (ε = 1, P̂ = P̄ = 0 dBm).

5.4.3 Extensions

We further evaluate the case with different maximum number of transmission times

and the case with multiple antennas at APs by simulations.

Fig. 5.6 shows the coverage probability with different maximum number of trans-

missions N (including initial transmission and retransmissions). Our analysis can

be extended to the case with N ≥ 3 by utilizing the joint PDF of SIR of multiple

transmissions. For example, when N = 3, we need to add to (5.3) one more term

corresponding to the joint probability that the target SIR threshold τ is not satis-

fied by the first two transmissions but is satisfied after the third transmission. The

derivation of the added term can be done by using the joint PDF of SIR of the first

two transmissions. It can be seen that the first two retransmissions (i.e., N = 2

and N = 3) cause a remarkable increase in coverage probability. By contrast, the

coverage probability exhibits a very limited gain when N is increased from 4 to 6,

especially when the value of PCE is large (e.g., ε = 1). This indicates that adopting

an overlarge N is unnecessary. Given the PCE, N can be set as the minimum value
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Figure 5.6: Coverage probability with different N (τ = 0 dB).
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Figure 5.7: Coverage probability with different number of antennas (τ = 0 dB).

to meet a target coverage probability.

Fig. 5.7 demonstrates the impact of the number of antennas per AP, denoted as

M . Our analytical results can be extended to the case with M > 1. In this case,

the exponentially distributed channel gain h0 should be replaced by the equivalent

channel gain of a single-input-multiple-output channel. As shown in [122], the equiv-

alent channel gain follows a gamma distribution with shape parameter M and rate

parameter 1. The most significant performance improvement can be achieved when
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M is increased from 1 to 2. Moreover, adopting multiple antennas also mitigates the

performance gap between the cases with QSI and FVI.

5.5 Conclusion

This letter presents a stochastic geometry analysis of a Type-II HARQ-CC retrans-

mission scheme in uplink IoT networks with transmit power control. In particular,

the uplink coverage probability in a large-scale IoT network is characterized in the

scenarios of both QSI and FVI. Our study reveals the effects of different power con-

trol parameters on the retransmission SIR loss and the SIR gain achieved by MRC.

In addition, the derived analytical expressions can be utilized to maximize the uplink

coverage probability by optimizing the power control parameters.

5.6 Appendix

5.6.1 Proof of Theorem 5.3.1

Proof. From the definition in (5.3), the coverage probability can be expressed as

CA
GFPC = C

(T)
GFPC + E

[
P[η(R) > τ − η(T)|ΞA]1{η(T)≤τ}

]
,

where E denotes the expectation operator, 1{·} is the inductor function, C
(T)
GFPC

represents the coverage probability of an initial transmission, which is obtained as

(5.6) following similar derivations to the proof of Theorem 1 in [129], and the
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second term in the above CA
GFPC expression can be derived as

EΞA,h(R)

[
P
[

h
(R)
0 l

α(ε−1)
0∑

j∈Φ
(R)
I
h

(R)
j lαεj d

−α
j

> τ − η(T)|ΞA

]
1{η(T)≤τ}

]

(b)
= EΞA

[∫ τ

0

∏
j∈Φ

(R)
I

(
1 + (τ − η(T))

lα0 l
αε
j

dαj l
αε
0

)−1

fη(T)(η)dη

]
, (5.15)

where (b) holds as hi,∀i ∈ ΦD is exponentially distributed and fη(T)(η) represents

the PDF of η(T) calculated as

fη(T)(η) = ∂Fη(T)|ΞA(η)/∂η

=
∂P[η(T) ≤ η

]
∂η

= ∂
(

1−
∏

j∈Φ
(T)
I

(
1 + ηl

α(1−ε)
0 lαεj d

−α
j

)−1)
/∂η

=
∑
j∈Φ

(T)
I

l
α(1−ε)
0 lαεj d

−α
j

(1 + ηl
α(1−ε)
0 lαεj d

−α
j )2

∏
j′∈Φ

(T)
I \{j}

(
1 + η

lα0 l
αε
j′

dαj′l
αε
0

)−1

. (5.16)

By plugging (5.16) into (5.15), and applying the transformations u = ( l
l0

)2 and

v = ( x
l0

)2 and the substitution sa(x) = (1 + ax)−1 and ga(x) = x(1 + ax)−2, we have

CQ
GFPC and CF

GFPC, respectively, as

CQ
GFPC =

∫ τ

0

E

[∑
j∈ΦI

gη

( lα0 lαεj
dαj l

αε
0

)
sτ−η

( lα0 lαεj
dαj l

αε
0

)
EΞA

[ ∏
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sη

( lα0 lαεk
dαk l

αε
0

)
sτ−η

( lα0 lαεk
dαk l

αε
0
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dη,

+
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El0

[
2π

∫ ∞
0

xζI(x)

∫ ∞
x

gη

( lα0 lαε
xαlαε0
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sτ−η

( lα0 lαεk
xαlαε0

)
flj(l)dldx

× EΞA
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I \{j}

sη

( lα0 lαεk
dαk l

αε
0

)
sτ−η

( lα0 lαεk
dαk l

αε
0

)]
︸ ︷︷ ︸

:=SQ

]
dη, (5.17)

133



and

CGFPC =

∫ τ

0
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(T)
I

gη

( lα0 lαεj
dαj l

αε
0

)
EΞA

[ ∏
j′∈Φ

(T)
I \{j}

sη

( lα0 lαεj′
dαj′l

αε
0

) ∏
k∈Φ

(T)
I

sτ−η

( lα0 lαεk
dαk l

αε
0

)]]
dη,

∫ τ

0

El0

[
2π

∫ ∞
0

xζI(x)

∫ ∞
x

gη

( lα0 lαε
xαlαε0

)
flj(l)dldx

× EΞA

[ j′ 6=j∏
j′∈Φ

(T)
I

sη

( lα0 lαεj′
dαj′l

αε
0

)]
EΞA

[ ∏
k∈Φ

(T)
I

sτ−η

( lα0 lαεk
dαk l

αε
0

)]
︸ ︷︷ ︸

:=SF

]
dη, (5.18)

where (c) applies the Campbell Mecke formula [125]. And by following the prob-

ability generating functional for a PPP, SQ and SF can be derived, respectively,

as,

SQ = exp
(
−
∫
R2

ζI(x)Elk
[
1− sτ−η

( lα0 lαεk
xαlαε0

)
sη

( lα0 lαεk
xαlαε0

)]
dx
)
, (5.19)

and SF = exp
(
−
∫
R2

ζI(x)Elj′
[
1− sτ−η

( lα0 lαεj′
xαlαε0

)]
dx
)

× exp
(
−
∫

R2

ζI(x)Elk
[
1− sη

( lα0 lαεk
xαlαε0

)]
dx
)
. (5.20)

Here, the interfering devices for the initial transmission and the retransmission are

averaged over the same inhomogeneous PPP and two independent inhomogeneous

PPPs for the cases with QSI and FVI, respectively.

Then, by averaging (5.17) and (5.18) based on fl0(r) , the final results in Theo-

rem 5.3.1 can be obtained after some mathematical simplification.
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Chapter 6

Conclusions and Future Research

6.1 Conclusion

This dissertation aims to design energy-efficient solutions to MTC in IoT and inves-

tigate the analytical performance of emerging IoT scenarios. In particular, we have

proposed a hybrid communication paradigm and introduced operational protocols

to solve the energy bottleneck of MTC devices. We have also devised operational

protocols to hybrid cooperative relaying to improve the applicability and extend the

limited transmission range of low-power MTC devices. Furthermore, we have an-

alyzed the performance of massive uplink access in larges-scale IoT networks with

HARQ.

Chapter 3 proposes a hybrid communication paradigm with combined ambient

backscattering and wireless-powered communication functions to enable sustainable

communications among MTC devices. Since the radio signals for energy harvesting

and for backscattering only come from the ambient, the performance of the hybrid

M2M communications depends largely on the environment factors, e.g., distribu-
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tion, spatial density, and transmission load of ambient energy sources. Two mode

selection protocols have been designed for the hybrid transmitter, allowing a more

flexible adaptation to the environment. Then, analytical models have been developed

to characterize the impacts of the environment factors on the hybrid M2M commu-

nication performance. Together with extensive simulations, the analysis shows that

the communication performance benefits from larger repulsion, transmission load

and density of ambient energy sources. Furthermore, how different mode selection

mechanisms affect the communication performance has been investigated.

Chapter 4 studies hybrid relaying strategy based on combined wireless-powered

relaying and ambient backscatter relaying. In particular, the hybrid relay can harvest

energy from RF signals and use the energy for active transmission. Alternatively,

the hybrid relay can choose to perform ambient backscattering of incident RF signals

for passive transmission. For the operation of the hybrid relaying, selecting a proper

mode based on the network environment is the key to better relaying performance.

Two mode selection protocols have been devised to coordinate between the active

and passive relaying in the cases with and without instantaneous CSI of active trans-

mission, respectively. In the former case, since the hybrid relay is aware of whether

the two relaying modes are applicable for the current time slot based on the CSI, it

selects active relaying if applicable due to higher capacity and selects passive relaying

otherwise. In the latter case, the hybrid relay first explores the two relaying modes

and commits to the mode that achieves more successful transmissions during the

exploration period. With different mode selection protocols, the success probability

and ergodic capacity of a dual-hop hybrid relaying system have been characterized

considering the field of randomly located ambient transmitters. The analytical and

the numerical results demonstrate the effectiveness of the mode selection protocols
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in adapting the hybrid relaying into the network environment and reveal the impacts

of system parameters on the performance of the hybrid relaying. As applications of

the analytical framework which is computationally tractable, optimization problems

based on the derived expressions have been formulated to optimize the system pa-

rameters with different objectives. The optimal solutions exhibit a tradeoff between

the maximum energy efficiency and target success probability.

Chapter 5 studies uplink transmission in large-scale IoT networks with a Type-

II HARQ-CC retransmission scheme, under which an unsuccessful transmission (if

occurs) is combined with the corresponding retransmission through MRC. Based on

stochastic geometry analysis, the uplink coverage probabilities are characterized un-

der a generalized power control scheme in the scenarios with QSI and FVI, where the

same and different interfering users, respectively, are present during the transmission

and retransmission phase. Our analytical expressions reveal some scaling properties

of the coverage probabilities and can be used to evaluate the SIR gain of MRC (i.e.,

the ratio of the required SIR for achieving a target coverage probability with MRC

to that without MRC). We show that the SIR gain of MRC is more remarkable in

the scenario with QSI compared to that with FVI. Moreover, the SIR gain of MRC

can be mostly exploited by adopting full channel-inversion power control.

6.2 Future Direction

6.2.1 Hybrid M2M communications

Our first work studies the performance of the proposed hybrid M2M communications

with a single antenna at the hybrid transmitter and receiver. The performance of

the hybrid communications can be improved when multiple antennas are adopted.

137



Multiple antennas are expected to improve both the amount of harvested energy at

the hybrid transmitter and channel gain between the hybrid transmitter and receiver.

Characterizing the performance of hybrid communications in various cases of multi-

antenna channels and study the scaling behavior with the number of antennas is a

meaningful future direction.

Another extension is to study the system with multiple hybrid transmitter-

receiver pairs. In such a scenario, the coordination among the transmissions plays a

pivotal role in the system performance such as the instant success probability and

system sum rate. Designing distributed mode selection protocols performed by indi-

vidual hybrid transmitters based on the local information is a direction that worth

exploring.

6.2.2 Hybrid relaying systems

Our second work considers that the hybrid relay adopts the harvest-use architecture,

with which the harvested energy is either consumed immediately or lost in the current

time slot. In practice, it is possible to accumulate the harvested energy to the

subsequent time slots with an energy storage component. In this case, the instant

success probability of the current time slot and the long-term success probability

are different as the initial energy reserve at the beginning of each time slot may

vary. Our analytical framework can be straightforwardly extended to derive the

instant success probability by considering a given initial energy reserve. The long-

term coverage probability can be obtained by resorting to the Markov chain based

approaches [131], i.e., using a Markov chain to model the transition probability

matrix of energy storage state and calculate the steady-state probabilities.

In the case with energy accumulation, the mode selection protocols also need to
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be revisited by taking into account the initial energy of each time slot. The tradeoff

between instant access through passive transmission at a low transmission rate and

delayed access through active transmission at a higher transmission rate is a critical

issue to be addressed in the design of the mode selection protocols.

Another interesting direction is to study the scenarios with the direct source-

to-destination link in addition to the relaying links. In these scenarios, different

cooperative combining techniques (e.g., MRC, selection combining, and equal gain

combining) can be exploited to increase the diversity gain at the destination node.

Our analytical framework can be extended to analyze the diversity gain of the hybrid

relay.

6.2.3 Cellular IoT networks with retransmissions

Our third work considers traditional orthogonal multiple access techniques where

each frequency band is only assigned to each device at a certain time block. Power-

domain non-orthogonal multiple access (NOMA) [132] is a multiplexing technique

that allows multiple users to simultaneously transmit on the same frequency band.

The spectrum sharing is realized through superposition coding at the transmitter

and successive interference cancellation at the receiver based on the power differ-

ence. Power-domain NOMA has demonstrated great potential to improve spectrum

efficiency and is considered as an enabling technique to mitigate the spectrum de-

ficiency issue of massive access over IoT networks [133]. Uplink IoT performance

with NOMA and HARQ retransmission schemes is a future direction that worth

exploring.

In addition, our third work considers the same PCE ε for the initial transmis-

sion and retransmission. Retransmission power ramping can be adopted to provide
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flexibility in the uplink power control. In particular, a device can either increase

or decrease ε upon a transmission failure. It is interesting to derive the analytical

expressions of coverage probability with power ramping and optimize the PCEs for

the initial transmission and retransmissions.
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