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Abstract

In the last decades, we have witnessed an explosion of wireless communications and networking,
spurring a great interest in the research community. The design of wireless networks is challenged
by the scarcity of resources, especially spectrum and energy. In this thesis, we explore the potential
offered by two novel technologies to cope with spectrum and energy scarcity: Cognitive Radio (CR)
and Energy Harvesting (EH). CR is a novel paradigm for improving the spectral efficiency in wireless
networks, by enabling the coexistence of an incumbent legacy system and an opportunistic system
with CR capability. We investigate a technique where the CR system exploits the temporal redundancy
introduced by the Hybrid Automatic Retransmission reQuest (HARQ) protocol implemented by the
legacy system to perform interference cancellation, thus enhancing its own throughput.

Recently, EH has been proposed to cope with energy scarcity in Wireless Sensor Networks
(WSNs). Devices with EH capability harvest energy from the environment, e.g., solar, wind, heat
or piezo-electric, to power their circuitry and to perform data sensing, processing and communication
tasks. Due to the random energy supply, how to best manage the available energy is an open research
issue. In the second part of this thesis, we design control policies for EH devices, and investigate
the impact of factors such as the finite battery storage, time-correlation in the EH process and battery
degradation phenomena on the performance of such systems.

We cast both paradigms in a stochastic optimization framework, and investigate techniques to
cope with spectrum and energy scarcity by opportunistically leveraging interference and ambient
energy, respectively, whose benefits are demonstrated both by theoretical analysis and numerically.

As an additional topic, we investigate the issue of channel estimation in Ultra Wide-Band (UWB)
systems. Due to the large transmission bandwidth, the channel has been typically modeled as sparse.
However, some propagation phenomena, e.g., scattering from rough surfaces and frequency distor-
tion, are better modeled by a diffuse channel. We propose a novel Hybrid Sparse/Diffuse (HSD)

channel model which captures both components, and design channel estimators based on it.






Sommario

Negli ultimi decenni, abbiamo assistito alla diffusione delle comunicazioni e reti wireless, susci-
tando un crescente interesse nella comunita scientifica. Tuttavia, la progettazione delle reti wireless
¢ resa difficile dalla scarsita di risorse, in particolare, spettro ed energia. In questa tesi, si esplora il
potenziale offerto da due nuove tecnologie nell’affrontare il problema della scarsita di spettro e di
energia nelle future reti wireless: "Cognitive Radio" (CR) ed "Energy Harvesting" (EH). CR ¢ un
nuovo paradigma che consente di migliorare I’efficienza di utilizzo dello spettro nelle reti wireless,
abilitando la coesistenza di un preesistente sistema titolare dello spettro, comunemente denominato
Utente Primario, e un sistema opportunistico "intelligente", noto come Utente Secondario. In questa
tesi, si sviluppa una tecnica per sfruttare, da parte di un utente secondario, la ridondanza temporale in-
trodotta dal protocollo "Hybrid Automatic Retransmission reQuest" (HARQ) utilizzato da un Utente
Primario, per eseguire tecniche di cancellazione di interferenza, consentendo cosi di migliorare il
throuhgput secondario.

Recentemente, EH ¢ stato proposto per superare il problema della scarsita di energia nelle "Wire-
less Sensor Networks" (WSNs). I dispositivi con capacita di EH accumulano energia resa disponibile
nell’ambiente circostante, come, per esempio, energia solare, eolica, termica o piezo-elettrica, per
alimentare il dispositivo e per eseguire compiti di "data sensing", processamento e comunicazione.
Dato che la disponibilita di energia ¢ aleatoria e intermittente, il problema di come utilizzare al meglio
I’energia disponibile ¢ di grande interesse nella comunita scientifica. Nella seconda parte di questa
tesi, si propongono politiche di controllo per dispositivi con capacita di EH, e si analizza 1’impatto
di vari fattori quali la capacita finita della batteria, la correlazione temporale nel processo di EH, la
conoscenza imperfetta dello stato di carica della batteria e i fenomeni di degrado della batteria.

Si studiano entrambi i paradigmi in un framework di ottimizzazione stocastica, e vengono pro-
poste tecniche per far fronte alla scarsita di spettro ed energia sfruttando in modo opportunistico,

rispettivamente, I’interferenza e I’energia ambientale. Si dimostrano i benefici delle tecniche pro-



poste per mezzo sia di un’analisi teorica che per via numerica.

Come argomento di ricerca aggiuntivo, nell’ultima parte di questa tesi, si studia il problema della
stima di canale nei sistemi Ultra Wide-Band (UWB). Data la larga banda di trasmissione utilizzata
in questi sistemi, il canale ¢ stato tipicamente modellato come sparso. Tuttavia, alcuni fenomeni
di propagazione come, per esempio, la dispersione dovuta a superfici scabrose e la distorsione in
frequenza, sono modellabili in modo pill accurato da un canale diffuso. Si propone un nuovo modello
di canale denominato "Hybrid Sparse/Diffuse" (HSD) che cattura entrambe le componenti di canale,

e si propongono stimatori di canale basati sul modello proposto.
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Chapter

Introduction

The development of wireless communications and networking in the last decades has enabled ap-
plications such as ubiquitous and mobile access to the internet, wireless sensor and cellular networks.
However, the widespread and pervasive diffusion of these technologies is challenged by the scarcity of
resources, most importantly, spectrum and energy. The spectrum licensing approach, commonly em-
ployed to reserve spectrum usage to specific classes of wireless users, has lead to a spectrum scarcity
problem. On the other hand, the design of wireless systems has typically relied on the use of batteries
to sustain the operation of the wireless terminals, posing an energy scarcity problem in those systems,
e.g., Wireless Sensor Networks (WSNs), where long-term and autonomous operation is required, and
factors such as the sheer number of nodes or inaccessibility render battery replacement unrealistic
and cost-prohibitive.

In this thesis, we investigate the potential offered by two approaches to cope with spectrum and
energy scarcity in wireless networks: Cognitive Radio (CR) and Energy Harvesting (EH). CR is a
novel paradigm for improving the efficiency of spectrum usage in wireless networks, by enabling
the coexistence of an incumbent legacy system, commonly referred to as Primary Users (PU), and an
opportunistic system with CR capability, known as Secondary Users (SU). The latter adapt their oper-
ation by opportunistically leveraging the information collected about the PUs, e.g., primary message,
channel state, idle/busy state, protocols, so as to earn a performance gain, e.g., in terms of secondary
throughput. In a widely used model for cognitive radio, the legacy system is oblivious to the presence
of the SUs, which need to satisfy given constraints on the performance loss caused to the PUs.

Within this framework, in Chapter 2, we investigate a technique to exploit the Type-I Hybrid

Automatic Retransmission reQuest (Type-I HARQ) protocol implemented by the PU. In fact, HARQ
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Figure 1.1. PU with HARQ scheme

introduces temporal redundancy in the wireless channel, in that copies of the same primary data
packet are retransmitted over subsequent time-slots. Opportunities thus arise for the SU to improve
its throughput, as explained in the following example. Consider the scenario depicted in Fig. 1.1,
where a PU subsequently retransmits the same packet PM1, in response to retransmission requests by
its intended receiver. Different options are available for the SU, depending on the side information
about the PU: if the SU does not know the codebook employed by the PU, then the secondary receiver
treats the signal coming from the primary transmitter as noise, which degrades the secondary outage
performance. If the primary codebook is known at the secondary receiver, such knowledge can be
leveraged for interference cancellation. For instance, if the signal from the primary transmitter is
strong, the secondary receiver can, in sequence, decode the primary message, remove its interference
from the received signal, and then take advantage of a "clean" channel to decode its intended message.
If, in addition, the secondary receiver is able to track the retransmission process of the PU then,
after decoding the primary message in the first time-slot, it can leverage this knowledge to perform
interference cancellation in the following PU retransmissions of PM1, not only in the first time-
slot where the actual decoding of PM1 takes place. It is thus clear that the use of HARQ by the
PU opens up intriguing opportunities for a more efficient utilization of the spectrum. We employ a
stochastic optimization approach to optimize the control policy of the SU, which determines its access
pattern, based on the state of the system, so as to maximize its own throughput, while bounding the
performance degradation incurred to the PU.

Recently, EH has been proposed to cope with energy scarcity in wireless systems. Devices with
EH capability harvest energy from the environment, e.g., solar, wind, heat or piezo-electric, to power
their circuitry and to perform data sensing, processing and communication tasks. By relying on a
potentially unlimited energy reservoir, the ambient energy, the EH technology is particularly appeal-
ing in the deployment of WSNs, where battery replacement is typically prohibitive. In contrast to
battery-operated sensors, where energy efficiency and conservation are crucial to prolong lifetime, in

EH powered systems the energy supply is unlimited, but its availability is random and intermittent
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Figure 1.2. The battery is recharged during daylight, and discharged during night. Light gray boxes denote
time intervals during which part of the harvested energy is lost due to overflow. Gray boxes denote time
intervals during which the battery is depleted, hence the transmit power is forced to zero (p(t) = 0)

over time. The objective thus shifts from energy efficiency and conservation to the management of
the harvested energy, so as to provide a stable energy supply to the sensor node by minimizing the
deleterious impact of energy depletion. We remark that the random and intermittent nature of the EH
supply gives rise to new dynamics and trade-offs with respect to traditional battery powered systems.
For example, one aspect which plays a crucial role in determining the performance is the interplay
between the finite battery capacity and the intermittent EH process. Consider, for instance, a device
which aims at maximizing a time-average of a concave function g(p(t)) of the transmit power p(t).
In traditional battery powered systems, where energy conservation is typically handled as a time-
average power constraint 3, the device should transmit with constant power 3, owing to the concavity
of g(p(t)). In contrast, such solution may not be optimal for an EH powered device as can be seen
with the help of Fig. 1.2: assuming the device is powered by solar energy with average EH rate
(i.e., the power supplied by the environment is, on average, (3), by transmitting with constant power
p(t) = B, the device may quickly run out of energy during night (gray boxes in the figure), when the
power is solely supplied by the rechargeable battery, thus forcing the transmit power to zero; on the
other hand, the battery may be quickly recharged during daylight and, upon fully charging it, part of
the harvested energy may be lost due to overflow (light gray boxes in the figure). A better approach
would be, instead, to adapt the transmit power to the state of the EH process (day,night), hence to
transmit with a smaller power p(t) < [ during night, so as to avoid energy depletion, and with a

larger power p(t) > [ during daylight, in such a way as to avoid energy overflow.

In Chapter 3 of this thesis, we present a general model for EH-WSN where an EH Sensor (EHS)
needs to report data of varying importance to a Fusion Center (FC). The importance models, for ex-
ample, the priority of data packets, the importance of the sensed events, e.g., temperature or humidity,
the channel fading state, or the achievable rate in a Rayleigh fading channel. Using a stochastic op-
timization approach, we design control policies for EH devices, which determine, based on the state

of the system (energy level in the battery, state of the EH process and importance of the current data
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packet), whether to report the data packet to the FC or to drop it. In particular, due to the limited
processing capability typically found in practical WSN deployments, we focus on the design of low-
complexity control policies, which are shown to achieve close-to-optimal performance with respect
to the globally optimal policy. We investigate the impact of factors such as the finite battery storage

and time-correlation in the EH process.

While in Chapter 3 it is ideally assumed that the battery used by the EH device to store the
incoming ambient energy can perpetually operate without incurring a performance degradation, in
Chapter 4 we investigate the impact of degradation phenomena, which cause the storage capability
of a battery to diminish over time. This poses a problem to the operation of the EH device, hence of
the WSN as a whole, since, the smaller the battery capacity, the faster the battery depletion during
periods of limited ambient energy supply, hence, in turn, the worse the performance. We propose
a stochastic framework, suitable for policy optimization, which captures the trade-off between QoS
and battery degradation, and its interplay with the control policy implemented by the EHS controller.
We believe that acknowledging the degradation of the battery capacity represents an important step
towards the realistic characterization of rechargeable batteries and, by extension, of WSNs and their

management strategies.

Despite the different objectives and application scenarios which CR and EH have been envisioned
to, in this thesis we employ similar methodologies and techniques based on stochastic optimization to
address the problem of spectrum and energy scarcity in wireless networks. In particular, we will resort
to the theory of Markov Decision Processes [1]. Stochastic optimization is of crucial importance
to optimize the operation of the wireless terminals and achieve the best performance in resource
limited settings, as the ones considered in this thesis. In fact, the common feature of CR and EH
is resource limitation. In CR, the SU is required to communicate over a shared wireless channel,
posing the problem of how to best manage the knowledge about the incumbent PU (e.g., the primary
HARQ process), and the interference to the PU, in order to maximize its own performance, while
bounding the performance loss to the PU. On the other hand, EH devices are required to operate
under a stochastic and intermittent energy supply, which poses the problem of how to best utilize the
available energy (as seen in the previous example, depicted in Fig. 1.2), in order to minimize the

deleterious impact of energy depletion and overflow.

As an additional topic, in the last part of this thesis, we investigate the issue of channel esti-

mation in Ultra Wide-Band (UWB) systems. This work is the result of my visit at the University



of Southern California, Los Angeles, USA, from January to July 2011, under the supervision of
Prof. Urbashi Mitra. Due to the large transmission bandwidth, the channel has been typically mod-
eled as sparse. However, some propagation phenomena, e.g., scattering from rough surfaces and
frequency distortion, are better modeled by a diffuse channel. In this context, we propose a novel
Hybrid Sparse/Diffuse (HSD) channel model, and design channel estimators based on it. Moreover,
we provide a Mean Square Error (MSE) analysis of the proposed estimators, and demonstrate, based
on a realistic channel emulator, the benefits in terms of MSE and Bit-Error-Rate performance, with

respect to unstructured and purely sparse estimators.

1.1 Organization of the Thesis

The rest of the thesis is subdivided into four chapters, each addressing a specific topic and the
corresponding results. Each chapter can be read separately.

In Chapter 2, we study the problem of designing optimal secondary access strategies in cognitive
radio networks, which leverage the HARQ protocol implemented by the primary user. This work is
based on the journal paper [J1] and on the conference papers [C1], [C2] (see page 193 for a list of my
publications).

In Chapter 3, we focus on the design of energy management polices for EH devices, and we
evaluate, both theoretically and numerically, the impact of factors such as the finite battery capacity
and time-correlation in the EH process. This work is based on the journal paper [J2] and on the
conference papers [C3], [C4] and [C5].

In Chapter 4, we investigate the impact of battery degradation on the lifetime of EH devices. This
work is based on the journal paper [J3] and on the conference paper [C6].

Chapter 5 concludes this thesis.

In Appendix A, we investigate the issue of channel estimation in UWB systems, which is based

on the journal papers [J4], [J5].






Chapter

Optimal Secondary Access in Cognitive

Radio Networks

2.1 Introduction

Spectrum licensing has been traditionally employed to protect wireless systems against mutual
interference. While effective in avoiding multi user interference, this approach has led to an inef-
ficient utilization of the available resources, hence to spectrum scarcity [2—4], as can be seen from
the 2003 FCC spectrum allocation chart, depicted in Fig. 2.1. Cognitive radio networks, a concept
first proposed by Mitola in his seminal work [5], hold the promise to improve the spectral efficiency
of wireless networks with respect to conventional licensing, by allowing the coexistence of Primary
(licensed) and Secondary (unlicensed) Users (PUs and SUs, respectively) on the same radio band. In
order to achieve such objective, SUs are equipped with smart, cognitive radios through which they
can sense the radio environment and collect side information about the presence and the operation of
active primary transmitters. This information is then used by the cognitive radios to make decisions
and dynamically adapt their operation, so as to optimize a given performance metric, while limit-
ing their interference to the incumbent licensed system. For a survey on cognitive radio, dynamic
spectrum access and the related research challenges, we refer the interested reader to [4,6-8].

Most prior works on cognitive radio networks are based on the assumption that the SUs are al-
lowed to operate only in time-frequency slots left unused by the licensed system (interweave cognitive
radio paradigm [7]). A crucial aspect in these systems is the ability of SUs to detect, as accurately

and quickly as possible, the activity of licensed users in a given time-frequency slot [9], so that lit-
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UNITED
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FREQUENCY
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Figure 2.1. 2003 FCC spectrum allocation chart, from http://www.ntia.doc.gov/files/ntia/publications/2003-
allochrt.pdf

tle or no harm is caused to the licensed radios. In overlay systems, on the other hand, the SUs use
sophisticated signal processing and coding to maintain or even improve the performance of the PUs,
while also obtaining some additional bandwidth for their own communication. A more general and
advanced paradigm than interweave cognitive radio is underlay cognitive radio [7], where the SUs
are allowed to operate also in time-frequency slots used by PUs, but need to satisfy given constraints
on the performance loss caused to the PU, e.g., the interference to each PU should be kept within
a tolerable limit [4, 10]. Within this framework, the problem of how the SUs should best utilize the
side information about the primary system, e.g., codebook, protocol, retransmission schemes, channel

state information, is still an open research issue.

In the information theoretic community, cognitive radio network models have often been proposed
by assuming a genie-aided SU with non-causal access to the whole or part of the active primary
message (side information about the primary message) [7, 11, 12]. While this assumption allows
for analysis of information-theoretic optimal transmission strategies and codebook design, it is not
able to capture critical aspects of a cognitive radio network, related to the imperfect sensing and the
dynamic acquisition of the knowledge about the primary message. Another line of inquiry is resource
management, which employs various tools from stochastic optimization or machine learning to design

optimal secondary strategies which best utilize the available resources and the side information, e.g.,
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see [13] and references therein. This approach allows to consider network constraints, such as delay
or other QoS guarantees, as well as to model the dynamic acquisition of the side information by the

SUs, e.g., by a proper Markov chain representation of the system.

Based on the interweave cognitive radio paradigm, we propose to exploit the Hybrid Automatic
Retransmission reQuest (HARQ [14]) protocol implemented by the PU. The use of such protocol
introduces temporal redundancy in the wireless channel, in the form of copies of primary packets
transmitted in subsequent time-slots in response to retransmission requests by the primary receiver.
Opportunities for secondary access thus arise: by tracking the retransmission process of the PU and
by decoding the current primary message, the secondary receiver can remove its interference by em-
ploying Interference Cancellation (IC) techniques over the entire interval over which retransmissions
of the same primary message take place, thus enhancing the secondary outage performance and im-
proving the spectral efficiency of the system. We believe that the ability of the SU to best manage
the interference from nearby terminals is crucial to achieve high spectral efficiency in cognitive radio
networks, since interference is a limiting factor in wireless networks. For this reason, the strategy
of the SU, which prescribes whether to access the channel or remain idle, based on the HARQ state
of the PU and on the state of the SU, is optimized by using stochastic optimization tools. However,
interference cancellation may not be successfully employed by the PUs, which are typically assumed
to be oblivious to the presence of SUs in the network. Hence, the interference produced by the SUs

to the PUs should be kept within tolerable limits.

We consider a simple network topology consisting of a pair of PUs and a pair of SUs (transmitter
and receiver), as depicted in Fig. 2.2. Despite the simplicity of such network topology, understanding
its fundamental limits is still an open research issue which requires in-depth investigation. Moreover,
we believe that this topology represents a building block of more general network settings, consisting

of multiple primary and SU pairs.

The idea of exploiting the primary HARQ process to perform IC on future packets was put forth
by [15], which devises several cognitive radio protocols exploiting the HARQ protocol of the PU.
Therein, the PU employs HARQ with incremental redundancy and the ARQ mechanism is limited to
at most one retransmission. The SU receiver attempts to decode the PU message in the first time-slot.
If successful, the SU transmitter sends its packet and the SU receiver decodes it by using IC on the
received signal. In contrast, in this chapter, we address the more general case of an arbitrary number

of primary ARQ retransmissions, and we allow a more general access pattern for the SU pair over the
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entire primary ARQ window, as detailed in the next section.

Other related works include [16], which devises an opportunistic sharing scheme with channel
probing based on the ARQ feedback from the PU receiver. An information theoretic framework for
cognitive radio is investigated in [12], where the SU transmitter has non-casual knowledge of the PU’s
codeword. In [17], the data transmitted by the PU is obtained causally at the SU receiver. However,
this model requires a joint design of the PU and SU signaling and channel state information at the
transmitters. In contrast, we explicitly model the dynamic acquisition of the PU message at the SU

receiver, which enables IC. Moreover, the PU is oblivious to the presence of the SU.

2.1.1 Contributions

Within this framework, we propose to exploit the primary HARQ process and introduce two IC
schemes that work in concert, both enabled by the underlying retransmission process of the PU. With
Forward IC (FIC), SUrx, after decoding the PU message, performs IC in the next PU retransmission
attempts, if these occur. While FIC provides IC on SU transmissions performed in future time-slots,
Backward IC (BIC) provides IC on SU transmissions performed in previous time-slots within the
same primary ARQ retransmission window, whose decoding failed due to severe interference from
the PU. BIC relies on buffering of the received signals at the SU receiver. Based on these IC schemes,
we model the state evolution of the PU-SU network as a Markov Decision Process [1,18], induced by
the specific access policy used by the SU, which determines its access probability in each state of the

network.

As an application of this framework, we study the problem of designing optimal secondary access
policies that maximize the average long-term SU throughput by opportunistically leveraging FIC and
BIC, while causing a bounded average long-term throughput loss to the PU and a bounded average
long-term SU power expenditure. A similar problem has been studied in [19]. However, therein the
secondary receiver is not allowed to perform interference cancellation based on decoding of the PU’s
message. This aspect plays instead a central role in our work. We show that the optimal strategy
dictates that the SU prioritizes its channel access in the states where SUrx knows the PU message,
thus enabling IC; moreover, we provide an algorithm to optimally allocate additional secondary access
opportunities in the states where the PU message is unknown. In order to derive further insights in the

interaction between the PU and SU in the network, we consider a degenerate cognitive radio network
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Table 2.1. List of symbols.
D | Primary HARQ deadline
t € N(1, D) | primary ARQ state (retransmission index)
b € N(0, B) | SU buffer state (number of received signals currently buffered at SUrx)
® € {K,U} | PU message knowledge state
(® = K, if the current PU message is known to SUrx; otherwise, ® = U)
R, | PU transmission rate
Rsu | SU transmission rate when PU message is unknown at SUrx
Rk | SU transmission rate when PU message is known at SUrx
TISI) PU throughput when SU is idle
TéA) PU throughput when SU is active
Ty | SU throughput when ® = U
Tk | PU throughput when & = K

w1 | SU access policy

Ts(p) | average long-term SU throughput under policy p
Ws(p) | average long-term SU access rate under policy
»(1) | average long-term PU throughput under policy p
q,()? outage prob. at PUrx, when SU is idle
qéﬁ) outage prob. at PUrx, when SU is active
q,(,IS) prob. that current PU message is in outage at SUrx, given that SU is idle
q},?) prob. that current PU message is in outage at SUrX, given that SU is active
Ds,but | prob. that current SU message is buffered (it can be decoded via BIC)

scenario, where the SU transmitter is far away from the PU receiver and thus generates negligible

interference to the PU.

2.1.2 Structure of the chapter

This chapter is organized as follows. Sec. 2.2 presents the system model. Sec. 2.3 introduces the
secondary access policy, the performance metrics and the optimization problem, which is addressed
in Sec. 2.4. Sec. 2.5 discusses and analyzes the degenerate cognitive radio network scenario. Sec. 2.6
presents and discusses the numerical results. Finally, Sec. 2.7 concludes the chapter. The proofs of

the theorems and lemmas are provided in the appendices at the end of the chapter.

The main symbols used in this chapter are listed in Table 2.1. The notation N(z, y) for integers

x,y denotes the set N(z,y) = {z,z+ 1,...,y}.



12 Chapter 2. Optimal Secondary Access in Cognitive Radio Networks

CK/NACK

A}

A
1
1
L}
L]

L]

L]
(A

Buffering/PU message knowledge

Figure 2.2. System model

2.2 System Model

We consider a two-user interference network, depicted in Fig. 2.2, where a primary transmitter
and a secondary transmitter, denoted by PUtx and SUtx, respectively, transmit to their respective
receivers, PUrx and SUrx, over the direct links PUtx—PUrx and SUtx—SUrx. Their transmissions

generate mutual interference over the links PUtx—SUrx and SUtx—PUrx.

Time is divided into time-slots of fixed duration. Each time-slot matches the length of the PU
and SU packets, and the transmissions of the PU and SU are assumed to be perfectly synchronized.
We adopt the block-fading channel model, i.e., the channel gains are constant within the time-slot
duration, and change from time-slot to time-slot. Assuming that the SU and the PU transmit with
constant power P, and P, respectively, and that noise at the receivers is zero mean Gaussian with
variance 0121), we define the instantaneous Signal to Noise Ratios (SNR) of the links SUtx—SUrx,
PUtx—PUrx, SUtx—PUrx and PUtx—SUrx, during the nth time-slot, as vs(n), v,(n), vsp(n) and
Yps(n), respectively. We model the SNR process {7, (n),n =0,1,...}, where x € {s,p, sp, ps},
as i.i.d. over time-slots and independent over the different links, and we denote the average SNR as
Yo = E[va].

We assume that no Channel State Information (CSI) is available at the transmitters, so that the
latter cannot allocate their rate based on the instantaneous link quality, to ensure correct delivery of
the packets to their respective receivers. Transmissions may thus undergo outage, when the selected

rate is not supported by the current channel quality.

In order to improve reliability, the PU employs Type-I HARQ [14] with deadline D > 1, i.e., at

most D transmissions of the same PU message can be performed, after which the packet is discarded
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and a new transmission is performed (the PU is assumed to be backlogged). We define the primary
ARQ state t € N(1,D)! as the number of ARQ transmission attempts already performed on the
current PU message, plus the current one. Namely, ¢ = 1 indicates a new PU transmission, and the
counter t is increased at each ARQ retransmission, until the deadline D is reached. We assume that
the ARQ feedback is received at the PU transmitter by the end of the time-slot, so that, if requested,
a retransmission can be performed in the next time-slot.

On the other hand, the SU, in each time-slot, either accesses the channel by transmitting its own
message, or stays idle. This decision is based on the access policy p, defined in Sec. 2.3. The activity
of the SU, which is governed by p, affects the outage performance of the PU, by creating interference
to the PU over the link SUtx—PUrx. We denote the primary outage probability when the SU is idle

and accesses the channel, respectively, as”

ahy (Bp) = Pr <Rp > O(%)) ) (Bp) = Pr (Rp >C (1 jf; )) : 2.1
sp

where R,, denotes the PU transmission rate, measured in bits/s/Hz, C(z) = logy(1 + z) is the (nor-
malized) capacity of the Gaussian channel with SNR z at the receiver [20]. This outage definition,
as well as the ones introduced later on, assume the use of Gaussian signaling and capacity-achieving
coding with sufficiently long codewords. However, our analysis can be extended to include prac-
tical codes by computing the outage probabilities for the specific code considered. In (2.1), it is
assumed that SU transmissions are treated as background Gaussian noise by the PU. This is a rea-
sonable assumption in CRs in which the PU is oblivious to the presence of SUs. In general, we have
ql(,g) (Rp) > q&) (Ryp), where equality holds if and only if 75, = 0 deterministically. We denote the
expected PU throughput accrued in each time-slot, when the SU is idle and accesses the channel, as

TO(R,) = Ry[1 — ¢S (R,)] and TSN (R,) = Ry[1 — gl (R,)]. respectively.

2.2.1 Operation of the SU

Unlike the PU that uses a simple Type-I Hybrid ARQ mechanism, it is assumed that the SU uses

"best effort" transmission. Moreover, the SU is provided with side-information about the PU, e.g.,

1We define N(no,nl) = {t S N, no <t< ’I’L1} forng <n; €N

*Herein, we denote the outage probability as q;?, where x and y are the source and the recipient of the message,

respectively (PU if x,y = p, SUif 2,y = s), and Z € {A,I} denotes the action of the SU (A if the SU is active and it
accesses the channel, I if the SU remains idle). For example, ql(,?) is the probability that the PU message is in outage at

SUrx, when SUtx transmits.
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ARQ deadline D, PU codebook and feedback information from PUrx (ACK/NACK messages). This
is consistent with the common characterization of the PU as a legacy system, and of the SU as an
opportunistic and cognitive system, which exploits the primary ARQ feedback to create a best-effort
link with maximized throughput, while the flow control mechanisms are left to the upper layers.
By overhearing the feedback information from PUrx, the SU can thus track the primary ARQ state
t. Moreover, by leveraging the PU codebook, SUrx attempts, in any time-slot, to decode the PU

message, which enables the following IC techniques at SUrx:

e Forward IC (FIC): by decoding the PU message, SUrx can perform IC in the current as well as

in the following ARQ retransmissions, if these occur, to achieve a larger SU throughput;

e Backward IC (BIC): SUrx buffers the received signals corresponding to SU transmissions
which undergo outage due to severe interference from the PU. These transmissions can later be
recovered using IC on the buffered received signals, if the interfering PU message is success-

fully decoded by SUrx in a subsequent primary ARQ retransmission attempt.

We define the SU buffer state b € N(0, B) as the number of received signals currently buffered
at SUrx, where B € N(0, D — 1)3 denotes the buffer size. Moreover, we define the PU message
knowledge state ® € {K, U}, which denotes the knowledge at SUrx about the PU message currently
handled by the PU. Namely, if ® = K, then SUrx knows the PU message, thus enabling FIC/BIC;

conversely (® = U), the PU message is unknown to SUrx.

Remark 2.2.1 (Feedback Information). Note that PUrx needs to report one feedback bit to inform
PUtx (and the SU, which overhears the feedback) on the transmission outcome (ACK/NACK). On
the other hand, two feedback bits need to be reported by SUrx to SUtx: one bit to inform SUtx as
to whether the PU message has been successfully decoded, so that SUtx can track the PU message
knowledge state ®; and one bit to inform SUtx as to whether the received signal has been buffered,
so that SUtx can track the SU buffer state b. Herein, we assume ideal (error-free) feedback channels,
so that the SU can track (t,b, ®), and the PU can track the ARQ state t. However, optimization is

possible with imperfect observations as well [21].

We now further detail the operation of the SU for & € {K, U}.

3Note that B < D — 1, since the same PU message is transmitted at most D times by PUtx. Once the ARQ deadline D
is reached, a new PU transmission occurs, and the buffer is emptied.
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2.2.1.1 PU message unknown to SUrx ($ = U)

When & = U and the SU is idle, SUrx attempts to decode the PU message, so as to enable
FIC/BIC. A decoding failure occurs if the rate of the PU message, R, exceeds the capacity of the
channel PUtx—SUrx, with SNR ;. We denote the corresponding outage probability as q;(,IS) (Rp) =
Pr(Ry > C(7ps))-

If the SU accesses the channel, SU transmissions are performed with rate Rsy (bits/s/Hz) and
are interfered by the PU. SUrx thus attempts to decode both the SU and PU messages; moreover, if
the decoding of the SU message fails due to severe interference from the PU, the received signal is
buffered for future BIC recovery. Using standard information-theoretic results [20], with the help of
Fig. 2.3, we define the following SNR regions associated with the decodability of the SU and PU

messages at SUrx, where A° denotes the complementary set of A:*

Fp(RSU7 Rp) S { ('7377118) : RSU < C (75) 7Rp < C (’7ps) yRsU + Rp < C (’73 + 'Yps)} 5 (2-2)

U{(fys,fyps):R3U>C(%),Rp§0<1jf;s>}, (2.3)
FS(RSU7 Rp) £ { (’YSa’Yps) Ry <C (’73) 7Rp <C ('Vps) , Reu + Rp <C (75 + ’Yps)} (2.4)
U {(%,’yps) : Ry > C (7ps), Reu < C (1?&) } : 2.5)
I‘buf(fisU7 Rp) £ {Pp(Rst Rp) U PS(RSUa Rp)}c m { (757'Yps) Ry <C ('75)} . (2.6)

The SNR regions (2.2) and (2.4) guarantee that the two rates R, and Rsy are within the multiple
access channel region formed by the two transmitters (PUtx and SUtx) and SUrx [20], so that both
the SU and PU messages are correctly decoded via joint decoding techniques. On the other hand,
in the SNR region (2.5) (respectively, (2.3)), only the SU (PU) message is successfully decoded at
SUrx by treating the interference from the PU (SU) as background noise. If the SNR pair falls outside
the two regions (2.4) and (2.5) (respectively, (2.2) and (2.3)), then SUrx incurs a failure in decoding
the SU (PU) message. Therefore, when (s, vps) € I's(Rsu, Rp), SUrx successfully decodes the SU

message. The corresponding expected SU throughput is thus given by

TSU(RSU7 Rp) £ RsUPr (('Ysu ’Yps) € Fs(Rsz Rp)) . (27)

“Herein, we assume optimal joint decoding techniques of the SU and PU messages. Using other techniques, e.g.,
successive IC, the SNR regions may change accordingly, without providing any further insights in the following analysis.
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Figure 2.3. Decodability regions for PU message (rate R,,) and SU message (rate Ryy) at SUrx, for a
fixed SNR pair (s, Yps); these regions change according to the fading state (s, Vps)

Similarly, when (s, vps) € I'p(Rsu, Rp), SUrx successfully decodes the PU message. We denote
the corresponding outage probability as q;()?)(RSU, Rp) £ Pr((vs,vps) & I'p(Rsu, Rp)). Note that

A 1
QZ()S)(RSUa Rp) > Q;E)s)

Finally, in (2.6), the decoding of both the SU and PU messages fails, since the SNR pair (s, Vps)

(Ry), since SU transmissions interfere with the decoding of the PU message.

falls outside both regions I', (R,u, R,) and I's(R,u, R))). However, the rate Ry is within the capacity
region of the interference free channel (Rsuy < C'(75)), so that the SU message can be recovered via
BIC, should the PU message become available in a future ARQ retransmission attempt. The received

signal is thus buffered at SUrx. We denote the buffering probability as

ps,buf(RsU> Rp) 2 Pr ((737 'Yps) S Fbuf(RsUa Rp))

=Pr ((737’71)8) € I's(Rsu,0)) — Pr (('787’7[)8) € I's(Rsv, Rp)) >0, (2.8)

where the second equality follows from inspection of Fig. 2.3.

2.2.1.2 PU message known to SUrx (¢ = K)

When & = K, SUrx performs FIC on the received signal, thus enabling interference free SU

transmissions. The SU transmits with rate Rk, and the accrued throughput is given by



2.2. System Model 17

NACK NACK ACK
PU: PM1 PM1 PM1 PM2
time
SU: SM1 SM2 SM3
time
SM1&PM1 PMI1 decoded; PM1 known;
undec.; SM1 via BIC SM3 via FIC

signal buffered

Figure 2.4. Example of operation of FIC/BIC schemes

T3K<R3K> = RSKPI‘ (RsK < C(’ys))

We now provide an example to illustrate the use of FIC/BIC at SUrx.

Example 1. Consider a sequence of 3 primary retransmission attempts in which the SU always ac-
cesses the channel, as depicted in Fig. 2.4. Initially, the PU message is unknown to SUrx, hence the
PU message knowledge state is set to ® = U in the first time-slot, and the SU transmits with rate
Rgy. Assume that the SNR pair (vs(1),Vps(1)) falls in T'yye(Rsu, Rp). Then, neither the SU nor
the PU messages are successfully decoded by SUrx, but the received signal is buffered for future BIC
recovery. In the second time-slot, (vs(2),vps(2)) € I's(Rsu, Rp) NT'p(Rsu, Ryp), hence both the SU
and PU messages are correctly decoded by SUrx, and the PU message knowledge state switches to
& = K. At this point, SUrx performs BIC on the previously buffered received signal to recover the
corresponding SU message. In the third time-slot, SUtx transmits with rate Rgk, and decoding at

SUrx takes place after cancellation of the interference from the PU via FIC.

We now briefly elaborate on the choice of the transmission rate Rgk. Since its value does not
affect the outage performance at PUrx (2.1) and the evolution of the ARQ process, Rk is chosen so

as to maximize Tsk (Rsk ). Therefore, from (2.8) we obtain

TSK(RSK) ZTSK(RSU) = TSU (RSU7 Rp) + ps,buf<RsU; Rp)RsU > TSU (R8U7 Rp) (29)

Conversely, the choice of the rate Ry is not as straightforward, since its value reflects a trade-
off between the potentially larger throughput accrued with a larger rate R,y and the corresponding
diminished capabilities for IC caused by the more difficult decoding of the PU message by SUrx.

In the following treatment, the rates Rk, Rsu and R, are assumed to be fixed parameters of the
system, and they are not considered part of the optimization (see Sec. 2.6 for further elaboration in

this regard). For the sake of notational convenience, we omit the dependence of the quantities defined
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above on them. Moreover, for clarity, we consider the case B = D — 1 in which SUrx can buffer up

to D — 1 received signals. However, the following analysis can be extended to a generic value of B.

2.3 Policy Definition and Optimization Problem

We model the evolution of the network as a Markov Decision Process [1, 18]. Namely, we denote
the state of the PU-SU system by the tuple (¢,b, ), where ¢t € N(1, D) is the primary ARQ state,
b € N(0, B) is the SU buffer state and ® € {U, K} is the PU message knowledge state. (¢, b, @) takes
values in the state space S = Sy U Sk, where Sk = {(¢,0,K) : t € N(2, D)} and Sy = {(¢,b,U) :
t € N(1,D),b € N(0,¢t — 1)} are the sets of states where the PU message is known and unknown to
SUrx, respectively.

The SU follows a stationary randomized access policy i € U = {p: S — [0,1]}, which de-
termines the secondary access probability for each state s € S. Note that, from [22], this choice is
without loss of optimality for the specific problem at hand. Namely, in state (¢,b, ) € S, the SU
is "active", i.e., it accesses the channel, with probability ju(t,b, ®) and stays "idle" with probability

— u(t, b, ®). We denote the "active" and "idle" actions as A and I, respectively.
With these definitions at hand, we define the following average long-term metrics under p: the

SU throughput T (1), the SU power expenditure Ps(u) and the PU throughput 7,,(11), given by

Ts(ru’) :N1—1>I—Ii-1c>o N Z qu)n {Qn - A} N O ) + RSUBn]-(O;s,n) SO] 3 (210)
N-1

Py(p) =Py lim —F Z;J 1({@Qn=A})|so] . (2.11)

Ty(n) = NL”EOO Z Ryl ( ] : (2.12)

where n is the time-slot index, sy € S is the initial state in time-slot 0; ®,, € {K, U} is the PU
message knowledge state and B,, is the SU buffer state in time-slot n; @, € {A,I} is the action of
the SU, drawn according to the access policy u; O, and Op, , denote the outage events at SUrx
for the decoding of the SU and PU messages, so that Og ,, and Oy, ,, denote successful decoding of
the SU and PU messages by SUrx, respectively; O, , denotes the outage event at PUrx, so that Oy ,
denotes successful decoding of the PU message by PUrx; and 1(E) is the indicator function of the

event F. Note that all the quantities defined above are independent of the initial state sg. In fact,
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starting from any sy € S, the system reaches with probability 1 the positive recurrent state (1,0, U)
(new PU transmission) within a finite number of time-slots, due to the ARQ deadline. Due to the
Markov property, from this state on, the evolution of the process is independent of the initial transient

behavior, which has no effect on the time averages defined in (2.10), (2.11) and (2.12).

We study the problem of maximizing the average long-term SU throughput subject to constraints

on the average long-term PU throughput loss and SU power. Specifically,

ut = arg mﬁXTs(,u) s.t. Tp(p) > Tlgl)(l — epy), Py(p) <P, (2.13)

where epy € [0, 1] and 725“‘) € [0, Ps] represent the (normalized) maximum tolerated PU throughput

loss with respect to the case in which the SU is idle and the SU power constraint, respectively. This
problem entails a trade-off in the operation of the SU. On the one hand, the SU is incentivized to
transmit in order to increase its throughput and to optimize the buffer occupancy at SUrx (i.e., failed
SU transmissions which are potentially recovered via BIC). On the other hand, SU transmissions
might jeopardize the correct decoding of the PU message at SUrx, thus impairing the use of FIC/BIC,

and might violate the constraints in (2.13).

Under ;o € U, the state process is a stationary Markov chain, with steady state distribution
7, [18,23]. m,(s),s € S, is the long-term fraction of the time-slots spent in state s, i.e., m,(s) =
Nlirilm% 271272—01 Pr,(f) (s|sp), where Pr,(fL) (s|sp) is the n-step transition probability of the chain from
state so.> In state (¢, b, U), the SU accesses the channel with probability j (¢, b, U), thus accruing the
throughput p (¢,, U) Tsy. Moreover, if SUrx successfully decodes the PU message (with probabil-
ity 1 — qﬁﬁ — u(t, b, U)(q]()?) — q,(,ls))), bRy bits are recovered by performing BIC on the buffered
received signals, yielding an additional BIC throughput. Similarly, in state (¢, 0, K), the SU accrues
the throughput p (¢,0,K) Tsk. Then, we can rewrite (2.10) and (2.11) in terms of the steady state

distribution and of the cost/reward in each state as

Ts(/‘) =TsuWs(p)+Fs(p)+Bs(p), PS(N) =P Ws(n), (2.14)

where the SU access rate W(11), i.e., the average long-term number of secondary channel accesses

3Similarly to (2.10), (2.11) and (2.12), 7,, (s) is independent of the initial state so, due to the recurrence of state (1,0, U).



20 Chapter 2. Optimal Secondary Access in Cognitive Radio Networks

per time-slot, the FIC throughput Fs(y1) and the BIC throughput Bs(p) are defined as

2N m(s)p(s), (2.15)
seS
D
Fy (1) éZWM (t,0,K) pu (t,0,K) (Tox — Tov), (2.16)
D t—1
) 23S (4,6, U) bRy [1— ¢ — (1,5, U) (q,@,s) fq]gg)] . (2.17)
t=1 b=0

In (2.14), TsuWs () is the SU throughput attained without FIC/BIC, while the terms Fy(u) and
B(1t) account for the throughput gains of FIC and BIC, respectively. Conversely, the PU accrues the
throughput TISI) if the SU is idle and TISA) if the SU accesses the channel, so that (2.12) is given by

Ty(u) = TP — (T = TN Wi(p). (2.18)

The quantity (7, ISD - TISA))WS(M) is referred to as the PU throughput loss induced by the secondary
access policy p [19]. The following result follows directly from (2.13), (2.14) and (2.18).

Lemma 2.3.1. The problem (2.13) is equivalent to

@ _ © P,

B _ (1— q(I)) €PU (th)
p" = argmax, ¢, Ts(p) s.t. Ws(p) < min , — 2 ew. (2.19)
4pp” — 9pp

In the next section, we characterize the solution of (2.19). We will need the following definition.

Definition 2.3.1. Let u be the policy such that secondary access takes place if and only if the PU
message is known to SUrx, i.e., u(s) = 1, Vs € Sk, u(s) = 0, Vs € Sy. We denote the SU access
rate achieved by such policy as e, = W {(u). The system is in the low SU access rate regime if

ew < € in (2.19). Otherwise, the system is in the high SU access rate regime.

2.4 Optimal Policy

In this section, we characterize in closed form the optimal policy in the low SU access rate regime,

and we present an algorithm to derive the optimal policy in the high SU access rate regime.
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24.1 Low SU Access Rate Regime

The next lemma shows that, in the low SU access rate regime, an optimal policy prescribes that
secondary access only takes place in the states where the PU message is known to SUrx, with an
equal probability in all such states. It follows that only FIC, and not BIC, is needed in this regime to

attain optimal performance.

Lemma 2.4.1. In the low SU access rate regime ey < €, an optimal policy is given by®

1 (s) = Zﬂ Vs € Sk, p*(s) = 0, Vs € Su. (2.20)
th

Moreover, Ts(p*) = Tskew, Ps(u*) = Psew, and Ty(u*) = T,EI) - (TZEI) - T,EA))EW.

Proof. For any policy p1 € U obeying the SU access rate constraint Wy (1) < ey, we have Ts(p) <
Ws(u)Tsk < ewTsk. The first inequality holds since W (1) Tk is the long-term throughput achiev-
able when the PU message is known a priori at SUrx, which is an upper bound to the performance;
the second from the SU access rate constraint. The upper bound ew 7Tk is achieved by policy (2.20),

as can be directly seen by substituting (2.20) in (2.14), (2.15). ]

Remark 2.4.1. Note that secondary accesses in states Sy, where the PU message is unknown to
SUrx, would obtain a smaller throughput, namely at most Txy + psputfRsu < Tsk, where Tyy is
the "instantaneous" throughput and p; 1, [2su is the BIC throughput, possibly recovered via BIC in a

future ARQ retransmission. Therefore, SU accesses in states Sk are more "cost effective".

2.4.2 High SU Access Rate Regime

In this section, we study the high SU access rate regime in which ey > €}, thus complementing
the analysis above for the regime where ey < €,. It will be seen that, if ey > €, unlike in the low
SU access rate regime, the SU should generally access the channel also in states Sy where the PU
message is unknown to SUrx in order to achieve the optimal performance. Therefore, both BIC and
FIC are necessary to attain optimality. In this section, we derive the optimal policy. We first introduce

some necessary definitions and notations.

®The optimal policy in the low SU access rate is not unique. In fact, any policy x such that u(s) = 0, Vs € Sy and

W (1) = ewn is optimal, attaining the same throughput Ts (1) = Tskegn as (2.20).
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Definition 2.4.1 (Secondary access efficiency). We define the secondary access efficiency under pol-

icy u € U instates € S as

M (8) = G700 (2.21)

The secondary access efficiency can be interpreted as follows. If the secondary access probability

is increased in state s € S by a small amount §, then the PU throughput loss is increased by an

amount equal to & (TZSI) - ngA)) dzg((sl;)

to 0 Ps dzs(i;; ) (from (2.14)), and the SU throughput augments or diminishes by an amount equal to
5di5((5“)) (depending on the sign of the derivative). Therefore, 1), (s) yields the rate of increase (or

decrease if 1, (s) < 0) of the SU throughput per unit increase of the SU access rate, as induced

(from (2.18)), the SU power is increased by an amount equal

by augmenting the secondary channel access probability in state s. Equivalently, it measures how
efficiently the SU can access the channel in state s, in terms of maximizing the SU throughput gain

while minimizing its negative impact on the PU throughput and on the SU power expenditure.

Remark 2.4.2. Tt is worth noting that the definition of ), (s) given in Def. 2.4.1 is not completely

rigorous. In fact, under a generic policy pu, the Markov chain of the PU-SU system may not be

(W) _ dWs(n) _
(s) dpu(s) ’

One example is the idle policy p(s) = 0, Vs: since the SU is always idle, the buffer at SUrx is always

irreducible [23], so that state s may not be accessible, hence 7,(s) = 0 and ddT;j

empty, hence states (t,b, U) with b > 0 are never accessed. To overcome this problem, a formal
definition is given in Appendix 2.B, by treating the Markov chain of the PU-SU system as the limit

of an irreducible Markov chain. 7, (s) is explicitly derived in Lemma 2.7.3 in Appendix 2.B.

We denote the indicator function of state s as ds : S — {0, 1}, with d5(s) = 1, ds(0) = 0, Vo #
s. Moreover, we denote the policy at the ith iteration of the algorithm as (). We are now ready to
describe the algorithm that obtains an optimal policy in the high SU access rate regime. An intuitive

explanation of the algorithm can be found below.

Algorithm 1 (Derivation of the optimal policy).

1. INIT:

o Let ;{9 be the policy #(V(s) =0, Vs € Sy, 9 (s) =1, Vs € Sk, and i = 0.

o Let Si(gl)e ={s € S: u(s) = 0} = Sy be the set of states where the SU is idle.
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2. STAGE 1i:

%e and let s) £ arg MAX 50 Tyl (s).

(a) Compute 1,,:)(s), V's € Si(é
(b) STAGE i 1, (s?) < 0, go to STEP 3). Otherwise, let p(*) = p() + 6,
i+1) _ o(i ;
Si(dle ):Si(d%e \ {s®}.

(c) Seti:=i+1. IfSi(dife =(,go to STEP 3).Otherwise, repeat from STEP 2).
3. Let N = i, the sequence of states (s(?), ... s(N=1) and of policies ({7, ..., u(N=1).
4, Optimal policy: given ew,

(@) If Wy(uN=Y) < ew, then p* = p(N-1),

(b) Otherwise, 1i* = Al +(1—-\)pD), where j £ max {i: W, (1) <ew}and X € (0,1]
uniquely solves W,(Aut) + (1 — A\)pUtD) = ey.

The algorithm, starting from the optimal policy for the case eyy = €, (Lemma 2.4.1), ranks the
states in the set Sy in decreasing order of secondary access efficiency, and iteratively allocates the
secondary access to the state with the highest efficiency, among the states where the SU is idle. The
rationale of this step is that secondary access in the most efficient state yields the steepest increase
of the SU throughput, per unit increase of the SU access rate or, equivalently, of the PU throughput
loss and of the SU power expenditure. The optimality of Algorithm 1 is established in the following

theorem.
Theorem 2.4.2. Algorithm I returns an optimal policy for the optimization problem (2.19).

Proof. See Appendix 2.C. O

2.5 Special Case: degenerate cognitive radio network scenario

We point out that Algorithm 1 determines the optimal policy for a generic set of system parame-
ters. However, the resulting optimal policy does not always have a structure that is easily interpreted.
In this section, we consider a special case of the general model discussed so far, a degenerate cogni-
tive radio network, where the activity of the PU is unaffected by the transmissions of the SU, i.e., the

channel gain between the SU transmitter and the PU receiver is zero.



24 Chapter 2. Optimal Secondary Access in Cognitive Radio Networks

-
-~ -
fEmmm="

Figure 2.5. Degenerate cognitive radio network

Consider the scenario depicted in Fig. 2.5, where PUrx is outside the transmission range of SUtx,
whereas SUTrx is inside the transmission range of both SUtx and SUrx. In this scenario, the interfer-
ence produced by SU to PU is negligible. In contrast, the PU produces significant interference at the
SU receiver. The SU thus potentially benefits by employing the BIC and FIC mechanisms. We denote
this scenario as a Degenerate cognitive radio network, and we model it by assuming that the SNR of
the interfering link SUtx—PUrx is deterministically equal to zero, i.e., vs, = 0. From (2.1), we then
have qg,) = q},ﬁ) £ qyp, ie., the outage performance of the PU is unaffected by the activity of the SU,

and the primary ARQ process is independent of the secondary access policy. We define

TSK - TsU - ps,bufRsU

A, 2
RsU

(2.22)

From (2.9), it follows that A; > 0, with equality if R;uy = Rsk. Therefore, RsuyAs is the marginal
throughput gain accrued in the states where the PU message is known to SUrx, over the throughput
accrued in the states where the PU message is unknown (instantaneous throughput T,y plus BIC
throughput pg 1t sy, possibly recovered in a future ARQ retransmission). The following lemma
proves that, if the marginal throughput gain A; is "small", the secondary accesses in the high SU
access rate regime in a degenerate cognitive radio network are allocated, in order, to the states in Sk
(Lemma 2.4.1), then to the idle states (¢, b, U) in Sy, giving priority to states with low b and ¢ over
states with high b and ¢, respectively. An illustrative example of the optimal policy for this scenario

is given in Fig. 2.6.
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Lemma 2.5.1. In the degenerate cognitive radio network scenario with q,(,f,’) = z(,l) = Qpp, If

1— ¢®)
Ay < ——L2 s buf (2.23)
A DM
Gps Qps

the sequence of policies (u0), ..., yN=V) returned by Algorithm 1 is such that, Vi € N(0, N — 1),

1D (s) =1, Vs € Sk, (2.24)

, 1 b< b))
pD(t,b,U) = 4 , Y(t,b,U) € Sy, (2.25)
0 b>b0(1),

where b (t) is non-increasing in t and non-decreasing in i, with b (t) = 0 and bN-D(t) =
brmax(t), i.e.,
bnax(t) = BN V(@) > . > 00 @) > 0D () > .. > pO(1) = 0 (2.26)
b (1) 269 (2) > - > bt = 1) > (1) > - > 00(D), (2.27)
where
_ R ) -
% [1 — 4pp <q1(98) - 1(08)) Ao(t + 1)}
_ A
+ <(1A)q_ps(1)ps,buf - As) dpp <Q1(D?) - 193)) Ao(t + 1)
banax (t) = re v -1 (2.28)
A I I
(qz()s) - Z(’S)> (1 — app(1 — Q1(Js))A0(t + 1))
and we have defined
1 — gD-7+1 (IS)(D—T+1)
Ag(r) & B U (2.29)
1- QppQps
N 1— qzl)z)—ﬂ'—i-l
Ay e T (2.30)
L= gpp
Proof. See Appendix 2.D. O

Remark 2.5.1. Interestingly, this is the same result derived in our work [24] for D = 2. However,

therein the result was shown to hold for general ql(,?) > q,%) (not necessarily a degenerate cognitive
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Figure 2.6. lllustrative example of the structure of the optimal secondary access policy for the degenerate
cognitive radio network; the SU is active in the black states, idle in the white ones, and randomly accesses
the channel in the gray state; the arrows indicate the possible state transitions (transitions to state (1,0, U)
are omitted).

radio network), whereas Lemma 2.5.1 holds for general D but only for a degenerate cognitive radio

network scenario.

The lemma dictates that, in the degenerate cognitive radio network scenario, the SU should re-
strict its channel accesses to the states corresponding to a low primary ARQ index and small buffer
occupancy at the SU receiver. Alternatively, the larger the ARQ index or the buffer occupancy, the
smaller the incentive to access the channel. By doing so, the SU maximizes the buffer occupancy
in the early HARQ retransmission attempts, and invests in the future BIC recovery. When the pri-
mary ARQ state ¢ approaches the deadline D, the SU is incentivized to idle so as to help SUrx to
decode the PU message, thus enabling the recovery of the failed SU transmissions from the buffered
received signals via BIC, before the ARQ deadline D is reached and the buffer is depleted. Moreover,
when the buffer state b grows, since q})ﬁ‘) > q,(,ls), the instantaneous reward accrued by staying idle
(1 — q;[(,IS))bRSU) approaches and, at some point, becomes larger than the reward accrued by trans-

mitting (Tsy + (1 — qz(;?))bRsU), hence the incentive to stay idle grows. On the other hand, if A,
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is large, then the marginal throughput gain accrued in the states where the PU message is known to
SUrx, over the throughput accrued in the states where the PU message is unknown, is large. The SU
is thus incentivized to stay idle in the initial ARQ rounds, so as to help SUrx decode the PU message.
Therefore, for large A, the optimal policy may not obey the structure of Lemma 2.5.1.

As a final remark, note that, in the degenerate cognitive radio network scenario, the only limitation
to the activity of the SU is the secondary power expenditure P;(s), since the primary throughput is
unaffected. In the special case PS(th) = Ps in (2.13), neither the secondary power expenditure nor
the primary throughput degradation limit the activity of the SU, hence the optimal policy solves the

unconstrained maximization problem p* = arg max,, T’(jt), whose solution follows as a corollary of

Lemma 2.5.1.

Corollary 2.5.2. In the degenerate cognitive radio network scenario, the solution of the uncon-

strained optimization problem p* = arg max,, T,(u) yields

1 (s) =1, Vs € Sk, (2.31)
1 b < bymax(t)

1 (t,b,U) = i} ,Y(L,b,U) € Sy, (2.32)
0 b > bmax(t)>

where byax (t) is defined in (2.28).

2.6 Numerical Results

We consider a scenario with Rayleigh fading channels, i.e., the SNR ~,, = € {s,p, sp, ps}, is an
exponential random variable with mean E[vy,] = 7,. We consider the following parameters, unless
otherwise stated. The average SNRs are set to ys = s = 5, 7p = 10, Vs, = 2. The ARQ deadline is
D = 5. Rk is chosen as Ry = argmaxp, Tsk (Rs). The PU rate R, is chosen as the maximizer of
the instantaneous PU throughput under an idle SU, i.e., R, = arg maxpg 7, ;I) (R). For the rate Ry,
we evaluate the two cases R,y = R}, and R,y = Rk, where R, = argmaxpg, Tsu(Rs, Rp).
The former maximizes the instantaneous throughput under interference from the PU, thus neglecting
the buffering capability at SUrx; therefore, the choice Rsuy = R}y reflects a pessimistic expectation
of the ability of SUrx to decode the PU message and to enable BIC. As to the latter, from (2.9) we
have R,y = Rsx = argmaxp, Tsu(Rs, Rp) + psbut(Rs, Rp)Rsk, hence Ry = Rsx maximizes

the sum of the instantaneous throughput and the future throughput possibly recovered via BIC, thus
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PU
R,~252 | ¢ ~038 | ¢ ~0.68
SU, R,y = argmaxp, Tsu (Rs, Rp)

Ryy =112 | T,y ~0.59
a9 ~0.61 | ¢i%) ~0.74 | pepur =0.26
R ~1.91 | Tyx >~ 1.10
SU, R,y = Rux

Rsu ~1.91 | Touy >~ 0.40
@t ~0.61 | ¢ia) ~0.88 | pspur = 0.37
R ~1.91 | Tyx >~ 1.10

Table 2.2. parameters of the SU and PU, for the SNRs 7, = 5, 7p = 10, Yps = 5, Yop = 2.

reflecting an optimistic expectation of the ability of SUrx to decode the PU message, which enables
BIC. The PU throughput loss constraint is set to epy = 0.2, and the constraint on the SU power is set
to Pﬁth) = Ps (inactive). The resulting values of the system parameters are listed in Table 2.2.

We consider the following schemes: "FIC/BIC", which employs both FIC and BIC; the optimal
"FIC/BIC" policy is derived using Algorithm 1 and Lemma 2.4.1; "FIC only", which does not employ
the buffering mechanism (i.e., B = 0; the optimal policy is obtained by letting pspu¢ = 0 in Algo-
rithm 1, i.e., SU transmissions are discarded in case of transmission failure); "no FIC/BIC", which
employs neither BIC nor FIC. In this case, the SU message is decoded by leveraging the PU codebook
structure [25]; however, possible knowledge of the PU message gained during the decoding operation
is only used in the slot where the PU message is acquired, but is neglected in the past/future PU re-
transmissions. For "no FIC/BIC", the optimal policy consists in accessing the channel with a constant
probability in all time-slots, independently of the underlying state, so as to attain the PU throughput
loss constraint with equality. "PM known" refers to an ideal scenario where SUrx perfectly knows the
current PU message in advance, and removes its interference; specifically, SUtx transmits with rate
Rk, thus accruing the throughput Tk at each secondary access; "PM known" thus yields an upper
bound to the performance of any other policy considered.

In Fig. 2.7, we plot the SU throughput versus the PU throughput, obtained by varying the SU
access rate constraint eyy in (2.19) from 0 to 1. As expected, the best performance is attained by
"FIC/BIC", since the joint use of BIC and FIC enables IC at SUrx over the entire sequence of PU
retransmissions. "FIC only" incurs a throughput penalty (except in the low SU access rate regime
T,(p) > 1.37 where, from Lemma 2.4.1, "FIC/BIC" does not employ BIC), since the SU transmis-

sions which undergo outage due to severe interference from the PU are simply dropped. "no FIC/BIC"

incurs a further throughput loss, since possible knowledge about the PU message is not exploited to
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Figure 2.7. SU throughput vs PU throughput. 55 = yps = 5, Ysp = 2, p = 10. The other parameters are
given in Table 2.2.

perform IC. Concerning the choice of the transmission rates, we note that the selection R,y = Ry
outperforms Ry = R, for the scenario considered. Note that, with R,y = R, the SU accrues a
larger instantaneous throughput (), but FIC and BIC are impaired, since both the buffering proba-
bility (2.8), ps buf, and the probability that SUrx does not successfully decode the PU message, ql(,?),
diminish. Hence, in this case the instantaneous throughput maximization has a stronger impact on the

performance than enabling FIC/BIC at SUrx.

In Fig. 2.8, we plot the SU throughput versus the SNR ratio 75, /%,, where 7, = 5 and Ry =
R?;. Note that, when 7s,/%, = 0, we obtain the degenerate cognitive radio network scenario,
investigated in Sec. 2.5, for which the optimal policy is defined in Corollary 2.5.2. We observe that,
for ¥s,/%, < 0.5, the SU throughput increases. In fact, in this regime the activity of the SU causes
little harm to the PU, and the constraint on the PU throughput loss is inactive. The SU thus maximizes
its own throughput. As 7, increases from 0 to 0.5%,, the activity of the SU induces more frequent
primary ARQ retransmissions, hence there are more IC opportunities available and the SU throughput
augments. On the other hand, as 7, grows beyond 0.5, the constraint on the PU throughput loss
becomes active, secondary accesses become more and more harmful to the PU and take place more

and more sparingly, hence the SU throughput degrades.
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Figure 2.8. SU throughput vs SNR ratio sy, /%,. PU throughput loss constraint epy = 0.2. 7 = Jps = 5,
p = 10. Ryu = Ry

In Fig. 2.9, we plot the SU throughput versus the SNR ratio ¥,,/7,, where s = 5 and Rsy =
R, which is a function of 7,s. We notice that, when #,, = 0, the upper bound is achieved with
equality, since the SU operates under no interference from the PU. The upper bound is approached
also for 7,5 > 75, corresponding to a strong interference regime where, with high probability, SUrx
can successfully decode the PU message, remove its interference from the received signal, and then
attempt to decode the SU message. The worst performance is attained when 7, ~ 7/2. In fact, the
interference from the PU is neither weak enough to be simply treated as noise, nor strong enough to

be successfully decoded and then removed.

In Fig. 2.10, we plot the SU throughput versus the SU rate ratio Ry /Rsk, where Rgx ~ 1.91
is kept fixed. Clearly, "no FIC/BIC" attains the best performance for R,y = R};, which maximizes
the throughput Ty (Rsu, R,) achieved when neither FIC nor BIC are used. On the other hand,
the performance of "FIC/BIC" is maximized for a slightly larger value of Rgy. In fact, this value
reflects the optimal trade-off between maximizing the throughput Ty (Rsy =~ 0.59 Rk in Fig. 2.11),
maximizing the buffering probability, p, ,ur (Zsy — 1), and minimizing the probability that SUrx

does not successfully decode the PU message, q,(j?) (Rsu — 0). Finally, "FIC only" is optimized by
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Figure 2.9. SU throughput vs SNR ratio 7ps/%s. PU throughput loss constraint epy = 0.2. 55 = 5,
Ysp = 2, ¥p = 10. Rsu = Ry
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Figure 2.10. SU throughput vs SU rate ratio Ry /Rsk. Rsx =~ 1.91 is kept fixed. PU throughput loss
constraint epy = 0.2. 75 = 5, Ysp = 2, Yp = 10, Yps = 5.
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Figure 2.11. Probabilities psuf, 1 — qz(,‘g) and normalized SU throughput Ty vs the SU rate ratio

Rou/Rsk. Rsk =~ 1.91 is kept fixed. 75 = 7ps = 5, Ysp = 2, 7p = 10.

Rsu ~ 0.52R.k < R;. Since "FIC only" does not use BIC, this value reflects the optimal trade-off
between maximizing 7y and minimizing qé?) (Rsy — 0).

In Fig. 2.12, we plot the SU throughput versus the ARQ deadline D. We notice that, when
D = 1, all the IC mechanisms considered attain the same performance as "no FIC/BIC". In fact,
this is a scenario where the PU does not employ ARQ, hence no redundancy is introduced in the
primary transmission process. Interestingly, by employing FIC or BIC, the performance improves as

D increases. In fact, the larger D, the more the redundancy introduced by the primary ARQ process,

hence the more the opportunities for FIC/BIC at SUrx.

2.7 Conclusions

We have investigated the idea of leveraging the redundancy introduced by the ARQ protocol im-
plemented by a Primary User (PU) to perform Interference Cancellation (IC) at the receiver of a Sec-
ondary User (SU) pair: the SU receiver (SUrx), after decoding the PU message, exploits this knowl-
edge to perform Forward IC (FIC) in the following ARQ retransmissions and Backward IC (BIC) in

the previous ARQ retransmissions, corresponding to SU transmissions whose decoding failed due to
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Figure 2.12. SU throughput vs ARQ deadline D. PU throughput loss constraint epy = 0.2. 7, = 7ps = 5,
Nsp = 2, 7p = 10. Rsuy = Ry

severe interference from the PU. We have employed a stochastic optimization approach to optimize
the SU access strategy which maximizes the average long-term SU throughput, under constraints on
the average long-term PU throughput degradation and SU power expenditure. We have proved that
the SU prioritizes its channel accesses in the states where SUrx knows the PU message, thus enabling
FIC, and we have provided an algorithm to optimally allocate additional secondary access oppor-
tunities in the states where the PU message is unknown. Finally, we have shown numerically the

throughput gain of the proposed schemes.

Appendix 2.A: SU and PU performance metrics and properties

In this appendix, we compute T (1), W (1) and state properties of W(1).

Definition 2.7.1. We define G, (t,b, ®), V,(t,b, ®) and D, (t, b, @) as the average throughput, the
average number of secondary channel accesses and the average number of time-slots, respectively,
accrued starting from state (¢, b, @) until the end of the primary ARQ cycle under policy u (i.e., until

the recurrent state (1,0, U) is reached). Starting from X, (D + 1,b,®) = 0, Vb,V € {U, K},

"We introduce the fictitious state (D + 1,b, ®) for notational convenience.
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Figure 2.13. Transition probabilities
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where X, stands for G, V, or D,, (we write X € {G,V,D}), these are defined recursively as, for
t e N(1,D),b e N(0,t — 1),

X, (t,b,U) = x,(t,b,U) + Pr,(t + 1,b, Ult, b, U)X, (t + 1,b,U) (2.33)
+Pr,(t+1,04+1,U[t,0, U)X, (t + 1,0+ 1,U) 4+ Pr,(t + 1,0,K]t, b, U)X, (¢t + 1,0, K),
X, (1,0, K) = (¢, 0,K) + [gff) + (. 0, K) (gf) — afy)| Xou(t + 1,0, K), (2.34)

where z,(t,b, @) is the cost/reward accrued in state (¢,b, ®) and Pr,(-|-) is the one-step transition
probability, which can be derived with the help of Fig. 2.13 by taking the expectation with respect to
the actions SU idle (I, with probability 1 — u(t, b, ®)) and SU active (A, with probability p(t, b, )),

yielding
Pr(t+ 1,6, UJt, b,U) = pu(t, b, U)aly) (a8) = pour) + (1= u(t,b, 0)aiPafl),  @235)
Pr#(t + 1) b + 1) U|tv b, U) = ,LL(t, ba U)q‘z(;;?)ps,bufv (236)

Pri(t+1,0,K]t,5,U) = u(t, b, V)l (1)) + (1= pu(t, 0,0ty (1-f0) . @37)

Namely, if X = G (throughput), then z,(¢, b, ®), ® € {U, K}, is the expected throughput accrued

in state (¢,b, ®), and is given by

z,(t,0,K) =u(t,0,K)Tsk = g,(t,0,K), (2.38)

.T“(t, bv U) = M(ta b7 U)(l - ng)?)) + (1 - M(t7 b7 U))(l - ngs)) bRSU + :u(ta baU)TSU

£9,(t,b,U), (2.39)

where the first term in (2.39) accounts for the successful recovery of the b SU messages from the
buffered received signals via BIC, when the PU message is decoded by SUrx; if X = V (secondary

access), then x,,(t, b, ®) is the SU access probability in state (¢, b, @), i.e.,
z,(t, b, ®) = pu(t,b, ®) £ v,(t,b, ®); (2.40)
finally, if X = D (time-slots), then

2, (t,b,®) =12 d,(t,b, D), (2.41)
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corresponding to one time-slot. Moreover, we define, for X € {G,V,D},

dX’ (s
X/,(s) 2 duPE;)‘

(2.42)

The number of visits to state (1,0, U) up to time-slot n is a renewal process [26]. Each renewal
interval (i.e., the ARQ sequence in which the PU attempts to deliver a specific packet) has average du-
ration D, (1,0, U), over which the expected accrued SU throughput is G, (1,0, U), and the expected
number of secondary channel accesses is V,(1,0,U). Then, the following lemma directly follows

from the strong law of large numbers for renewal-reward processes [26].
Lemma 2.7.1. The average long-term SU throughput and access rate are given by Ti (1) = %

and W(p) = %, respectively.

We have the following lemma.

Lemma 2.7.2. We have

>0, Vse§, Vuel. (2.43)

The inequality is strict if and only if state s is accessible from (1,0, U) under policy p, i.e., In > 0:
Pr&n) (s[(1,0,U)) > 0. Moreover, for all s € S we have

V. (s) — D}, (s)Ws(u) > 0. (2.44)

Proof. 1If state s is not accessible from state (1,0, U) under policy u, then the steady state distribution

satisfies 7, (s) = 0, hence W (y) is unaffected by 1(s). Otherwise, from Lemma 2.7.1 we have that

_ dV,(10.U) _ dD,(1.0.U) 5,
dWs(p) Gits) () s() / ! (S\TT

- V' (s) = D' (s)Wa(p), 2.4
du(s) D, (1,0,0) X Viu(s) = Du(s)Ws(n) (245)

where o represents equality up to a positive multiplicative factor, and the right hand side holds since,

dX,(1,0,U
VX € {V,D} and (t,b,®) € S, % = PrY) (¢,b,9|1,0,U) X/, (1, b, ).

If s € Sk, e, s = (t,0,K), we have

AW, ()

— 3 &V (£,0,K) =D (t,0, K)Ws(n) > V' (£,0,K) — D’ (¢+,0,K) £ A,(t 2.4
d,u(t,(),K)O( u(t,0,K) u(t, 0, K)Ws () 2V, (2, 0, K) 1 (t,0,K) u(t), (2.46)
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where we have used the fact that W(p) < 1 and, from (2.34) and (2.41), D/,(#,0,K) = (q,(gf)’) -
gD, (t +1,0,K) > 0.

We now prove by induction that A, (t) > 0,V t € N(1,7'), so that (2.43) and (2.44) follow for

s € Sk. From (2.33), for t < D, after algebraic manipulation we obtain

Au(t) =14 (g — gy [Vt +1,0,K) = Dyu(t + 1,0,K)]
(

— ) + Pry(t +2,0,K|t + 1,0, K) A, (t + 1). (2.47)

Since A, (D) =1 > 0, we obtain A,(t) > 0 by induction.
If s € Sy, i.e., s = (t,b,U), we have
s(1) / / z
——— x V,(t,b — D, (t,b s(1). 2.48
Tt % VAl U) = DL U)W, ) @48)
We prove that V), (¢,b,U) — Dy, (¢, b, U)W,(p) > 0 in two steps, so that (2.43) and (2.44) follow for
s € Sy. First, we prove that C,,(t,b) £ D/,(t,b,U) > 0. Then, since W,(u) < 1, we obtain

AW, ()

3u(0.5.0) o V',(t,b,U) = Cu(t,b)Wy(p) > V,,(t,b,U) — D/ (£,b,U) = B,(t,b).  (2.49)

Finally, we prove that B,,(t,b) > 0

Proof of C),(t,b) > 0: from (2.33), for t < D we have

Cu(t,0) =lafy (1 —

qpp

+ 65 (@) = pspur) — @l aDID,(t + 1,5, U) + ¢{ps putDpu(t + 1, + 1, U).

(A)> _

qps O (1 -

) D, (t+1,0,K) (2.50)

qps

Using the recursions (2.33) and rearranging the terms, we obtain the recursive expression

Cu(t,b)=Pr,(t+2,b+2, Ut + 1,b+ 1, U)C,(t + 1,b+ 1)
+ (&) — ) + Pry,(t + 2,6, Ut + 1,5, U)C,i(t + 1,0)

+ (1= p(t+1,0,K)gl) (1 — ¢$) + p(t+1,0,K)gly) (1 — gfa))| (a5 — a$))Du(t +2,0,K).

Since C\,(D,b) =0, ¥ b € N(0, D — 1), it follows by induction on ¢ that C,,(b,t) > 0

Proof of B,,(t,b) > 0: From (2.33), for ¢ < D we obtain the following recursive expression for
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B,(t,b), after algebraic manipulation,

Bu(t,0) =1 — ¢\ + Pr,,(t + 2,0, U|t + 1,5, U)B,,(t + 1,b)

qpp

+Pru(t+2,b42,Ult+1,b+1,U)B,(t+1,b+ 1)

D1 — gDy 4 u(t +1,0,K)

+ [ = pt+1,0,K))gD (1 — g (A)(1 U;))] Aut+1), (@51

qpp P

here A, (t) is defined in (2.46). The result follows by induction, since B,(D,b) = 1 > 0 and
Au(t+1)>0. O

Appendix 2.B: SU access efficiency

In this appendix, we give a rigorous definition of SU access efficiency, thus complementing
Def. 2.4.1. Moreover, in Lemma 2.7.3, we derive it. We recall that Pr,(fL) (s|sp) is the n-step transition

probability of the chain from sg to s.

Definition 2.7.2. Let i € U be a policy such that In > 0 : Prl(ln) (s[(1,0,U)) > 0, and p,, =

(1 —v)u+vp, where v € (0,1], u € U. We define the SU access efficiency under p in state s as

7

T o (S

77# (S) - vli}%)l+ dWs(,u,v)
dlu"U (S) Mo

Remark 2.7.1. Notice that the condition 3n > 0 : Pr!"” (s[(1,0,U)) > 0 guarantees that state

i
dWs (1)
dp(s)

(Lemma 2.7.2 in Appendix 2.A), hence the fraction within the limit is well defined for v > 0 and in

s is accessible from state (1,0, U) under policy p,,, for v > 0. Under this condition, >0

the limit v — 0. One such policy /i is ji(s) = 0.5,Vs € S.

Using Lemma 2.7.1 and Def. 2.7.1 in Appendix 2.A and Def. 2.7.2, 1),, (s) can be derived accord-

ing to the following lemma.

Lemma 2.7.3. We have 1,, (s) = 51%((5))_—]1)35((;);2(&)).

Remark 2.7.2. This is well defined, since V,(s) — D7, (s)Ws(p) > 0 from Lemma 2.7.2 in Ap-
pendix 2.A.
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Appendix 2.C: Proof of Theorem 2.4.2

Proof of Theorem 2.4.2. In the first part of the theorem, we prove that, by initializing Algorithm 1
with the idle policy (9, 19 (s) = 0, Vs € S, and with the set of idle states Si(dol)e = S, we obtain an
optimal policy. In the second part of the proof, we prove the optimality of the specific initialization

of Algorithm 1 for the high SU access rate regime.

Let /i be a policy under which all states s € S are accessible from state (1,0, U), i.e., 3n >
0: Prl(ln) (s|(1,0,U)) > 0. One such policy is ji(s) = 0.5, Vs € S. Consider a modified Markov
Decision Process, parameterized by v € (0, 1), obtained by applying the policy (1 — v)u + vji to the
original system, where p € U. Since p, i € U and v € (0, 1), it follows that (1 —v)u+vi € U. We

define T (p1,v) £ Ts((1 — v)p + vfi) and W (p, v) 2 We((1 — v)u + vji), and we study
) =arg max,, ey Ts (1, v) 8.t We(p,v) < ew, (2.52)

where the parameter v is small enough to guarantee a feasible problem, i.e., 3y € U : W (p,v) < ew.
(2.19) is obtained in the limit v — 0T. Notice that, V € U, under policy (1 — v)u + vji, all the
states s € S are accessible from state (1,0, U), and the Markov chain is irreducible. Hence, from
Lemma 2.7.2 in Appendix 2.A, W(ju, v) is a strictly increasing function of y(s), Vs € S. This is an

important assumption in the following proof.

Let D C U be the set of all the deterministic policies, and G, = { (W (i, v), Ts(p, v)) , u € D}.
With the help of Fig. 2.14, for any ;1 € U, we have that (W (u, v), Ts(p,v)) € conv(G,), where
conv(G,) is the convex hull of the set G,,. In particular, for the optimal policy we have

(Ws(w* ), v), Ty(u*™), v)) € bd(G,), where bd(G,) denotes the boundary of conv(G,,).

Algorithm 1 determines the sequence of vertices of the polyline bd(G,,) in the limit v — 0 (bold
line in Fig. 2.14). For v > 0, starting from the leftmost vertex of bd(G,,), achieved by the idle policy
pO(s) = 0, Vs € S (this follows from the fact that W,(u, v) is a strictly increasing function of
u(s), hence it is minimized by the idle policy), the algorithm determines iteratively the next vertex of

bd(G,) as the maximizer of the slope

IE,H‘

, — T (u(®
:U’(H_l) _ arg max (/L’U) TS(:“ 7U)

e (2.53)
HED () > T (u D 0) W, 0) — Wi (@) v)

Since (2.19) has one constraint, the optimal policy u*(”) is randomized in one state [22], and hence
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Figure 2.14. Geometric interpretation of problem (2.52)

each segment on the boundary bd(G,) between pairs (W (u®, v), Ty(u), v)) achievable with de-
terministic policies is attained by a policy that is randomized in only one state. It follows that p(d)
and (1) differ in only one state. Moreover, in (2.53) the maximization is over ;1 € D such that
We(p,v) > Wi(u®, ), ie., since W, (i, v) is a strictly increasing function of y(s) and (1) and
,u(i) differ in only one position, ,u(iH) is obtained from u(i) by allocating one more secondary access
to a state which is idle under (). In (2.53), the maximization is thus over {,u(i) +ds:s€ Si(é%e},

and, after algebraic manipulation, 1(“+1) in (2.53) maximizes

max TS(M(O—’_ ds,v) — Ts(ﬂ(i),v — max ; (s)
sesi(ﬁcws(u(i)—f— ds; U) - V_Vs(/vb(i) U) SESi(ﬁcn(l_U)u(l)Jrvu .

Stage i of the algorithm is thus proved. If 77(1—u)u(i>+u;2(s) < 0, we have W, (u(i) + 55,11) >
Wy (1@, v) and Ty (u@ + ds,v) < Ty (u¥, v). If this condition holds V' s € Si((ﬂc, any next vertex
of the polyline bd(G,) yields a decrease of the SU throughput and a larger SU access rate, hence a
sub-optimal set of policies, and the algorithm stops.

By construction, the algorithm returns a sequence of policies ("), i € N(0, N — 1)), character-
ized by strictly increasing values of the SU throughput and of the SU access rate. The optimal policy

belongs to the polyline with vertices V,, = {(W,(p, v), Ty (1, v)),i € N(0, N — 1)}, denoted by
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pl(V,) in Fig. 2.14. Then, (2.19) becomes equivalent to @ = (Wn%a)x y Ts s.t. Ws < ew, whose
Syt s 6 v

solution is given in the last step of Algorithm 1. The result finally follows for v — 0.
To conclude, we prove the initialization of Algorithm 1 for the high SU access rate. Let
(@, u=Dyand (s, ..., sV=1) be the sequence of deterministic policies and of states re-

turned by Algorithm 1, obtained by initializing the algorithm as in the first part of the proof. Let
Do={pneD:ut0,0=0vteN1,T)}, (2.54)

Do = {peDy:pu(s)=1, ¥se Sk}, and Ny £ max{i € {0,...,N — 1} : Wy(uD) < e}
We prove that pNot1) ¢ Dy, ie., pNot1)(s) = 1, Vs € Sk. From the definition of Dy and the
construction of the algorithm, it follows that, for i > Np, u(?(s) = 1, V's € Sk. Moreover, from
Lemma 2.7.4, W (,LL(NO+1)) = eh. Hence, for the high SU access rate € > €, the optimal policy
w* obeys p*(s) = 1,Vs € Sk. Then, letting Uy = {p € U : p(s) = 1,Vs € Sk}, the optimization
problem (2.19) can be restricted to the set of randomized policies © € Uy C U when € > ¢€y,.
Equivalently, secondary accesses taking place in Sy can be obtained by initializing the algorithm
with () (s) =0, s € Su, 20 (s) =1, s € Sk, Si(gl)e = Sy.

Proof of ,(No+1) € Dy: We prove by induction that ;) € Do\f)o, Vi < Ny and p(Not1) e Dy,
Assume that, for some 7 > 0, ,u(j) € Dy \ 750, Vj < 4. From Lemma 2.7.4, it follows that Ny > .
This clearly holds for i = 0. We show that this implies that either (t1) € Dy \ Dy, hence Ny > i,
thus proving the induction step, or p(+1) Dy, hence Ny = 1, thus proving the property. The result

follows since Ny < 1 + |S| < oo (i.e., i = Ny is reached within a finite number of steps).

From Lemma 2.7.5, 77, (s) =Tsk > 0,Vs € Sk ﬂSi((ﬁe and 1, (t,0,U) < Tk, Vt € N(1, D),
hence, from the main iteration stage of the algorithm it follows that p*Y € Dy, In particular, if
pl*) e Dy \ Dy, then Ny > i from Lemma 2.7.4. On the other hand, if x(1) € Dy, then, from

Lemma 2.7.4, Ny = 1. The property is thus proved. O

Lemma 2.7.4. W,(11) < e, Vi € Dy \150 and W(p) = e, Vi € Do.

Proof. Let i € Dy. Since the states (¢, b, U) with b > 0 are not accessible from (1,0, U) under p,
the transmission probability (¢, b, U), b > 0, does not affect W;(p1). Then, from Def. 2.3.1, we have
Ws(1) = €

Let 1 € D\ Dy. Letting S, = {s € S : u(s) = 0}, we have that y + > ds € Dy. Finally,

sES,
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since every s € S, is accessible from (1,0, U) under y, and S, is non-empty, from Lemma 2.7.2 in

Appendix 2.A and the previous case, it follows that W(p) < W(pu+ > o s, 0s) = €. O

Lemma 2.7.5. Let 1 € U such that 1(t,0,U) = 0V ¢t € N(1,D). Then, 1,(t,0,U) < Ty and
nﬂ(t, 0,K> = TSK, Vt.

Proof. Let ;i € U such that p(t,0,U) = 0V ¢ € N(1, D). It follows that the states (¢, b, U) with
b > 0 are not accessible, hence their steady state probability satisfies 7,(¢,b,U) =0, Vt, Vb > 0.
It is then straightforward to show, by using the recursion (2.33), that G,(¢,0,U) = T,k V,(t, 0, K),
G, (t,0,K) = Tyk V. (t,0,K) and Ts(p) = TskWs(p). Then, using these expressions, the recur-
sion (2.33) and Lemma 2.7.3, we obtain 7),,(t, 0, K) = Tk and

T V1, (t,0,U) — G/ (t,0,U)

Mu(t,0,U) = Tok — — .

(2.55)

We now prove that 7),,(¢,0, U) < Tk, which proves the lemma. Equivalently, using Lemma 2.7.2 in

Appendix 2.A and (2.33), we prove that
Tk V),(£,0,U) — G/,(t,0,U) = (Tux — Tou) + 453 Psbut [T Vu(t, 1, U) — G (t, 1, U)] > 0.
Letting

My (t,b) = b(Tsx — Tsv) + 453 ps put [Tsk Viu(t,0,U) — Gu(t,0,U)] > 0, V£,b > 1,  (2.56)

(2.56) is equivalent to M, (t,1) > 0. We now prove by induction that M, (t,b) > 0, V¢,b > 1,
yielding (2.56) as a special case when b = 1. Fort = D + 1 we have M,(D + 1,b) = b(Tsx —
Tsuy) > 0, since Tk > Ty and b > 1. Now, let ¢ < D and assume M, (¢t + 1,b) > 0. Using (2.33),

after algebraic manipulation we obtain

Myu(t,b) = b(Tox — Tsv) — 455 Psput |1 — pu(t, b, U)gld) — (1 — pu(t,b,0))g{) | bRy (2.57)
+ b P bur(t, b, U)(Tox — Tov) + Pra(t + 1,6, Ult, b, U)[My (¢ + 1,6) — b(Tox — Tov)]

+Pr,(t+ 1,0+ 1,U|t,b,U)M,(t +1,b) — Pry(t + 1,0+ 1,U|t,b,U)(b+ 1)(Tsk — Tsv)-
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Finally, since M,,(t 4+ 1,b) > 0 by the induction hypothesis, using inequality (2.9) we obtain
Myu(t,0) > poibReu (1= afp)) + popnrbRou(1 = (.5, 0)al? (a5 — o) >0, 2.58)

which proves the induction step. The lemma is proved. O

Appendix 2.D: Proof of Lemma 2.5.1

Proof of Lemma 2.5.1. Let D C U be the set of all the deterministic (non-randomized) policies. Let

D= {peD:pultbU)=1,Ytb<bt): ut,bU)=0,Vtb>bt); us)=1,s € S;
Ib(-) : bt +1) < b(t) Vt}.

By inspection, we have that the sequences of policies (2.24) are such that u() € D, Vi € N(0, N—-1).
Therefore, the first part of the lemma states that (9 € D, Vie N (0, N — 1). We prove this property
by induction. Namely, we show that ,u(i) eD= M(i+1) € D. Then, since u(o) e D (initialization of
Algorithm 1) it follows that ;{9 € D, Vi. Let u(9 € D, i.e., u?) is given by (2.24) for some b ()
non-increasing in ¢. The set of idle states is then given by

St = {(t, b,U) € Sy :te€N(1,D),b> b“)(t)} : (2.59)

le

We then prove that, under the hypotheses of the lemma, 7, (¢,,0,U) > UNG! (t,b + 1,U) and
Ny (6,0, U) > nu(t +1,0,U), V(¢,b,U) € Si((ge. It follows that the SU access efficiency is maxi-
mized by the state in the idle set Si(éfe with the lowest value of the primary ARQ state ¢, among the
states with the same buffer occupancy b, and with the fewest number of buffered received signals b,
among the states with the same primary ARQ state ¢. Therefore, in the main iteration stage of the algo-
rithm, the SU access efficiency is maximized by s') = arg maxX, . s ) (s), where s = (,b, U)
issuchthat > ¢, 8> b,V (7,6,U) € Si(ge. By inspection, we have that ,u(”l) = ,u(i) + 0g40) € D,
hence the induction step is proved.

We thus need to prove the induction step, i.e., letting ,u(i) € D, we show that

ny(i) (t7 ba U) > np(i) (t? b+ L, U)? V(t7 b’ U) € Si(clge’

M0 (.5, U) > 0, (t +1,0,U), ¥(t,b,U) € Sy (2.60)
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To this end, note that, in the degenerate cognitive radio network scenario, the primary ARQ process is
not affected by the SU access scheme, hence, using the notation in Appendix 2.A, D:N? (t,b,U) = 0.

By the definition of SU access efficiency (2.7.3), we thus obtain

G/ (1,
Ny (8,6, U) = (2.61)

V' . (t,0,0)’

o)

where, using (2.33), (2.35-2.37), (2.39) and (2.40),

Gl (6,5, 0) =Tou + (aff = 4f2)) bRou + auplafd) = post = ¢) G0 (t+1,5,0) 2.62)

+ QPpps,bufGM(i) (t + 17 b+ 17 U) + QPp(qZ(gs) - q;()?))Gp,(l) (t + ]-7 07 K)a
i (8.5, 0) =1+ () = popur — a5V 0 (¢ + 1,5, 1) (2.63)

+ Qs but Vo (E+ 1,0+ 1,0) + gup(abl) — af3)) V0 (t+ 1,0, K).

Using the fact that ;(" (1,8,U) =0, Y7 >t,3 > b, it can be proved that

Vo (7, 8,U0) = A1(1) — Ag(7), (2.64)
G0 (1,8,U) = (1 — ¢0)BRauAo(7) + Tux (A1 (1) — Ag(7)), (2.65)
Vo (1,0,K) = A (7), (2.66)
G i) (7,0,K) = Tix Ay (1), (2.67)

where Ag(-) and A;(-) are defined in (2.29) and (2.30), respectively. The expressions (2.64-2.67)
can be easily verified by induction, starting from 7 = D + 1 backward. In fact, for 7 = D + 1, we
have Ag(D +1) = A1(D + 1) = 0, hence we obtain V (D + 1, 3,U) = G,» (D + 1,5,U) =
V.o (D+1,0,K) = G0 (D + 1,0,K) = 0, which is consistent with Def. 2.7.1. The induction
step can be proved by inspection, using the recursive expression (2.33) and the fact that (7, 8, U) =

0, V7 > t, 8 > b. Substituting the expressions (2.64-2.67) in (2.62) and (2.63), we obtain

(6.5, 0) =T + (o) = i) bRou [1 = (1 = o) Ao(t + 1) (2.68)
+ @ppps.put(1 — ¢S ) Reu Ao(t + 1) + gpp(ay) — a$a)) Tk Ao(t + 1),

V!0 (8,0, U) =1 — gpp(afs) — ai)) Ao(t + 1). (2.69)
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Proof of M) (t, b, 0) > 1,6 (t, b+1, 0)

By substituting (2.68) and (2.69) in (2.61), and noticing that VL(i) (t,0,U) = V;N) (t,b+1,0)
from (2.69) and V;(i) (t,0,U) > 0 (from Lemma 2.7.2 with Dj,(s) = 0), the condition 7,,¢;) (¢, b, 0) >
N, (t,b+1,0) is equivalent to G;Ai) (t,b,U) > G;(i) (t,b+1,U), which is readily verified from (2.68),
since

Lo (65, 0) = Gl (6,04 1,0) = (g = g0) Rou [1= ap(1 = gf2) Ao(t + 1)

1—
> (af) = ) =25 Rou > 0, (2.70)
— 4ppQps

where the first inequality follows from the fact that Ay(t+1) < ﬁ, the second from qz(,ls) < q]g?).

1 7Qppqps

Proof of 1, (t,0,0) > n,(t +1,b,0)

Since V;m') (t,b,U) > 0, the condition N6 (t: D, 0) > nu(t +1,b,0) is equivalent to

o (t,0,0) (V:m (t+1,0,U) =V (£, U))

> V10 (60,0) (Gl (t+1,6,0) = Gl (1,0,0) ) @.71)
Using (2.68) and (2.69), after algebraic manipulation we obtain the equivalent condition
(1= ) pour + (1= 42) (a2 = a0) b+ (4 —afD) As >0, @™

where we have used the fact that Tsx = A;Rsu + Tsu + pspurRsu. Since we require this condition

to hold Vb > 0 and the left hand expression is minimized by b = 0, the condition (2.72) should be
_A)

satisfied for b = 0, yielding the equivalent condition Ay < %p&buf, which is an hypothesis of
q _qu

ps
the lemma.

It is thus proved that the sequence of policies returned by Algorithm 1 has the structure defined
by (2.24), where b(®) (t) satisfies the inequality (2.26). Moreover, the inequality (2.27) holds since, by
the algorithm construction, (1) is obtained from () by "activating" one additional state from the
set of idle states Si(ci% o

The second part of the lemma states that 5N 1) (t) = by (), where byax(t) is given by (2.28).

This is a consequence of the fact that Algorithm 1 stops if the SU access efficiency becomes non-
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positive, i.e., 1), (s) <0, Vs € Si(jfe. From (2.61), this condition is equivalent to G;(i) (t,b,U) <0,
le*

V(t,b,U) € Si(é) By using (2.68) and by solving G:N) (t,b,U) < 0 with respect to b, the result
follows. O



Chapter

Optimal Management Policies for Energy

Harvesting Wireless Sensor Networks

3.1 Introduction

In the previous chapter, we have addressed the problem of secondary access in cognitive radio net-
works, using stochastic optimization tools to determine the optimal access policy of secondary users
in the network. We have shown that the exploitation of side information about the licensed (primary)
users, e.g., the HARQ protocol and the current primary message, jointly with the optimization of the
available resources, can help alleviate the spectrum scarcity problem, thus enabling the coexistence
of primary and secondary users and improving the spectral efficiency.

While the previous chapter dealt with a spectrum scarcity problem, in this chapter we face the
problem of energy scarcity, with special emphasis on Wireless Sensor Networks (WSN), composed
of miniaturized devices with sensing and communication capabilities [27]. Recent technological
advances and enhancements of consumer electronics have led to the widespread diffusion of WSNss.
One key requirement of such networks is a prolonged and unsupervised sensor operation over time,
which poses the problem of their energy autonomy.

The use of non-rechargeable batteries is currently widespread for powering WSN sensor nodes.
However, in many WSN applications, autonomous operation is required and factors such as the sheer
number of nodes or inaccessibility render battery replacement unrealistic and cost-prohibitive [28],
hence lifetime and energy scarcity becomes a critical concern in the design of WSNs [29-31]. Recent

advances in the field of small-scale Energy Harvesting (EH) will enable the sensor to use ambient
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energy absorbed, for instance, from solar, wind, piezo-electric, thermal or RF sources [32-36], to
power its circuitry and to perform data sensing, processing and communication tasks. By relying on
a potentially unlimited energy reservoir (ambient energy), the EH approach, combined with an intel-
ligent use of the local energy storage, is envisioned to greatly prolong the WSN operating life [37],
and could, in principle, lead to perpetual operation, thus alleviating the energy scarcity problem in

WSNEs.

In contrast to battery-operated sensors (without EH capability), where energy efficiency and con-
servation are crucial to prolong lifetime, in EH powered Sensors (EHSs) the energy supply is poten-
tially unlimited, but its availability is random and intermittent over time. Present technologies require
a local energy storage element to filter out the fluctuations in the EH process, as data sensing and pro-
cessing, transmission/reception tasks, and higher layer operations (e.g., routing) rely on a continuous
and stable energy reserve. The objective thus shifts from lifetime maximization and energy conserva-
tion to the optimal management of the harvested energy, so as to provide a stable energy supply to the
sensor node by minimizing the deleterious impact of energy depletion. However, one critical aspect
of WSN design is that sensor nodes typically have limited processing capabilities. Therefore, a spe-
cial focus should be dedicated to the design of energy management policies with small computational

overhead.

In this chapter, we are concerned with a fundamental question: how should statistical informa-
tion on the ambient energy supply be exploited in order to optimize EHS operation? We consider a
WSN consisting of multiple EHSs, as depicted in Fig. 3.1, which judiciously report data of varying
importance to a Fusion Center (FC). Practical examples of this setting include: temperature sensors,
where higher temperature readings, being indicators of overheating or fire, are more important; sen-
sors which act as a relay of different priority packets in a wireless network [38]; data transmission
over a fading channel, where the number of bits which can be reliably transmitted depend on the
instantaneous channel realization. Energy is harvested from an ambient source modeled by a two-
state Markov chain, where “GOOD” and “BAD” correspond to an abundance and scarcity of ambient
energy, respectively, and is stored in a rechargeable battery. Given that data transmission incurs an en-
ergy cost, our objective is to characterize low-complexity energy management policies, which achieve
near-optimal performance in terms of the average long-term importance of the reported data, at a frac-
tion of the complexity. Initially, we focus on the operation of a single EH device. Then, we address

the problem of multiaccess in a WSN.
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Figure 3.1. Energy Harvesting Wireless Sensor Network (EH-WSN)

The issue of energy management for solar-powered EHSs and RFIDs has previously been ad-
dressed in [39] and [40], respectively, primarily from a numerical standpoint. [41] derived the policy
which maximizes the long-term detection probability of a random event and, in [42], a similar prob-
lem was considered in the context of body sensor networks. [43] studied data transmission for a two-
state fading channel, and properties of the policy that maximizes the long-term discounted throughput
were derived. In [44,45], policies which stabilize the data queue of an EHS with random data arrivals
were proposed and analyzed. [46—48] derived policies that maximize the data throughput of the EHS
by a deadline, relying, however, on the assumption that energy arrivals (and also the channel fading
profile in [46]) are known beforehand. Other related works include [49], which explored activation
policies in a network of EHSs, and [50], which derived power management algorithms for EHSs with
battery inefficiencies. The contribution of our work with respect to, e.g., [41-43,45], is to explicitly
take into account the impact of a finite battery capacity on the performance and its interplay with the
EH process. The problem of maximizing the average long-term importance of the reported data for
a replenishable sensor is formulated in [51], for a continuous-time model with Poisson EH and data
processes. In addition, we introduce time-correlation in the energy supply, and investigate its impact
on the performance. [38] investigates the relaying of packets of different priorities in a network of
energy-limited sensors, but does not account for EH capability.

Despite the intense research effort in the design of optimal energy management policies for a sin-
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gle EH device, e.g., see [41,42,44,45], the problem of analyzing and modeling the interaction among
multiple EH nodes in a network has not received much attention so far. Some notable exceptions
are [52, 53], which address the design of Medium Access Control (MAC) protocols for EH-WSNSs,
focusing on TDMA and (dynamic) framed Aloha; [54], which develops efficient energy manage-
ment policies that stabilize the data queues, as well as efficient MAC policies; [55], which focuses
on the design of a MAC protocol for multi-hop EH-WSN that can achieve high throughput and fair-
ness, using a probabilistic polling mechanism that adapts to changing energy harvesting rates or node
densities to manage packet collisions and channel contention; [49], which addresses the problem of
how sensor nodes should be activated dynamically so as to optimize the sensing and event detection

performance of the network.

3.1.1 Contributions

Within this framework, we first analyze the performance of a single EHS. Specifically, we derive
analytically the performance of a Balanced Policy (BP), which adapts the transmission probability
based only on the harvesting state, but not on the current energy level in the battery, such that, on
average, energy harvesting and consumption are balanced. Numerical results demonstrate that the
optimal BP performs very well with respect to the globally optimal policy, and the gap between
the two is reduced even further if the sensor is forced to transmit when the battery is fully charged.
The main implication of these results is that near-optimal performance can be achieved with simple
adaptation to the ambient energy supply, without precise knowledge of the energy stored in the sensor
battery at any given time.

A key result is that the EHS performance is heavily dependent on the power-to-depletion p, de-
fined as the power that a fully charged battery can supply over a BAD EH period, such that, on
average, it is depleted at the end of the period. Essentially, p captures the ability of the battery to ab-
sorb the ambient energy fluctuations and provide a stable energy supply to the sensor circuitry. In the
spirit of the “offline” optimization framework of [46—48], we also study an EHS with a deterministic
and periodic energy supply and show that the optimal policy depends exclusively on p. Based on this
analysis, we propose a heuristic BP which is shown to perform well in the original stochastic model.

Then, we extend the model to include multiple EHSs in an EH-WSN, which randomly access the
wireless channel to transmit data packets of random importance to a common fusion center. Assum-

ing that data transmission incurs an energy cost and simultaneous transmission from multiple EHSs
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causes collision and packet loss, we study the problem of designing optimal random access policies,
so as to maximize the network utility, defined as the average long-term aggregate network impor-
tance of the data packets successfully reported to the fusion center. Due to the generally non-convex
structure of the optimization problem, we resort to approximate solutions. In particular, we use a
mathematical artifice based on a game theoretic formulation of the multiaccess problem, where each
sensor node is a player which attempts to selfishly maximize the network utility. We characterize
the Symmetric Nash Equilibrium (SNE) of this game, where all the sensor nodes employ the same
policy, and we provide an algorithm to compute it. Moreover, we propose low-complexity policies
which only loosely depend on the exact amount of energy available in the battery, while attaining

near-optimal data reporting performance.

3.1.2 Structure of the chapter

This chapter is organized as follows. In Sec. 3.2, we describe the system model for the sce-
nario with a single EHS. The optimization problem and the formal policy definitions are presented
in Sec. 3.3, followed by the analysis of the BP in Sec. 3.4. Sec. 3.5 is devoted to the analysis of a
continuous-time, deterministic model, and the discussion of its connection to the stochastic model.
Numerical results for the scenario with a single EHS are presented in Sec. 3.6. Then, we shift to
the analysis of a multiaccess problem in EH-WSN. The multiaccess model is presented in Sec. 3.7.
Sec. 3.8 defines the control policies and states the optimization problem, which is further developed
in Sec. 3.9. In Sec. 3.10, we design low-complexity policies, which are suitable for practical imple-
mentation. In Sec. 3.11, we present some numerical results for the multiaccess scenario. Finally,
Sec. 3.12 summarizes our main conclusions. The proofs of the theorems and lemmas are provided in
the appendices at the end of the chapter.

We close this section with a note on the notation employed throughout this chapter: z = 1 — =z
is the complement of = € [0, 1] and x(-) is the indicator function; random variables are denoted by

uppercase letters, and their values by lowercase ones. The list of symbols is provided in Table 3.1.

3.2 System Model: single EHS

The block diagram of a wireless EHS is shown in Fig. 3.2. The energy harvesting unit collects
ambient energy, which is stored in a battery (or super-capacitor) and then used to power the sensing

apparatus and the RF circuitry. A processing unit, e.g., a micro-controller, manages the energy con-
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Table 3.1. List of symbols

Ag | EH probability in GOOD EH state
5 | Average EH rate
pe | Transition probability from GOOD to GOOD EH state
pp | Transition probability from BAD to BAD EH state
74(G) | Probability of GOOD EH state
7wa(B) | Probability of BAD EH state
D¢ | Average duration of GOOD EH period
Dp | Average duration of BAD EH period
v = Do _ 7alG) | Ratio of average durations of GOOD and BAD EH periods
emax | Battery capacity
p= egf Power-to-depletion
6 € {0,1} | Overflow Avoidance parameter
1 | Transmission probability induced by threshold policy p
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Figure 3.2. Block diagram of an EHS

sumption of the EHS. The sensing apparatus collects data and measurements from the sensing field,
which are collected in data packets to be reported to FC. We consider a slotted-time system, where
slot k is the time interval kT, kT + T), k € Z7%, and T is the slot duration. At each time instant k,
the EHS has a new data packet to send to FC with importance V.. We assume that a stringent delay
requirement is enforced at the EHS: the packet is either sent to FC over the interval [kT, kT + 6T,
where § € (0, 1] is the duty cycle,' or it is dropped. Note that typical WSN applications are loss
tolerant, since sensing data exhibit redundancy and correlation over space and time.

The EHS battery is modeled by a buffer. As in previous work [41,42,57], we assume that each po-
sition in the buffer can hold one energy quantum and that the transmission of one data packet requires
the expenditure of one energy quantum.” The maximum number of quanta that can be stored, i.e., the

battery capacity, is emax and the set of possible energy levels is denoted by £ = {0, 1, ..., emax}. At

'§ € (0, 1] models a typical characteristic of EHS systems (see, e.g., [56]): the energy to perform a given task (transmit
a packet) is spent much faster than it is collected. Note that the value of ¢ has no impact on the subsequent analysis.
“We only consider the energy expenditure associated with RF transmission.
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Figure 3.3. Energy Harvesting process
time k + 1, k € Z™, the amount of energy in the buffer is
Ejy1 = min {Ey — Qk, + By, emax} (3.1)

where { By} is the energy arrival process and {Qy} is the action process. Q) = 1 if the current
data packet is transmitted, which results in the expenditure of one energy quantum, and Qr = 0
otherwise. By models the randomness in the energy harvested in slot k. We assume that By, € {0, 1},
i.e., either one energy quantum is harvested, or no energy is harvested at all. Moreover, the energy
harvested in time-slot k£ can be used only in a later time-slot. As a consequence, if the battery is
depleted, i.e., E, = 0, then Q; = 0. We model the underlying EH process { A} as a two-state
Markov chain, with state space {G,B}, where G and B denote the GOOD and BAD harvesting
states, respectively, as depicted in Fig. 3.3. If Ay = G (GOOD state), then By, = 1 with probability
A, where A\ € (0, 1], and By, = 0 with probability 1 — A\g; if Ay = B (BAD state), then By, = 0.
When A\g < 1, energy is harvested at a slower rate than it is consumed for data transmission: on
average, 1/ A time-slots are required to harvest one energy quantum in the GOOD state. We denote
the transition probabilities of { A} from G to G and from B to B as pg = Pr(A; = G|4x—1 = G)
and pp = Pr(Ay, = B|Ax_1 = B), respectively. The steady-state distribution of { Ay} is thus

- _PE_ @)= (3.2)

PB t+ PG PB t PG

The average durations of the GOOD and BAD EH periods are denoted by D¢ and Dp, respectively,
and their ratio by v = Dg/Dp. Simple calculations yield that Dg = 1/pe, Dp = 1/pp and

v = ma(G)/m4(B). Finally, since one energy quantum is harvested with probability A\g in every
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GOOD time-slot, the average EH rate, i.e., the average long-term amount of energy harvested by the

EH unit in one time-slot, is

K-1

> B

k=0

f= lim ~E = Aama(G), (3.3)

where $ € (0, 1). Note that 3, v and \¢ are related as

_Agy
i= 0T (3.4)

We now formally define the events of energy outage and overflow.
Definition 3.2.1 (Outage). In slot k, energy outage occurs if Ej, = 0.
Definition 3.2.2 (Overflow). In slot k, energy overflow occurs if (Ej, = emax)N(Br = 1)N(Qk = 0).

Under energy outage, no transmissions can be performed, i.e., () = 0. Energy overflow occurs
when a harvested energy quantum (Bj = 1) cannot be stored due to a fully charged battery (£}, =
emax) in an idle time-slot () = 0), and is thus lost.

The state of the EHS at time & is given by (Sk, V), where Sy = (Fk, Ax—1) € S is the joint
energy level and EH state, with S = € x {G, B}, and Vj, € R™ is the importance value of the current
data packet. We model V}, as a continuous random variable with probability density function (pdf)
fv(v), v > 0, with support (0, +00), and assume that {V}} are i.i.d. Note that, at time &, the EHS
controller can infer the posterior distribution of Ay_1, Pr(Ax_1 = a|By, ..., Bx_1) fora € {G, B},
from the observation of the EH process { By, ..., Bix_1}. In fact, Pr(Ax_; = a|By, ..., Bx_1) can

be computed recursively as

PI"(Ak_l = CL|B0, ey Bk—l) (35)
. Pr(Bk—l‘Ak:—l = a) Zao Pr(Ak_l = a]Ak_Q = ag)Pr(Ak_Q = CLQ‘B(), ceey Bk_g)
> e, Pr(Br-1|Ag—1 = a1) 3, Pr(Ar—1 = a1|Ag—2 = ao)Pr(Ag_2 = ao|Bo, . .., Br—2)’

where Pr(Ayx_s = ag|Bo, ..., Br_2) is the posterior distribution of Ay_, given the EH sequence
By, ..., Bji_o, computed in the previous time-slot. The state A; 1 can then estimated from the

posterior distribution (3.5). For example, the Maximum-A-Posteriori (MAP) criterion yields

Aj_y = argmaxPr(Ay_1 = a|By, ..., Bi_1). (3.6)
a
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In this thesis, we assume that perfect knowledge of A;_; is available at the EHS controller, and leave

the problem of estimating A4 as future work.

3.3 Optimization Problem and Policy Definitions

3.3.1 Optimization Problem

Given s; = (e,a) € S and V;, = v € R™, the policy 1 implemented by the controller in Fig. 3.2
is defined by the probability u(1;e, a,v) of transmitting the data packet in slot k. The respective
probability of discarding the data packet is 1(0;e,a,v) = 1 — pu(1;e,a,v).> Given an initial state
Sy € S, the average long-term importance of the reported data (from now on referred to as average
reward for brevity) under policy pu is

So (3.7)

K-1
> Qi
k=0

1
G(u; So) = Klgnoo inf EE

The expectation in (3.7) is taken with respect to { By, Ak, Qk, Vi }, where, at each instant k, Qj is
drawn according to policy x and depends on the state (Ey, Ax—1, Vi), and Ej, is given by (3.1).

The optimization problem at hand is to determine the optimal policy p* such that
p* = argmax G(u; So). (3.8)
w

We now establish that p* has a threshold structure with respect to the data importance.

Lemma 3.3.1. For each state (e,a) € S, there exists a threshold vy, (e, a) such that

1, v>vf(ea),
u*(1;e,a,v) = th (3.9)

0, v<uvy(e a).
Proof. See Appendix 3.A. O

Intuitively, Lemma 3.3.1 states that, for a given transmission probability budget Ey [1(1; e, a, V)],
the optimal policy prioritizes the transmission of high over low importance data. As a consequence,

we henceforth only consider policies with the structure defined in (3.9). For a threshold policy p, the

3For the sake of maximizing an average long-term reward function of the state and action processes, it is sufficient to
consider only stationary policies depending on the present state [22].
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transmission probability in state (e, a) is

n(e,a) = Ey[u(l;e,a, V)] = Fy(vm(e, a)), (3.10)

where Fy/(v),v > 0, is the complementary cumulative distribution function (ccdf) of the importance
value process. The expected reported data importance in state (e, a) is g(n(e, a)), where g(z),x €

[0, 1], is a function defined as
g(z) = Ey [X (V > F‘;l(x)) V] — / vfy(v)dr, 3.11)

and Fy;' () denotes the inverse of Fy/(v). In words, g(z) is the expected accrued reward when only
the data with importance above the threshold v = Fy;'(z) is reported. The function g(z) has the

following properties, which are stated without proof.

Lemma 3.3.2. The function g(x) is strictly increasing, strictly concave in x and g'(z) = F, L),

with lim,_,0 ¢'(z) = +oo.

From (3.9) and (3.10), it is seen that the mapping between a threshold policy x4 and its respective
ven () and n(-) is one-to-one. Moreover, due to the independence between (Ag, By) and Vi, the tran-
sition probabilities of the time-homogeneous Markov chain { S} } are governed by 7). Therefore, in the
remainder of the chapter, we refer to a threshold policy p in terms of its corresponding transmission

probability function 7(e, a), (e,a) € S.

3.3.2 Policy Definitions

For the sake of mathematical tractability and without loss of optimality in (3.8), we only consider

the set of policies that result in an average reward independent of the initial state .Sy.

Definition 3.3.1. The set I/ of admissible policies is defined as
U={n:n(0,a) =0, n(emax,a) € (0,1], n(e,a) € (0,1), e=1,...,emax — 1, Va € {G,B}}.

It can be shown that the Markov chain {(Ej, Ax_1)} under policy n € U has a unique closed

communicating class. Hence, there exists a unique steady-state distribution, 7, (e, a), (e,a) € S,



3.3. Optimization Problem and Policy Definitions 57

independent of Sy [18]. From (3.7), for any n € U, we have

K-1

G(n) = lim iE Z x (Vi > F; (B, Ag—1))) Vi

So
K—oo
k=0

€max

=Y Y mlea)nlea). (3.12)

e=1 ac{G,B}

The optimization problem (3.8) over the class of admissible policies is stated as

* = G(n). 3.13
7" = argmax (n) (3.13)

The optimal policy n* can be found numerically using the Policy Iteration Algorithm (PIA) for infi-
nite horizon, average cost-per-stage problems [1,58]. In general, n* is a function of the EH state Ax_1
and the energy available in the battery, F;. This implies a high implementation complexity for three
reasons: the controller must make decisions based on the energy level, which may be too computa-
tionally intensive for the ultra-low power electronics typically found in practical EHSs (for example,
PIA requires to update iteratively the transmission probability 7)(e, a) for each value of the energy
level e € £ and of the EH state a € x{G, B}); the transmission probability for each state needs to be
stored in an 2 X epax look-up table, which takes up an amount of memory proportional to the size of
the battery; and knowledge of I;, might be hard to obtain or imprecise at best [59,60]. Motivated by

these observations, we focus on the low-complexity Balanced Policy (BP), defined below.
Definition 3.3.2. A BP is any policy 1 € U such that, for a € {G, B},

Nas ee€{1,2,...,emax — 1},
n(e,a)={ " (3.14)

0+ 5”76” € = €max;

where 0 € {0, 1} is the Overflow Avoidance (OA) parameter and 7 and 7p are such that

7a(G)ng + ma(B)ns = B. (3.15)

If 6 = 0, the transmission probability of the BP depends only on the EH state, i.e., it is 7 in the
GOOD state and 75 in the BAD state. If § = 1, the sensor always transmits when the battery is fully
charged, thus avoiding energy overflow (Def. 3.2.2). OA introduces a mild dependence of the BP on

the energy level, since the controller is required to know when the battery is fully charged.
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According to (3.15), the BP “balances” the average energy consumption rate (left hand side
of (3.15)) with the average EH rate (right hand side of (3.15)), if the impact of energy outage
and overflow due to the finite battery capacity is neglected. Alternatively, since v = D¢g/Dp =
7A(G)/ma(B) and f = Agma(G), (3.15) is equivalent to Dg(Ag — ng) = Dpnp, i.e., under the
BP, an equilibrium amongst the recharge/discharge phases is achieved, in the sense that the expected
energy recharge over the GOOD EH period, D¢ (A — 7)., equals the expected energy discharge
over the BAD EH period, Dpnp.

From (3.14) and (3.15), it is seen that a BP is uniquely defined by the parameters (7, #), where
ng € (max{\g — v 1,0}, \g) and § € {0,1}. In the remainder of the chapter, we thus refer to a
BP 7 in terms of its corresponding pair (7, ). The next section is devoted to the derivation of the

average reward under the BP and the characterization of the optimal BP.

3.4 Performance Analysis of the BP

The main theoretical result of this section is a closed-form expression for the average reward of
the BP and is presented in Theorem 3.4.1. The proof involves a crafty manipulation of the steady-state
equations of the Markov chain (FEj, A;_1) and is found in Appendix 3.B. The complicated general
expression hardly lends itself to interpretation. We thus consider an asymptotic regime where energy
arrivals are highly correlated and the battery capacity is very large. In this regime, we derive the aver-

age reward and its main properties (Theorem 3.4.3), and characterize the optimal BP (Lemma 3.4.4).

Theorem 3.4.1. The average reward of the BP (¢, 0) is

G(n) =(ma(G) = m(0,G))g(ne) + (ra(B) — m,(0,B))g(ns)

+ 0y (emax, G) (9(1) — g9(na)) , (3.16)

where

= ZJ>1(0) 7, (emax, G), (3.17)

emax—1 — -1
wn<emax,G)=<[1 1| Zaemle(0) + 1 1}J€t<9>—92g) (3.18)
e=0
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and
L +0
tO)=| ", , (3.19)
1" lig
Dpng+np
1 A A
7 — )\7 ngAGg ) nBAG (3.20)
G| v e nely Ac + (D —1)Ag]
B -1 3 ne NnB 1
_ ne/ G fic [770’7 - Dp — 1] + AG | ¢ e s . (32D
g +n8(Dp—v"1) | 4 ng e | o _ms@s—l=Th)
+ns(Dp—7~1)
Proof. See Appendix 3.B. O

The interpretation of (3.16) is as follows. The terms (74(G) — 7,(0,G))g(ng) and (74 (B) —
m,(0,B))g(np) are the average rewards accrued in the GOOD and BAD states, respectively, where
the terms 7,(0, G) and 7,(0, B) account for the performance loss due to energy outage events. The
last term 67, (emax, G) (9(1) — g(ng)) accounts for the impact of OA, i.e., the fact that, in state
(emax, G), a data packet is always transmitted irrespective of its value.

In general, G(n) does not admit a simple expression, due to the presence of the matrix exponential
J¢in (3.17) and (3.18). However, a simple expression can be obtained when Ag = 1, i.e., when one

energy quantum is always harvested in the GOOD state.
Lemma 3.4.2. If \¢ = 1, the average reward of a BP ) with parameters (nc, 0) is

—ng — g

G(n) =Bg(ne) + Bemaxinj;(DB ) 5759 01p)
+op—t 1505 — 1) — 07a (9(1) = g(ne)) - (3.22)

€max T UB(DB - 1) - ‘977@

Proof. Letting A\g = 11in (3.21), the second term becomes zero and we can verify thatJ" = J, Vn > 1.

Therefore, (3.17)-(3.18) can be readily computed and Eq. (3.22) follows from (3.16). ]

In order to understand (3.22), let us focus on a simple Non-Adaptive BP (NABP) which always

transmits with probability 8 and performs no OA, i.e., (ng, ) = (3,0). In this case,

G(n) = g(B) (6 + Bemaxina,;(l_?f— 1)) . (3.23)

Moreover, let epax > 1. This is typical of real EHS deployments, e.g. in [56], the capacitance is
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much larger than the energy of a transmit pulse. In slow-changing environments, it is also reasonable

to assume that Dp > 1. In this setting, we can approximate G(n) in (3.23) as

- =P
G(n) ~ g(8) (6+6p+5> : (3.24)

where we have defined p £ eg—“;. Note that p is the normalized power* that can be continuously
supplied from a fully charged battery over a BAD period, such that, on average, the battery is empty at
the end of the period; we thus name p the power-to-depletion. Its effect on the performance of NABP
can be explained as follows. In an ideal scenario with infinite battery capacity, NABP is optimal,
owing to the concavity of function g(x) (Lemma 3.3.2). Dpf is the expected energy amount drawn
from the battery during the BAD period, and Dg (A — 5) = Dpp is the expected energy amount
by which the battery is recharged over the GOOD period. If a system with finite battery capacity is
operated under this policy, p captures the extent to which the battery can absorb the fluctuations in the
EH process. If p > S, i.e., the power-to-depletion is much larger than the transmission probability,
the battery has a “large” capacity and can sustain a constant energy consumption rate 3, rarely being
subject to outage and overflow events. In contrast, if p < 3, the battery has a “small” capacity, hence
it is deeply discharged over the BAD EH period, and fully recharged over the GOOD EH period.
The performance is thus severely affected by energy outage and overflow, as can be seen from (3.24):
letting p — 0, G(n) ~ Bg(B), i.e., transmitting with constant probability 3 achieves only a fraction
B of the theoretical upper bound g(/3). This indicates that, for p < (3, adaptation to the EH state is

critical to achieve good performance.

In order to study the impact of p on the performance of a general BP, we focus on the asymptotic
regime Dp — 00, Dg — 00 and epax — 00, where the ratios p = eyax/Dp and v = Dg/Dp
(hence 5 = Ag7y/(1+47)) are kept fixed. This regime corresponds to a scenario of extreme correlation
in the EH process, where the GOOD and BAD periods are much longer than a time slot, and the
battery capacity is much larger than an energy quantum. For the BP (7, 6), we denote the asymptotic
average reward as G(*) (ng, 0; p) = limp, o G(n). In Theorem 3.4.3, we derive G(*) (15, 0; p)

and characterize its main properties.

*Note that p has units of [energy quanta]/[time-slots], hence it represents a normalized power.
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Theorem 3.4.3. The asymptotic average reward for the BP (ng, 0) is

G (n6,0; p) =ma(G)g(nc) + ma(B) 9(nB)
p+nB
Ag — NG 1B
+ 0mA(G 1) — . 3.25
Al )1_770 er775(9() 9(ne)) (3.25)
Moreover:
1. G (ng, 1; p) > G (116, 0; p);
2. G (ng, 6; p) is an increasing function of p, with
Jim, G (ng, 0; p) = ma(G)g(na) + Ta(B)g(ns), (3.26)
. 0 A —
lim G (g, 0: p) = 7a(G) | g(nc) + 0°Z—"%(g(1) ~ g(ne)) | - (3.27)
p—0 1 —ng
Proof. See Appendix 3.C. O

Eq. (3.25) is a generalization of (3.24) to any BP (7, #) and any A\ < 1. Property 1) shows
that OA increases the (asymptotic) average reward for any 7 and p. Intuitively, without OA, part of
the energy is lost due to overflow, whereas, with OA, all the harvested energy is used towards data
transmission. Property 2) generalizes our previous observations on the performance of NABP: for any
BP (¢, 0), the (asymptotic) average reward increases with p, i.e., as the battery capacity becomes
larger with respect to Dg. For p — oo, there is no outage nor overflow, which explains the limit
in (3.26). In contrast, for p — 0, the battery is almost surely led to outage in the BAD state and, in

the long term, reward is only accrued in the GOQOD state; hence the limit in (3.27).

Having derived the asymptotic average reward for any BP, we now characterize the optimal BP in

the asymptotic regime. Let n,(0; p) = arg max,,, G (ng, 0;p).

Lemma 3.4.4. The optimal BP in the asymptotic regime, n.(0; p), is the unique solution of

L(ng,0;p) =0 (3.28)
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inng € (max{\g — v~ 1,0}, \q), where

2
L(ng,0; p) = <1 + 77;) J (ne) + g<ZB) - (1 + 775) g'(nB) (3.29)
ne (_ <, MBx /\G—ncn3< 773> /
— 95 + X+ 2N 1) — e NGB (B .
pr) <77G ¢t G> (9(1) = g(ne)) Tr— p g9 (na)

Moreover:
1. 0505 p) € (B, Aa);
2. n&(15p) < 0 (05 p);

3. n5(0; p) is a decreasing function of p, for p > [3, with

lim 7 (0; p) = B, (3.30)
p—00
k(D ) —
lim 76, (0: p) = Ac: (3.31)
Proof. See Appendix 3.D. O

The main implication of Lemma 3.4.4 is that the optimal BP in the asymptotic regime can be
easily found numerically: from property 1), we know that 7, lies in (3, Ag). Moreover, L(nq, 0; p)
is a decreasing function of n¢, with L(3,6; p) > 0 and L(\g, 0; p) < 0 (see Appendix 3.D). Hence,
L(ng,0; p) = 0 can be solved using the bisection method [61].

Property 2) reveals that the optimal BP without OA is more “aggressive” in the GOOD state than
the optimal BP with OA. In other words, since there is no protection from overflow, the policy itself
tries to minimize energy spillover by forcing a higher consumption rate when energy is available.

Finally, property 3) provides yet further insight as to the characteristics of 1 (6; p). In the limit
p — 00, the battery capacity is large enough that transmitting with constant probability 3 is optimal.
From (3.26), it is seen that G(>®) g(B), i.e., the upper bound is achieved. In contrast, when p — 0,
the battery capacity is so small relative to the time scale of the EH process that it is optimal to use all
the energy as it is being harvested during the GOOD state, i.e., 5 — Ag. In this case, (3.26) yields
G(>®) — 74(G)g(Ag). As p takes values from 0 to oo, i}, decreases from A to 3 (correspondingly,

n = v(Ag — 1) increases from 0 to 3), and the optimal G(*) increases from 7 4(G)g(\g) to g(5).
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3.5 Continuous-Time Model with Deterministic EH process

In this section, we investigate a continuous-time model with a deterministic and periodic EH pro-
cess. We refer to this model as CDM, to differentiate it from the discrete-time stochastic model of
Sec. 3.2, which, in this section, we denote as DSM. The motivation for considering CDM is twofold.
In the asymptotic regime Dp, D¢, €max — 00 With p = emax/Dp and v = D¢/ Dp fixed, DSM re-
sembles a continuous-time-energy model, in that the time-slot duration is much smaller than the time
scale of the EH process and the battery capacity is much larger than an energy quantum. Moreover,
in CDM, the controller has perfect knowledge of the EH profile, similar to the offline optimization
problems addressed in [47,48]. It is thus of interest to derive further insight on DSM using CDM and
also to draw parallels with [47,48].

Adhering to the notation in Sec. 3.2, in CDM, the battery capacity is denoted by e ax. The EH
process is periodic with period Dg + Dp, where Dg and Dp denote the (deterministic) durations of
the GOOD and BAD periods. Mathematically, letting ¢ be a time counter, when ¢t € T, the EH state
is GOOD and, when t € 7T, it is BAD, where T¢ = UpczTa(k), Ta(k) = [k(Dg + DB), k(Dg +
Dp)+ D¢) and T = UezTB(k), Te(k) = [E(Dg + D) + D¢, (k + 1)(Dg + Dp)) denote the
sets of GOOD and BAD time intervals, respectively. During the GOOD period, energy is harvested
with rate Ag, and, during the BAD period, no energy is harvested; therefore, as in DSM, the average
EH rate is 8 = A\qDg/(Dg + Dp), and we denote the average long-term fraction of time spent
in the GOOD and BAD EH periods as 74(G) = % and m4(B) = %, respectively,
with v = Dg/Dp = wA(G)/ma(B). A policy for CDM is defined by the energy drawing rate
n(COM) (t) € [0, 1], which specifies the rate according to which energy is drawn from the battery. In
particular, if the battery is empty, then (CPM) (¢) = 0; if it is full for ¢ € Tg, then n(CPM) () > \g,

so that no energy is lost due to overflow. The energy level at time ¢, F(t), is thus given by

E(t) = min { E(k(Dg + D)) + [{(pg + pgy(Aa = 1P ()T, emax 1 € Ta(k),
E(t) = E(k(Dg + DB) + Da) = fupospmsne 1D (7)dr, t € Tp(k).
(3.32)

Since the EH process is periodic, it is sufficient to consider a periodic policy

P (¢ + k(Dg + D)) = P (¢), vt € [0, Dg + Dp), Vk € Z.
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Therefore, the following boundary conditions must hold for k£ € Z (after, possibly, an initial transient

phase, whose impact on the average long-term reward is negligible)
E(k(Dg + D)) =er, E(k(Dg+ Dp)+ D¢g) = eq, (3.33)

i.e., during the GOOD period, the battery is recharged from ey, to er and, during the BAD period, it
is discharged from ey to ey,. By definition, ey, ey € [0, emax] and ef, < ep.

We define the instantaneous reward in CDM as g(n(“PM)(¢)). Note that we employ the same
mathematical reward function as DSM for the purpose of comparing the two models later in Lemma 3.5.2.
However, it is emphasized that the physical meaning of g(x) is different for each model: in CDM,
the argument x is the rate according to which energy is drawn from the battery, and g(z) is the corre-
sponding instantaneous reward; in DSM, x is the transmission probability and g(x), defined in (3.11),

is the corresponding expected data importance. With these remarks in place, the average long-term

reward in CDM is
D De+D
Gopa((CPM) Jo ¢ g P (r))dr + [P g(n(CPM) () dr -
CDM = .
DB + DG’
The optimal policy in CDM is the solution of
nCPM* — arg max Gepu(n©PW). (3.35)

7(CDM)

(CDM)=*

The following lemma determines 7 and the respective optimal average reward. As in DSM,

let p = emax/Dp be the power-to-depletion in CDM.

Lemma 3.5.1. The optimal policy for CDM is

)\G -1 min{ﬁap}) te TGv

min{67p}a tGTB,

and the optimal average reward
1 . .
Gopu (7' “PY*) = w4 (G)g (AG — - min{3, p}) +ma(B)g (min{B, p}) - (3.37)

Proof. See Appendix 3.E. O
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Figure 3.4. Operation of CDM under the optimal policy. Cases p = emax/Dp < B (left) and p =
emax/Dp > B (right).

Lemma 3.5.1 distinguishes two regimes of operation in CDM which are determined exclusively
by the relation between p and 3. As illustrated in Fig. 3.4, if p > (3, energy can be drawn with constant
rate 5 and the optimal average reward is thus g(3). If p < 3, energy is drawn with rate A\g — p/y =
AG — €max/D¢ > [ during the GOOD phase, and with rate ey,x/Dp < [ during the BAD phase,
i.e., the battery is completely recharged and discharged over each cycle (eg = epax, €, = 0). Under
the prism of [47, 48], the optimal energy expenditure curve in the interval [k, k + 1](Dg + Dp)
is the unique minimum-length curve that lies in the feasible energy “tunnel” defined by the energy
arrival curve, and its downward-shifted version by enax. If p > 3, the slope of the expenditure curve
is constant and equal to (3, whereas, if p < (3, it is A\g¢ — émax/ D¢ during the GOOD phase and
émax/Dp < [ during the BAD phase.

Note that, both in Lemma 3.4.4 and in Lemma 3.5.1, the value of p essentially determines the
optimal policy. The main difference is that in CDM the EH profile is completely known, thus the
energy consumption rate can be optimally adjusted to avoid outage and overflow. In contrast, in
DSM energy outage may occur, and energy may also be wasted (if OA is not employed) due to the
randomness in the energy arrivals. In the following lemma, we formalize these intuitive remarks by

comparing the asymptotic average reward for DSM, G(*) (5, 0; p), with GCDM(n(CDM)*).

Lemma 3.5.2. For any BP (1, 0) in DSM,
G (ne, 6; p) < Gepm (W), (3.38)

Proof. See Appendix 3.F. O

We close this section by proposing the following suboptimal policy for DSM, based on the optimal
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policy found for CDM in Lemma 3.5.1:
_ min{f, p} o
77(67 G) — )\G - fa 77(€a B) - mln{ﬁno}v Vee& \ {0} (339)

This is a BP for DSM, as can be verified from Def. 3.3.2, and its performance can thus be evaluated

analytically from Theorem 3.4.1.

3.6 Numerical Results: single EHS

In this section, we present numerical performance results for the scenario with a single EHS, for

the following policies:

e Optimal policy (OP), obtained numerically via the PIA [1];

Optimal BP with OA (OBP-OA) and without OA (OBP), determined by solving (3.28) for§ = 1

and 6 = 0 using the bisection method [61];

Heuristic BP (HBP), defined in (3.39);

Non-Adaptive BP (NABP), the BP with (¢, 0) = (3,0);

Greedy Policy (GP), which always transmits when there is energy in the buffer.

The average reward of OP is computed numerically via the PIA [1]; those of OBP-OA, OBP, HBP
and NABP can be computed analytically from Theorem 3.4.1. By definition, the average reward of
GPis Bg(1).

For the purposes of this section, we let V. = logs (1+AHy,), where H, is exponentially distributed
with unit mean and A > 0 is a scaling parameter. This choice of V}; corresponds to the information
rate achievable on a Rayleigh fading channel with gain Hj, where A is the average receive SNR, and
the transmitter and receiver have full channel state information, so that the former can perform rate
adaptation, whereas the latter can employ coherent detection [20]. The ccdf of the data importance is

Fy(v) =Pr (Hk > LA_l) = exp{—zuT_l}. From (3.11),

g(z) = / logy (1 + Ah)e "dh = xlogy(1 — Alnz) + logQ(e)e%El(Afl —Inz), (3.40)

—Inz

where F(z) is the exponential integral function [62], defined as Ey(t) = [ e /7dr, and com-

puted in Matlab using expint (t). Note that (3.40) is a generalization of [63, Eq. (17)] and [64,
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Figure 3.5. Average reward as a function of emax for the considered policies. The respective asymptotic
average rewards, obtained from (3.25), are plotted with bold markers in the right side of each subplot. The
performance is heavily dependent on p and only mildly affected by the absolute value of eyax. (8 = 0.25,
Ag = 0.5 and SNR= 8dB)

Eq. (5)] for > 1. Unless otherwise stated, we let 8 = 0.25 and A\g = 0.5; hence, from (3.4), v = 1.

Moreover, we set A = 6.31, which corresponds to an average SNR of 8dB.

The numerical results provided in this section are derived for representative values of the system
parameters. However, we have verified that the following observations hold for broader parameter

ranges and pdf of the data importance process.

In Fig. 3.5, we plot the average reward as a function of e,x, for p € {0.23, 3,58}. For each
value of p, Dp is determined as Dp = epax/p and D¢ as Dg = vDp. The asymptotic average
reward (3.25) is shown with a bold marker in the right side of each subplot. Note that, for all policies,
G (n) quickly approaches the asymptotic value, i.e., for ey, = 20, and displays a constant behavior
as a function of e, ,x. This suggests that the absolute value of ey, only mildly affects the system
performance in the range enax 2 20. In general, the performance of all policies except GP improves
with increasing p, and approaches more closely the upper bound g(3). It is seen that OBP incurs only

a small performance degradation with respect to OP: within 6%, for all values of p and ey > 12.
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Figure 3.6. Asymprotic average reward (3.25) vs. p/B. (8 = 0.25, A\¢ = 0.25 and SNR= 8dB)

OA reduces the gap even further: within 3% of OP, for e, > 4. As discussed in Sec. 3.4, NABP,
which does not adapt the transmission probability to the EH state, approaches OBP for large values

of p, but incurs a significant performance loss for small values of p (~ 35% compared to OP).

In Fig. 3.6, we plot the asymptotic average reward (3.25) for the considered policies as a function
of p/ 3, and, in Fig. 3.7, the respective 7¢ for the BPs (in Fig. 3.7, we do not plot OP and GP, since the
former is also a function of the energy level in the battery, whereas the latter transmits with probability
one whenever energy is available). For OP in particular, an approximation of the asymptotic average
reward is obtained from the PIA for e,x = 100. In Fig. 3.6, we also plot the curve for CDM, which
is an upper bound to the asymptotic average reward achieved by any BP, as proved in Lemma 3.5.2.
We note that OBP and OBP-OA are within 5% and 2.5% of OP, respectively, for all values considered.
HBP, proposed in Sec. 3.5, attains close to optimal performance for very large values of p//3 and for
p/B — 0. This behavior is explained in Fig. 3.7, where it is seen that the transmission probability of
HBP approaches that of OBP for these ranges of p. However, for p in the vicinity of 5, HBP incurs
a performance loss, which serves to illustrate the unsuitability of offline policies in a random setting.

NABP performs poorly for small values of p (60% loss compared to OP) and approaches OBP (and
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Figure 3.7. Transmission probability in the GOOD EH state vs. p/j corresponding to Fig. 3.6. HBP

resembles OBP for small and large p/3; this explains the behavior of the respective reward curves in

Fig. 3.6. (8 = 0.25, A\ = 0.5, SNR= 8dB)

the upper bound g(3)) for large values of p. The properties of the optimal transmission probability
for OBP and OBP-OA, derived in Lemma 3.4.4, are confirmed in Fig. 3.7.

Overall, OBP performs so well with respect to OP because it adjusts the transmission probability
in the BAD state to avoid outage and in the GOOD state to avoid overflow, which are the main factors
that compromise the performance in a finite-capacity system. If they are avoided, then close-to-
optimal performance can be achieved, without exact knowledge of the energy level in the battery at
any given time. As the power-to-depletion p increases, the battery becomes more and more resilient
to the randomness in the ambient energy, and the adaptation is less crucial. As shown in Figs. 3.6
and 3.7, in the limit of large p, it becomes optimal to transmit with constant probability 3 irrespective
of the state of the EH process.

In Fig. 3.8, we explore the impact of the SNR A on the asymptotic average reward (3.25). HBP is
not plotted since it is identical to NABP when p = 3. As previously, we confirm that OBP-OA and
OBP achieve near-optimal performance (within 3% and 5% of OP, respectively). A more significant

degradation is incurred by NABP (17 —23%) and GP (18 —44%). Interestingly, for small SNR values,
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Figure 3.8. Asymptotic average reward (3.25) as a function of the SNR A. (5 = 0.25, A\¢ = 0.5, p = )

NABP outperforms GP, and the trend is reversed for high SNR values.

Finally, in Fig. 3.9, we plot the asymptotic average reward (3.25) as a function of \g, setting
p = 0.25and v = 1. Since 8 = Agy/(1 +v) = Ag/2, note that /3 also increases linearly with
Ag. For all policies, the average reward increases with A\g, since [ increases, i.e., energy becomes
more abundant. In agreement with all previous results, the performance loss of OBP-OA and OBP
with respect to OP is small, within 2.5% and 4%, respectively, for all the considered values of A\g. In
contrast, while NABP approaches OP for small A\g, its performance significantly degrades for large
Mg (20% of OP for A\ — 1), and is outperformed by GP for A\g = 0.9. The trend is explained by
noting that, as A¢ (equivalently 3) increases, the battery is driven more often to outage and overflow
due to the fact that the power-to-depletion p is fixed, whereas the transmission probability (ng =

np = B for NABP) increases.
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Figure 3.9. Asymptotic average reward (3.25) vs. Ag. (v =1, p = 0.25, SNR= 8dB)

3.7 Multiaccess model: multiple EHSs

We now consider a network of U EHSs, which communicate concurrently via a shared wireless
link with a FC, as depicted in Fig. 3.1. Regarding the operation of each single EHS, we refer to

Sec. 3.2. In particular, we denote the following quantities related to EHS u at time k:
e V,, € RT: importance of the current data packet;
e B, € {0, 1}: harvested energy;
® Q1 € {0,1}: action of the EHS controller (transmit or idle);

o FE, ;. € &: energy level in the battery, governed by

Eu,k+1 = min {Eu,k - Qu,k + Bu,lm 6max} . (3.41)

Unlike the single EHS scenario, we model the EH process asi.i.d. (p¢ = 1—pp), where 3 denotes the

probability to harvest one energy quantum in one time-slot. As a consequence, B, \ is independent
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of the underlying EH state A, , hence A, j, need not to be taken into account. Nevertheless, the
following results can be generalized to the scenario where the EH process is a two-state Markov

chain. Moreover, we define

By = (B, Bog, - -, Buy) € {0,1}Y, (3.42)
Er = (Big, Eog,- -, Eug) € EY, (3.43)
Qi = (Qui Qair - - Qui) € {0, 1}, (3.44)
Vi = Vig, Vag, -, Vg) € [RT]Y. (3.45)

The data importance V,, ;. and the EH arrival B,, ; are assumed to be statistically independent across
the EHSs and over time.

Regarding the interaction between the EHSs in the network, we assume a collision model, i.e., if
EHS w transmits in time-slot k, the packet is successfully delivered to FC if and only if all the other
EHSs remain idle. As in the single EHS scenario, the data packet is discarded if a collision occurs or

the EHS decides to remain idle.

3.8 Policy Definition and Optimization Problem

The state of the system at time & is given by (Eg, V), However, each EHS is assumed to have
only local knowledge about the state of the system. Namely, EHS u, at time k, only knows its
own energy level and data importance (E, j, V, 1), but does not know the energy level and data
importance of the other EHSs in the network. As a result, the decision of EHS u on whether to
transmit or remain idle is based solely on (£, s, Vi, x). In particular, as proved for the single EHS

scenario (Lemma 3.3.1), the following threshold policy is optimal:

1, Vu,k > Uth,u(Eu,k)’
Qui = (3.46)
07 Vu,k < vth,u(Eu,k)7

where vy, ,,(€) is some importance threshold, and is a function of the energy level e. As in the
single EHS scenario, we denote by 7, (e) the corresponding transmission probability of EHS « in
energy level e, induced by the random importance V;, 1, and by g(7,(e)) the expected data importance

reported by EHS w to FC in state e, assuming that all the other EHSs remain idle (no collisions occur).
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In the following, we refer to 7, as the policy of EHS u. Moreover, we denote the aggregate policy

used by all the EHSs in the network as n = (n1, 72, . .., pu)-

Given an initial state of the energy levels Eg = ey € £Y, we denote the average long-term

importance of the data reported by EHS u to FC, under the aggregate policy n, as

K-1

u N |

Ry eo) = limint—E | > QuaVur [T - Qi) |eo
k=0 1#u

=

-1

.1
= lim inf - Og(nu(Eu,k))l;[(l —1i(Ei))|eo| - (3.47)

B
Il

The expectations above are taken with respect to {By,, Qj, Vi } where, at each instant &, Q; 1, is given
by (3.46) for appropriate threshold v, i (E; 1), and E; j, evolves according to (3.41). In the last step,

we have used the fact that (); , only depends on (E; ;,, Vi ), and V; i, is i.i.d. across the EHSs, hence

E | QuiVur [[(1 = Qin)| i | =E [QuaVur|EBug] [ [ (1 = E[QilEix])

= g(nu(Bup)) [T = m(Eir)).
iU
The term Qyx [ [;4,(1 — Qix) = 1 if and only if EHS w transmits the current data packet, and all
the other EHSs remain idle, so that no collision occurs and the transmission is successful. Moreover,
we define the average long-term aggregate importance of the reported data (from now on referred to

as network utility for brevity) as
U

Ry(eo) = Y Ry (eq). (3.48)

u=1

The objective is to design control policies 7 which maximize the network utility, i.e.,
n* = argmax Ry (eq). (3.49)
n

However, in order to guarantee fairness among the EHSs in the network, we consider only symmetric
control policies, i.e., all the EHSs employ the same policy 1, = 1, Vu. The optimization in (3.49) is

then restricted to such symmetric policies, yielding

n* = arg mgxx Rip,...n) (€0)- (3.50)
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The optimization in (3.50) is carried out in the next section.
It can be shown that, since g(x) is strictly concave, the optimal policy n* is unique and belongs
to the set of admissible policies U that result in an average reward independent of the initial state e,

as defined below.

Definition 3.8.1. The set I/ of admissible policies is defined as
U = {n:1(0) = 0,n(emax) € (0,1],n(e) € (0,1), e # 0, emax}-

It can be shown that the Markov chain {E;} under the aggregate policy n € UV is irreducible.
Hence, there exists a unique steady-state distribution, 7y (e), e € £ v, independent of eg [18]. From (3.47),

we thus obtain

Ry =3 mae)g(nalen) [T (1 - miler)). (3.51)

ec&U i#u
Moreover, since the action @), i, is based only on (E,, j, V,, ;) and does not depend on (E; i, V; 1), @ #
u, and harvesting is i.i.d. across EHSs, in the steady state regime, the energy level of EHS w is inde-
pendent of the energy levels of all the other EHSs, so that we can write 7y, (e) = [[,, 7, (€x), Where
T, (€y) is the steady state distribution of the energy level of EHS u, { £, 1.}, which is characterized

in the following lemma.

Lemma 3.8.1. The steady state distribution of the energy level I, , under policy n,, € U is given by

e—1

(€)= [ W (m0.0) = ey o) (3.52)
where we have defined
W, (1) = Bnﬁjz(ﬁ?l)’ 1=0,1,..., emax — 1, (3.53)
and
. (0) : (3.54)

= max*l > ’
L2205 TTimo Wi (9)

Proof. With the help of Fig. 3.10, the balance equation m,, (e — 1)37,(e — 1) = m,, (e)Bny(€), for
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B8 B (e) + Bﬁu(e) B8+ B"_]u (emax)

577u (emax)

6f7u(€ + 1)

Bnu(e+1) + Biju(e+ 1)

Figure 3.10. Markov chain and transition probabilities of energy level E,, i,

1 < e < emax, yields

T (€) = Wy, (e = )y, (e — 1). (3.55)
The expression (3.52) is then obtained by induction, and (3.54) after normalization. L]
Letting
€max €max

Gn) =Y m(e)g(nu(e),  Plm) =Y my(e)mile), (3.56)
e=1 e=1
we can rewrite (3.51) as
Ry = G(na) [T - P(m)). (3.57)

Eq. (3.57) can be interpreted as follows. G(n,) is the average reward of EHS wu, assuming that all
the other EHSs remain idle, so that no collisions occur. P(n;) is the average long-term transmission
probability of EHS i, so that [ ], (1 — P(;)) is the steady-state probability that all the EHSs, except

u, remain idle. From (3.48), the network utility under the aggregate policy 1 then becomes
U
Ry = GOm) [[(1~ P(m)). (3.58)

u=1 i#u

In the symmetric scenario with 1, = 1, Vu, which is the main focus of this work, (3.58) becomes

Ry =UG(n)(1 - P(n)"". (3.59)
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The optimization problem (3.50) over the class of admissible and symmetric policies is stated as

n* = argmax UG(n)(1 — P(n))" ", (3.60)
neu

and is carried out in the next section.

3.9 Optimization and Analysis

The optimization problem (3.60) when U = 1 can be solved by using the Policy Iteration Algo-
rithm (PIA) [1] (Algorithm 3 with A = 0 in this section). However, in general, when U > 1 (3.60)
cannot be recast as a convex optimization problem, hence we resort to approximate solutions. In
particular, in order to determine a local optimum of (3.60), we use a mathematical artifice based on a
game theoretic formulation of the multiaccess problem considered in this work: we model the opti-
mization problem as a game, where it is assumed that each EHS, say u, is a player which attempts to
maximize the common payoff (3.58) with respect to its own policy 7,,.> We proceed as follows. We
first characterize the general Nash Equilibrium (NE). Then, we study the existence of the Symmetric
NE (SNE) for this game, i.e., such that all EHSs employ the same policy i}, = *, Vu, and have no
incentive to deviate from it. In Theorem 3.9.2, we show that the SNE is unique, and we also provide
Algorithm 2 to compute it. In Theorem 3.9.3, we prove that the SNE, and thus the policy returned by

Algorithm 2, represents a local optimum of the original optimization problem (3.60).

If a NE exists for this game (not necessarily symmetric), defined by the policy profile

*

n = (nfaﬁgj---,n(’“]),then it solves

i, =arg max | (1) [Ta-Pm))+0-Pw.)> G [ - PEp)
“ iF#u n#u 1#n,u
G(ny)

=arg max | () = P(n.) 7; ey

, Y, (3.61)

where, in the last step, we have removed positive multiplicative factors and additive terms independent

of 1, which do not affect the optimization problem. In particular, we are interested in characterizing

SWe point out that this formulation is only a mathematical artifice to determine the optimal policy, which is then followed
by all EHSs (which are not assumed to behave strategically).
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the SNE. Then, by further imposing 1} = n*, Vu, in (3.61), we obtain

n* = argmax [G(n) — A(n")P(n)], (3.62)
neu
where we have defined
G

Note that n* defined in (3.62) is simultaneously optimal for all the EHSs, i.e., any unilateral deviation
of a single EHS from the SNE 7* yields a smaller network utility 12,,. The interpretation of (3.62) is
as follows. G(n) is the reward when the network contains only one user, so that the unique EHS has
no constraint on the collisions caused to other users in the network. The term A(n*) is interpreted
as a Lagrange multiplier constant associated to a constraint on the transmission probability of each
EHS, so as to limit the collisions to the other EHSs in the network. The overall objective function
is thus interpreted as the maximization of the individual reward of each user, with constraint on the
average transmission probability to limit collisions, which are deleterious to network performance.
Interestingly, the Lagrange multiplier (3.63) increases with the number of EHSs U, so that, the larger
the network size, the more stringent the constraint on the average transmission probability of each

EHS. In order to carry out (3.62), we solve the more general optimization problem, for A > 0,

™ = arg max [G(n) — AP(1)]. (3.64)
neu

The following properties of 7(*) can be proved, which follow from the fact that g(z) is a strictly

concave function of x (other properties are provided in Theorem 3.10.1):

Proposition 3.9.1. 1. ™) is uniquely defined, i.c.,

G(n™) = AP(n™N) > G(n) — AP(n), ¥n # n; (3.65)

2. 770‘) is continuous in \;
3. W) ¢ int(U), where int(U) denotes the interior of U;

4. 0<PO™N) <B,0< W) < g(P(H™)) < g(B).
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Remark 3.9.1. The first property is a consequence of the fact that (3.64) can be recast as a convex
optimization problem, where the objective function is strictly concave. The second property follows
from the strict concavity of g(z). The third property follows from the fact that (M (e) € (0, 1), Ve #
0, as proved in Theorem 3.10.1. The last property is a consequence of the fact that, for any policy €
U, the average long-term transmission probability cannot be larger than the average harvesting rate
B, since the transmission of one packet requires the expenditure of one energy quantum. Moreover,
from the strict concavity of g(z), using Jensen’s inequality we obtain G(n) < g(P(n)) < g(B), since

g(z) is an increasing function of = and P(n) < S.

By comparing (3.62) and (3.64), we then obtain that n* is optimal for (3.62) if and only if n* =
A7), for A* > 0 and A(n()‘*)) = A\*. The following theorem proves the existence and uniqueness of

such n*.

Theorem 3.9.2. There exists a unique n* € U solution of (3.62), i.e., 3! n* € U such that

G(n*) = A" )P(n*) > G(n) — A" )P(n), Vn #n*,n € U.

Moreover, P(n*) < min{p, %}

Proof. The existence and uniqueness of n* solution of (3.62) is proved by using Lemma 3.12.2 in
Appendix 3.G. In fact, h()\) = A(n™)) — X is a continuous decreasing function of A (since A(n™) is
continuous non-increasing), with limits A(0) = A(7(®)) > 0 and limy_,, h(\) = —ooc, hence there
exists a unique \* € (0, +00) such that h(A\*) = 0, i.e. A(p*)) = \*, which guarantees that (")

is optimal for (3.62).

We now prove that P(n*")) < min{g, Z+}. From Prop. 3.9.1, we have P(n*")) < B, hence
it is sufficient to prove that P(n*")) < Z. This is trivially true if P(n) < &, since P(n™)
is a non-increasing function of A\ (Lemma 3.12.1). Now, assume that P(n(o)) > % Then, since
limy_y00 P(n™V) = 0, there exists )€ (0, 00) such that P(n(;\)) = % For such )\, from (3.64) we
have

Gin™) - % — QW) = AP(Y) = maxG(n) — AP(n) > G(0) = AP(0) =0, (3:66)
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and, using (3.63) and the fact that P(n(ﬂ)) = £,

™)

UG(nW)—xz(U—l)l_l/U ~A=AM)=X>o0.

Therefore, we obtain A(n(j‘)) > . Since A(n™) — X is a decreasing function of A (Lemma 3.12.2)
and A(n*")) — X\* = 0, necessarily A < A*. Finally, using Lemma 3.12.1, we obtain P(n(j‘)) = % >
P(n*), since P(n™) is a non-increasing function of \. The second part of the theorem is thus

proved. O

We have the following result.
Theorem 3.9.3. The SNE n* in (3.62) is a local optimum for the optimization problem (3.60).

Proof. Since n* is globally optimal for the optimization problem (3.64) when A = A(n*), and
n* € int(U) from Prop. 3.9.1, then the gradient with respect to 7, A,(-), of the objective func-
tion in (3.62), computed in 7)*, is equal to zero, and its Hessian with respect to 7, H, (-), computed in
n*, is semidefinite negative. More precisely, since g(z) is a strictly concave function of z, it can be
proved that the Hessian of the objective function in (3.62), computed in n*, is negative definite, i.e.,

for the SNE n* we have

[An(G(m)) = A") Ay (P(0))], - = O, (3.67)
[Hy (G(n) = A" ) Hy(P(n))],_,- < 0. (3.68)

On the other hand, the gradient of (3.59) is given by
Ay (Ry) = UL~ P(m)" Ay (G(n)) = UU = )G (n)(1 — P(m)" 22y (P(n)).  (3.69)

The Hessian matrix of (3.59) is then obtained by further computing the gradient of each component

of (3.69), yielding

H, (Ry) = U(U = 1)(U — 2)G(n)(1 — P(n))" > Ay (P(n)) Ag(P(n))"
—UU = 1)1~ Pm) 20y (P(n)) Ag(G)" = UU = 1)G(n)(1 — P(n))"~*Hy (P(n))
~UWU =1)(1 = P(n)" 204 (G(n) Ag(P(n))" + U1 = P(1)" "' H, (G(n)) . (3.70)
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By computing (3.69) under the SNE 7*, and by using (3.63) and substituting (3.67) in (3.69), we then
obtain [A, (Ry)], _, . = 0. Moreover, since [H,,(G(n))],_,. < A(n") [Hy(P(n))],_,. from (3.68),
substituting (3.68) in (3.70) we obtain

[Hy (Rl < ~UX(U = DG(") (1 = P())" 72 [Ag(P(m)APm)T], _,. 20,
where we have used the fact that the product of the column vector A, (P(n)) by its transpose is

semidefinite positive. Therefore, [H, (Ry)] < 0and [A,(Ry)],_ . = 0, hence n* is a local

n=n* n=n
optimum for (3.60). O

To conclude, we present an algorithm to determine the SNE n* in (3.62), hence, from Theo-
rem 3.9.3, a local optimum of (3.60). In particular, letting h(\) = A(n}) — )\, we employ the
bisection method [61] to compute the unique A* such that A(A*) = 0, which determines the SNE
n* as n* = n*"). We use the fact that, from Lemma 3.12.2 in Appendix 3.G, h()\) is a continuous
decreasing function of A\, with 2(0) > 0 and lim)_,o, = —o0, so that, if A(\) > 0 (respectively,
h(A\) < 0) for some A, then necessarily A < A\* (A > A*). We need upper and lower bounds to \*,
denoted as Apax and Anin, respectively, so that Ay, < A* < Apax. These bounds are then iteratively
updated and refined, by testing the sign of h(\) for the new A = (Amin + Amax)/2, until the desired
accuracy is attained. The initialization of the lower bound is chosen as Ay, = 0. As to the upper
bound, note that P(n*) < min{g, £} from Prop. 3.9.1, hence G(*) < g(P(n*)) < g(min{B, £}).

Therefore, from (3.63) we obtain

N =A(*) <min{(1]_ 9(8),Ug (é)} = Amax- (3.71)

Algorithm 2 (Bisection method).

1. INIT: accuracy € > 0, Apin = 0 and A\pax as in (3.71);

2. MAIN: A := (Amin + Amax)/2; DETERMINE 1M using the PIA (Algorithm 3);
COMPUTE h()\) = A(n™M) — A\
e IF |h(\)| < €, RETURN the optimal policy 1V;
o IF h()\) > €, UPDATE Amin := A and Apay := min{ Apax, A(n™)}; REPEAT MAIN;

e IF h(\) < —€, UPDATE Amayx := A and Apin := max{Amin, A(n™)}; REPEAT MAIN;
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3. RETURN optimal policy * = (V).

Remark 3.9.2. Note that the UPDATE step updates both Ay, and Apax. This is because h()\) is a
decreasing function of X and A(7™V)) is a non-increasing function of A (Lemma 3.12.2), hence, if
h(A) > 0,then A < \* = A < A(nw), and therefore A < \* < min{Apax, A(”m)}. Similarly,
if h(\) <0, then A > \* = AT > A("W), and therefore A > \* > max{Anin, A(”(A))}.

We now present the PIA [1] to compute (*). Starting from an initial policy 7, this algorithm
iteratively computes the Policy Evaluation and Policy Improvement steps, until convergence. In the
Policy Evaluation step, the metric G(n) — AP(n) is computed under the current policy 7, and the

relative value function v, : £ — R is determined as the unique solution of

vy (0) = 0, (3.72)
vp(e) — ZPTW(Eu,kH = j|Euk = e)vy(j) = g(n(e)) — An(e) — G(n) + AP(n), Ve € £. (3.73)
je&

We have the following lemma.

Lemma 3.9.4. The relative value function under policy n is given by

on(e) = 3 ZizoTali)Gn) ~ AP — gln(i)) + M), a7
Jj=0

™ (5)B71(5)

Proof. Trivially, (3.74) is consistent with (3.72) for e = 0. Moreover, from (3.73) for e = 0, using
the fact that 1(0) = 0 and v, (0) = 0, we obtain

(3.75)

yielding (3.74) for e = 1. From (3.73) fore = 1,2,...,emax — 1, using the expression of the

transition probabilities of E,, ;. (see Fig. 3.10), we have

vy(e) = Bu(e)vy(e — 1) — (Bu(e) + Bi(e))vy(e) — Bii(e)vy(e + 1)
=g(n(e)) — An(e) — G(n) + AP(n). (3.76)
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By solving the above equation with respect to v (e + 1), we obtain

g(n(e))+Mn(e) + G(n) — AP(n) — Bn(e)vy(e — 1) + (B7(e) + Bn(e))vy(€)
Bi(e)

vyle+1)=— . (3.77)

Finally, the expression (3.74) for e > 1 is proved by induction: assuming that v, (e) and v, (e — 1) are
given by the expression (3.74), and substituting these expressions in (3.77), it can be proved, using
the expression of the steady state distribution 7,,(-), given in Lemma 3.8.1, that v, (e + 1) is also given
by the expression (3.74), thus proving the induction step. Since we have proved that (3.74) holds for

e = 0 and e = 1, the induction is proved. O
In the Policy Improvement step, an improved policy 7 is determined by solving, for each e €

&\ {0}, the convex optimization problem

fi(e) = arg qax g(ii(e)) = Nij(e) + > Pra(Bupsr = j|Bur = )vn(j), (3.78)
' je€

or equivalently, using the expression of the transition probabilities of F,, 1, we obtain

fi(e) = arg max_g(z) — Az — Bd,(e) — Bady(e + 1), Ve € €\ {0}, (3.79)

z€[0,1]

where we have defined 6, (emax + 1) = 0 and, fore € € \ {emax},

Sy m(DIG() — AP() — g(n(i)) + An()]

(e — 1)Bn(e — 1) (3.80)

dp(e) =vy(e) —vyle—1) =
Owing to the concavity of g(z), the optimal 7)(e) can be found by using the bisection method [61].
We are now ready to state the PIA to solve the optimization problem (3.64).
Algorithm 3 (PIA). 1. INIT: noq € U; accuracy €pra;

2. Policy evaluation: compute, using Lemma 3.8.1 and (3.56),

S0 Tposa (D)[G(010) — AP (101) — 9(101a (1)) + Aota (4)]
To1a (e —1)B7oa(e — 1)

Opale) = ,e=1,2,..., emax + 1;

3. Policy improvement: determine a new policy, Nnew, as the solution of

Thew (€) = arg m[%)i]g(:v) — Xz — Bad,(e) — Bady,, (e + 1), Ve € £\ {0}; (3.81)
x€|0,
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4. Termination test:If |G(Mew) — G(7o1d)| < €pia, return the policy n(*) = 7pey; other-

wise, let 1o1q := "mew and repeat from step 2).

3.10 Low Complexity Policies

Note that the PIA may be computationally intensive for the ultra-low power electronics typically
found in practical EHSs. In this section, we design low-complexity policies, which are then shown to
achieve near-optimal performance. In particular, we use two different approaches. The first approach,
developed in Sec. 3.10.1, is based on replacing the PIA in the main iteration stage of Algorithm 2,
which is used to compute the optimal policy n*) maximizing G (n) — AP(n), with a computationally
less intensive algorithm, which determines an approximation (") of the optimal policy n). The

second approach, developed in Sec. 3.10.2, is based on the approximation of large battery capacity.

3.10.1 Low complexity approximation of ")

The following theorem presents structural properties of the optimal policy n(*), which are then

used to design a low-complexity policy 7M.
Theorem 3.10.1. 17(/\) has the following properties:
P1) 17(’\) is a strictly increasing function of e € £.

P2) n® ¢ (Mows Nup)» Ve € E\{0}, where, letting x* = arg max,[g(x)—Az], Mow € (0, min{s, z*}),

Nup € (min{B, z*}, x*) uniquely solve

g(min{ﬁv .Z'*}) — )‘min{ﬁa $*}

9(Mow) + (1 = Mow) g (Mow) = A + 5 , (3.82)
9(Mup) — Mupd (Mup) = g(min{B, z*}) — Amin{s, z*}. (3.83)
Proof. See Appendix 3.H. O

Remark 3.10.1. P1) of Theorem 3.10.1 states the intuitive fact that the more energy available in the
buffer, the higher the incentive to transmit. The larger transmission probability in the high energy
states reflects the incentive to minimize the impact of energy overflow. In contrast, the smaller trans-

mission probability in the low energy states aims to minimize the impact of energy outage.
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Figure 3.11. Comparison between the low complexity policy (3.84) (LCP1) and the optimal policy (PIA)
computed with Algorithm 3. A =1, emax = 10, 8 = 0.1, V,, 1, is exponentially distributed.

Based on Theorem 3.10.1 and the fact that transmitting with constant probability min{3, x*}
is asymptotically optimal for large battery capacity (see Lemmas 3.10.2 and 3.10.3), we construct a
heuristic policy which (a) is conservative when energy is low, (b) transmits with probability min{ 3, z* }
in the middle-energy levels, (c) is aggressive when the battery capacity is approached. In particular,
we choose the following low-complexity policy 7)) (e) (LCP1), depicted in Fig. 3.11 along with the

optimal policy () (e), obtained with the PIA:

L ow + S5E min{3, 2*}, 1<e<3
1M (e) = ¢ min{B, z*}, 4<e< ey — 3 (3.84)

76”“3‘_6 min{ﬁ, IL’*} + 4@“!‘3_361rnax Thip,  €max — 2 < e < emax-

The terms 716 and 7y, can be computed from Theorem 3.10.1 e.g., using the bisection method [61].

In Fig. 3.11, we notice a good match between the low-complexity and the optimal policies.

Moreover, in Fig. 3.12, the curves G (1) — AP(n) versus A perfectly match under the two policies.
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Figure 3.12. G(n) — AP(n) as a function of A\, computed under the low complexity policy (LCP1) and the
optimal policy (PIA). A =1, emax = 10, 8 = 0.1, V,, 1, is exponentially distributed.

3.10.2 Large battery capacity approximation

In this section, we design a low complexity policy based on the approximation of large battery
capacity. The approximation is based on the following lemma, which follows from property 4) of
Prop. 3.9.1.

Lemma 3.10.2. We have the following upper bounds to the network utility (3.59):
Ry < Ug(P(m)(1 = P(n)" ™" < Ug(p")(1 - p)"7", (3.85)

where p* = B if B < 1/U and ¢'(B)(1 — B) — (U — 1)g(B) > 0; otherwise, p* uniquely solves

g1 —p*) = (U —-1)g(p*) =0, forp* € (0,1/U). (3.86)

Proof. The first inequality in (3.85) directly follows from property 4) of Prop. 3.9.1, since G (77()‘)) <

g(P(n™)). The second inequality is obtained by maximization over 7 € /. In particular, since
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P(n) € (0, 8] from property 4) of Prop. 3.9.1, we have

max Ug(P(n))(1 — P(n)" ™" = max Ug(p)(1—p)" . (3.87)
neu P€(0,8]

Let p* = argmax,e (0,5 [Ug(p)(1 — p)” ~!]. The derivative of Ug(p)(1 — p)U ! with respect to p is

positive if and only if

h(p) = ¢ (p)(1 —p) — (U — 1)g(p) > 0. (3.88)

h(p) is a decreasing function of p, with lim,_,o h(p) = +oo0 and h(1/U) = —(U — 1)[g(1/U) —
1/Ug'(1/U)] < 0 (since g(x) is concave increasing and g(0) = 0), therefore we have the following

cases:
e if h(5) > 0 (necessarily, 8 < 1/U), then p* = 3;
e otherwise, p* uniquely solves h(p*) = 0.

The lemma is thus proved. O

Based on this result, we propose the following policy, which is then shown to be asymptotically

optimal for large battery capacity:
n(e) =p*, Ve € £\ {0}. (3.89)

It can be verified, by using the expression of the steady state distribution in Lemma 3.8.1 that, under

policy 7,
1 . ( Bp* )emux
o B(1—p*) . .
G(i) = ————=~em9(0") = 9(0"), (3.90)
12 ( Bp )
B8 \ B(1-p*)

1 . (ﬁ(?p* *) €max

P(ij) = Lt o T, 3.91)

_v ( Bp* )
B \ B(1-p*)
where the limit holds for ey,,x — 00, and we have used the fact that p* € (0, 5], so that the expo-
nential terms decay to zero (if p* < [3; the expressions of G (7)) and P(7) when p* = /3 are obtained

in the limit p* — 3, yielding the same limiting behavior for ey,,x — ©0). The following lemma is a

consequence of this limiting behavior for large battery capacity.
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Lemma 3.10.3. The policy 1) defined in (3.89) is asymptotically optimal for epax — 0, i.€.,

lim Rz= Ilim maxR,. (3.92)
€max 00 €max—>00 TN
Proof. We have
Ri <max R, < Ug(p*)(1 —p")V 1, (3.93)
n

where the second inequality follows from Lemma 3.10.2. Computing the limit for ey, — oo and

using (3.90) and (3.91), we obtain

* _ . x\U-1 — . . < . ]
Ug(p*)(1 —p*) Jm R < lim max Ry (3.94)
The lemma is thus proved by combining (3.93) and (3.94). ]

3.11 Numerical Results

In this section, we present some numerical results. We model V,, ;; as an exponential random

variable with unit mean, with pdf fy (v) = e™¥, v > 0. From (3.10) and (3.11), we obtain

g(z) =2z(1 —Inx). (3.95)

In Fig. 3.13, we plot the network utility (3.48) under the policy (3.62), computed using Algo-
rithm 2, We consider different scenarios differing in the battery capacity emax € {1, 10} and the EH
rate § € {1/U,0.1,0.01}, as a function of the number of EHSs in the network U. In particular, when
B = 1/U the total expected energy harvested by the network in one time-slot is 1. Interestingly, the
network utility increases with the number of EHSs U. This behavior is due to the strict concavity of
g(x), such that a diminishing return is associated to a larger transmission probability x. Therefore, the
smaller the number of EHSs U, the more the transmission opportunities for each EHS, but the smaller
the marginal gain, so that the network utility decreases. Clearly, the scenario with ey = 10 outper-
forms the scenario with e, = 1. Note that, for U < 10, the best performance is attained in the case
B = 1/U, since more energy is available to the EHSs. In contrast, for U > 10 and eax = 10, the

best performance is attained in both cases = 1/U and 8 = 0.1, despite a larger energy availability
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Figure 3.13. Network utility (3.48) for different values of the battery capacity emax € {1,10} and for
different EH rates 8 € {1/U,0.1,0.01}, as a function of the number of EHSs in the network U.
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Figure 3.14. A(n*) under the SNE n* for different values of the battery capacity emax € {1,10} and for
different EH rates 8 € {1/U,0.1,0.01}, as a function of the number of EHSs in the network U.
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in the latter case. This is due to the fact that, as proved in Theorem 3.9.2, under the optimal policy
n*, P(n*) < min{B,1/U} = 1/U, hence the performance bottleneck is due to the number of EHSs
in the network, rather than the energy availability. Clearly, in the case 8 = 0.1, a large amount of
energy cannot be employed to perform data transmission, and is lost via overflow. This amounts to
B — P(n*) > B —1/U. In contrast, when § = 0.01, we have P(n*) < min{s,1/U} = $3 for all
values of U considered, hence the performance bottleneck is energy availability.

A different trend is observed when e, = 1. In this case, for U > 10, the scenario § = 0.1
outperforms 5 = 1/U. This is a consequence of the fact that, when e, = 1, whenever an EHS
transmits, its battery is emptied, hence it enters a recharge phase, with expected duration 1/8 = U,
during which the EHS is inactive. In contrast, the recharge phase in the scenario 5 = 0.1 is much
faster, and the EHS becomes quickly available for data transmission.

In Fig. 3.14, we plot the optimal \* = A(n*) versus the number of EHSs U. We notice that,
the larger the number of EHSs, the larger A*. In fact, for a given policy 7, the larger U, the more
frequent the collisions. A larger A* thus balances this phenomenon by penalizing the average trans-
mission probability P(n)* in (3.62), and in turn forces each EHS to transmit more sparingly, so as
to accommodate the transmissions of more nodes in the network. Moreover, the larger the EH rate
B, the larger \*. In fact, the larger (3, the larger the energy availability for each EHS, which could,
in principle, transmit more frequently and, at the same time, cause more collisions. The effect of a
larger 8 (having more transmissions, hence more collisions in the system) is thus balanced by a larger
A*, which penalizes high transmission probabilities.

In Fig. 3.15, we compare the network utility computed under the optimal policy (PIA), obtained

using Algorithm 2, and the following low-complexity policies:

e LCP1, obtained using Algorithm 2; however, the PIA in the main iteration stage of the algo-

rithm is replaced with policy (3.84), studied in Sec. 3.10.1;

e L.CP2, given by (3.89) and studied in Sec. 3.10.2; LCP2 transmits with a fixed probability p*

(see Lemma 3.10.2) whenever the battery is non-empty.

We notice that LCP1 closely approaches the performance of the optimal policy, for all values of e ax
and U considered. On the other hand, LCP2 incurs a performance degradation for small number of
EHSs and small battery capacity. Nonetheless, the larger the battery capacity, the closer LCP2 to
PIA. This behavior is consistent with Lemma 3.10.3, since LCP2 is asymptotically optimal for large

battery capacity. Regarding the impact of the number of EHSs U on the performance, we observe
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Figure 3.15. Comparison of optimal policy, computed with the PIA, and the low complexity policies LCP1
and LCP2. 5 =0.1

that, the larger U, the closer LCP2 to PIA, and the smaller the impact of the battery capacity on the
performance (of all policies). This can be explained by noticing that the transmission probability
of LCP2 satisfies p* < 1/U. Therefore, the larger U, the less frequent the transmissions, and the
more the energy availability. In particular, when 1/U < fj, i.e., U > 10, then p* < [, hence the
energy recharge process is faster than the energy consumption process. It follows that the battery is
seldom discharged, and energy outage events seldom occur, so that the finite battery capacity has a
negligible impact on the performance. A similar behavior holds for the optimal policy, as discussed

in the comments to Fig. 3.13.
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3.12 Conclusions

In this chapter, we have considered the general problem of optimizing the data reporting per-
formance of an EH-WSN in the presence of a stochastic ambient energy source. The choice of
the performance metric was the aggregate average long-term importance of the reported data, which
reflects both the value of reporting high-importance data and the demand for perpetual operation, typ-
ically required in practice. For the single EHS scenario, due to the high implementation complexity
of the globally optimal policy, we considered low-complexity balanced policies that solely adapt to
the EH state, such that, on average, energy consumption and harvesting are balanced. For the broad
range of parameter values considered in this work, the optimal BP was shown to attain near-optimal
performance; the gap with respect to the globally optimal policy is narrowed even further, if a sim-
ple overflow avoidance scheme is employed. We have demonstrated that the salient parameter is the
power-to-depletion p, which essentially reflects the ability of the battery to filter out the fluctuations
in the harvested energy. Intuitively, as p decreases, the adaptation of the transmission probability to

the energy supply becomes more critical.

We have then studied the problem of multiaccess in a EH-WSN, where each EHS randomly
accesses the shared wireless channel to report data of varying importance to the common fusion
center. Simultaneous transmission by multiple EHSs incurs a collision and data loss. We have studied
the problem of designing random access policies so as to maximize the overall network utility, defined
as the average long-term aggregate network importance of the data packets successfully reported to
the fusion center. It is shown that the interaction among multiple EHSs in the network introduces
new dynamics in the system, which are not accounted for in the single EHS model. In particular, for
small number of EHSs, few collisions occur, hence the bottleneck of the system is energy availability,
due to the random and limited energy supply. On the other hand, for large number of EHSs, frequent

collisions occur, hence the bottleneck of the system is multiaccess rather than energy availability.

Overall, our results and analysis are encouraging for practical EHS design, as they indicate that
near-optimal data reporting performance can be achieved with low-complexity policies that simply
adapt to the state of the ambient energy source (single EHS scenario), or that only loosely depend on

the energy level in the battery (multiple EHSs scenario).
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Appendix 3.A: Proof of Lemma 3.3.1

Proof of Lemma 3.3.1. Let u be a stationary randomized policy, and R, be the set of stationary ran-
domized policies which induce the same transmission probability as p with respect to the data im-
portance random variable, i.e., Ey [fi(1;e,a, V)] = Ey [u(1;e,a, V)], V(e,a) € S, Vi € R,,. Then,

since p € R, from (3.7) we have

G#(So) < max Gﬂ(So) (396)
RER

We now show that the maximizer of the right hand side of (3.96) has a threshold structure with

respect to the data importance. From (3.7), for any i1 € R, we have

Gu(So) = Y male.a; So)Evlii(le,a,V)V], (3.97)
(e;a)eS

where, for each (e, a) € S, we have defined the steady state distribution of {(E%, Ax—1)}
| K-l
mu(e,a; So) = KlgnOO inf I ;0 Pri(Ey = e, Ay—1 = a|Sp),

and we have used the fact that V}, is independent of (E}, Ax_1) and, given (Ey, Ax_1, Vi) = (e, a,v),
Q. = 1 with probability ji(1;e, a,v), independently of Sy. From the independence between V}, and
{(E;, Ai—1),i = 0,...,k}, VE, it can be proved by induction on k that the probability Pr;(Ej, =
e, Ap—1 = a|Sp) depends on [ only through the expectation 7(e,a) = Ey[i(1;e,a, V)], which is
common to all i € R,,. Then, since Ey [fi(1;e,a,V)] = n(e,a), Vii € R, it follows that the steady
state distribution of {(Ej, Ay_1)} is the same for all i € R, i.e., mi(e,a;So) = mu(e, a; So).
Therefore, from (3.96) and (3.97) we obtain

Gu(So) < max G(@, So) = (e, a; So)Ey [ (1;e,a,V)V], (3.98)
HERp
(e;a)eS

where, for each (e, a) € S, u*(1;e,a,-) is defined as

a*(1;e,a,-) = argmax Eyla(l;e,a,V)V], s.t. Ey[i(l;e,a, V)] = n(e, a). (3.99)
i(e,a, ):Rt—[0,1]

Since (3.99) is a convex optimization problem, it can be solved using the Lagrangian method [65],
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which yields the threshold structure in (3.9).

Appendix 3.B: Proof of Theorem 3.4.1

Proof of Theorem 3.4.1. Let us consider a BP n) with parameters (7, ). With the help of Fig. 3.16.a),

we have the following steady-state equation in state (€pyax, B):

Wn(ema)u B) = Fn(emasu B)pB(l - n(emasu B)) + 7"'n(emaxa G)ﬁG(l - n(emax; G))

= 7"'77(61’113,)(7 B)pBéﬁB + 7"'77(6max7 G)ﬁggﬁg, (3.100)

where the last expression follows from the definition of BP in (3.14). Then, substituting pp = 1 —Dgl

andpg =1 — ’y_lD];l, and letting t(0) as in (3.19), after algebraic manipulation we obtain

maX7G s
Tlema Gl D)0y (e ). (3.101)

Wn(emaxa B)

In the long-term, the frequency of transitions from energy level e — 1 to e and from e to e — 1 must

be the same. Therefore, with the help of Fig. 3.17, fore € {1, ..., enax} We have

7T77(€ -1 G)pG)\Gﬁ(e -1 G) + 777](6 -1, B)ﬁBAGﬁ(e - 17B)

= 7T77(€7 G) (pGS\G +}3G) 77(67 G) + 7T77(€7 B) (ﬁBXG ‘HUB) 77(67 B) (3102)

Moreover, with the help of Fig. 3.16.b), we have the following steady-state equation in state
(e—1,B),fore € {1,..., emax}:

(e —1,B) =m,(e — 1,B)ppn(e — 1,B) + m,(e — 1, G)pan(e — 1,G)

+77-77(6313)29377(6’B) +7TT](67G)}§G77(67G)' (3103)

Solving the system of equations (3.102), (3.103) with respect to 7, (e — 1, G), m,(e — 1, B), for
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e € {1,..., emax} We obtain

ﬂn(e_lvG) IK(S—l) 7T7,(€,G) (3104)
(e —1,B) (e, B) ’

where we have defined the 2 x 2 matrix

K(e—1)= : (3.105)
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with components

(DBS\G + Vflkg)n(e -1,B)+ 5\077(6 - 1,B)
77(6 -1, G)/\G[DBn(e -1, B) + ﬁ(e -1 B) - 77(6 -1 B)’y_l]’
(e —1,B)Ag +n(e — 1,B)[Dp — Ag]
(e —1,G)Ac[Dpn(e —1,B) +17(e — 1,B) —nle — 1, B)y~ 1)’
v (e, G)
Ac[Dpn(e —1,B) +1(e — 1,B) —n(e — 1,B)y~1]’
(e, B)[y""A¢ + (Dp — 1)A]
AG[DBT](e - 17B) + ﬁ(e - 17B) - 77(6 -1, B)’}/_l] .

Kaa(e —1) = nle, G)

Kgp(e—1) =n(e,B)

Kgg(e — 1) =

Kpp(le—1) = (3.106)
In particular, substituting the expression of the BP in Def. 3.3.2, we have K(0) = Z, where Z

is defined in (3.20), K(e) = J, Ve € {1,2,...,emax — 2}, where J is defined in (3.21), and
1

K(emax — 1) =0J e . + 0J. Using (3.104), (3.101), and the fact that

B
K(emax — 1)t(0) = Jt(0)(0 + 6/ng), we then obtain

= Jmax"t(0)my, (emax, G), fore € {1,..., emax — 1}, (3.107)

and [r,(0, G); m,(0, B)]" = Z [, (1, G); 7, (1, B)], yielding (3.17). 7, (emax, G) is finally obtained
by the law of total probability > o= [m, (e, G) + (e, B)] = 1, yielding (3.18).

The average reward under the BP directly follows by substituting the expressions of the BP and
of the steady state distribution in (3.12), and using the fact that, by marginalization over the battery
state, > "% m, (e, a) = ma(a), Va € {G,B}, and, when overflow avoidance is employed (6 = 1),

T (emax, B) = 0 from (3.101). O

Appendix 3.C: Proof of Theorem 3.4.3

Proof of Theorem 3.4.3. Proof of (3.25): In this proof, the notation f(Dpg) = h(Dg) + O(D%) is

equivalent to lim sup % < oo. If f(Dp) is a matrix, this definition applies to each
B

DB — 00
component.

It can be shown that the eigenvalue decomposition of matrix J in (3.21) is given by J = VDV 1,
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. _ neX 1
where, letting v/ = 56 (1 — 1+nB(DB—1—T1))’
1 0 Acim 10
V — Y I Dgl 7_7B , D= . (3.108)
10 0 —"e 0 v

Since VV ! = I, where I is the 2 x 2 identity matrix, it can be shown that

V-l 0 1 +D§1i nene

3 _ ) [ 1 — } +0(D3%).  (3.109)
I —y B | —XanB +np — Yiana

Moreover, from (3.19) and (3.20) we have

1 _ 1 _~~Lp 0
t(0) = (e + 9> + DglgL ¢ + 0D, (3.110)
ne 0 B 1

0
7 = Dpng 1 [o 1]+O(1). (.111)

Now, letting emax = pDp, where p is fixed, we have

1 0 1
@ zv vit(9) 2 zv [ 10 } VLt(0) + O(DgY),

ZJm=14(0)
0 pemax—l 0

(3.112)

where (a) follows from the eigenvalue decomposition of J, (b) follows from the fact that limp, o v €

(0,1), hence pemax—1 = (’)(DE,Q). From (3.109) and (3.110), we have that
[ 10 ] V1t(9) = D;Z—f(e +0)g) + O(D?). (3.113)
B

Moreover, from (3.108) and (3.111) we obtain

0
/AY = Dpnp +0(1). (3.114)
1
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Then, substituting (3.113) and (3.114) in (3.112), we obtain

23 14(0) = 01 0re) | | +0DEY G.115)

Using a similar approach, it can be proved that

emax—1

> [ 11 }J%(e) = [ 11 }V Cmax 0 Vlt(9)

e=0 0 1711/_61;1“
1 _ TeR) 1 -
=p(7+1)n§(9+9Ac) + Lhe2a <9+9> +0(DgY). (3.116)
U] nB NG

Then, substituting (3.115) and (3.116) in (3.18), we obtain

)\ _
(s G) = 7a(G) G—nG NB (

1
0+60-—|+0(Dzh, 3.117
[ ) (Dg) ( )

e,

where we have used the fact that (1 -+ O(Dgl))_l =1+ O(Dg"). Then, from (3.17) and (3.115),

we obtain
m,(0,G) = O(Dg'), (3.118)
(0,B) = 1(0 + 07 (emax, G) + O(DFY) = ma(B)—LE— + O(D5Y).  (3.119)

nB p+nB

The asymptotic expression (3.25) is finally obtained by substituting (3.117), (3.118) and (3.119)
in (3.16), and letting Dz — oo, where the terms O(D3') — 0 for D — oo.

Proof of property 1): The inequality G(*) (ng, 1;p) > G(*) (g, 0; p) is proved by direct in-
spection of (3.25), since g(1) > g(ng) and Ag > ng.

Proof of property 2): We want to prove that G(*>) (na, 0; p) is an increasing function of p. Equiv-

alently, %{W > 0. The derivative of (3.25) with respect to p is given by
ACTV 6. 00) _ 1 (B) 5 (g(m) — ng(1) + Fma(B)—E— (1)
dp (p+mB)? (p+n8)?
Ac — N 1
+ 0ma (G l9(na) = nag(1)] >0,

1—-ne (p+nB)?

where we have used the fact that, since g(z) is a concave function of = and g(0) = 0 (Lemma 3.3.2),

g(x) > xg(1). The limits for p — oo and p — 0 are finally obtained by computing the corresponding
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limit in (3.25).

Appendix 3.D: Proof of Lemma 3.4.4

Proof of Lemma 3.4.4. Proof of (3.28) and property 1) We first prove that the optimal BP (15 (6; p), 0)
uniquely solves (3.28). After algebraic manipulation, we find that the derivative of G(>) (ng,0;p)
in (3.25) with respect to 7 is positive if and only if L(ng,0; p) > 0, where L(ng, 0; p) is given
in (3.29). Moreover,

dL(ng, 0; s A
(ZGP) xpg” (n6) + 9" (na) L (0A¢ + 00c) + vpg” (1)
e e
2 _
= 2977%7(9(17(;) + 1769 (n6) — 9(1)) — 6724/ (ne) < 0, (3.120)
G

where o< denotes proportionality up to a positive multiplicative factor, and the inequality holds since
9(na) + 19’ (ng) — g(1) > 0 and g” < 0, from the concavity of g(z). Therefore, L(ng, 0; p) is a

decreasing function of ng. Moreover,

L(Ag,0;p) =¢'(A\¢) — ¢'(0) <0, for ng = Aa, 18 =0,

oy —gdB) 58 BY B (z.5.. 85 3. (3) _
2600 =082 02 (148 5) 405 (54304 236 ) 018+ 89/9) ~ o0
+0=(9(6) = B/ (8) >0, forne =np = B

We conclude that there exists a unique 7 € (3, A\¢) which maximizes G (00) (na, 0; p), obtained as

the unique solution of L(nq, 0; p) = 0.

Proof of property 2) Since L(ng, 1; p) < L(ng, 0; p), it follows that, under the optimal BP,

L(n¢:(05p),0;5p) = 0 = L(ng(15p), 15 p) < L(ne(15p), 05 p).

Since L(nq, 0; p) is a decreasing function of 7, it follows that n(1; p) < n&(0; p).

Proof of property 3): We now prove that 75,(6; p) is a decreasing function of p, for p > 3, i.e.,
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dng (6:p)

2, < 0. For the optimal BP 7¢;(6; p), we have L(1¢,(0; p), 0; p) = 0, hence

dL(n¢ (05 p),0;p)  [dL(ng,0;p) +dL(77G79;p) dn,(0;p)

=0.
dp dp dne dp } na=ng (0;p)

Then, since % < 0 from (3.120), %(e;p) < 0 is equivalent to M‘ < 0.
e r P Ing=n(0:p)

Moreover, since L(n5(0; p), 0; p) = 0, we have

dL(ng, 6; p)
dp

2
— (1 + 77B>2 ‘ [L(ng,@;p) ' (p+p775)2}
ne=n¢g(0;p) p dp

na=ng(6:p)
Finally, from (3.29) and since ng = n5(0; p) € (8, Ag) and np = v(Ag — n¢) € (0, 3), we have

2

Y. P
d |Lna,0:p) -

dp } =—0(p—np)9(ns) — 0 (p+n8)nsg (15)

(P+773)3

—0lg(nB) —nsg'(n8)] (p —nB) — 209" (nB) — ¢'(nc)lPns
B _ _ 3
- 9772(9(%) +iicg' (ne) — 9(1)) [c(p — 1) + Aalp +n8)] <O,
G
where the inequality holds for p > 3 (which implies p > np, since ng < (), and we have used the
fact that g(z) is a concave increasing function of = with g(0) = 0 (Lemma 3.3.2), hence g(ng) —

neg (ng) >0, ¢ (nB) > ¢'(ne) (since np < ne) and g(ne) + fag' (na) — g(1) > 0. Equivalently,

dL(ng,9;p) < 0and dng (0;p) <0.
dp na=n%(0;p) dp

In the limit p — oo, we have lim, o L(n¢, 6; p) = ¢'(ne) — ¢’ (ns), which is equal to zero if

and only if nZ,(0; 00) = B, proving (3.30). For p — 0, we have

2

lim p°L(ne, 0; p) = O (na) + 9%5\0(9(%‘) +7ag' (n) — g(1)) > 0. (3.121)
G

Hence, for p — 0, the asymptotic reward is a strictly increasing function of 7¢, for ng € (8, Ag),

and is maximized by ng = Ag, proving (3.31). O
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Appendix 3.E: Proof of Lemma 3.5.1

Proof of Lemma 3.5.1. From the concavity of g(z) and Jensen’s inequality [65], (3.34) implies that

1 (Dc (CDM) 1 Ds (CDM)
(CDM)y < Dag (DG o " (T)dT) + Drg <DB o " (T)dT>

G ,
com(n < D 1 Dn

which is attained with equality if and only if the energy drawing rates are constant over the GOOD
and BAD periods, i.e., n°PM)(t) = ng,Vt € T and n(CPM)(t) = np,Vt € Tp, where 1 and np

are constants in (0, 1). Substituting in (3.34), we obtain

Gepm(n'OPW) = m4(G)g(ne) + Ta(B)g(nB).- (3.122)

Moreover, from (3.32) and (3.33), np and 7n¢ are related to ey, and ey by
eg =min{er, + Dg(Ag — 1q), émax}, €L =ex — DpnB. (3.123)

Note that a policy such that e;, + Dg(Ag — ng) > emax incurs energy overflow, hence it is strictly

sub-optimal. This can be shown by defining an improved policy 7(CPM) | with 7(CPM)(¢) = 75 >
NG, Vt € Ta, where 1) is the unique solution of e, + Dg(Ag — 7)) = emax- Under the new policy,

we have

Geom (7 OPM) = ma(@)g(iic) + ma(B)g(ns) > 7a(@)g(n) +a(B)g(ns) = Geom(n ™).

We thus only consider 7¢ such that e, + Dg(Ag — 1G) < emax- From (3.123), letting A = ey — ey,

ng and np are then given by

nB = - (3.124)

— g — —
G =Ae = o Dy

Note that A € [0, min{A\gDg, DB, €max}| since, during the GOOD EH period, the battery cannot
be recharged by more than A\ D¢ and, during the BAD EH period, it cannot be discharged by more
than Dp. Substituting (3.124) in (3.122), we obtain

Gepm(n'@PW) = m4(G)g (AG —~ 7‘1A> +ma(B)g (A> . (3.125)
Dg Dg
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We now maximize the right hand side with respect to A € [0, min{D¢, DB, émax }]. We have that

d%GCDM(n(CDM)) > 0 if and only if A < BDp. Therefore, Gcpn (7°PM) is maximized by
A* =min{fDp, \¢ D¢, DB, émax} = Dpmin{S, A\g7, 1, p} = Dpmin{p, p}, (3.126)

where the last equality follows from the fact that 8 < min{\g7,1}. The optimal energy drawing
rates 7 and np are obtained by substituting (3.126) in (3.124) and (3.125), thus proving (3.36)
and (3.37). ]

Appendix 3.F: Proof of Lemma 3.5.2

Proof of Lemma 3.5.2. We consider a BP for DSM with parameters (7¢, ). Without loss of gener-
ality, we assume that ng € (8, A\q), i.e., np € (0, 3), since the optimal BP, which maximizes the
asymptotic average reward (3.25), satisfies this condition (Property 1) of Lemma 3.4.4). If p > 3,
then Gepy (7 €PM*) = ¢(B) and (3.38) holds from Jensen’s inequality and Lemma 3.3.2. If p < £3,

let
Zne) Ta(G)is9(na) + ma(G)Lg(Aa) + ma(B):-g(ns) if e <Ac — £ (nB>p),
G)=
ma(G)g(na) +wa(B)g(nz) if ng=Ag — £ (np<p).
(3.127)

We have that Z(ng) < Gepm(n(CPM*). This can be proved by applying Jensen’s inequality to
Z(ng) when ng < Ag — %, and by using the fact that Z(n¢) is a decreasing function of 7, for

ng > Ag — g. From this and property 1) of Theorem 3.4.3, it follows that
G (0,05 p) — Gepu(nPY*) < G (n6, 15 p) — Z (). (3.128)

We finally prove that the right hand side above is negative. In fact, if ng > A\g — %, from (3.127) and

Lemma 3.3.2 we obtain

G (ng, 1 p) — Z(ne) = ~ma(B) ZBUB (9(nB) — npg(1)) + %(Q(nc) —nag(1))| < 0.
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On the other hand, if ng < Ag — %, we obtain

2
G (ng, 1;p) — Z(ng) = —panm(B [g:f) - ggf)} (3.129)
_r (B glel [g(na) B 9(Aa)] 0B 1(B [g(kc) —9(ne)  g(1) —g(ne) “ 0.
p+nB ne | Nc Ac p+nB G — Na 1—ng

where the inequality holds from the concavity of g(x) (Lemma 3.3.2), which implies
(9(y) —g(z))/(y — ) > (g(z) — g(x))/(z — x), for any < y < z, and from the fact that

0 <np < ng < Ag < 1. The lemma is thus proved. O

Appendix 3.G: Useful lemmas for the multiaccess model

Lemma 3.12.1. P(n()‘)) is a non-increasing function of A, for A\ > 0, with limits P(n(o)) > 0 and
limy 0 P(n(/\)) =0.

Proof. Assume by contradiction that A\; > Ay and P(n*2)) < P(n*1)). Then we have

G(n)) = 2P(n2)) = G(n™)) = M P(M)) + (A1 = M) P(n™))
>G (M) = X\ P(n*) + (A — X)) P(n*2)) > G(n*2)) — M P(n*2)) + (A = A0) P(n*?))

=G (™) — A P(n2), (3.130)

where the first inequality follows from G(n(*2)) — Ao P(n(*2)) > G(n*)) — Xy P(*)) (since n*2)
maximizes G(n) — A2P(n)), the second inequality follows from the hypothesis, the last inequality
from the fact that G/(n*)) — A P(n*1)) > G(n(*2)) — X\ P(n(*2)) (since ) maximizes G(1) —
A1 P(n)). Tt follows that G(n*2)) — Mo P(n*2)) > G(n*2)) — Xy P(n*2)), yielding a contradiction.

The lemma is thus proved. O

Lemma 3.12.2. A(n()‘) ) is a continuous, non-increasing function of A, for X\ > 0, with limits

A(n@) € (0, 00) and limy_,oo A(n™N) = 0.
Proof. For A = 0 we have n©) = arg maxyey G(n). Then, we obtain

G(n)

A(n©) = (U - 1)m

€ (0, ). (3.131)
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A(n©) is positive and bounded since 0 < G(n(?) < g(1) < oo and P(n®) < b < 1. On the other
hand, for A — oo, we have ™ — 0, hence G(nM) — 0, P(n™) — 0 and limy_,o A(n") = 0.

To conclude, we prove that A(1M) is a non-increasing function of ), i.e., A(n*)) < A(n(*2)
for \; > A2 > 0. Using (3.63), this is true if and only if

G(n*) (1 = P(™))) = G(*)(1 = P(n?2))) > 0.
Equivalently, by rearranging the terms,

A\, A2) £(G(P)) = XP(nP))(1 = P(y*))) = (G(*) = M P(n))(1 = P(*2)))

+22P(n*) (1 = P(n™)) = M P(*) (1 = P(n*)) > 0.

Using the fact that n(*?) is optimal for (3.64) when A = My, hence G(n*2)) — X\ P(n(*2)) >
G(nM)) — Ay P(nM1) a sufficient condition which guarantees that A(\;, A2) > 0 is that

(G@™) = P = PH) = (GH™) = MPHP))(A = PO)

+AoP(n*) (1 = P(nf*))) = A P(*)) (1 = P(n*))) > 0.
After rearranging the terms, it can be readily verified that this is equivalent to
(P(n*)) = P(PNIG(H) + Mo (1 = P(?))] > 0,

which clearly holds from G(7*)) + \y(1 — P(n™1))) > 0 and Lemma 3.12.1. The lemma is thus

proved. O

Appendix 3.H: Proof of Theorem 3.10.1

Proof of Theorem 3.10.1. For notational conciseness, we let Zy(n) = G(n) — AP(n) and z)(x) =
g(x) — Az. From Lemma 3.3.2, z) () is a strictly concave function of z (but not necessarily increas-

ing).
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After algebraic manipulation, the derivative of Zy(n) with respect to (1) is given by

o o 0(1)) + (1= ()R (D) -
zy(min{s, x*}) a

>z (n(1) + (1 = n(1))22(n(1)) — L(n(1)),

B

where the second step follows from the fact that Z(n) < z)(min{5, 2*}) and * = arg max, z)(z).
From the concavity of z)(z) it can be shown that L(x) is a decreasing function of =, with
lim, o+ L(z) > 0 (since z)(z) = ¢'(x) — A — oo for x — 0 ) and L(min{S, z*}) < 0. In fact, if

B < x* we have

Limins, ) = 2(8) + (1 = AAW) - 27 = -2 (4(8) B/ (9) <0. @13

where in the second step we have used the fact that z) (x) = g(z) — Az and g(x) — z¢'(z) > 0, from

the concavity of g(z). On the other hand, if 5 > x*, we have

L(z*) = (1 — 2%) 2\ (%) — 2a(z") <0, (3.133)

™| ™I

= —a(z")

™| ™I

where we have used the fact that * maximizes z(x), hence 2} (*) = 0 and z)(«*) > 0. Therefore,

there exists a unique 7oy, € (0, min{ S, z*}) that solves L(7jow) = 0 (equivalent to (3.82)). Then, for

all n(1) < Mow we have L(n(1)) > 0, hence d(ﬁ;((g) > 0, which proves that 7(1) < 7oy is strictly

suboptimal.
Similarly, after algebraic manipulation, the derivative of Zy(n) with respect to 7(€emax) is given

by

m oc —2x(n(€max)) + 1(€max) A (M(€max)) + Zx(n)
< —2)\(77(€max)) + n(emax)2’3\<77(6max)) + Z,\(min{ﬁ,m*}) Iy U(n(emax)).

Since z) () is concave, it can be proved that U (z) is a decreasing function of z. Moreover, if 8 < z*,
U(min{B,2*}) = B23(B) > 0, U(z*) = —zxa(z") + 22(B) < 0.

On the other hand, if 8 > z*, then U (z*, ) = 0. Therefore, there exists a unique 7, € (min{j3, z*}, z*)

(in particular, n,, = «* if § > «*) that solves U(nyp) = 0 (equivalent to (3.83)). Then, for all
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e—1 € e+1 e—1 € e+1
Energy levels Energy levels

Figure 3.18. Transmission transfer technique

% < 0. It follows that n(emax) > Nup is

N(€max) > Nup We have U(n(emax)) < 0, hence
strictly suboptimal.

We now prove P1) by contradiction, by using a similar technique employed in [19]. In particular,
since we have proved that 7(emax) > 7up (and, in particular, 7(emax) > ™) is strictly suboptimal,
we assume that 7)(emax) < x*. It follows that 2} (7(emax)) > 0. Let 7 € U be a generic transmission

policy such that 7(emax) < *, which violates P1). Then, there exists € € {1,...,emax — 1} such

that
no(e —1) < mo(e) > mo(e+1). (3.134)

Note that P1) is violated since ng(e) > ng(e + 1), i.e., np is not strictly increasing from e to € + 1.

With the help of Fig. 3.18, we now define a new transmission policy, 75,® parameterized by 6 > 0, as:

no(e), ee&\{e—1,e,e+1},
+ h(d), e=€e—1,

(
(e—1)

mo(€) — 9, e=e
( )+7(8), e=e+1.

Intuitively, policy 7; is constructed from the original policy 7y by transferring some transmissions
from energy state € to states (e+1) and (e—1), whereas transmissions in all other states are unaffected.
The functions r(6) > 0 and h(d) > 0 are uniquely defined as follows. If € > 1, the transfer of
transmissions is done so as to preserve the steady state distribution of visiting the lower energy states
{0,...,€e — 2} and the higher energy states {e + 2,€ + 3,..., emax . On the other hand, if e = 1,
h(d) = 0and r(0) is chosen so as to preserve the steady state distribution of visiting the higher energy

states {3, ..., emax}. By using this technique, on the one hand, the new policy 7s partially corrects

®With a slight abuse of notation, in this proof we use the subscript § as a parameter of the policy 7s, whereas the
subscript 7 in 7; is used in Sec. 3.7 and in the following sections to indicate EHS 1.
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the violation of P1), by diminishing the gap n(e) — n(e + 1) by a quantity 6 + r(4) > 0; on the other
hand, the perturbation on the steady state distribution is confined only to the states {¢ — 1,€,e + 1},

thus simplifying the analysis. Formally,

1. ife =1, let h(d) = 0 and r(§) such that 7, (€max) = Ty, (Emax), Vo < K;

2. if e > 1,1et h(9) and r(J) be such that

T (€max) = Tng (€max)

Tns (0) = Tno (0)

, Vo < K, (3.135)

where 0 < k < 1 is an arbitrarily small constant, which guarantees an admissible policy ns € U.

Then, we prove that ¢ ("5) > (. It follows that there exists x > 0 such that

Zx(ns) > Zx(mo), Yo € (0,k), hence 7 is strictly sub-optimal. By contradiction, any policy

violating P1) is strictly suboptimal, hence the property is proved.

Note that the policy 7 is unaffected in states e € {0,1,...,e =2} U{e+2,e+3,..., emax}>
i.e., ns(e) = no(e). Therefore, using (3.52), for e > € + 2 it can be shown that

1 1
75 (€max)

[T Wy () LT W)

s (€) = Tno (€max) = o (€), (3.136)

hence the steady-state distribution of visiting states e > € + 2 is unaffected by policy 75 (not only

state e = emax). Similarly, for e > 1 and e < € — 2, we have

e—1

s (€) = H )75 (0 H Wi (€)1 (0) = 75 (€), (3.137)

1=0

so that the steady-state distribution of visiting states e < ¢ — 2 is unaffected by policy 75 (not only
state e = 0). Therefore, the perturbation in the steady-state distribution, induced by policy 7;, is

confined to states {e€ — 1, e.c + 1} only, hence the average reward under policy 7s is given by

Zx(ms) = Zx(no) — mye (€ — )za(mo(e — 1)) — mye(€)2x(M0(€)) — e (e + 1)2a(no(€ + 1)).

+ s (€ = Dza(mole = 1) + 1(9)) + mp; (€) 20 (no(€) — 8) + my; (€ + 1) 2x (1o (€ + 1) 4 7(3)).
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By computing the derivative in zero of Z)(ns) with respect to §, we obtain

nggn§> 5o = o (€ — 1)25 (no (e — 1))A'(0) — 7, (€) 23 (n0(€)) + 7y (€ + 1) 2\ (0 (e + 1))7"(0)
g Qasle” 1) atmle=1)+ SR (o) + drlet 1) aamle 1) G139

The derivative of the steady state distribution is computed as follows. Using (3.52) and the fact that

s (€max) = o (€max) and Wy (i) = Wy (i) fori < e —2and ¢ > € + 1, we obtain

777]5(6 +1) = <X(€ = emax — 1) + X(€ < max — 1)%22&1 3) 71'770(6 +1) (3.139)
_Wo(e) _ o < e . W0(€+1) (e
7TT]5 (6) - th; (6) <X(€ = €max 1) + X( < €max 1)W25 (6 +1)) 770( ) (3140)
(e —1) = Wig(e = 1) Wyy(e) [, e ~ Wi(e+1) (e
e ) = G [ e <m0 (12 2 ) (e

Then, using (3.53) and the structure of the perturbed policy 75 in (3.135), the derivative of (3.139), (3.140)
and (3.141) with respect to J is given by

dmys (e +1) B B ;T/ .
"T T X (€ < €max 1)770(6 =y (0)mpy (e + 1), (3.142)
drys (€) _ r’(0) 1 .
s |s_o (770(6 +1) (1 — x(€ < emax — D)no(e+ 1)) 770(€)> 0 (€); (3.143)
dmps(e = 1) _ r'(0) 1 1,
i)~ e F DA< o= T er D)~ mm@ * ae=0" )
X g (€ = 1). (3.144)

The terms A/(0) and 7/(0) in (3.138), (3.142), (3.143) and (3.144) are computed as follows. If € > 1,
ns is such that 7, (émax) = T, (€max) and m,,(0) = mp,(0). Therefore, from (3.52) with e =

emax — 1 we obtain

emax—1 €max—1
H Whs (i) = H Wi, (2). (3.145)
=0 1=0

By computing the derivative of each side of the above expression with respect to §, we obtain

emax—1 7de5 (k) ’
3 Y =0 _, (3.146)
Wno (k)

k=0
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and using the structure of the policy 7s in (3.135), we obtain, after algebraic manipulation,

o€ — )no(e — 1)
no(e+1) (1 — x(€ < emax — L)mo(e + 1))

770(6_— L)no(e —1)

W) = Mo (€)no(e)

—/(0) (3.147)

Note that the above expression holds also for ¢ = 1. In fact, in this case we have ng(e — 1) = 0,
hence we obtain h’'(0) = 0, which is consistent with the fact that h(6) = 0 for § > 0. Moreover,
by normalization we have ) _m,;(e) = > _my,,(e) = 1. Using the fact that m,,(e) = m,,(e) for

e < € — 1 and e, + 1, we then obtain
T (€ — 1) + s (€) + s (€ + 1) = 7y (€ — 1) + 7y (€) + Ty (€ + 1). (3.148)

From (3.52), using the fact that 7,5 (€max) = Ty, (€max), (3.148) yields

1 1 1

e — . + €max — . + €max — ;
Hi:?ill Whs (4) Hi:e ! Was () Hi:e+11 Whs (4)
1 1 1
= Treman—1 L e = ——— —. (3.149)
[Tz W) TLZe Wie(0)  TLZE Wae(2)

By computing the derivative of each side above, using (3.53) and the structure of policy 75 in (3.135),

we obtain, after algebraic manipulation,

/ 1 - X(G = €max — 1)770(6 + 1) 1 B . )
( no(e + 1)iio(e + 1) Wiy, (€) (1 TWae-n " X(€ < emax = )mo(€ + L)Wy ( ))
1 1 1 1

1 ,
Wi (0) m0(€)70(e) <”°(€) T Wil — 1>> O e = D) Wi (@ ole — 1)

=0. (3.150)

Finally, by replacing (3.147) into (3.150), solving for 7/(0), and then substituting /(0) into (3.147)

to obtain h’(0), we obtain

T’(O) _ 11— X(6_< €max — 1) (/6 + 5770(6 + 1)) 7]0<6 + 1)
B+ (ﬁ - BX(G < €max — 1))770(6) 770(6)
B _7io(e = D)no(e — 1)
10(€) B+ (B — Bx(€ < emax — 1))m0(€)

: (3.151)

1(0) =

(3.152)

Note that both 4’(0) > 0 and »/(0) > 0, which is consistent with the fact that h(§) > 0 and r(d) > 0.
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Substituting these expressions into (3.142)-(3.144), we obtain

1
dmys(e+ 1| _ (€ < emax — 1) p

do 6=0 B4 (1 —28)no(e) 7o (€), (3.153)

dmy, (€) _ B — x(€ < emax — 1)B

ds  |s_9 B+ (B —x(€ < emax — 1)B)n0(e) o (€), (3.154)
dw% (e—=1) _ B

A iy B (e < emme = DB ™ (3.155)

Finally, by substituting the above expressions in (3.138), we obtain

dz _
i =B [zalmle = 1)) = mle = DA (m(e = 1)] = B4 ((0) (3.156)
=0

+ (B = Bx(€ < emax — 1)) [2a(n0(€)) = 1m0(€) 2\ (10(€))] + X (€ = €max — 1)223(770(6 +1))

+ x(€ < emax — 1)B [2a(mo(e + 1)) + 2\ (no(e + 1)) (e + 1)| £ w(no(e — 1), mo(e), mo(e + 1)).

We now show that the w(ng(e — 1),7m0(€),no(e + 1)) > 0, thus proving P1). The derivative of
w(no(e — 1),mo(e), mo(e + 1)) with respect to np(e — 1) is negative, since z(z) is strictly concave.

Then, since n(e — 1) < n(e), we obtain

w(io(e = 1), mo(€), mo(€ + 1)) > w(no(e), mo(€), no(e + 1)) (3.157)
= — Bx(e < emax — D[2a(m0o(€)) + 70(€) 23 (110(€))] = BX(€ = emax — 1)23(n0(€))

+ X(€ = emax — 1)24(770(6 +1)) + x(€ < emax — 1)B [2a(n0(e + 1)) + 24 (no(e + 1))7o(e + 1)] -

Similarly, the derivative of w(n(€),no(€),no(e + 1)) with respect to 7o(€) is positive. Then, since
n(e) > n(e+ 1), we obtain

w(no(e —1),m0(€),mo(e + 1)) > w(no(e),no(€), nole + 1)) > w(mo(e +1),m0(e + 1), m0(e + 1))
2
=x(€ = emax — 1)%27&(770(6 +1)) >0, (3.158)

where the last inequality follows from the fact that, if € < epax—1, then w(no(e+1),no(e+1),no(e+

1)) = 0, and, if € = epax — 1, then w(no(e + 1), mo(e + 1), mo(e + 1)) > 0 since no(e + 1) < 2* and
2\ (no(e + 1)) > 0. P1) is thus proved.

Finally, P2) is proved by combining P1) with the fact that 7(1) < 7oy and 1(emax) > 7Mup are
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strictly suboptimal, yielding, for the optimal policy,

0 < Mow <N(1) <N(2) <+ < Nemax) < Mup < ™. (3.159)

O]



Chapter

Battery-lifetime maximization in Energy

Harvesting Wireless Sensor Networks

4.1 Introduction

In the previous chapter, we have investigated optimal energy management policies for energy
harvesting devices. A common assumption employed in the previous models and in the literature is
that the rechargeable battery used to store the incoming ambient energy, and from which energy is
drawn to power the device, is ideal and not subject to degradation phenomena, i.e., it can operate
perpetually without incurring a performance degradation.

In reality, batteries involve more complex mechanisms than just storing and drawing energy on-
demand and without side effects. The focus of this chapter is on degradation effects, which cause
the storage capability of a battery to diminish over time, depending on how the battery is used [66].
Degradation phenomena due to deep discharge are particularly strong for Lithium-Ion (Li-Ion) batter-
ies, which represent the reference case of rechargeable batteries in consumer electronics. Importantly,
it is recognized that the deeper the discharge of the battery, the faster the degradation. Thus, for ex-
ample, an appropriate approach to enhancing the battery lifetime could be to have very frequent and
shallow discharge periods, compatibly with the operating constraints of the network and the intermit-
tent nature of the ambient energy supply. In contrast, performing deep discharge cycles, e.g, in time
intervals during which ambient energy is scarcely available, should be avoided as it is detrimental to
battery lifetime.

In an Energy Harvesting system, the ambient energy source often provides most of the energy
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within certain periods of time, during which the on-board battery is recharged. In the remaining
periods, little or no energy is available from the source, and the on-board battery is partially or totally
discharged, depending on the load demand. The charge/discharge process of the battery is called
cycling, and the percentage amount D of energy withdrawn from the battery during discharge, with
respect to its nominal capacity, is termed Depth of Discharge (DoD). In a photovoltaic scavenger,
for instance, battery cycling is determined on a daily basis by the availability of solar energy. Other
energy sources, such as RF, thermal or mechanical may present different trends. In general, the target
application and deployment scenario of the WSN play an important role in determining the cycling
period and its degree of randomness. Denoting with Cyy the nominal battery capacity in milliampere-
hours (mAh) and with E(Ncy.) the total energy delivered by the battery after Ncy. cycles at DoD D,

one might expect that
E(Neye) = Neye - Co - D. 4.1)

Two fundamental facts, however, complicate the deceptively simple scenario implied by (4.1). First, a
rechargeable battery has a finite cycle life, i.e., it cannot cycle indefinitely due to irreversible degrada-
tion mechanisms, which ultimately reduce C to unrecoverable levels [66]. Manufacturers typically
define the battery cycle life N¢y. as the number of cycles a battery delivers at DoD D = 1 before
Cp drops below a given threshold, e.g., 80% or 50% of the initial value [67]. Secondly, the forego-
ing degradation process is strongly dependent on sow the battery is cycled. More precisely, shallow
DoDs result in a slower degradation of Cjy and ultimately in increased cycle life [66, 68-70]. For
instance, a microbattery rated with N¢y,. = 100 cycles at 100% DoD may last up to Neye = 1000
cycles at 20% DoD, indicating that roughly twice the energy is extracted from the battery in the latter
case [67]. A simple heuristic model for the N¢y. vs. D dependence, which captures the ongoing

battery degradation, is
Neye(D) = Neye - 077, (4.2)

where Ny o represents the cycle life at 100% DoD, and « is a characteristic constant of the battery.
Exponential-based models like (4.2) have been proven to be a good fit for data from a rather wide
range of battery chemistries and sizes [68-71]. Eq. (4.2) may therefore be taken as representative

also for microbatteries targeted for low-power equipment. Note, however, that different Ny (D) re-
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lationships could be employed depending on the available experimental data and the desired accuracy.

Acknowledging the degradation of the battery capacity and the dependence of Ny on D open up
intriguing options for more advanced energy-aware policies, which are the main focus of this work,
and represent an important step towards the realistic characterization of rechargeable batteries and,
by extension, of WSNs and their management strategies. In this chapter, the foregoing qualitative
discussion is formulated within the framework of a stochastic model which captures the essential
features of the problem, such as source pseudo-periodicity, battery cycling and cycle life vs DoD

dependence found in commercial microbatteries.

Remarkably, a strong suit of the approach taken in this chapter is to join two different perspectives,
namely, those of microelectronics and network engineering. Microelectronic characterizations of
batteries often give a very detailed parametric description but fail to provide a behavioral analysis
over time and in a broader context. Conversely, network models may be entirely flawed if they do
not properly account for a correct physical characterization. In this sense, we aim at bridging the gap

between these two approaches.

In the literature, a limited number of works attempted to model realistic battery imperfections
and non-idealities, and their impact on the performance of harvesting based devices and networks. In
this context, the offline model considered in [72], where energy arrivals are known non-causally at
the controller, includes battery leakage effect, and accommodates also the degradation of the battery
capacity over time; however, it assumes that battery degradation is deterministic and not influenced
by the charge/discharge policy; in contrast, we explicitly model this interaction. [73] models the
non-linearity between the energy storage level and the power delivered by a battery. [74] presents
a stochastic model to capture the recovery effect of electrochemical cells, based on which efficient

battery management policies can be designed.

4.1.1 Contributions

We propose a stochastic Markov chain framework, suitable for policy optimization, which cap-
tures the degradation status of the battery and its interplay with the energy management policy, which
determines the discharge/recharge process of the battery. Based on this stochastic model, we develop
a stochastic optimization problem which accounts explicitly for the trade-off between battery life-

time and Quality of Service (QoS) of the EHS. We prove a general result of Markov chains, which
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exploits the timescale separation between the communication time-slot of the device and the battery
degradation process, and enables an efficient optimization.

The battery degradation parameters of the stochastic model are then extrapolated from manufacturer-
provided data [67], based on the exponential battery degradation model (4.2). We show that this
model fits well the behavior of real batteries for what concerns their storage capacity degradation
over time. We demonstrate that a degradation-aware policy significantly improves the lifetime of the
sensor compared to "greedy" policies, while guaranteeing the minimum required QoS. Finally, a sim-
ple heuristic policy, which never discharges the battery below a given threshold, is shown to achieve

close-to-optimal performance in terms of battery lifetime.

4.1.2 Structure of the chapter

This chapter is organized as follows. In Sec. 4.2, we present the general stochastic framework and
define the optimization problem, which is further developed in Sec. 4.3. In Sec. 4.4, we extrapolate
the battery degradation probabilities from experimental data and models available in the literature. In
Sec. 4.5, we provide numerical results. Sec. 4.6 concludes the chapter. The proof of the main theorem

is provided in the appendix at the end of this chapter.

4.2 System Model

We consider a generalization of the single Energy Harvesting Sensor (EHS) model of the previous
chapter. However, unlike it, the following model does not account for the importance of the current
data packet Vy, i.e., the importance is assumed constant over time.

Time is slotted, where slot k is the time interval [kT, kT +T), k € Z*, and T is the slot duration.
The battery is modeled by a buffer with nominal capacity Cp, and is uniformly quantized to a number
of energy levels, using a quantization step (energy quantum) Ac < Cj. The maximum number of
quanta that can be stored at the nominal capacity is epax = L%J and the set of possible energy levels
is denoted by € = {0, 1,. .., emax }- Due to the aforementioned battery degradation mechanisms, the
nominal battery capacity emax 1S not always entirely available, but rather decreases over time. Let
Frmax (k) be the battery capacity at time k, with Fyax(k) < Fmax(k — 1) and Finax(0) = emax-

Denote the (quantized) energy level of the battery at time k as Ej. The evolution of F is given by

Epy1 = min {[Ey—Qk]" + By, Enax(k+1)}, (4.3)
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where [z]* = max{z,0} and:

e {By} is the energy harvesting process, taking values in B £ {0,1,..., B}. We define an
underlying energy harvesting state process { Ay}, and we model it as an irreducible stationary
Markov chain with transition probabilities pa(ai|ag) £ Pr(Apy1 = a1|Ar = ag) and steady
state distribution 74 (a), taking values in a finite state space A. Given Aj € A, the energy
harvest By, is drawn from B according to the distribution pg(bla) £ Pr(Bj = b4y = a).
Then, we denote the average harvesting rate as 8 = > _ 4, ma(a) 3 ,c5 bpp(bla). We assume

that a new energy quantum harvested in slot & can only be used in a later slot.

e {Qy} is the action process, which is governed by the EHS controller, as detailed in Sec. 4.2.1,
and takes values in @ 2 {0} U {Quin, -, Qmax}- Qmin and Qmax represent a minimum
and maximum load requirements, respectively. Action () = 0 accounts for the possibility to

remain idle in time-slot k, due to either a controller’s decision or energy outage.

We model the battery degradation process, which causes the battery capacity Fyax (k) to diminish
irreversibly over time, as follows. We define the battery health state, Hj, taking values in H =
{0,1,..., Hyax}, where Hp,ax > 0. For a given Hy, = h, the battery capacity at time k, i.e., the total
amount of energy delivered by a fully charged battery over a discharge phase, is given by

h
Emax(k) = memax y (44)
and the set of available energy levels is denoted by £(h) = {0, 1,..., Lﬁax emaXJ } We assume that
{History up to time k — 1} — (Hy, E}) — Hjy1 forms a Markov chain, i.e., Hy is independent

of the history up to time k — 1, given (Hy, E}). We denote the transition probability from health state
Hjy = hto health state Hy,1 = h — 1 as

pr(h;e) £ Pr(Hpy1 = h— 1|Hy, = h, B}, = e). 4.5)

Moreover, Pr(Hyy1 = h|Hy = h, E, =€) = 0if h ¢ {h — 1, h}, Ve € £(h), so that no transition is
possible between two non-consecutive or to a higher health state. As a consequence, the probability of

remaining in health state h is 1 — pg(h; ). We further make the following assumptions on pg (h; e):
Assumption 1.  a) py(h;e) >0, Vh € H,e € E(h),

b) pp(h;e) < 1, Vh € H,e € E(h),
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1—th+1E 1—thE 1—pH —1E

h+2E: f h—i—lE( : 1 (h; E) i : h—1;FE)

Figure 4.1. Transition probabilities of health state Hy, which depend on the current energy level Fy, =

¢) pu(hiser) > pu(he;ez), Vho > hy, e2 > ey.

Ass. 1.a) implies that the battery health state will eventually reach state Hy = 0, so that the
lifetime, defined in Def. 4.2.1 in Sec. 4.2.1, is finite; Ass. 1.b) expresses the fact that aging processes
taking place in the battery operate over time scales that are much longer than the cycling period and
the communication time-slot of the EHS; Ass. 1.c) means that the more discharged and degraded the
battery, the faster the battery degradation process [66].

Attime k, Sy, = (Ey, Hy, Ap_1) is the EHS state, taking values in the state space S = £ x ‘H X A.
In practice, Sj, should be inferred and estimated from measurements of the battery energy level,
capacity, and input energy flows. For simplicity, we assume that S}, is perfectly known to the EHS
controller. Note that the harvesting state Ay is unknown at time k, as reflected by state Sy, since
By, has not been observed yet, hence Ay, can only be inferred from the a-priori transition probability
pa(Agk|Ag—1). On the other hand, the posterior distribution of A;_; can be inferred recursively from
the observed harvesting sequence { By, ..., Brx_1}, as in (3.5) of the previous chapter. For example,
for a solar harvesting source, we may have A = {day,night}. The state A;_; € .4 may then be

estimated as, for appropriate choice of the threshold A}, and of the window N,

R day if % Yio_y Bi > A,
A1 = (4.6)

night otherwise.

4.2.1 Policy definition and Optimization problem

Given Sy = (Ey, Hy, Ai—1), the EHS controller determines @, € Q at time k according to a
given policy pp, . Formally, pup, is a probability measure on the action space Q, parameterized by
the state (Ey, A1), L.e., un(q; €, a) is the probability of requesting g energy quanta from the battery,

when operating in state Sy = (Ej, Hy, Ax_1) = (e, h,a).! Under any policy i, the state process

'For the sake of maximizing a long-term average reward function of the state and action processes, it is sufficient to
consider only state-dependent stationary policies [1].
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{Sk} is a Markov chain, so that the whole decision problem is a Markov Decision Process [1].

The instantaneous reward accrued in time-slot k, in state Sy, = (E}, Hy, Ax—1) under action Q,
is defined as
07 Qk > Eka

9(Qr, Ex) = (4.7)
g*(Qk)a Qk < Ek7

where ¢*(Q},) is a concave increasing function of @}, with g*(0) = 0.2 When the amount of energy
requested by the controller exceeds that available in the battery (case Q. > FEy), the task cannot be

successfully completed, and the battery is depleted while no reward is earned.

We define the hitting times of the health states as
Ky =min{k >0: H, =h}, h € H. (4.8)

K, is a random variable, which depends on the realization of {(By, Qx, Hy)}. Given an initial state
So = (Eo, Hmax, A—1) and a policy u, we define the total average reward G (h, Sy), the battery

lifetime T),(h, So) and the average reward per time-slot G,,(h, Sp) of health state h as

Kp_1—1

G2t (h, So) = E[ > 9(Qk Ex) So], (4.9)
k=K

Ty (h, So) = E[Kp—1 — K | Sol, (4.10)
_ G(h, So)

Gpu(h, So) = ma 4.11)

where the expectation is taken with respect to {(Bg, A, H, Q1) } and Qy, is drawn according to (.
In particular, G}**(h, So) is the expected cumulative reward earned over health state h; T),(h, So)
is the expected number of time-slots spent in health state h; and G, (h, Sp) represents the expected

reward per time-slot accrued in health state h.

With these definitions at hand, let G* be a minimum QoS requirement, which is met in health state

hif G, (h, So) > G*. We give the following definition.

Definition 4.2.1. (Battery Lifetime) If G,(Hmax, So) > G*, the battery lifetime 7),(G*, So) under

*Note that such choice of a concave increasing reward function models many cases of interest, and is widely used in the
literature, e.g., see [46].
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policy p is defined as
T#(g*v SO) = Z T,u(ha SO)a (412)
h>h,
where hy, = max {h : G, (h,So) <G"} +1 (4.13)

is the index of the lowest health state in which the QoS is met. Otherwise, 7,,(G*, Sy) = 0.

The condition G,( Hmax, So) > G* guarantees that the problem is feasible; otherwise, the lifetime
is zero as there is no satisfactory reward even in the healthiest state. The lifetime is defined such that
the QoS requirement G* is guaranteed at each health state h > b, i.e., G, (h, Sp) > G*. In particu-
lar, the QoS constraint inherently assumes that the battery degradation processes taking place in the
battery operate over time scales which are much longer than the communication time-slot (Ass. 1.b)),
so that the system approaches a steady state operation in each health state. For the lower health state
h; — 1, we have G #(h;; —1,8p) < G*, i.e., the EHS can no longer sustain the QoS requirement, and
battery failure is declared. Note that a QoS requirement on each health state & > hy, is stricter than an
average QoS requirement over the entire lifetime, defined as -, h Gt (h, So)/ Y h T,(h, So).
The latter may induce policies that exhibit wide performance variability across the health states, as

made clear in the following example.

Example 2. Consider a system with G* = 1.5 and Hyax = 2, and a policy p such that
Gu(h, So) = h, T,(h, So) = 10%, Vh € {0, 1,2}. (4.14)

Then, according to Def. 4.2.1, we have T,,(G*, Sy) = 108, since the QoS G* can be supported only at

health state 2. However, an average QoS of

G2, 80) + GiPt(1, So)

TM(27 SO) + Tﬂ(lv SO)

=15=G* (4.15)

can be supported over a time-interval of duration 2 x 10, which is twice as long as T, 1(G*, S0),

despite the fact that a poor performance is attained in health state 1.

The optimization problem at hand is to determine the optimal p* such that the battery lifetime is
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maximized, under a given constraint on the minimum QoS G*, i.e.,

* = T.(G*, So) = T, (h, So), 4.16
u* = argmax T,(G, So) argmgxz 1 (h, So) (4.16)

h>h,

where h;‘; is given in (4.13). The solution to (4.16) is carried out in the next section.

4.3 Optimization

In this section, we develop problem (4.16), showing that it can be recast as an independent Linear
Program (LP) on each health state, under Ass. 1.b) on pg(h;e). The solution to the optimization
problem relies on the timescale separation between the communication time-slot of the EHS and the
battery degradation process, i.e., the EHS achieves a steady state operation in each health state. In

this light, we give the following definition.

Definition 4.3.1. (Steady State distribution of the non-absorbed chain) Assume that the EHS operates
indefinitely at health state h € H without being absorbed by the lower health state, i.e., pg(h;e) =

0,Ve € £(h). Denote the steady state distribution of (e, a) € £(h) x A in health state & under policy

fn, as®

1
th(e, a) = lim P%) (e, a|Sy), 4.17)

where Sy = (Ey, h, A_1) is the initial state and
P(k)(e, a|.5'0) =Pr (Ek = €,Ak,1 = a‘So,pH(h; ) = 0) .

We define the following quantities.

Definition 4.3.2. (Approximate reward per stage and lifetime of health state h)

Gun(h) = Y 7l (e, a)By, (en [9(Q,€)], (4.18)
(e;a)eE(h)x.A
-1
Tuh<h>—< 3 w:zh(e,a)pH(h;e)) , (4.19)
(e;a)eE(h)x A

3We assume that p;, induces a Markov chain with a single closed communicating class, so that 7rZh (e, a) exists and is
independent of Sy [23].
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where E, (.c.a) [9(Q. €)] = >_ co 1n(g; €,a)g(g, €) is the expected reward in state (e, a).

Remark: Note that ﬂ'Zh in (4.17) is computed under the assumption that the EHS operates indef-
initely in health state h, i.e., pg(h;e) = 0, Ve, whereas the term pg(h;e) in (4.19) is the actual
degradation probability. G u, () can be interpreted as the long-term average reward per time-slot in
health state h, whereas Tuh (h)~! can be interpreted as the long-term average probability of making a

transition to the lower health state &~ — 1. Such observations are formalized in the following theorem.

Theorem 4.3.1. Let p};(h) = max. pg(h;e). For pj;(h) — 0,

Gu(h, o) = Gy, (h) + Oy (h)), (4.20)
Tu(h, So) = Ty, (h) + O(1), (4.21)
where f(x) = O(v(z)) for x — 0 denotes a quantity such that lim sup,,_. i((g < H00.
Proof. The proof is provided in Appendix 4.A as a general result of Markov chains. O

From Theorem 4.3.1, when max. py(h;e) < 1, the duration of health state h, T),(h, So),
can be approximated by Tuh(h)’ up to a bounded additive factor. Since T),(h,Sy) — +oo for
max, pr(h;e) — 0 (in fact, the smaller max, pg(h;e), the less likely the health process to be
absorbed by the lower health state h — 1, hence the longer the amount of time spent in health state
h), (4.21) is a good approximation. On the other hand, the average reward per time-slot in health state
h, G, (h, Sp), can be approximated by G u, (h) up to an additive factor, which decays to zero at least
as quickly as max, pg (h; €). Both approximations are independent of the initial state Sy, and solely
depend on the steady state distribution (4.17) induced by policy uy, which is approached in each
health state. Since max, pgr(h;e) < 1 by Ass. 1.b), we use Theorem 4.3.1 and replace (4.20-4.21)
in (4.12), yielding

Tu(G",S0) = Y Ty (h), where b, = max { s Gy, () < G} + 1. (4.22)
h>h

*

L

Finally, substituting (4.22) in (4.16), we obtain the approximation

- T, (h). 4.23
p* = argmax Z () (4.23)

h>h,
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Note that T 1, (h) and G uy () are independent of the policy p;, for h # h. Therefore, (4.23) can be

solved independently for each health state h, yielding the following algorithm.
Algorithm 4. e INIT:seth = Hy.x, REP=true

e WHILE REP=true AND h>0 SOLVE

Wy = arg mihn Z FZh (e,a)pm(h;e) (4.24)
(e;a)eE(h)x A

s.t. Z Wﬁh (6, CL) (Euh(-;e,a) [g(Qu 6)] - g*) > 0.
(e;a)eE(h)x A
If the problem is infeasible, set REP=false, h’;* = h + 1. If it is feasible and h = 1, set

h;* = 1. Otherwise, update h := h — 1. END WHILE

~

e RETURN the optimal policy p* = (“Z)hzh;* , with lifetime T}« (G, So) =~ > 5+, Tyx (h).
- /»‘4*

Remark: Step 2) is equivalent to
Wy = arg maxfﬂh(h), s.t. éuh(h) > G, (4.25)
fih

and is obtained by substituting the expressions of T}, (h) and G, (h) (see Def. 4.3.2) in (4.25).
It can be solved numerically via standard stochastic optimization tools, such as LP [1]. Thus, the
optimal policy p; maximizes the lifetime (equivalently, it minimizes the long-term probability of
battery degradation to the lower health state h—1) with a constraint on the minimum average QoS.
Step 2) also determines Ay, in (4.13), for the optimal policy *. Finally, in step 3) the optimal policy
is found by concatenating the sub-policies i, for h > hj., and the corresponding lifetime (4.2.1)
is computed using (4.21). The main advantage of this approach over a standard approach which
solves the original optimization problem (4.16) jointly is that (4.16) is decomposed into a sequence
of independent sub-problems (4.24) for each health state h, thus reducing the overall computational

burden.
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4.4 Extrapolation of the Degradation Probabilities from Experimental

Data

The battery degradation probabilities can be evaluated from manufacturer-provided data [67] by
employing the deterministic, continuous time battery degradation model (4.2). These probabilities
should be denoted as p(h;e), depending on the health 4 and the energy e, as in (4.5). The de-
pendence of pg(h;e) on h is quite difficult to capture; however, in our numerical evaluations we
found that its effect is generally very mild. Even by neglecting it entirely, one can still obtain a very
good match with manufacturer data. Therefore, we drop any dependence on i and we denote the
degradation probability as pgr(e), i.e., just depending on e.

In Sec. 4.4.1, (4.2) is used to simulate an experiment where the battery is cyclically discharged
and recharged at a given DoD until its capacity degrades to a fraction of the nominal capacity. First,
the number of cycles as a function of the DoD and of the battery degradation rate function is derived.
Then, the battery degradation rate function is found by matching the theoretical curve for the number
of cycles to manufacturer data and the exponential model (4.2). In Sec. 4.4.2, the py(e)’s are found
by matching the deterministic degradation times derived in Sec. 4.4.1 with the average degradation

times in the proposed stochastic, discrete time model.

4.4.1 Deterministic Degradation Model

We employ model (4.2) for the relationship between number of cycles and DoD, where the con-
stants Neyeo and a > 0 depend on the specific battery model employed. In particular, Ney.(D)
is counted until the battery capacity degrades to a fraction x € (0, 1) of the initial capacity (e.g.,
x € {0.5,0.8}), so that, in general, Ny and o also depend on .

Herein, we assume that the degradation process is a function of the instantaneous energy level
of the battery only, as discussed in the introduction to this section, and is described by the rate of
capacity degradation function p(eAc/Cp) (in mAh/s) at the energy level eAc € [0, Cp], where
C) is the nominal capacity, Ac is the energy quantum and e is the energy level normalized to the
quantum Ac. Then, if the battery operates at energy level e/Ac for § seconds, its capacity degrades by

dp(eAc/Cpy) mAh. Moreover, we conjecture that, for proper coefficients § > 0, ¢ > 0,

peAc/Cy) = Cea(l_EAC/CO)- (4.26)
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In the following analysis, and by simulation in Sec. 4.5, we show that this choice fits well the expo-
nential model (4.2) for typical values of D (e.g., D € [0.2,1]). Let C,,, n > 0 be the battery capacity
at the beginning of the nth discharge/recharge cycle. In the nth cycle, the battery discharges from C,,
to C, — CyD (with DoD D), and it then recharges from C,, — CyD to C,,41. Note that C), 11 < C,
i.e., the capacity at the end of the nth cycle cannot be larger than at the beginning of the cycle, due to

irreversible degradation mechanisms.

The battery degradation in the nth cycle as a function of p and D is denoted by A,(D,C,) =
Cy, — Cp41. Assuming that A, (D, Cy,) < 2DCy, i.e., the battery degradation is much smaller than
the amount of energy exchanged by the battery over each cycle (this is a good approximation for typ-
ical values of D), and the discharge/recharge current is /, the duration of the nth discharge/recharge
cycle is denoted by T,, = [2DCy — A, (D, Cy,)]/I ~ 2DCy/I. The energy level over the nth cycle,
E,(t)Ac, where t € (0,T),), evolves as

Discharge phase: E,(t)Ac = C,, — It, t € (0,T,/2), 4.27)

Recharge phase: E,,(t)Ac = C,, — DCy + I(t — T,,/2), t € (T,,/2,T). (4.28)
Moreover, due to the ongoing degradation, the instantaneous battery capacity in the nth cycle, denoted
by Cn(t), t € (0,T5), obeys

dCu(t) . (Ealt)Ac
=0t = ”(co >,te(0,Tn), (4.29)

with the boundary conditions C,,(0) = C,,, C,,(T},) = Cj,+1. By integrating the energy flows in one

cycle, we then have

Tn/2 T,
Cr1=0Cp+ / Cl (T)dr + C! (7)dr, (4.30)
0 Tn/2

and, substituting (4.29) in (4.30) and using the expression of p given in (4.26) and those for E,,(t)

given in (4.27) and (4.28) for the two integrals, we obtain

A,(D,Cp) = —Qfgcee(lfcn/%)(e‘m —-1). 4.31)

Neye(D) is equivalently defined as Neyo(D) = min{n : C,, < xCp}, since the number of cycles

is counted until the battery capacity degrades to a fraction x of the nominal capacity. Herein, based
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on the fact that the battery capacity slowly degrades from the nominal value Cj to the target xCy,
and that the number of cycles to obtain a small capacity degradation dC' < C from C' € (0, Cp] to

C —dCare dC/A,(D,C), we approximate N¢y.(D) with the integral expression

)= [
Neye(D) ~ —dcC. (4.32)
Y wCo AP(D7 C)
Substituting (4.31) in (4.32), we thus obtain
I 11— e—@(l—x) oD
Neye(D) = <2C1—60D e . (4.33)

Note that the term within the parentheses is a decreasing function of D, hence we obtain

I 1-— 6—9(1—:1:)

NCYC(D) Z iﬁ

e P 2 N,.(D), (4.34)

where equality holds for D = 1. Finally, by approximating Ny (D) with its lower bound NCyC(D)

and by matching this expression to the exponential model (4.2), yields

I 1—e¢ o2
=0and ¢ = in (4.26).
a and ¢ ST — in (4.26)

Remark 4.4.1. Note that the approximation (4.32) does not follow the exponential model (4.2). In
particular, for D — 0, in (4.32) we have NCyC(D) — 00. This is due to the fact that, in the derivation
of (4.32), we have assumed that A,(D, Cy,,) < 2DCy, i.e., the DoD D is large with respect to the
battery degradation in each cycle. However, this is a good approximation for typical values of D

which the exponential model (4.2) has been fitted to [68-71], e.g., D € [0.2,1].

4.4.2 Stochastic Degradation Model

Based on the deterministic battery degradation model analyzed in the previous section, we now
derive the degradation probabilities pg(e) for the stochastic model. To this end, we compute the

deterministic time it takes for the battery to degrade from health state h, with capacity ﬁCg, to

ax

the next lower health state h — 1, with capacity Hh;100. Then, we relate the deterministic degra-

dation times to the average degradation times in the discrete-time stochastic model, and derive the

corresponding transition probability.

Assume that the battery operates indefinitely at energy level eAc in the deterministic model stud-
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ied in Sec. 4.4.1. The initial battery capacity is C'(0) = HLemaXAC. From (4.29), the battery

max

capacity as a function of time is given by C'(¢t) = C'(0) — p(eAc/Cp)t and degrades to the next health

state with capacity I}}iemaxAc over a time-interval of duration

emaxAC

Hyaxp(eAe/Ch)’

Taet(€) = (4.35)

On the other hand, in the stochastic, discrete-time model, assuming that the battery operates indefi-
nitely at energy level e, measured in energy quanta, the average amount of time (in s) it takes for the

battery to degrade to the lower health state is

(4.36)

where At is the time-slot duration. By forcing Tyoc(€) = Tyget(€), we finally obtain the relation

pr(e) = yexp {a <1 ~ € ) } , (4.37)

( is a dimensionless constant. We note that (4.37) obeys Ass. 1.a) (as long as

AtHpax

where v = Aco

~v # 0) and Ass. 1.c) (since a > 0). Moreover, if v < 1, also Ass. 1.b) holds.

Remark 4.4.2. It is worth noting that the absolute value of v does not affect the solution of the

optimization problem (4.24), which, under the relationship (4.37), becomes

wh = argm“in Z TrZh(e, a) exp {a (1 __¢ )}

e
(e,a)EE(h)x A max

s.t. Z WZh(e, a) (Eﬂh(‘§€7a) 9(Q,e)] — g*) > 0.

(e;a)eE(h)x.A

4.5 Numerical Results

In this section, we present some numerical results. In particular, we validate the proposed stochas-
tic framework to model the battery degradation process, and we assess the performance of the pro-
posed lifetime aware policies in terms of maximizing the battery lifetime, while guaranteeing a target
QoS to the system. We consider a battery with capacity ey.x = 500 energy levels and Hy,ax = 50
health states. The parameter «, which determines the degradation probabilities py(e) in (4.37), is

obtained by interpolating the data-sheet values in [67] of Li-lon rechargeable micro batteries, which
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Figure 4.2. Number of cycles versus DoD. The curve for the stochastic model is obtained by averaging the
number of cycles over 10 iterations.

may be envisioned for applications in WSNs. In particular, we refer to the battery type MS920SE,
which is declared to provide 100 cycles at 100% DoD until the battery capacity degrades to 50% of
the initial capacity Cp, and 1000 cycles at 20% DoD. Assuming the exponential relationship (4.2)
yields Neyeo = 100 and o ~ 2.88, from which we compute the degradation probabilities pg (e),
given by (4.37). As discussed in Sec. 4.4.2, the constant «y in (4.37) does not affect the optimiza-
tion problem (4.24), hence we choose a small value v = 2.5 - 107> so as to satisfy Ass. 1.b) and

Theorem 4.3.1.

In Fig. 4.2, we validate the proposed stochastic model against the experimental curve (4.2) for
the Neyc(D) versus DoD D dependence, for the battery model considered. In particular, these curves
are obtained by cyclically discharging and recharging the battery with different values of the DoD D.
The curves associated with the stochastic model are obtained by employing the stochastic model pro-
posed in this chapter to generate the health state process { Hy, }, which determines the battery capacity
via (4.4). The curves associated with the deterministic model, instead, are obtained by employing the
deterministic degradation model developed in Sec. 4.4.1 to generate the battery degradation process.

The number of cycles for a specific value of the DoD D and a specific model are counted until the
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capacity degrades to 50% of the initial capacity Cy. We notice that there is a good match between
the deterministic and stochastic models, which gives evidence of the fact that the proposed Markov
model captures the fundamental behavior of real batteries for what concerns their storage capacity
degradation over time. Moreover, the stochastic model exhibits a good fit to the experimental curve,
which validates our analysis in Sec. 4.4. The value o = 2.88 best matches the experimental curve
(we have verified that o = 2.88 minimizes the mean square error with respect to the experimental
curve, in the logarithmic domain).

In the following figures, the underlying energy harvesting process { Ay } is modeled as a two state
Markov chain with state space A = {G, B} and transition probabilities p4(G|G) = pa(B|B) =
0.96, where G and B denote the "good" and "bad" harvesting states, respectively. In the "bad" state
(Aj, = B), no energy is harvested, i.e., By = 0; in the "good" state (A; = G), the harvested energy is
By = 20 deterministically. The average harvesting rate is thus given by 8 = 10. In this case, we have
a one-to-one mapping between Ay and By, so that, by measuring By, the state Ay, is known exactly.

We employ the reward function ¢*(Qr) = logy(1 + 0Q/3), with o = 10, which models the
Shannon capacity of the static Gaussian channel, where o is an SNR scaling parameter [20]. The
action space is Q = {0, ..., 20}.

We consider the Constant Load Lifetime Unaware Policy (CLLUP), which supports a constant
load of 3 energy quanta, irrespective of the energy level available in the battery, and remains idle
under energy outage. This policy does not require communication between the EHS controller and
the power processing unit (Fig. 3.2), since the current energy need not be known.

Moreover, we consider the Lifetime Unaware Policy (LUP), which greedily maximizes the aver-
age long-term reward (4.18) for the actual value of the battery capacity, without taking into account
the impact of the policy on the battery lifetime. It is found via the Policy Iteration algorithm [1] as

the solution of
i, = argmax G, (h), Yh € H. (4.38)
Hh

This policy requires full knowledge of the current energy level, hence communication between the
EHS controller and the power processing unit.

Finally, we consider the following policies, which explicitly take into account battery lifetime:

o Lifetime Aware Optimal Policy (LAOP): this is the optimal policy solution of problem (4.16),
found via Algorithm 4.



128 Chapter 4. Battery-lifetime maximization in Energy Harvesting Wireless Sensor Networks

3.5 " w
k. \ N YN "vr ) i
i‘vvv‘ d ."‘Yv' ‘Wt b
h e],\' . u i ‘
M L il ‘i.fl ,"A" RIS PRI B, o
—~ 250 eyl JTVINT @0 R A VSR YRR LY | |
~ |
Qz I
iéj 2r v 1
>
%a 1.5} v | ——LAOP, stochastic
§ —— LUP, stochastic
@
g 1r e LAOP, deterministic||
] 0.5 v LUP, deterministic
' T - - - QoS constraint
0 1 ! ok ‘ ‘
0 10 20 30 40

Time (x10%)

Figure 4.3. Comparison via simulation of stochastic and deterministic degradation models. Each point
in the curve is obtained by a moving-average window of 5000 time-slots. QoS requirement G* = 2.59
(corresponding to 80% of the maximum reward max, , G, (Hmax) = 3.24 in the maximum health
state).

e Constant Load Lifetime Aware Policy (CLLAP): This policy supports a constant load of 5
energy quanta, equal to the average harvesting rate, when the battery energy level is above a
given DoD, and remains idle otherwise. If the battery capacity degrades to a value such that the

required DoD cannot be supported anymore, battery failure is declared.

In the following plots, for a given policy and QoS G*, the battery lifetime is computed ac-
cording to (4.12), using standard results on absorbing Markov Chains, see [23]. The correspond-
ing minimum reward supported by policy p over the battery lifetime is defined as Guin (1, G*) =
minhzh; G, (h, Sp), where h}, and G(h,So) are defined in (4.13) and (4.11), respectively. The
minimum reward represents the average reward per slot (averaged over a timescale much larger than
the communication time-scale, but smaller than the battery degradation process) that is guaranteed
over the entire battery lifetime.

To further validate the stochastic model proposed in this chapter, in Figs. 4.3 and 4.4 we plot the
result of a simulation, where the battery degradation process follows either the stochastic model of
Sec. 4.2, or the deterministic model of Sec. 4.4.1. However, notice that, in the latter case, the term
deterministic is only referred to the fact that, in each time-slot, the battery capacity degrades by a

deterministic quantity, which depends on the energy level, as in Sec. 4.4.1. On the other hand, the
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Figure 4.4. Capacity degradation under the stochastic and deterministic degradation models. QoS re-
quirement G* = 2.59.

energy level is a stochastic process, induced by the stochastic energy arrival and decision processes.
In particular, in Fig. 4.3, we plot the moving average curve associated with the reward sequence
{9(Qx, F¥x)}, and, in Fig. 4.4, we plot the time-sequence of the battery capacity. We notice a good
match between the curves associated with the deterministic and stochastic models. Moreover, as
shown in Fig. 4.3, LUP achieves a larger reward than LAOP in the time-horizon [0, 20 x 10%], where
the battery capacity is larger than ~ 150 (Fig. 4.4). This is because LUP exploits all the available
energy levels to earn the maximum reward, by performing deep charge/discharge cycles. However,
such behavior quickly deteriorates the battery capacity, which decays to zero much faster than LAOP.
In contrast, LAOP performs close to the QoS requirement, and it intelligently manages the battery
to prolong its lifetime. Finally, notice that the time-average reward sequence exhibits fluctuations

around its mean. This is due to the stochastic energy harvesting supply.

In Fig. 4.5, we plot the minimum reward Gp,in (11, G*) versus the corresponding battery lifetime
normalized to the maximum lifetime, which is defined as the lifetime when the battery is always fully
charged, so that battery degradation mechanisms are slower, according to our extrapolated model
(4.37) and Ass. 1.c). We note that, for a given minimum guaranteed QoS (a value in the y-axis of
the figure), LAOP achieves a significant gain in terms of battery lifetime with respect to the "greedy"

policy LUP, which does not take into consideration battery degradation mechanisms. In particular,
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Figure 4.5. Minimum reward over the battery lifetime versus normalized lifetime. The dashed lines repre-
sent the minimum and maximum lifetime and the maximum reward max,,,, G, (Hpax).

the lifetime is increased by a factor ~ 2.5. The same observation holds when comparing CLLAP and
CLLUP. Moreover, although CLLAP incurs a loss with respect to LAOP, it provides a good heuristic
to enhance the battery lifetime, that is, battery lifetime can be significantly increased by allowing only
shallow battery discharges, and by avoiding battery discharge below a predetermined DoD value.
Finally, for all policies, the longer the lifetime, the smaller the minimum reward attained. This is
due to the inherent trade-off between lifetime and QoS. Namely, the battery lifetime is maximized
by performing shallow charge/discharge cycles, which in turn considerably limits the usable energy
levels, thus impairing the ability of the battery to filter out the fluctuations in the intermittent energy
harvesting process, and to provide a satisfactory QoS over time. Conversely, the QoS is maximized
by performing deep battery discharges, e.g., during a long period of energy shortage, which inevitably
shortens battery lifetime. This behavior is not captured by the models commonly used in the literature,

which assume a perpetual battery operation, e.g., [41,42,44,45,57,60].

In Fig. 4.6, we plot the lifetime of each health state h € H, defined in (4.10) (lines). We also plot
the lifetime approximation (4.19) (markers). We notice that the exact lifetime expression (4.10) is
closely approximated by (4.19), as proved in Theorem 4.3.1 when max, py(h;e) < 1. Moreover,
LAOP maximizes the lifetime of all health states. In fact, LAOP is found using Algorithm 4, which,

in step 2), determines the optimal policy which minimizes, on each health state h € H, the steady
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Figure 4.6. Normalized lifetime of each health state. Exact lifetime (4.10) (lines). Approximation (4.19)
(markers). QoS requirement G* = 2.59.

state probability of degradation (equivalently, it maximizes the lifetime of health state h), subject to
a QoS constraint G*. Conversely, a much shorter lifetime is attained by LUP in each health state,
since this policy greedily maximizes the reward, without taking into account its impact on the battery
degradation. Similar considerations hold for CLLAP and CLLUP. In general, the more degraded the

battery, the faster the degradation. This behavior is consistent with Ass. 1.c).

Finally, in Fig. 4.7, we plot the cumulative steady state distribution of the energy levels, for the
maximum health state H,,,yx, for LUP and LAOP, for different QoS requirements (corresponding, in
sequence, to 80%, 84%, 88%, 92% and 96% of the maximum reward max,,, GMHmax (Hmax) =~
3.24 in the maximum health state). We note that the steady state distribution of LUP, which does not
take into account the ongoing battery degradation mechanisms, is spread over all the battery energy
levels. In particular, this policy operates for a significant amount of time at low energy levels, thus
inducing a fast battery degradation. Conversely, LAOP spreads the steady state distribution over
the upper energy levels only, thus slowing down battery degradation. Moreover, the larger the QoS

requirement, the more spread the steady state distribution under LAOP over lower energy levels. This

is because deeper discharge cycles need to be performed, in order to meet a higher QoS requirement.
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4.6 Conclusions

We have analyzed the impact of battery management policies on the irreversible degradation of
the storage capacity of realistic batteries, affecting the lifetime of harvesting based Wireless Sensor
Networks. We have proposed a general framework, based on Markov chains and suitable for policy
optimization, which captures the degradation status of the battery. The proposed stochastic battery
degradation model has been extrapolated from manufacturer-provided data and realistic determinis-
tic models proposed in the literature, and has been shown to fit well the behavior of real batteries
for what concerns their storage capacity degradation over time. Note, however, that different battery
degradation models can be easily accommodated in the proposed framework, depending on the avail-
able experimental data and the desired accuracy. Based on the proposed model, we have formulated
the policy optimization problem as the maximization of the battery lifetime, subject to a minimum
guaranteed QoS in each battery degradation status. We have shown that this problem can be solved
efficiently by a sequential linear programming optimization algorithm over the degradation states of
the battery. The numerical evaluation gives evidence of the fact that a lifetime-aware management
policy significantly improves the lifetime of the sensor node with respect to a "greedy" operation

policy, while guaranteeing the QoS.
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Appendix 4.A: Proof of Theorem 4.3.1

Proof of Theorem 4.3.1. For the proof of the theorem, we present a general result of Markov chains.
The relationship to the specific problem considered in this paper is provided at the end of the proof.
Consider a finite Markov chain {Z;} C Z = {1, 2, ..., N;+1}, where the state space S is partitioned
into a set of transient states Z; = {1, ..., Ny} forming a communicating class, and the absorbing state
Z, = {N; + 1}, with transition matrix

p. (In, — €Pa)Py €Palp, | (4.39)

0%, 1

where O is a K x 1 vector with all entries equal to zero; 1 is an K x 1 vector with all entries equal
to one; I is the K x K identity matrix; Py is the [NVy x Ny transition probability matrix associated
with transitions in Z, given that the Markov chain is not absorbed by Z,; P, is an Ny x N, diagonal
matrix with strictly positive diagonal elements, and €P,(i,7) € (0, 1) is the probability of moving
from state ¢ to the absorbing state /Ny + 1, where the scaling parameter € can take any value in
(0,1/ max; P,(7,7)) (we will be interested in € — 0). In the following, e; i denotes the first column
of Ix. Moreover, for convenience we drop the dependence of Ox, 1k, Ix and e; x on K in the

notation whenever the size K can be deduced from the context.

We assume that Py is a regular stochastic matrix (i.e., the associated Markov chain is irreducible
and aperiodic). Therefore, X, = (I — €P,) Py is a primitive matrix and, from the Perron-Frobenius
Theorem [75], there is a real positive eigenvalue )\, of X, with algebraic multiplicity 1, such that any
other eigenvalue £ of X, has || < Ac. Since X, is continuous in €, ). is also continuous. We denote

the corresponding right eigenvector as vy, i.e.,
(Xe = AJI)ve=0. (4.40)

We normalize the eigenvector v, so that the sum of its elements equals N;*, i.e., 17v. = N, so that
v, is uniquely defined for each € > 0, and is continuous in €. Since Xy = Py is a regular stochastic

matrix, we have Ao = 1 and A\ < 1 for € > 0. Moreover, vy = 1 and there exists a unique 7 o, such

“This is always possible since the Perron-Frobenius Theorem guarantees that there always exists an eigenvector associ-
ated to the eigenvalue A with all positive elements [75].
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that 7¢ oo = Tt,00Pt. We can thus write X as
Xy = UgDoU, *, (4.41)

where Dy is the Jordan normal form of X, and Uy is the matrix whose columns are the correspond-

ing generalized eigenvectors. Without loss of generality, Dy is given by

1 of
Dy = , (4.42)
0 Jo

where Jg is a block diagonal matrix, whose diagonal blocks are given by the Jordan blocks corre-
sponding to the eigenvalues of X inside the unit circle. Therefore, Uge; = 1 and e{Ua 1 - Tt 00>

since 1 and 7 o, are, respectively, the right and left eigenvectors of X associated to the eigenvalue 1.

Recall, from standard results on absorbing Markov Chains (see [23]), that the expected time until

absorption is given by
Te(me) = meo (I —Xe) 7' 1, (4.43)

where ¢  is an initial distribution over Z;. Note that, when € > 0, the eigenvalues of X, are all

strictly inside the unit circle, so that I — X is invertible and (4.43) is well defined. We prove that

1

Te(m0) = ———=— + O(1), for e — 0, (4.44)
’ €Tt 00 Pal
or equivalently, by definition of O(z),
lim [T(m0) — ————| < (4.45)
im - ——| < 0. .
e—0| € 7,0 €7rt,ooPa]-
We have
1 (a) -1 ol
- = I-X 1-——
Te(mi0) €Tt 00Pal o ( ) €Tt 00Pal
1 _
= o (I—X) elm ooPal — (I - X,) 1]
€Tt 00Pal

1 . .
O oI -X) ! (Imee —DPal =m0 (I - X)) (Imee — Dx,  (4.46)
7rt,ooPa1
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where we have defined the vector x = (7 oPa1)"'P,1. In step (a), we have used the fact that

1 = my01. In step (b), we have used the fact that X, 1 = (I — eP,) P(1 = (I — €P,) 1. Let
U, = Uy + (ve — 1)ef. (4.47)

Since Uy is invertible, there exists ey, > 0 such that U, is also invertible, for all € € (0, €y,), by
continuity. For any such €, we can thus write
AG r€

X, =UDU !, where D, = , (4.48)
0 J.

and, using the fact that e/ [0, I]7 = 07, hence U[0,I]T = U0, 1|7,

o7 o’
= U 'X. U, = U X U : (4.49)
J. I I

Te

Then, using (4.48) and the fact that T — X, = U (I — DE)Ue_l, we obtain

-1
1 1 -
1-— )\e —Te U_l -U T—Xe 1_7)\61'6(1 - J€) ! U_l
0o I-J. 0 I-J) !

=—— velUu'+ v (I-J)7 M0, U + U o, 17 (I —J)" 0, IJU-L. (4.50)
1 € ) € ) ) €

1— A 1— A

In the last step, we have used the fact that T = e;e! + [0,1]7[0, 1] and U.e; = v, hence

U, =v.el + U0, 1)70,1], (4.51)
U ' =eelU '+ 0,170, U, (4.52)

1 1
and (I-D,)" ! = T erel + ﬁelre(l ~Jo7 o, 1)+ [0, )T (X1 —J.)7'[0,1]; (4.53)

the result is then obtained by substituting these expressions, by expanding the products and by noting
that [0,IJe; = 0. Since Jj is the Jordan matrix corresponding to eigenvalues of X within the unit

circle, I — Jg is invertible, hence, by continuity, I — J. is invertible for sufficiently small e. By
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replacing (4.50) into (4.46), we thus get

1

€Tt 00Pal

Te(me0) — A(e) + B(e) + C(e), (4.54)

where we have defined

A(e) = ﬁmvovgelTUgl (1m0 — I)x,
B(e) = A mioverd(I—Jo) 710, U (1m0 — I x, (4.55)
Cle) = U [0, 17 (T—J)71 [0, ] Ut (1m0 — I) x.

We finally show that the limit of each term above exists and is finite for ¢ — 0, thus proving (4.45).

Regarding the first term A(e), since €] Uy’ (17 00 — I) = .00 (174,00 — I) = 07, we obtain

Ae) = ———moveel (U,

=Y S0 (Ime — ) (4.56)

Moreover, from (4.47), we have

U '-U,' =0 Uy -U)U, = U (ve —1)el Uyt = U (ve — Do (4.57)

€ €

Substituting (4.57) in (4.56), we obtain A(e) = 0, since 7 oo (17t 00 — I) = o7.

For the second term B(¢), substituting the expression of r. = el U1 X Ug[0, I]” given by (4.49)

into (4.55), and using the fact that ecl[’UalXoUo 0, I}T = Tt,00 Up [0, I]T = 07, we obtain

1
B(e) moveel (UZ1X, — Uy'Xo)Up [0,1)7 (T - J) L0, U (1m0 — ) x. (4.58)

T 1o
Moreover, using (4.47) and (4.41), U U ' XoUp = XU + (v — 1)el Dy = XoUq + (v — 1)e]
and therefore, since X, = (I — eP,) Py,

(U7X ~Uy'X)Up=U. (X Up—-U U, ' XoUp) = - U (P XoUg+ (ve — 1)e] ). (4.59)

Therefore, by substituting (4.59) into (4.58), and noting that e/ [0, I] = 07, we obtain

B(e) = —%m,ovge?U;lPaXoUo 0,07 (I-J)7Y0,IJU ! (1700 — D) x. (4.60)
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Moreover, by left-multiplying each side of (4.40) by ¢ o, for € > 0 we obtain

1—A P.Pyv,
¢ = Moot attVe  riaoPal >0, (4.61)

€ Tt,00 Ve

where the limit holds for € — 0, since v¢ — 1, P;1 = 1 and 7 o1 = 1. Therefore, B(e) for e — 0
is bounded, since I — J is invertible. Similarly, the limit of C'(¢) for ¢ — 0 is bounded. (4.44) is

thus proved.

Similarly, from [23], the total cost/reward accrued before the process is absorbed by Z, is
Clt () =m0 (T Xo) e, (4.62)

where ¢ = [c(s)] s is the cost/reward vector. We prove that

CE (mi0)

= Ti.00oC + O(e). (4.63
Tilmeo) "o O )
Equivalently,
. C:Ot(ﬁt,o) 1
lg% T (mo) — Eﬂtmc < 0. (4.64)
Using (4.62) and (4.43), we obtain
CLo(m0) - lm’ooc _ CL(m1,0) — Te(T4,0) T, 00C _ T (I- Xe)_1 (I—17¢00) c 4.65)
672(7&70) € 672(7&,0) 67;(7&,0)

We now compute the limit of the numerator and denominator of (4.65) separately. For the de-
nominator €7¢ (7). from (4.44), €Tc(me o) = (7rt7ooPal)_1 + O(e), hence lime 0 €7Tc(m0) =
(7rt7ooPa1)_1, which is positive and bounded. Therefore, (4.64) holds as long as the numerator
of (4.65) is bounded. This is directly shown since the numerator of (4.65) equals the last expression

of (4.46) when ¢ = —x, which, as previously shown, is bounded for ¢ — 0, for any bounded x.

The connection to the problem at hand is obtained as follows. In health state h, the set of transient
states (Z; in the proof of the theorem) is £(h) x {h} x A. The absorbing state Z, corresponds to
the set E(h — 1) x {h — 1} x A, so that C!**(m o) and T (7 0) count, respectively, the expected
total cumulative reward earned and total time spent by the process {.Sj } while in health state A, until

it is absorbed by the lower health state ~ — 1. The initial distribution 7y ¢ corresponds to the state
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distribution in the set £(h) x {h} x A, when the process {.S); } first hits the health state & (this event
occurs at time Kp, as defined in (4.8)), as induced by policy p, by (4.3) and by the energy harvesting
process. The transition probability matrix Py is associated to transitions within the transient states
E(h) x {h} x A. Py is a function of the policy u;, employed in health state /. The probability matrix
P, has diagonal components given by the degradation probabilities py (h;e). Therefore, Tc (7o)

and m correspond to (4.10) and (4.19); C%t(::‘o‘i) and 7y oc correspond to (4.11) and (4.18),

respectively. O
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Conclusions

In this thesis, we have investigated the potential offered by Cognitive Radio and Energy Harvest-
ing to cope, respectively, with spectrum and energy scarcity in today’s wireless networks. We have
employed a stochastic optimization approach to optimize the utilization of the available resources,
recurring, in particular, to the theory of Markov Decision Processes.

Within the Cognitive Radio framework, we have investigated a technique to exploit the Type-I Hy-
brid Automatic Retransmission reQuest (Type-I HARQ) protocol implemented by the licensed users.
We have shown that the use of HARQ opens up opportunities for a more efficient utilization of the
spectrum by unlicensed users. In particular, the proposed scheme exploits the temporal redundancy
introduced by the use of HARQ by the licensed users to enable interference cancellation techniques
at the receiver of the unlicensed users.

Within the Energy Harvesting (EH) paradigm, we have studied a general model where an EH Sen-
sor (EHS) needs to report data of varying importance to a Fusion Center (FC), under a stochastic EH
process. For the single EHS scenario, we investigated the interplay between the finite battery storage
and the time-correlation in the EH process, demonstrating, both theoretically and numerically, that
near optimal performance can be attained by a balanced policy, which solely adapts to the EH state,
but not to the exact amount of energy available in the battery. We have then investigated a random
multiaccess problem, and designed policies that maximize the aggregate data reporting performance
of the network. Also for this scenario, we have designed low-complexity policies, which only loosely
depend on the energy level in the battery. Overall, our results and analysis are encouraging for prac-
tical EHS design, as they indicate that near-optimal data reporting performance can be achieved with

low-complexity policies, suitable for practical implementation.
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Finally, we have proposed a stochastic framework, suitable for policy optimization, to model the
degradation of the battery capacity over time, and we have formulated an optimization problem which
captures the trade-off between battery lifetime and Quality of Service. We have demonstrated that a
degradation-aware policy significantly improves the lifetime of the sensor compared to "greedy" poli-
cies, while guaranteeing the minimum required QoS. This study represents one step further towards

a more realistic performance characterization of harvesting based systems.



Appendix

UWB Sparse/Diffuse Channel Estimation

A.1 Introduction

Ultra Wide-Band (UWB) signaling had been originally proposed as a technology for indoor mo-
bile and multiple-access communications [76—78]. Due to its significant bandwidth, UWB offers high
precision localization [79], robustness against multipath fading [80] and immunity to narrow-band
interference [81], thus representing a compelling solution for applications such as short-range, high-
speed broadband access [82], Wireless Body Area Networks (WBANSs) [83], covert communication
links, through-wall imaging, high-resolution ground-penetrating radar and asset tracking [84—86].
However, the performance of coherent UWB transceivers relies on the availability of accurate chan-
nel estimates (e.g., [87-89]). Thus, it is important to design channel estimation strategies that exploit
the structural and statistical properties of UWB propagation to achieve the best estimation accuracy.

The significant transmission bandwidth of UWB systems enables a fine-grained delay resolu-
tion at the receiver, of the order of 1 ns. In many environments, only some of the resolvable delay
bins carry significant multipath energy, yielding a sparse channel structure [85,90]. For this reason,
UWRB channel estimation strategies based on compressive sensing and sparse approximation tech-
niques [91-94] have been proposed in the literature, and they have been shown to outperform con-
ventional unstructured estimators [95,96]. Also, localization techniques that exploit the information
about the specular multipath structure of the UWB channel have been proposed (see, e.g., [97,98]).

However, recent propagation studies suggest that, for some environments, such as indoor, WBANSs
and vehicular scenarios, diffuse (dense) components of the impulse response arise. These are caused

by propagation processes such as diffuse scattering [99], or unresolvable MultiPath Components



142 Chapter A. UWB Sparse/Diffuse Channel Estimation

(MPCs). Moreover, UWB channels exhibit a significant frequency dispersion [100] due to the large
transmission bandwidth employed. While irrelevant for conventional narrow-band systems, this ef-
fect results in a pulse broadening and spreading of the MPC energy over multiple resolvable delay

bins. These propagation mechanisms are not properly modeled by a purely sparse channel.

Recent work explores these effects. In [101], a geometry-based stochastic UWB model is pro-
posed, consisting of a statistical model for the diffuse component. The model developed in [102]
combines a geometric approach to model the resolvable MPCs, and a stochastic approach to model
the diffuse tail associated with each MPC. In [99], the spatial structure of the diffuse MPCs is in-
vestigated, and its parameters are extracted from the measurements. In [103], the impact of diffuse
scattering on the characteristics of vehicular propagation channels in highway environments is evalu-
ated, and the Doppler frequency-delay characteristics of diffuse components are analyzed. In [104],
a low-complexity model of diffuse scattering is proposed for vehicular radio channels. While these
prior models were targeted towards performance assessment, herein we develop a simplified UWB
channel model suitable for channel estimation purposes and estimator analysis.

Exploitation of structure in channel models can lead to estimation strategies with strong perfor-
mance: in [88], a Maximum Likelihood (ML) estimator is designed which exploits the clustered
structure of the UWB channel. In [89], a joint channel estimation and decoding technique for Bit-
Interleaved Coded Orthogonal Frequency Division Multiplexing is designed, based on a two-state
Gaussian mixture prior to model the sparse/diffuse structure of the channel, and on an hidden Markov
prior to model clustering among the large taps. Therein, more structure is assumed, e.g., cluster-
ing of the taps, and further the scheme is semi-blind. In [105], an ML framework is developed for
parameter estimation in multi-dimensional channel sounding. Therein, the channel comprises a deter-
ministic component, resulting from specular reflection, and a stochastic component modeling diffuse

scattering.

A.1.1 Contributions

In this chapter, based on the analysis of the propagation mechanisms peculiar to UWB systems,
we present a novel Hybrid Sparse/Diffuse (HSD) UWB channel model. In particular, we propose
statistical models for the sparse and diffuse components. We identify three physically motivated
scenarios that differ in the amount of side information available at the receiver (e.g., channel sparsity

level, Power Delay Profile (PDP) of the diffuse or sparse component).
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In Sec. A.5, for each scenario, Bayesian channel estimators are derived. In particular, we propose
the Generalized MMSE (GMMSE) and the Generalized Thresholding (GThres) estimators, for the
scenario where the statistics of the specular coefficients are unknown. We present a Mean-Squared
Error (MSE) analysis of the GMMSE and the GThres estimators, in the asymptotic regimes of high
and low Signal to Noise Ratios (SNR). We also design an Expectation-Maximization (EM) algorithm
for the estimation of the PDP of the diffuse component, which exploits the structure of the PDP over
the channel delay dimension to enhance the estimation accuracy. Moreover, we analyze the scenario
with a non-orthogonal pilot sequence, and establish a connection between the GThres estimator and

conventional sparse approximation algorithms proposed in the literature.

Finally, in Sec. A.9, we compare the proposed algorithms to unconstrained estimators, which
do not exploit the structure of the UWB channel, and conventional sparse estimators, which, on
the other hand, ignore the diffuse component of the channel. We also validate the simplified HSD
channel model and the channel estimation strategies, based on a realistic UWB channel model de-
veloped in [102]. The numerical results show that the new channel estimation methods considerably
improve the Mean-Squared Error (MSE) accuracy and the Bit Error Rate (BER) performance over
conventional unstructured estimators, e.g., Least Squares (LS), and purely sparse estimators, thus
suggesting the importance of a proper model for the UWB channel. Specifically, a purely sparse esti-
mator, by ignoring the diffuse component, is not able to capture important phenomena in UWB, e.g.,
pulse distortion [106] and diffuse scattering [100], thus failing to accurately estimate the channel. In
contrast, the HSD model, despite its simplicity, can effectively capture important UWB propagation
mechanisms, such as fine delay resolution, scattering from rough surfaces and frequency dispersion.
Moreover, due to its hybrid structure, the HSD model is robust and covers a wide range of practical

scenarios, where the channel exhibits either a sparse, diffuse or hybrid nature.

A.1.2 Structure of the chapter

This chapter is organized as follows. In Sec. A.2, we introduce the notation. In Sec. A.3, we
overview the UWB propagation mechanisms. In Sec. A.4, we present the system model and we
introduce the HSD channel model. In Sec. A.5, we present channel estimators based on the HSD
model. In Sec. A.6, we perform an asymptotic MSE analysis of these estimation schemes, and we
discuss the results. In Sec. A.7, we present an EM algorithm for the PDP estimation of the diffuse

component. In Sec. A.8, we analyze the case with a non-orthogonal pilot sequence. In Sec. A.9, we



144 Chapter A. UWB Sparse/Diffuse Channel Estimation

present simulation results. Sec. A.10 concludes this chapter. The proofs of the theorems and lemmas

are provided in the appendices at the end of the chapter.

A.2 Notation

We use lower-case and upper-case bold letters for column vectors (a) and matrices (A), respec-
tively. The scalar a;, (or a(k)) denotes the kth entry of vector a, and Ay, ; (or A(F, j)) denotes the
(k, j)th entry of matrix A. A positive definite (positive semi-definite) matrix A is denoted by A > 0
(A > 0). The transpose, complex conjugate of matrix A is denoted by A*. We define the square
root of A > 0 with eigenvalue decomposition A = UDU* as VA = UyDU*. The K x K unit
matrix is defined as Ix. The trace operator is denoted by tr (A) = >, Ay ;. The vector a® b is the
component-wise (Schur) product of vectors a and b. The indicator function is given by Z (-). We use
p(+) to indicate a continuous or discrete probability distribution, and Pr (-) to indicate the probability
of an event. The expectation of random variable z, conditioned on y, is denoted by E [z]y]. The
Gaussian distribution with mean m and covariance X is written as ' (m, 3), whereas the circularly
symmetric complex Gaussian distribution is denoted by CA/ (m, X);! the Bernoulli distribution with
parameter ¢ is denoted by B(q), and the exponential distribution with mean m by £(m). The indicator

function is denoted by Z (-).

A.3 UWB channel propagation and modeling overview

In this section, we overview the state of the art of UWB channel propagation and modeling. The
aim is to determine an appropriate UWB channel model, which captures the main UWB propagation
mechanisms. Neglecting pulse distortion [106] for simplicity, a time-varying channel in the continu-

ous time can be represented as [107]

h(rt) =Y a(t)s(r — 7(t), (A.1)

l

where 0 (+) is the Kronecker delta function, ¢ is the time dimension and 7 is the channel delay. The
sum is over the MPCs, with time-varying amplitude a;(¢) and delay 7;(¢). If we consider a UWB

system with center frequency fj and transmission bandwidth W, the discrete baseband time-varying

"For a vector x = xg + ix; ~ CN(0, X), where xg = Re(x), x; = Im(x) and i = v/—1, we define the covariance

matrices of its real and imaginary parts as E[xgx3] = E[x/x}] = @ and E[x;x%] = —E[xgx}] = @
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impulse response of the channel is given by

hip (1, t) Z a(t)e 2 fomMgine (n — W (t)), (A.2)
where sinc(z) = 8“157”) is the sinc function, and n € Z is the discrete channel delay. Due to the
large transmission bandwidth of UWB systems, MPCs arising from reflections and scattering in the
environment spaced apart (in the delay domain) by more than %, which is typically of the order of
a fraction of a ns, can be resolved at the receiver. Then, by neglecting leakage effects due to the

sampling of the sinc function off its peak, (A.2) is commonly approximated by the following sparse

discrete baseband representation:
hp(n,t) = Y~ a(£)e 2™ on05 (n — rd (Wr(t))) (A.3)

where rd(z) returns the closest integer to .

However, in many practical scenarios of interest (e.g., indoor environments), diffuse components,
that cannot be described by the above model, arise. These are created mainly by the following phe-
nomena: a large number of unresolved paths, diffuse scattering [100], pulse distortion resulting from
the frequency dependence of the gain and efficiency of the antennas and of the dielectric or conduc-
tive materials, and diffraction effects [106]. In [101], the following frequency response has been

proposed, modeling the contribution from all these effects:

Hyws(f) = <5Los(f) +> S(f) + D(f)) me, (A.4)
k

where f is frequency. In particular, we recognize in Sros(f) and ), Si(f) the contributions from
the line of sight and the resolvable MPCs, respectively, i.e., the MPCs whose inter-arrival time is
larger than , giving rise to a sparse component in the time domain. The term D( f) represents the
diffuse component due to multipath interference, and is associated with the non-resolvable MPCs.
Flnally, " models the frequency distortion of the channel, where F' is a normalization factor and m
is the frequency decay exponent. Note that, in this model, the diffuse component is independent of the
realization of the discrete MPCs, while, in contrast, the work in [102] models the diffuse component

as a diffuse tail associated with each specular component.

It is worth noting that the level of channel diffuseness or sparseness depends primarily on two
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factors: the transmission bandwidth and the environment. In fact, the larger the transmission band-
width, the finer the delay resolution at the receiver, and the sparser the channel is expected to be.
On the other hand, an environment with many scatterers or rough surfaces, e.g., an indoor scenario
or WBANS, is more likely to give rise to a dense channel, due to the richer interaction among the
MPCs. Dense channels have been observed, e.g., in gas stations [101], industrial [108], office [85]
and vehicular environments [103]. We thus expect a dense or hybrid channel representation to be

relevant in these or similar scenarios.

Spatio-temporal scale of variation in the UWB channel

We now consider the spatio-temporal variation of the channel, due to the relative motion of the
scatterers, receiver and transmitter in the environment. For ease of exposition, we consider movement
of the receiver only. Ignoring Doppler effects, which are left for future investigations, the channel
time-variations affect the amount of side-information available at the receiver for the purpose of
channel estimation, as discussed in Sec. A.4.2.

From the discrete baseband model (A.2), the phase2 variation of the [th MPC over a time-interval
At is given by Ag; = 2m 52 [m(t + At) — 7 (t)], where Ag is the wavelength at the center frequency,
and ¢y is the free space speed of light. Therefore, a significant phase variation (e.g., by more than %)
occurs when A¢; > 7. This quantity corresponds, in the spatial domain, to a wavelength or a fraction
of it. Therefore, phase changes are expected to occur on a very small spatio-temporal scale.

Similarly, the variation of the MPC delay, over the same time-interval At, is given by A1; £
|7(t + At) — 7(t)|. Hence, a significant variation (e.g., by more than one channel delay bin, %)
occurs when A7y > %, i.e., on a spatial scale of {{ or roughly a number of wavelengths in the range
[0.5, 5], depending on the value of the transmission bandwidth T, relative to the center frequency f.

Finally, significant variations of the MPC amplitude a;(¢), due to shadowing effects, typically
correspond to a spatial scale of several wavelengths.

Note that, due to mutual interference of the unresolvable MPCs contributing to the same tap
location, changes in the amplitude of the diffuse components arise over the same spatio-temporal
scale as the phase changes of the MPCs (small scale fading). On the other hand, the amplitude of the

resolvable MPCs vary over a much larger spatio-temporal scale (large scale fading).

*Note that "phase" is a narrow-band concept and can be used only as an approximation in UWB systems, in particular
when the lower band edge is at f = 0.
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Remark A.3.1. It is worth noting that the side-lobes of the sinc function in (A.2) introduce faster
time-variations of the amplitude of the resolvable MPCs than the large-scale fading, over the same
spatio-temporal scale as the delay variations, and account for the leakage of the MPC energy over
nearby channel taps. However, this phenomenon is limited, and can be quantified as follows. The
most severe leakage occurs when the MPC arrives exactly in the middle between two sampling times,
in which case most of the energy (2sinc(0.5)% ~ 80%) is spread equally between two nearby taps
(each with amplitude 1 — sinc(0.5) ~ 37% smaller than in the no leakage scenario, where the MPC
delay is exactly an integer number of the sampling period), and the remaining 20% is leaked among
the nearby taps. Therefore, the side-lobes of the sinc function account for at most a 37% variation of
the amplitude of the main MPC tap in (A.2). The problem of MPCs falling in between two sample

points can be modeled as a basis mismatch [109].

In the next section, we present the observation and the channel models. In particular, in Sec. A.4.1
we present the HSD model, which represents a simplification with respect to other models presented
in the literature, e.g., (A.4), but at the same time it captures the main propagation phenomena of the
UWB channel discussed in this section: resolvable MPCs, modeled by the sparse vector (A.3), unre-
solvable MPCs, diffuse scattering and frequency distortion, modeled by a random, dense vector. Also,
based on the analysis of the spatio-temporal scale of variation in the UWB channel, in Sec. A.4.2 we
discuss different practical scenarios, differing in the side-information available at the receiver for the

purpose of channel estimation, which enables more accurate estimation techniques.

A.4 System Model and Hybrid Sparse-Diffuse channel model

We consider a single-user UWB system. The source transmits a sequence of M = N + L — 1
pilot symbols, x(k),k = —(L —1),..., N — 1, over a channel h(l),l = 0,...,L — 1 with known
delay spread L > 1. The received, discrete time, baseband signal over the corresponding observation

interval of duration N is given by
y(k) =Y _h(Dx(k—1) +wk), k=0,..., N-1, (A.5)

where w(k) € CN(0,02) is i.i.d. noise.

If we collect the N received samples in the column vector y = [y(0), y(1),...,y(N — 1)]*, we
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have the following matrix representation:
y =Xh+ w. (A.6)

Above, X € CVN*L is the N x L Toeplitz matrix associated with the pilot sequence, having the vector
of the transmitted pilot sequence [z(—k), z(—k+1),...,2(—=k+N - 1),k =0,...,L — 1, as
its kth column, h = [h(0), h(1), ..., (L — 1)]" € C is the column vector of channel coefficients,
and w = [w(0),w(1),...,w(N —1)]" ~ CN(0,021y) is the noise vector.

We assume X*X = 0, so that the LS estimate hy g = (X*X)f1 X*y is a sufficient statistic [110]
for the channel. Therefore, without loss of generality for the purpose of channel estimation, we

consider the observation model

his = (X'X) ' X'y =h+ (XX) ' X'w=h+ V5 n, (A7)

where we have defined the SNR matrix S = )EI?UX > 0,and n = %\@_1X*W ~ CN (0,11). With
a slight abuse of notation, we will refer to the LS estimate hy g as the "observed" sequence. Moreover,
we assume that the pilot sequence is orthogonal, so that S is a diagonal matrix. Then, the noise vector
\@_1n in the LS estimate has independent entries. This assumption greatly simplifies the channel
estimation problem. In fact, when the channel has independent entries over the delay dimension (this

is the case for the HSD model we develop), a per-tap estimation approach, rather than a joint one, is

optimal. The case with non-orthogonal pilot sequences is considered in Sec. A.8.

A.4.1 HSD Channel Model

The channel h follows the HSD model developed in [111],
h=a; ®c; + hy, (A.8)

where the terms a; ©® ¢, € CF and hy € C’ represent the sparse® and the diffuse components,
respectively. In particular, a, € {0, 1}* is the sparsity pattern, which is equal to one in the positions
of the specular MPCs, and equal to zero otherwise; its entries are drawn i.i.d. from B(q), where

q < 1 s0 as to enforce sparsity. In the sequel, we refer to the non-zero entries of a; ® c¢; € CF as

3In the following, we use the terms sparse, specular and resolvable MPCs interchangeably. In fact, the physical specular
components (resolvable MPCs) of the channel can be modeled and represented by a sparse vector (A.3).



A.4. System Model and Hybrid Sparse-Diffuse channel model 149

active sparse components. The vector of sparse coefficients, c, € C’, is drawn from the continuous
probability distribution p(c;), with second order moment E [csc’] = A, where A, is a diagonal
matrix with entries given by the PDP A (k, k) = Py(k),k = 0,...,L — 1.* Finally, we use the
Rayleigh fading assumption for the diffuse component, hy ~ CN (0, Ay), where Ay is diagonal,
with entries given by the PDP A;(k, k) = Py(k),k=0,...,L — 1.

Remark A.4.1. The Bernoulli model for a; can be interpreted as a discretized Saleh-Valenzuela
model [112]. In fact, according to the latter, the inter-arrival times of the specular components have
an exponential distribution, whose discrete counterpart is the geometric distribution. This in turn can

be interpreted as the inter-arrival time of two consecutive "1"s in a sequence of i.i.d. Bernoulli draws.

Remark A.4.2. In general, the Rayleigh fading assumption does not hold for the distribution of the
sparse coefficients p(c;) (unlike the diffuse ones), since only very few propagation paths contribute
to an active tap in the sparse channel, thus limiting the validity of the central limit theorem. Channel
measurement campaigns have shown that the large scale fading, affecting the amplitude of the en-
tries of cg, can be modeled by a log-normal distribution [101]. However, for the sake of analytical
tractability, in the following we either treat cs as a deterministic unknown vector, when its second
order moment A is unknown, or we treat it using the Gaussian approximation, when knowledge of

A, is available.

Remark A.4.3. Note that in [101] the amplitudes of the diffuse coefficients are modeled by a Weibull
distribution, with a delay dependent shape parameter o < 2, and approach the Rayleigh fading distri-
bution (o = 2) only for large excess delays. This distribution represents a fading worse than Rayleigh.
However, we adopt the Rayleigh fading approximation for simplicity and tractability. Also, the side-
lobes of the sinc function in (A.2) introduce correlation in the delay domain, which is not accounted
for under the Rayleigh fading model. This is a common assumption in standard cellular channel mod-

els, where measurements have well established the independence of fading on different taps [113].

Despite its simplicity, we argue that the HSD model is able to capture the main UWB propagation
mechanisms discussed in Sec. A.3. In fact, the resolvable specular components and the fine delay
resolution are appropriately modeled by the sparse vector a; ©® cg, whereas diffuse scattering, multi-
path interference and the frequency distortion are approximated by the diffuse component hy. This
is confirmed by simulation results in Chapter A.9, where we validate the proposed HSD model based

on a realistic channel emulator [102].

It is worth noting that this is not a PDP in the traditional sense, but rather represents the power profile of the active
sparse components, as a function of the delay.
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A.4.2 Channel Estimation scenarios

The HSD model is described by a number of deterministic parameters, namely, the sparsity level g,
the PDP of the diffuse component P, and the PDP of the sparse component P;. Accurate knowledge
about some or all of these parameters may not be available at the receiver, depending on a number
of factors, most importantly the length of the interval over which the channel is observed, and the

dynamics of the environment.

Let {h(j) = agj) ® cgj) + h&j),j =0,...,Ngp — 1} be a sequence of Ny, channel realizations,
spaced apart in time by At, corresponding to a spatial separation by ~ )q, resulting from the rel-
ative motion of the receiver with respect to the scatterers and the transmitter position. Under this
assumption, the samples of the diffuse component { hglj ), 7> O} can be approximated as drawn in-

dependently from CN (0, A;), due to multipath interference (Sec. A.3).

On the other hand, the positions of the active sparse coefficients {agj ), 7=0,...,Neh — 1} ex-
hibit correlation with each other. In fact, as pointed out in Sec. A.3, a variation of the delay as-

sociated with a specular MPC by one channel delay bin occurs over a spatial scale of the order of

ng\o € [0.5, 5] wavelengths. Therefore, the positions of the "1"s observed in subsequent realizations

of the sparsity pattern a¥) are bound not to vary appreciably over a large spatial scale, relative to the

wavelength.

A similar consideration holds for the amplitudes of the specular components (i.e., the active sparse
components in the vector al O] cgj )), which vary according to the large scale fading, i.e., over a
relatively large spatial scale, compared to the rate of variation of the diffuse component (however, the
side-lobes of the sinc function account for a 37% variation in the amplitude on the same spatial scale

as the delay variations, as discussed in Remark A.3.1 of Sec. A.3).

This correlation structure, i.e., slow amplitude and delay variations, may be exploited to enhance
the estimation accuracy of the sparse component agj ) ® cgj ), by tracking the position and amplitude
of the resolvable MPCs over subsequent observation windows. However, in this work we consider
estimation of agj ) ®© cgj ) based on either only one channel realization, or the statistics of the ensemble
of realizations that ignores the information about the temporal sequence in which the realizations oc-
cur. We consider three different physical scenarios, dictated by the length of the observation window

Nep.
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A.4.3 Single Snapshot of the channel

If a very short observation window is available (Ny, = 1, or less than a wavelength in the spa-
tial domain), averaging over the small scale and the large scale fading is not possible. Under this
assumption, statistical information about the channel cannot be reliably collected, and the channel
can reasonably be considered a deterministic and unknown vector. In this case, an LS estimate hyg
may be employed. In the absence of prior information about the channel, this is a robust approach for

channel estimation.

Alternatively, we may exploit further structure of the channel, e.g., exponential PDP of the diffuse
component, to average the fading over the delay dimension rather than over time. As shown in
Sec. A.7, under this assumption, an accurate PDP estimate of h((ij ) is possible even in the extreme
case N, = 1. We may then assume that the PDP of hg ) is known at the receiver, whereas the vector

)

cgj 18 modeled as deterministic and unknown.

As to the sparsity level g, letting Ny be the number of resolvable scatterers, we have ¢ ~ %

This number is not expected to vary appreciably over a relatively long observation interval, and can be
estimated by counting the number of resolvable MPCs which can be distinguished from the noise plus
diffuse background. However, an accurate estimate of N is obtained by averaging the small-scale
fading and the noise over subsequent channel realizations. Hence, we model ¢ as a deterministic and

unknown parameter.

A.4.4 Averaging over the Small scale fading

When a larger observation window is available (corresponding, in the spatial domain, to a few

wavelengths, N, > 1), averaging over the small scale fading (amplitude and phase of the diffuse

component) may be possible. In this case, the PDP of h((ij ) can be estimated accurately by averaging

over subsequent realizations of the fading process.

In this scenario, we assume that A, is perfectly known at the receiver. This knowledge can be
exploited by performing a Minimum MSE (MMSE) estimate of hglj ), which achieves a better accuracy

than LS. On the other hand, due to the inability to average over the large-scale fading, which affects

the variation of the amplitude of the resolvable MPCs, cgj ) 18 treated as deterministic and unknown.
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Table A.1. Estimation scenarios considered.

Scenario sparsity g | PDP A, | PDP Ay
SO Single snapshot (unstructured) unknown | unknown | unknown
S1 Single snapshot unknown | unknown | known
(PDP structure exploited)
S2 Avg. over Small scale fading known unknown | known
S3 | Avg. over Small&Large scale fading known known known

A.4.5 Averaging over the Small scale and the Large scale fading

Finally, when the observation interval spans several wavelengths (N, > 1), averaging over the
large scale, other than the small scale fading, is possible.

In this scenario, we assume that Ay, A, and g are known at the receiver. This information can
be exploited to compute a linear-MMSE estimate of cgj ) and h((jj ), thus enhancing the estimation
accuracy over an unstructured estimate (e.g., L.S).

The main scenarios of interest, and the side information at the receiver, are listed in Table A.1.
Scenario SO will not be further considered, since the channel is estimated via LS. The next chapter is

devoted to the design and analysis of channel estimators based on the HSD model.

A.5 HSD estimators

A.5.1 MMSE Estimator

When Ay, As and g are known, we can devise an MMSE estimator. By exploiting the orthog-
onality of the pilot sequence, we can use a per-tap estimation approach. The MMSE estimate of
the kth delay bin is given by the posterior mean of the channel, given the observed channel sample

hys (k) [110],

hyvse (k) = Pr (ag(k) = O/hps(k)) E [ha(k)his(k), as(k) = 0]

+ Pr(as(k) = 1|hps(k)) E [cs(k) + hy(k)|his(k), as(k) = 1], (A.9)

where we have conditioned on the realization of the sparsity bit as(k). In particular, the sum is over
the posterior mean under the two hypotheses as(k) = 1 and as(k) = 0, weighted by their posterior
distribution Pr (as(k) = 1|hrg(k)) and Pr (as(k) = Olhrs(k)), respectively.

In order to compute (A.9), we use the circular Gaussian approximation for c,(k).> Under this

5 As discussed in Remark A.4.2 in Sec. A.4, the large scale fading is commonly modeled by a log-normal prior; however,
due to the difficulty in handling it, the Rayleigh fading approximation is used, thus leading to the classical linear MMSE
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assumption, hyg(k)|{as(k) = a,h(k)} ~ CN(h(k),1/Sk ), whereas the channel sample h(k),
conditioned on as(k) = a, is distributed as h(k)|as(k) = a ~ CN(0,as(k)Ps(k) + Pq(k)). Then,
h(k)|{hrs(k),as(k) = a} ~ CN(m(a), X), with posterior mean

aPs(k) + Py(k)
l/Sk,k + aPs(k) + Py(k)

m(a) = E [h(k)|hrs(k),as(k) = a] = hrg(k). (A.10)

From (A.9), we finally obtain

Sk kPa(k)
1+ S kpd(k)
Skk (Ps(k) + Pa(k))
1+ Sgk (Ps(k) + Pa(k))

hyvwse(k) = Pr (ag(k) = 0/hrs(k))

+ Pr(as(k) = 1|hrg(k))

Sk, 1k Ps(k)

m, we have

where, from Bayes’ rule and a,(k) ~ B(q), letting Qi =

1= gp (hus(k)las(k) = 0)>1

g p(hus(k)las(k) =1)

— 1 Sklhis(®)* A
1+ %q (14 Qg)exp {—13(3k 1i§k,;t7s>d(k) }

Pr (ay(k) = 1|hrs(k)) = (1 +

A.5.2 Generalized MMSE and Generalized Thresholding Estimators

In this section, we develop estimators for scenarios S1 and S2. In particular, A, is assumed to be
known at the receiver, whereas c; is treated as a deterministic and unknown vector. The case where
A4 is unknown and is estimated from the observed sequence is treated in Sec. A.7.

For generality, we assume that the sparsity level ¢ is unknown, and an estimate ¢ of ¢, which
might be different from the real g, is used in the estimation phase. This choice represents a gener-
alization with respect to [111], where the true sparsity level ¢ is used. We will show by simulation
in Chapter A.9, and by analysis in Sec. A.6, that assuming a sparsity level ¢ < ¢ often improves the
estimation accuracy, thus implying that knowledge of this parameter is not crucial to the performance
of the estimators.

We proceed as follows. c; is estimated by Maximum Likelihood (ML). Then, the estimate C; is

used to perform either an MMSE or a Maximum A Posteriori (MAP) estimate of the sparsity pattern

estimator. We have numerically evaluated the performance loss incurred by using the linear MMSE estimator over an
MMSE estimator based on the log-normal prior, for the simple scalar model y = cs + n, where ¢, = e”*7%% with
vs ~ N(0,1) and 6 uniform in [0, 2], is the channel coefficient with log-normal amplitude, n ~ CA/(0, o2)) is the noise;
we found that the performance loss is at most 1.67 dB, at 0 dB SNR level.
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a,, denoted by &, assuming the prior a; ~ B(§)". We refer to these estimators as the GMMSE and
GThres estimators, respectively. Finally, the diffuse component h, is estimated via MMSE, based

on the residual estimation error hyg — a5 ® ¢5. The ML estimate of c,(k) is given by

¢s(k) = ar%kr)ni(él{— Inp (hrs(k)les(k),as(k) = 1)} = hrg(k), (A.12)

where we have used the fact that, when conditioned on as(k) = 0, the observation hyg(k) does
not depend on ¢, (k), and hyg(k)| {cs(k), as(k) = 1} ~ CA (cs(k), Sl + Pd(k:)). We thus
obtain ¢; = hrg. Using the estimate ¢5(k) = hrg(k) and conditioning on as(k) = a, a € {0, 1},

the MMSE estimate of the diffuse component h,(k) is given by

B (k) = E g (F)Ihus (k). & (k). &, (k) = o] = —P0(8)

=TT SuaPalk) (1—a)hrs(k).  (A13)

Finally, by combining the estimates a;, ¢; and ﬁfia), the overall HSD estimate is given by

- Sk, Pa(k)

h(k) = as(k)hrs(k) + (1 — as(k)) mhm(@- (A.14)

We now develop the MMSE and MAP estimates of a,(k).

A.5.3 Generalized MMSE Estimator

The MMSE estimate of the sparsity bit a(k) is given by
alOMMSE) (1) — [ [a, (k) [hrs(k), €s(k)] = Pr (as(k) = 1|hrg(k), &s(k)) - (A.15)

Using Bayes’ rule, ¢5(k) = hys(k), and assuming as(k) ~ B(§), we have

A 1
a(SMIE) () = IR (A.16)
1+ eYexpq —Tog—5
1+Sk7k'Pd(k)

where we have defined o = In (15 )

M
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A.5.4 Generalized Thresholding Estimator

Using Bayes’ rule and the ML estimate ¢s(k) = hr,g(k), the MAP estimate of a, is given by

a(GThres) (k) — arg max {InPr (a;(k) = alhrs(k), &(k))} (A.17)
ac0,
. Sk |hrs(k)|? 1—q 2
= l—a)——————"— | =7 (|h > 1 .
o i {10 P o (157) =7 (a2 2+ i)

This solution consists in a thresholding of the LS estimate, hence the name Generalized Thresholding
estimator, where the diffuse component represents noise for the estimation of the sparse coefficients.
For this reason, the threshold is proportional, by a factor «, to the sum of the noise strength 1/Sy,
and the power of the diffuse component P4(k). It is worth noting that, if « < 0 (i.e., § > %), then

a o) (1) = 1, and the G Thres estimator trivially reduces to the LS solution.

A.6 MSE analysis

Let h(X) be any estimator, where X is an estimator label. We define the MSE of the estimator

hX ), as a function of the SNR matrix S, as
(X) Lo gl = L ()
MSE™) (8) = E Hh _ hH2 = = > MSELY (Sy4). (A.18)
k

where, owing to the use of per-tap estimation approaches, the sum is over the MSE terms associated

with the estimation of the kth channel coefficient, i.e.,
R 2
MSEL) (1) = B | [)(6) ~ (o). a.19

The expectation is computed with respect to the joint probability distribution p(as)p(cs)p(hg)p(n).
In this section, we study the asymptotic behavior of each term MSE%X) (Skk),k=0,...,L—1,in
the limit of high (Si, ;, — +oc) and low (Sj  — 01) SNR.

For the sake of a more concise notation, we define y = hyg(k), h(y) = h(k), as = ay(k),
cs = cs(k), hg = ﬁhd(k) (normalized to have unit variance), h = h(k), n = n(k), S = Sy
and P; = Py(k). From (A.8) and (A.7), we can then rewrite the observation model associated with
the kth channel entry as y = ascs+\/ﬁdhd+ﬁn, where ags ~ B(q), hg ~ CN(0,1),n ~ CN(0,1).

For the LS estimator, we have mse,(CLS) (S) & SMSE;LS) (S) =E [S ly — h|2} = 1. Hence,
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the normalized MSE, mse,(fLS) (S), is a constant, independent of the SNR. Herein, we show that the
GMMSE and GThres estimators exhibit the same behavior in the asymptotic high and low SNR, i.e.,

letting mse,(cx) (9) & SMSE;X) (S), we have

o lim )mse,(f) (S) = const. > 0, X € {GMMSE, GThres},
—0(oc0

for a proper constant, which depends on the asymptotic regime and on the estimator. To this end, let

F&) (\/Eyn) s ’B (y) — hf (A.20)
Then, we have
mse™ ($) = E [f(X) <\/§h tn, n)} , (A21)

where the expectation is calculated with respect to h = ascs + v/Pghg and n ~ CN(0, 1), which
are independent of the SNR S. From Lemma A.10.1 in Appendix A.A, we can exchange the limit
operator with the expectation, yielding, for Sy, € {0, 400},

lim mse,gX)(S) =K [ lim f(X) (\/gh —|—n,n>] . (A.22)

S—)Shm S_>Slim

We evaluate (A.22) for the GMMSE and GThres estimators in Secs. A.6.1 and A.6.2, respectively.

A.6.1 Generalized MMSE estimator

Substituting the expression of the GMMSE estimator (A.14) and (A.16) in (A.20), we obtain,

after some algebraic manipulation,

2
a —Sly[* | _VSy
€ exp { 1+SP; [ T+5P;

—Slyl?
1+ef"exp{1+~|§}|)d}

F(GMMSE) (\/gy’n) S (A.23)

We distinguish the three cases S — +oo with P; =0, S — 400 with P; > 0,and S — 0.
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A.6.1.1 High SNR with no diffuse component: S — 400, P; =0

When P; = 0, we have v/ Sy = v/ Sascs + n and

e exp {— )\/gascs +n‘2}
14+ e¥exp {— ‘\/gascs —|—n)2}

F(GMMSE) (\/Eascs +n, n) =|n— (\FSascs + n)

In the limit of high SNR, we obtain

lim f(GMMSE) (fcs +n, n) - |7’L|27 as = 17 a.e.,

S—+o00
1 (GMMSE) _ n|? -0
SalrJrrloof (n,n) (1+es exp{—nP})?” * 7

where a.e. stands for almost everywhere, i.e., the limit holds except on a set with probability measure
zero. In particular, this set is given by {¢; = 0}, which has probability measure zero since c; is a
continuous random variable. From (A.22), by averaging over a5 ~ B(q) and n ~ CN (0, 1), we thus
obtain

[nl”

(1 +eaexp{— \n\z})Q

where we have defined g(a) = e *In (1 + e) and we have used Lemma A.10.2 in Appendix A.A.

lim mseéGMMSE)(S) =gqE “nﬂ +(1-¢qE

Ghm =q+ (1 -q)g(a),

Therefore, in the high SNR regime (i.e., letting 02, — 0, which scales the SNR matrix S to infinity)
with no diffuse component, Py(k) = 0, Vk, using (A.18), we obtain the limiting MSE behavior

(GMMSE) (S )

MSE(GMMSE) () — — Z ~oo MSE(S) (g + (1 - g)g(a).

where we have defined ~ as the high SNR approximation, and we have denoted the MSE of the LS
estimator as MSE()(S) = +tr (S71).
A.6.1.2 High SNR with diffuse component: S — +oo, P; > 0

From (A.23), we have limg_, o, f(GMMSE) (\/§h +n, n) — |n|2. Then, from (A.22),

lim mse,(cGMMSE)(S) =E [[nﬂ =1 (A.24)

S—~+o00
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From (A.18), the limiting behavior of the overall MSE in the high SNR, with P,(k) > 0, Vk, is given
by MSE(GMMSE) (g) ~ __ MSES)(S).

A.6.1.3 LowSNR: S5 — 0

From (A.23), we have

e )

Then, using (A.22) and Lemma A.10.2 in Appendix A.A, we obtain

2

lim mse,gGMMSE)(S )=E n

= g().
S—0 1—|—eaexp{—\n\2}

Then, from (A.18), the overall MSE in the low SNR regime behaves like
MSE(CMMSE) gy ~y MSETS)(S)g(a), (A.25)

where we have defined ~ as the low SNR approximation.

A.6.2 Generalized Thresholding estimator

Substituting the expression of the GThres estimator (A.14) and (A.17) in (A.20), we obtain, after

some algebraic manipulation,

f(GThres) (ﬁh + mn) =7 <‘\@h + nf > a(l+ SPd)> In|?

2
V'Sh — SPn

A2
1+ SPy (A.26)

s <’\/§h+n‘2 <a(l +5Pd)> '

Note that, if o < 0, then we have a trivial thresholding operation, and the estimator is equivalent to
LS. This case is of no interest. In the following, therefore, we study the case o > 0.
Similarly to the GMMSE estimator, we distinguish the three cases S — +oco with P; = 0,

S — 4oo with P; > 0,and S — 0.
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A.6.2.1 High SNR with no diffuse component: S — 400, P; =0

When P; = 0 we have y = a,cs + VS 'n and

f(GThres) (\/Eascs +n, n) =7 <‘\/§a505 + nr > a) In|* +Z (‘\/gascs + nr < 04) ‘ﬁascs

We have
lim f(GThres) (\/gcs + n,n) = |n|2, as =1, a.e.,
S—+o0
lim fET) (n,0) = (|nf” > a) |nf’, a, =0,
S—+o0
where the first limit holds a.e., i.e., except on the set with zero probability measure {c; = 0}.

From (A.22), we then obtain
lim msengThres)(S) =gqE Dnﬂ +(1-¢qE [I <\n\2 > a) \nﬂ =q+ (1 —-qw(a),

S——+oo

where in the last step we have used the fact that [n|?> ~ £ (1) to compute the second expectation term,
and we have defined w(a) = e~ (1 + «). Then, from (A.18), the overall MSE in the high SNR
regime with Py(k) = 0, Vk, behaves like

MSE(GThres) (S) ~ MSE(LS) (S) (q + (1 _ q)e—Oé (1 + O()) .

A.6.2.2 High SNR with diffuse component: S — +oo, P; > 0

From (A.26), we have Slim f(GThres) <\/§ h+n, n) = |n|*. Then, from (A.22), we obtain
—+00

. (GThres) _ 2| _
Slim_msef (S) =E [yny } ~1. (A.27)

Therefore, in the high SNR regime with Py(k) > 0, Vk, the GThres estimator performs like

MSE(GThres) (S) ~ MSE(LS) (S) . (A.28)

2
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A.6.23 LowSNR: S5 — 0

From (A.26), we have
lim FET5) (VSh+n,n) =7 (Inf? > ) |nf?. (A.29)
S—0

Then, from (A.22), we obtain

lim msel®™™)(5) = E [1 (|n|2 > a) |n|2} = w(a).

S—+o0

Therefore, in the low SNR regime, the GThres estimator performs like
MSE(GThres) () ~g MSE™) (S)e™ (1 + a). (A.30)

A.6.3 Discussion

The asymptotic MSE behavior of the GMMSE and GThres estimators is summarized in Table
A.2. A plot is given in Fig. A.1. We compare their limiting behavior with the (unstructured) LS
estimator and with the Oracle estimator, which assumes the HSD model, perfect knowledge of a;,
and treats c; as a deterministic unknown vector. The latter, by knowing a,, performs an LS estimate

of c; and an MMSE of hy. Its MSE as a function of the SNR matrix S is given by

MSE(©rcl) () = gMSE(LS) (8) + -4 >

The limiting MSE behavior in the table is normalized to MSE(S) (S). Then, a value smaller than
1 indicates that the estimation accuracy, in the corresponding regime, improves over L.S. Moreover,
the smaller the value, the better the asymptotic MSE accuracy.

Notice that, in the high SNR with diffuse component, all estimators achieve the LS MSE ac-
curacy. In fact, in this regime the diffuse component is strong compared to the noise level, i.e.,
Pa(k) > 1/Sy, i, hence the observed channel exhibits a dense structure, yielding the same accuracy
as LS. On the other hand, in the high SNR with no diffuse component, the GMMSE and GThres
estimators achieve a better estimation accuracy than LS. Their limiting behavior can be explained as
follows. When as(k) = 1 (with probability ), the active sparse coefficients cs(k), which are much

stronger than the noise background in the high SNR, are always correctly detected, and are estimated
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Table A.2. Asymptotic MSE behavior of LS, Oracle, GMMSE and GThres estimators. « =
In (175) ,9(@) =e *In(1+e%),wla) =e*(1+ a).

q

MSE®X)(8) High SNR, High SNR, Low SNR
MSE®S)(S) Ag=0 Ag >0
LS, GThres,a <0 1 1 1
Oracle q 1 q
GMMSE g+ (1—q)g(a) 1 g(a)
GThres,a >0 | ¢+ (1 — qQw(e) 1 w(a)
0 Low SNR 0High SNR, no diff. comp., ¢=0.1
10 10
D =
= <
5/& VSDQ
B -2 z
Eo 10 %
] T
g —— GMMSE 2 | —GMMSE
- . —o— GThres = ; —— GThres
10° 10°
-5 0 5 10 -5 0 5 10
(6% 6%
G%’IMSE, High SNR, no diff. comp. OGThres, High SNR, no diff. comp.
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Figure A.1. High and Low asymptotic SNR behavior of the GMMSE and GThres estimators as a function
ofa=1n (1;7).

with the same estimation accuracy as LS. On the other hand, when as(k) = 0 (with probability
1 — g), the GMMSE (respectively, GThres) estimator incurs a mis-detection error MSE("%) (S)g(«)
(MSE)(S)w(a)), due to strong noise samples which are mis-detected as active sparse components.

Moreover, since g(«) and w(«) are decreasing functions of o € R (i.e., increasing functions of
g € (0,1)), with limgy—,— o0 g(@@) = w(0) = 1 and limgy—s 400 g(@) = limy—y 4o w(ar) = 0, the MSE
is a decreasing function of « (i.e., an increasing function of ¢). In particular, for small values of «, the
estimates of ag in (A.16) and (A.17) approach 1 for both the GMMSE and the GThres estimators,
hence the overall HSD estimate (A.14) approaches the LS solution, yielding the same LS accuracy.

Conversely, for increasing values of «, the GMMSE and GThres estimators approach the MSE
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accuracy of the Oracle estimator. Note that, the larger «, the larger the threshold level of the GThres
estimator in (A.17), hence the fewer noise samples are mis-detected as active sparse components, and
the smaller the overall mis-detection error and MSE accuracy (a similar interpretation holds for the

GMMSE estimator).
Similarly, in the low SNR, the MSE of the GMMSE and GThres estimators is a decreasing

function of a. In particular, a better MSE than the Oracle estimator is achieved for « sufficiently
large. In fact, the main source of error is associated with the LS estimates of the sparse coefficients.
On the other hand, the MMSE estimate of the diffuse component is forced to zero at small SNR values,
hence the resulting MSE approaches the channel energy floor. Therefore, the larger o (alternatively,
the smaller ¢), the smaller the weight given to the LS estimates of the sparse coefficients in (A.14)
with respect to the MMSE estimates of the diffuse coefficients, and the better the estimation accuracy.
In the limit o« — 400 (i.e., § — 07), the GMMSE and GThres estimators treat the channel as being
purely diffuse, hence the MMSE estimate of the channel is forced to zero and the MSE approaches
the channel energy floor.

We conclude that, in the asymptotic SNR regimes, using & > In % (i.e., ¢ < q) improves the
performance of the GMMSE and GThres estimators compared to assuming the true sparsity prior
q. Hence, it is beneficial to use a conservative approach, i.e., to assume the sparse component to be
sparser than it actually is. However, this behavior does not always hold for medium SNR, where in
fact a larger « (i.e., a smaller ¢) may induce a larger MSE. This behavior can be seen by studying the
two extreme cases « — —oo and a — +0o0, i.e., ¢ — 1 and ¢ — 0, respectively. In the first case
(a« = —o0, ¢ — 1), the two estimators are equivalent to LS, yielding the same MSE accuracy as
LS. Conversely, when o — +00 (i.e., § — 07), the channel is treated as being diffuse only and is

estimated via MMSE. The MSE in this case is given by

L-1 9
(Diff) gy — L Sk Pa(k) B
MSE™(S) = + k:OE '1 n Sk,de(k:)h (k) — h(k)
L-1
1 Ps(k) Pa(k)
-1 A3l
L= <q(1 FSuPalk)? | 1 Sk,kpd(k)> 7 -y

which performs worse than LS, for any value of the SNR matrix S, for sufficiently large values of
Ps(k),k = 0,...,L — 1. Hence, in medium SNR we expect a trade-off between large values of «
(i.e., small values of ¢), which induce sparsity in the estimate of the sparse component, and small

values of «, which, on the other hand, induce a less sparse solution and privilege the diffuse channel
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component.

It is worth noting that the MMSE estimator of the channel, which assumes perfect knowledge of
g, As and A4, minimizes the MSE when the true sparsity level ¢ = ¢ is employed. We conclude that
the uncertainty about the sparse coefficients, which are treated as deterministic and unknown under
the GMMSE and GThres estimators, is compensated by employing a conservative approach in the
estimation of the sparse component.

Finally, for a given value of o, the GMMSE estimator achieves a better MSE accuracy than the
GThres estimator, in the asymptotic regimes. In fact, the MMSE estimate of as(k) (A.16), i.e.,
the posterior probability of as(k) = 1, incorporates also the reliability associated with an active
sparse component, and therefore, the closer the estimate to one, the more likely an active sparse
component. On the other hand, the MAP estimate of as(k), by allowing only the two extreme values
of as(k) € {0,1}, completely discards the reliability associated with these estimates, thus incurring

a performance degradation.

A.7 Structured PDP Estimation of the diffuse component

In the derivation of the GMMSE and GThres estimators in the previous section, we have assumed
that the PDP of the diffuse component h, is perfectly known at the receiver. However, in a practical
system, this is unknown, and therefore needs to be estimated.

Herein, we develop a structured estimate of the PDP P;, when the observation interval is too
short to allow time-averaging over the small scale fading. By exploiting prior information about the
structure of the PDP, we can average the small scale fading over the delay dimension, rather than over
subsequent realizations of the fading process, thus enhancing the estimation accuracy.

We assume an exponential PDP model [101, 113, 114] Py(k) = pe %, k =0,...,L — 1,
where the deterministic, unknown parameters 5 > 0 and w > 0 represent the relative power and
the decay rate of the PDP, respectively. We derive an ML estimate of these parameters, using the
EM algorithm (the general EM framework is presented in, e.g., [115]). For simplicity, we assume a
single channel snapshot. However, the following derivation can be extended to include a sequence of
channel realizations. Moreover, we treat the vector c; as a deterministic unknown parameter, and we
assume a sparsity level ¢ (possibly, # ¢), which is consistent with the design choice of the GMMSE
and GThres estimators.

Let the HSD channel and the observed sequence be given by (A.8) and (A.7), respectively.
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From (A.8), if as(k) = 1, then hys(k) = cs(k) + hg(k) + Skykfln(k:). In this case, since
cs(k) is a deterministic, unknown parameter, the observed sample hyg(k) does not provide statistical
information to estimate the diffuse component (hence, its power). In fact, the ML estimate of c;(k)
is ¢5(k) = hrs(k) (A.12). The estimated contribution from the noise and the diffuse component is
then hyg(k) — ¢5(k) = 0, and the estimate of hy(k), given by (A.13), is forced to zero. Therefore,
the observations corresponding to the active sparse components should be neglected. Conversely,
all the statistical information to estimate the PDP parameters w and 3 is contained in the vector
(1—-as)ohs=(1—-a,)® (hg+ \@_ln), which is obtained by zeroing the contribution from the
active sparse components. Unfortunately, a; is unknown in advance, hence it needs to be estimated
from the observed sequence.

In employing the EM algorithm to estimate the PDP parameters § and w, we assume as and
(1 — a5) © hy as the hidden variables. Moreover, we discard the contribution of the active sparse
components to the observed sequence, as justified above. Then, letting B, w be the current estimates

of the deterministic unknown parameters 3 and w, respectively, in the E-step we compute

L(B,w; B,&) & ~E [11110 ((1 —as) ©hrg, (1 — as) © hyg,as] 3, w)| th,B@} (A.32)

@B [np((1-a,) ©hus| (1 - a,) © by, a) | hus, 4,0] — B [lnp (@) hus, 5,0

~E[lnp((1-a) ©hylay, B,0) his, 5,0] K ~E [Inp (1 - a;) © halas, 5,) s, 5, ]

© —Z Pr <a8:x| hLS,B,w,éS = th) E [lnp((l —a;) ®hylas = x,6,w)|hrg, as = x, B,d)}

xe{0,1} &
L E [ [ha(k) | hus(k), as(k) = 0, 3,

_ 0(1—qpost(k)) In (Be*) + p—

£ R(B,w; B, @)

i

where, in the last step, we have defined the posterior probability of an active sparse component

1

1-§ _ Spxlhis(k)? }
1+ g P { 1+Sy,  Be—@k

Gpost (k) =Pr (as(k:) — 1|hus(k), B, @, &s(k) = hLS(k:)) - . (A33)

In particular, in step (a) we have expressed the likelihood function in terms of its conditional proba-
bilities. Moreover, we have used that fact that the term (1 — ay) © hpg = (1 —a,) © (hy + \@_1n)
is independent of the PDP parameters (3, w, when conditioned on (1 — ay) ® h, and ag, and the prior
distribution of a; is independent of /3, w. In step (b), we have neglected the terms which are indepen-

dent of the optimization parameters 3, w. In step (c), the expectation is first conditioned on as = x,
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and then averaged over the posterior probability of a, € {0,1}”. The conditional expectation of

|hg(k)|? is given by

Pa(k)
14+ ﬁd(k)sm

Pa(k)?

2
(75(1(1{7) +1/Skk)? s+

=
>

. (A34)

)

E [ [ha(k)P | Bus (k) a,(k) = 0.

where Py(k) = Be~%F is the current estimate of the prior variance of hy(k). In the M-step, the term

L(B,w; B ,w) is minimized with respect to the optimization parameters (3, w. We obtain

L-1

{5, = asg ming (8.5 5.) = argminR (5.1 5.) = argmin 3 (1= s () In (%)
A20,w20 520,0>0 20,620 t—5
1 E[ e hus(k) au(k) =055
* kzo (1= Gposs (k) Be—ok : (A.35)

By defining, for k =0,...,L — 1,

A, — L(1—Gpost (k))E[ |ha(k)|* |his (k),as (k)=0,5,0]

S (1=Gpost (p)) ’
S p(1—dpont (9) (A.36)
Z;I;:_ol (I_onst (p)) ’

7 —
the M-step (A.35) is equivalent to
) =
{5, w} =arg min Wf-wZ+ o kzo Ape. (A37)
We have the following theorem.

Theorem A.7.1. There is a unique solution { B , (.ZJ} to

L-1
5~ _ . 1 wk
{ﬂ, w} = arg 62%1,10?20 Ing—wz+ 3L kg_o Ape“”. (A.38)

Ifzé;& (Z — k) Ay, > O, then @ is the unique solution in (0, +00) of

L

I
—

(Z — k) Age®* = 0. (A.39)
0

>
Il

Otherwise, 0 = 0. In both cases, B = % Zé;& Ak,
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Proof. See Appendix A.B. O

Note that, when ) ],;4:_5 (Z — k) A, > 0, the solution is a zero of a Lth order polynomial, therefore
we must recur to approximate solutions. Since the solution we seek satisfies e € (0, 1], and we
have proved that it is unique, we recur to the bisection method [61] to determine an approximate zero
I =e % of (A.39).

Finally, the overall EM algorithm consists in the iterations of the E-step (A.33), (A.36) and the
M-step (A.37). The algorithm may be initialized by neglecting the noise and the sparse component,
ie., assuming Si;, — +o0o and ¢ = 0 in the first stage. In this case, we have ¢post(k) = 0,VEk

in (A.33) and the parameters of the E-step (A.36) are given by

Ap = |hps(k)*, k=0,...,L—1

_ L-1
7 =L

(A.40)

It is worth noting that, if we had assumed the diffuse component h, rather than (1 — az) ® hg,
as the hidden variable, and we had used all the observed sequence hy g to estimate the unknown PDP

parameters instead of (1 — as) ® hyg, then in the M-step we would have

o = o E[1ha(0)P Bus(h),au(k) = 0, 5,6
(35} oty 0o [ 3) S
L—-1 Be—ak
S Goon (k) [ (Be=t) + i : (A.41)
kZ_OC]p t D( € ) Be—wk <1+Sk,k5€’d’k)

where we have used the fact that, since ¢; = hrg, E {|hd(k)\2‘ hig(k), és(k), as(k) = 1,8,&| =
Befdzk

1+Sk7k567‘;’k ’

the observations associated with high probability Gpost (k) — 1 with an active sparse component give

By comparing this expression with (A.35), we note one additional term. In particular,

a significant contribution to the log-likelihood function. However, these observations do not provide
information about the diffuse component h, since c; is a deterministic, unknown vector. Conversely,

in (A.35), these observations yield a negligible contribution.

Choice of the sparsity level ¢

We next discuss the choice of the parameter ¢ used to estimate the parameters (3, w. Since the

EM algorithm solves the ML problem [115], we consider the general problem of maximizing the
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likelihood function. Assuming the sparsity level ¢, the ML estimate of 3, w and c; is defined as

L-1
{B,&,¢,} = argmax p(hrg|8,w,c,) = argmax — Zln 1/Sk.k + Pa(k))
£5>0,w>0,cs £>0,0>0,c5 k=0

L—1 2 2
i [hus (k) — cs(h) i [y (k)|
i kZ:O . (q o {_ 1/Si + Pa(k) } Fi-gew {_ 1/Sti + Pa(k) }) ’

where we have used the fact that hyg(k)|as(k) = a ~ CN(acs(k), Pa(k) + 1/Sk k) and Py(k) =

[hys (k)|

Be~wk. By maximizing over cg, we obtain ¢; = hyg. Then, letting t(Py(k)) = T8 P

5(3,8) = In (¢ + it ") and F(q, B,w) = X420 s(d tr(Pa(k))), we obtain

L-1

{B,&} = arg max Z {ln tr(Pa(k)) + In (1 + We_t’“(m(k))ﬂ
B>0,w>0 1 — q
L-1
= arg max Z s(q,tp(Pq(k))) = arg maxF(q, B,w),
20020 =5 B20w>0

where we have added the term Zﬁ;& In(|hys(k)|*) — L 1n g, which does not affect the maximization.

Consider a given pair of parameters (3, w), and let

o ds@t) _ G- (1-@e 't —1)

s'(q,t) at gt (l—gtet (A.42)
~ L—1
Fifa ) & TELE 5 (ot (Pathy) T,
k=0

Similarly, we define F/,(g, 3,w) as the derivative with respect to w. Note that, if F4(q, 8,w) > 0
(< 0), then there is an incentive to augment (diminish) S so as to increase the log-likelihood function
F(q,B,w) (the same consideration holds for F/(q,3,w)). We now prove that this derivative is a
decreasing function of ¢, so that, the larger ¢, the smaller the incentive to increase 3 (and, possibly,

the larger the incentive to decrease it, if the derivative becomes negative). In fact,

ds'(g,t) 1 N dty,(Pa(k)) 1 Pa(k)
= — —2 _ = - - 7
dg (12 eXp{ 8(Q7t)}t e >0, dB Btk(Pd(k)) 1/Sk,k + Pd(k') <0,
and therefore
aF( q,ﬂ, ) 5 as BP0 BPuB) o

dp

k=0
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Similarly, we can prove that 7 (q, 3, w) is an increasing function of g, so that, the larger ¢, the smaller
the incentive to decrease w (and, possibly, the larger the incentive to increase it, if the derivative

becomes negative).

Moreover, note that, if § > 5 4}@2 ~ (.12, then we have e {(t — 1) < e72 < 12 (since the left

_1
1+e2°

the derivatives Fé(qﬂﬁ,w) <0,Y8 > 0,w>0and F/(q,5,w) >0,V > 0,w > 0. Therefore, the

hand side is maximized for ¢ = 2), which implies s'(g,¢) > 0, V¢t. We conclude that, when ¢ >

ML estimate of 5, w gives B = 0, W — +00, and the PDP estimate is forced to zero.

Conversely, if we let § — 0, then the contribution of the sparse component a; ® c, is neglected,
and the channel is treated as being purely diffuse.

This analysis proves that the prior sparsity level ¢ > 0.12 should never be used, and suggests the
existence of a trade-off in the optimal algorithm parameter ¢, which is confirmed by simulation in
Chapter A.9: in order not to force the PDP estimate to zero, ¢ should be "small"; however, in order
to take into account the presence of the sparse component in the observations, ¢ should not be "too

small". A further investigation on the optimal value of g is left for future work.

A.8 Orthogonality vs non-Orthogonality of the pilot sequence

Thus far, we have assumed an orthogonal pilot sequence, which results in the optimality of per-
tap estimation approaches versus joint estimation methods. In this section, we consider the non-
orthogonal pilot scenario. We follow two approaches. In Sec. A.8.1, we examine the impact of
using an estimator designed under the assumption of an orthogonal pilot sequence on received signals
where the pilots are in fact non-orthogonal. We show that, from an MSE perspective, the effect of this
mismatch can be characterized via an effective SNR loss. In Sec. A.8.2, we establish a connection

between the GThres estimator and the classical sparse approximation algorithms [91-94].

A.8.1 GMMSE and GThres estimators with non-orthogonal pilot sequence

Note that in the non-orthogonal case the SNR matrix S is non-diagonal. In this case, the obser-
vation model associated with the kth delay bin is given by hrg(k) = h(k) + [\@_14 r where the
noise term [\@_ln} L CN (O, [Sfl] . k) Since the GMMSE and GThres estimators, designed
under the assumption of orthogonal pilot sequence, operate on a per-tap basis, the non-orthogonal
case is obtained by replacing Sy , with 1/ [S™!] i 0 (A14), (A.16) and (A.17).

We now evaluate the MSE performance loss induced by a non-orthogonal pilot sequence. Let
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X be the corresponding Toeplitz matrix. Then, the SNR matrix S = X has some non-zero off-

2
diagonal elements. The effective SNR at the kth delay bin is S,E,NO) 21/ [S_l]

Kk Therefore,

using (A.18) and (A.19), in the non-orthogonal case we have, for X € { GMMSE, GThres},

L-1
MSEC) (8) = Y mseY (1/871],, ). (A43)
k=0

Now, consider a second scenario where the pilot sequence is orthogonal. Letting X be the as-
sociated Toeplitz matrix, and assuming that the pilot sequence has the same energy budget as in the
non-orthogonal case, we have the SNR matrix S = diag (S), where diag (B) is a diagonal matrix
with the same diagonal elements as B. The SNR at the kth delay bin is S ,(CO) = gk,k = S k» and the

resulting MSE is given by

L-1
MSEX) (s) = 5" MSELY (Sea) - (A.44)
k=0
We now prove that the effective SNRs in the non-orthogonal and orthogonal cases satisty S ,go) >
S,gNO), Vk. We can rewrite S as
SO p
S=U U*, (A.45)
b* A

for a proper A > 0, row vector b, and permutation matrix U, where we have used the fact that

Skr=25 ,(CO). Then, from the inversion formula for 2 x 2 block-matrices, we have

1 _
S5 = —— = [U'sT'U] | = 5% —bAT'b",
S~k w

)

Finally, since A > 0, we obtain bA~'b* > 0 (with equality if and only if b = 0), which proves
the inequality S,go) > S,(fNO), Vk. Therefore, imperfect orthogonality of the pilot sequence yields a
decrease of the effective SNR experienced on each channel delay bin, thus impairing the estimation

performance.

We can quantify the loss in the estimation accuracy in the high and low SNR regimes where, as
shown in Sec. A.6, for the GMMSE and GThres estimators we have limg_,(4.o0) SMSE,&X) (S) =

constant > 0, for a proper constant, as given in Table A.2. To this end, we define the orthogonality
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coefficient of the pilot sequence associated with the kth delay bin as the ratio between the effective
SNR experienced in the non-orthogonal case and the SNR experienced in the orthogonal case, under
the same pilot energy budget, i.e.,

SNO) 1

k
Ny = = — <1. (A.46)
S,go) S l]k,k Stk

Then, in the high and low SNR regimes, the ratio between the MSE in the orthogonal case and the

MSE in the non-orthogonal case, in the kth channel bin, is given by

MSESY (s(7)  gwor  s(OMsELY ()
f— X N/r]k7

X NO 0] NO NO

MsegY (s5°) 57 st OmseRY (s7°)

where we have used the fact that p l(i){n )SMSE,(CX) (S) = constant and the definition (A.46).
—0(+00

A.8.2 Exploiting the non-orthogonality of the pilot sequence

We next investigate estimators designed for the non-orthogonal case, by establishing a connection
between the GThres estimator and classical sparse approximation algorithms [91-93]. In particular,
we show that the GThres estimator solves

{€a, By} = arg max p(his,a,hdc,). (A47)

Cs,as;hg

We have p (hL87 as, hd|cs) =D (hLS|aS7 hy, Cs) p (as) p (hd) , where

his| {as, hg,cs} ~ CN (as ® ¢+ hg, S7), hy ~ CN (0,Ay), (A.48)

pa) = (2.) g (+2.) g

where ||x/|,, is the Lo-norm of vector x, and h, = ay © c; is the sparse component.

Then, from (A.47) and (A.48), we have

{és,és,ﬁd} = argmaxInp (hrg, as, hg|cs) (A.49)

Cs,as,hg

= argmin (hrs —hs —hy)* S (hrs — hy — hy) + a|/hs||, + hiA; 'h,
hS:aS®cS7hd
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where o = In (%). This can be viewed as an LS regression problem, with a L regularization term
associated with hg, enforcing sparseness of the solution, and a L5 regularization term associated with

h,, enforcing its Gaussian nature.

Solving with respect to hy first, as a function of h, we have

hy(hy) = Ag (Ag+S7) " (s — hy), (A.50)

and substituting this solution into the cost function, we obtain the following optimization problem for

the sparse component:

h, =

Q>

s © & = argmina |hyfly + (his — hy)" (Ag+ ™)' (hys — hy). (A.51)

In the orthogonal pilot case, the SNR matrix S is diagonal and the optimization problem (A.51)
factorizes into L separate problems, one for each channel delay bin, yielding the same solution as
the GThres estimator (A.17). Conversely, in the non-orthogonal case, the optimal solution requires
a combinatorial search over the 2 realizations of a,. This is circumvented by the use of sparse

approximation algorithms [91, 116].

An equivalent problem has been addressed in [91], namely
% = arg min |w — ®z|5 + ) ||z|,, (A.52)
zeCL

where w is a noisy version of ®z, and ® is known, with I, — ®*® > 0. Eq. (A.51) is equivalent
to (A.52) by letting w = /p (Ag+ S—l)‘% hig, @ = /p (Ag + S_l)_%, A = pa, and z = hy,
where p > 0 is chosen so as to guarantee I, — ®*® > 0. The Ilterative Thresholding Algorithm
proposed in [91] may then be used to estimate h;, and equation (A.50) to estimate the diffuse com-

ponent h.

Alternatively, in [92,93] the £ cost associated with h; is relaxed and the £; regularization norm

is used instead, thus yielding the convex problem

h, = argnﬁin (his —hy)" (Ag+ Sfl)_l (hs — hy) + af/hs]l;,

S

where we define the £1-norm |h||; = >, |hs(k)|.

As justified by the MSE analysis (Sec. A.6), a conservative ¢ < ¢ may be assumed in the estima-
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tion of the sparse component, by using o = In (%) > In (%).

The next chapter is devoted to the evaluation and validation of the proposed HSD channel model

and channel estimation schemes.

A.9 Simulation results

A.9.1 Hybrid Sparse/Diffuse channel model

In this section, we evaluate the performance of the GMMSE and GThres estimators in a system
whose channel perfectly follows the HSD model, and compare it with the asymptotic MSE behavior
derived in Sec. A.6. In particular, the HSD model allows us to control the parameters (e.g., spar-
sity level g, PDP profiles P4, Ps) and to evaluate the performance of the proposed estimators in an
ideal setting, i.e., where the channel realizations follow exactly the HSD model, based on which the
estimators have been designed. Moreover, we evaluate the performance of the estimators under a

non-orthogonal pilot sequence, as discussed in Sec. A.8.

For the simulation results, we generate a channel h € C* with delay spread L = 100. The sparsity
pattern a, ~ B(q)”, with parameter ¢ = 0.1. The vector ¢, ~ CN(0, A,), where the covariance
matrix A is diagonal, with exponential PDP A (k, k) = Ps(k) = Pse ", and w = 0.05. The
diffuse component hy ~ CN (0, A;), where the covariance matrix Ay is diagonal, with exponential
PDP A4(k, k) = Pa(k) = BPse“k. The parameter P, > 0 is a normalization factor, and is chosen
so that the average channel energy is L, i.e., Zﬁ;& E [[h(k)*] = P Zé;& (B + qe " = L.
Unless otherwise stated, we use § = 0.01, hence the ratio between the energy of the sparse and
diffuse components is given by [E[hih,|/E[h}hg]] ,; = 10dB, where hy = a, © c, denotes the
sparse component. Unless otherwise stated, we assume an orthogonal pilot sequence, so that S is
diagonal. For simplicity, we assume that S = S - I, for some S > 0, so that we can rewrite the

observation model (A.7) as
his=h+ VS n (A.53)

Moreover, we define the estimation SNR as the average estimation SNR per channel entry, SE[h*h]/L.

We consider the following estimators:
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e GMMSE and GThres estimators, for different values of the assumed sparsity level
g € {0.1,0.01,0.001} (ie., a = In (1;‘7) € {2.2,4.6,6.9));

e unstructured LS estimator;

e MMSE estimator, which assumes perfect knowledge of ¢, A4 and Ag, and thus performs an

MMSE estimate of the channel. It provides a lower bound to the estimation accuracy;

e purely sparse estimator, which ignores the diffuse component. Since a per-tap approach is
optimal under an orthogonal pilot sequence, we choose a variation of the GThres estimator

which assumes no diffuse component (hy = 0);

e purely diffuse estimator, which ignores the sparse component (i.e., GMMSE or GThres esti-

mators with ¢ = 0).

In Sec. A.9.2 we compare the MSE (define in (A.18)) attained by these estimators with the asymptotic
MSE behavior derived in Sec. A.6, assuming perfect knowledge of A4. In Sec. A.9.3 we evaluate the
impact on the performance when the PDP profile A, is unknown and is estimated using the PDP esti-
mator developed in Sec. A.7. In Sec. A.9.4 we evaluate the performance under a non-orthogonal pilot
sequence. Finally, in Sec. A.9.5, we evaluate the BER performance induced by channel estimation

errors, when the aforementioned estimators are employed for coherent detection.

A.9.2 Validation of the MSE analysis

In Fig. A.2, we plot the MSE of the estimators as a function of the estimation SNR, and their
asymptotic MSE behavior (bold lines, with the corresponding markers for the different values of «),
assuming perfect knowledge of A;. We note that there is a perfect match between the MSE in the
high and low SNR regimes, and the asymptotic analysis developed in Sec. A.6. In particular, from an
MSE perspective, it is confirmed that it is beneficial to use a conservative approach in the estimation
process, i.e., by assuming the sparse component to be sparser than it actually is. In fact, the optimal
threshold for the GThres estimator represents a balance between the probability of mis-detecting an
active sparse component as diffuse contribution and the probability of false alarm (detecting a diffuse
contribution as active sparse component). A conservative approach, by employing a small threshold,
reduces the false alarm probability (a similar consideration holds for the GMMSE estimator). This

trend can also be observed in the medium SNR ranges. However, this property does not hold in
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Figure A.2. MSE of the GMMSE and GThres estimators, for the HSD channel model, with perfect
knowledge of the PDP P4(k). The bold lines with the corresponding markers represent the low SNR MSE
behavior. The high SNR behavior is given by the LS estimate. § = 0.01, ¢ = 0.1.

general, as we have discussed in Sec. A.6. To see that, we also plot the accuracy of the diffuse
estimator h(Piff) (k) = %hm(l@), which ignores the sparse component a; ® c,. This can
be interpreted as a limit case of the GMMSE and GThres estimators, for ¢ — 0, or equivalently
a — +o0o. Also, as predicted by the MSE analysis, for a given value of § the GMMSE estimator
outperforms the GThres estimator, in the asymptotic regimes. This is a consequence of the fact that
GThres allows only the extreme values égGThreS) (k) € {0,1}, whereas GMMSE allows a smoother

transition between these two extremes.

In Fig. A.3, we plot the MSE of the estimators as a function of the SNR .5, for the case with no
diffuse component, 3 = 0. Even in this case, we notice a perfect match between the MSE in the high
and low SNR regimes, and the asymptotic analysis in Sec. A.6. In particular, the larger the factor «
used (the smaller §), the better the estimation accuracy. Unlike Fig. A.2, where the MSE approaches
the LS estimate for high SNR, in this case we note a performance improvement. In fact, when 8 = 0,
the estimate of hy is forced to zero. Therefore, whenever the GThres estimator correctly detects
as(k) = as(k) = 0, the channel component h(k) is estimated with no error. On the other hand, when
B > 0, a residual MMSE estimation error is incurred.

In Fig. A.4, we let vary the ratio between the energies of the sparse and diffuse components,

Elhih,]/E[hthy] = ¢/5. The estimation SNR is [SE[h*h]/L],;; = 10dB. The MSE of the
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Figure A.3. MSE of the GMMSE and GThres estimators, for the HSD channel model. The bold lines

with the corresponding markers represent the high/low SNR MSE behavior. $ = 0 (no diffuse component),

q=0.1.

purely sparse estimator is also plotted in this case. Similarly to Figs. A.2 and A.3, we note that
a conservative approach is beneficial from an MSE perspective. As expected, the sparse estimator
performs worse than the GThres estimator, due to its inability to exploit the diffuse component of
the channel. In particular, it performs closely to the GThres estimator for small values of 5 (i.e.,
large values of E[h}h,]/E[h}h,]), where the diffuse component is negligible with respect to the
sparse one, and incurs a performance degradation for large values of /3, where the diffuse component
becomes significant. Moreover, as expected, the only diffuse estimator achieves good performance
for large values of 5. However, it performs poorly for small values of 3, where the sparse component
yields a significant contribution. Note that, excluding the MMSE estimator, the GThres estimator
with ¢ = 0.001 achieves the best performance over the entire range of values considered, very close
to the MMSE lower bound. This proves that the proposed methods are robust, and adapt to a wide
range of estimation scenarios, where the channel exhibits either a sparse, diffuse or hybrid nature

(corresponding to large, small and moderate values of E[h}h,]|/E[h}hg], respectively).

A.9.3 Evaluation of the PDP estimator

Fig. A.5 compares the MSE of the GMMSE estimator, for the two cases where A is perfectly

known at the receiver, and where it is estimated from the observed sequence using the EM algorithm
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Figure A.4. MSE of the channel estimators as a function of 3, assuming perfect knowledge of the PDP of
the diffuse component Pq(k). [SE[h*h]|/L] ;; = 10dB, ¢ = 0.1

(Sec. A.7), based on only one realization of the channel. We notice that, in general, there is a small
performance loss due to the unknown A4, mainly in the low SNR range and for small values of ¢
(however, no performance degradation is observed for ¢ = 0.1). This behavior is explained by the
fact that the MMSE estimate of h, in (A.14) is more sensitive to errors in the estimation of A4 in the
low SNR than in the high SNR regime. In fact, for high SNR values, it approaches the LS solution.

On the other hand, for small values of ¢ we have the following. The posterior probability of the entries

of the sparsity pattern a,, as a function of the factor a = (13‘7), is given by (A.16) with S, ,, = S.
This is a decreasing function of « (i.e., increasing function of §). As a consequence, the smaller G the
more the weight given to the right-hand term of (A.14), associated with the MMSE estimate of h;(k),
which is sensitive to errors in the estimate of Py(k), compared to the left-hand term, associated with
the LS estimate of cs(k), which is independent of the PDP estimate. As a consequence, a smaller
value of ¢ results in an overall estimate that is more sensitive to errors in the PDP estimate of hy.

Similar considerations hold for the GThres estimator.

Fig. A.6 plots the MSE of PDP estimator of the diffuse component developed in Sec. A.7, for
different values of ¢ and of the number of iterations of the EM algorithm, based on only one channel

realization, as a function of the SNR per diffuse channel entry SE[h’hy]/L. In particular, letting
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Figure A.5. MSE of the GMMSE estimators, comparison between the cases where the PDP of the diffuse
component is known and estimated from the data, respectively. 5 = 0.01, ¢ = 0.1. The two curves of the
GMMSE estimator with ¢ = 0.1 where the PDP is known and estimated overlap.

Pa(k),k =0,..., L — 1be an estimate of Py(k) = Se~“¥, we compute the following MSE metric:

L—1
MSEppp = % S E [(m Pa(k) — In Pd(k:)>2] . (A.54)
k=0

The performance is compared also with an oracle estimator, which assumes perfect knowledge of
as; ®cg, thus being able to perfectly remove the interference from the sparse component (in particular,
we use the EM estimator with ¢ = 0). In the figure, the MSE floor refers to the ML estimator
of B,w in the noiseless scenario with no sparse component. It can be shown that, in this case, the
ML estimator is obtained by setting A, = |hg(k)|* and Z = % in the E-step (A.36), and by
solving (A.38) using the results of Theorem A.7.1. As expected, the Oracle estimator achieves the
best performance, and approaches the MSE floor in the high SNR. Remarkably, the EM estimator
with ¢ = 0.001 and 300 iterations approaches the performance of the Oracle estimator, although it
cannot take advantage of prior knowledge of a;®c;. This proves that the proposed method effectively
removes the interference from the sparse component, by discarding the observations associated, with
high probability, to the active sparse components. Interestingly, the case ¢ = 0.001 with 20 iterations

incurs a small performance degradation compared to the MSE achievable after 300 iterations, which

becomes negligible for moderate and large SNR values. On the other hand, when ¢ = 0 is used, the
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Figure A.6. MSE of the PDP estimator of hy. 8 = 0.01, ¢ = 0.1.

O

presence of the sparse component is neglected and the channel is treated as being purely diffuse. In
this case, a significant performance degradation is incurred. Finally, we notice that the case ¢ = 0.15
incurs a performance degradation, compared to the case ¢ = 0.001, which confirms our analysis in
Sec. A.7. In fact, we have verified that the estimate of the PDP parameter w diverges to +o0o as the
EM algorithm is iterated, so that the PDP estimate is forced to zero and the overall MSE diverges to

+00.

A.9.4 Non-orthogonal pilot sequence

In Fig. A.7, we compare the MSE of the GThres estimator for the non-orthogonal and orthogonal
pilot sequence cases, under the same pilot energy budget, as discussed in Sec. A.8.1. Moreover,
we plot the curves associated with the modified Iterative Thresholding Algorithm (ITH), designed in
Sec. A.8.2 based on a variation of [91] which takes into account the presence of the diffuse component.
The non-orthogonal pilot sequence is generated from a CAZAC sequence of length M = 50 =
L/2 [117]. As expected, we observe a performance loss in the non-orthogonal case, compared to
the orthogonal pilot scenario with the same pilot energy budget. In fact, the GThres estimator,
by employing a per-tap estimation approach, neglects any correlation among the channel taps, thus
incurring a performance degradation. We measured that the orthogonality coefficient (A.46) ranges

in the interval 7, € [0.625,0.765] (note that this is a function of the delay £ € {0,...,L — 1}),
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Figure A.7. Comparison between the non-orthogonal and orthogonal pilot sequence cases. 5 = 0.01,
q=0.1.

corresponding to an SNR loss in the range [1.16, 2.05] dB. These values are confirmed by simulation,
where the SNR loss induced by GThres under a non-orthogonal pilot sequence (by averaging over
all channel delay taps, as in (A.18)) is approximately [1.5,2] dB. Interestingly, the performance
degradation incurred by the GThres estimator is partially recovered (fully, in the low SNR regime)
by the ITH algorithm, which exploits the correlation introduced by the non-orthogonal pilot sequence

by estimating the channel taps jointly.

A.9.5 BER performance

Finally, in Fig. A.8 we plot the BER induced by channel estimation errors, for the case where
the PDP of h, is known. To this end, we define an OFDM-UWB system, employing Ngg = 512
sub-carriers and a 4-QAM constellation with Gray mapping, and the bit sequence is uncoded. In
the estimation phase, we use an orthogonal pilot sequence. This may be achieved, for example, by
allocating an OFDM symbol with a constant modulus pilot sequence. Our observation for channel
estimation has noise; in contrast, we assume no noise when evaluating the BER. As a result, the BER
curves reflect the errors induced by channel estimation versus additive channel noise. In particular, let
X (n) be the 4-QAM symbol transmitted on the nth sub-carrier, and H(n) = ZZL: 7)1 h(n)e_i%ﬁ}t
be the DFT of the channel. Then, the received symbol is Y (n) = H(n)X (n). This is equalized by
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Figure A.8. BER induced by channel estimation errors, with known PDP of hy. 5 = 0.01, ¢ = 0.1.

using the estimate H (n) of H(n), i.e., X (n) = ggz; X (n), and the decision is based on a minimum

distance criterion, i.e., X (n) = mingcs_qam | X (n) — x|2. Moreover, the BER is averaged over the

"good" sub-carriers only, which are chosen based on the heuristic carrier selection scheme
{k: H (R > )\max|H(n)|2}, (A.55)
n

where A € (0,1) is a threshold value. In particular, \ is chosen so that 30% of the sub-carriers are
classified as "good". The rationale behind this choice is that, in a practical system, the "bad" sub-
carriers would never be used, since they are not suitable to carry information. The SNR is referred
to the output of an ideal Rake receiver with perfect channel knowledge, where the estimation noise is

treated as additive Gaussian noise at the receiver. This is defined as SNR,,1c = Sh*h.

We notice that GMMSE estimator with ¢ = 0.001 performs very closely to the lower bound,
represented by the BER induced by the MMSE estimator, defined in Sec. A.5.1. On the other hand,
both the diffuse and the purely sparse estimators perform poorly, due to their inability to exploit both

the sparse and the diffuse components jointly.
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A.9.6 Realistic UWB channel model

In this section, we evaluate the BER and MSE performance of the proposed estimators in a more
realistic UWB channel emulator developed in [102], which we refer to as K&P model in the following.
This approach is important as a validation of the HSD model, of the GMMSE and GThres estimators
and of the analysis we have developed. We argue that the K&P model is more suitable than the model
in [101] to evaluate the robustness and sensitivity of the proposed HSD channel estimation strategies
to deviations from the HSD model. In fact, as explained in more detail in Sec. A.9.7, K&P models
the diffuse component as a diffuse tail associated with each specular component, whereas in the HSD
model the diffuse and sparse components are assumed to be independent. Therefore, it represents a
deviation from the HSD model. In contrast, the model developed in [101] exhibits a better fit to the

HSD model, since the diffuse component is generated independently of the specular MPCs arrivals.

A.9.7 K&P model

The K&P model combines both a geometric approach for the resolvable individual specular com-
ponents (echoes), arising from reflections from the scatterers in the environment, and a statistical
approach for the dense multipath clusters associated with each echo. The model also includes a

frequency dependent gain decay, so that the overall channel transfer function is expressed as
—i27 fT f - B
H(f) =Y An) (1+Di(f))e ! 1+% (=5 (A.56)
!

The sum is over the individual echoes, with the Ith echo having amplitude A;(7;) and delay 7;. D;(f)
is the multipath cluster associated with the /th echo, with exponential PDP and circularly symmetric
Gaussian distribution in the time-domain, v is the frequency domain decay exponent, f is the center
frequency, and B < R is the transmission bandwidth.

The time-domain baseband representation of the channel is obtained by performing an inverse
Fourier transform of (A.56), and by sampling at rate R samples per ns. We further clip the channel
in the delay domain, so that only the channel window carrying most of the energy is kept. This step
determines the delay spread of the channel (L. = 600). The channel snapshot is finally normalized to
have energy L, i.e., ZlL:_Ol h(l)* = L.

It is worth noting that 7; is quantized to discrete values, and equals an integer number of the

sampling interval R~ ns. This is a simplification, which guarantees that the MPC arrival matches



182 Chapter A. UWB Sparse/Diffuse Channel Estimation

Table A.3. Main parameters for the Office LOS scenario in [102]

Natt 2048 Number of channel samples in the delay domain
R 12.8ns7! Sampling rate in the delay domain
B 10 GHz Bandwidth of the UWB system
fo 6 GHz Center frequency
do 0.8m Reference distance for individual echo power law
é 3 Path loss exponent for individual echo power law
Gup —20dB Cluster gain with respect to associated individual echo
Gump_10S —13dB Additional cluster gain for LOS individual echo
ol 10ns Multipath cluster exponential decay parameter
v 1.1 Frequency domain decay exponent
(e, yt, 2t) (1.78,4,1.5) m Coordinates of transmitter position
(27, Yr, 2r) | from (3.0,1.5,1.5) m Coordinates of mobile receiver position
to (4.5,1.8,1.5) m

exactly the sampling period. Therefore, in general, the K&P model [102] does not cope with the
side-lobes of the sinc pulse, which arise when the MPCs arrive in the middle of two sampling times.
However, the bandwidth limitation B < R introduces a sinc filtering of the channel, so that the
side-lobes of the sinc pulse affect the channel impulse response.

We choose the Office LOS scenario in [102] for our simulations. A summary of the main parame-
ters are given in Table A.3. In particular, 10000 channel snapshot are generated, each corresponding
to a different position of the mobile receiver along the line connecting the points (3.0, 1.5,1.5) m and
(4.5,1.8,1.5) m (where (z, y, z) m represents a point in the three dimensional space with coordinates
x, y and z, measured in m relative to the origin). For each position of the mobile receiver, the arrival
pattern of the resolvable MPCs, i.e., their gain and delay, is determined by the relative positions of
the mobile receiver, transmitter and scatterers (these are positioned on a grid in the three dimensional
space). Moreover, for each channel snapshot, we generate an independent realization of the diffuse
component (Rayleigh fading) and of the additive noise. We refer the interested reader to [102] for
further details.

It is worth noting that the sparsity level g of the HSD model is not defined for the K&P model.
This parameter may be roughly estimated as the ratio between the number of active scatterers and
the delay spread L. For the Office LOS scenario defined in [102], we have 6 (virtual) scatterers and
L = 600, which gives ¢ ~ 0.01. Moreover, the PDP estimator developed in Sec. A.7 for the HSD
model assumes an exponential PDP for the diffuse component, which is not defined for the K&P
model. In Fig. A.9, we plot the PDP of a channel snapshot as an example, and the exponential
PDP fitting, estimated using the EM algorithm developed in Sec. A.7. We note a good fitting of the
exponential PDP model to the PDP of the channel realization. Remarkably, although the K&P model
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Figure A.9. PDP of one realization of the K&P model (with parameters given in Table A.3) and exponential
PDP, estimated using the EM algorithm developed in Sec. A.7.

defines the diffuse component as a diffuse tail associated with each specular component, the overall
effect, by summing the contribution from all MPCs, is that of a unique PDP tail, which fits well the
exponential shape.

The channel and the PDP of the diffuse component are estimated based on a single snapshot of
the channel. In particular, the PDP of the diffuse component is estimated using the EM algorithm
developed in Sec. A.7. Hence, the MSE and BER results are not affected by the structure of the

spatio-temporal correlation of the channel.

A.9.8 MSE performance

Figs. A.10 and A.11 plot the MSE of the GMMSE, GThres and purely sparse and diffuse esti-
mators, for different values of the assumed sparsity level g. Since a per-tap approach is optimal in
this case, for the sparse estimator we choose a variation of the GThres estimator, which assumes no
diffuse component (hy; = 0). The diffuse estimator assumes a purely diffuse channel, and performs a
linear MMSE estimate based on the estimated PDP of the diffuse component.

In Fig. A.10, we observe that, the smaller ¢ (i.e., the larger o), the better the estimation accuracy
of the GMMSE and GThres estimators. Moreover, the GMMSE estimator outperforms the GThres

estimator, for a given value of ¢. This is the same behavior, predicted by the MSE analysis in Sec. A.6,
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Figure A.10. MSE of the GMMSE and GThres estimators, for the K&P channel model, LOS-Office
scenario. The bold lines with the corresponding markers represent the low SNR MSE behavior. The high
SNR behavior is given by the LS estimate.

that we have observed in the case where the channel follows the HSD model (Fig. A.2). Remarkably,
we notice a perfect match between the simulation results and the low/high SNR asymptotic behavior
of the estimators (bold lines). This is a surprising result, if we consider that the K&P channel emulator
deviates from the HSD model, and the PDP of the diffuse component is unknown and estimated from
the data. However, note that the value of the channel delay spread, L. = 600, allows sufficient

averaging over the small scale fading in the delay dimension, so that the PDP is accurately estimated.

Moreover, we notice that the diffuse estimator outperforms the HSD estimators in the low SNR
(< —12.5dB). This is an expected result, which is coherent with the simulation results based on the
HSD model (Fig. A.2) and with the asymptotic analysis in Sec. A.6, where we have proved that, in the
low SNR, the smaller ¢, the better the estimation accuracy (note that the diffuse estimator corresponds
to the limit case ¢ — 0). In fact, the diffuse estimator forces the channel estimate to zero in the low
SNR, thus approaching the channel energy floor. Conversely, a performance degradation is observed
for higher SNR values, with respect to the HSD estimators with ¢ = 0.001, which achieve the best
performance.

In Fig. A.11, we notice that the GMMSE estimator achieves better performance than the sparse
estimator, for the same values of ¢. In fact, the sparse estimator does not effectively capture the

diffuse component of the channel, thus incurring a performance degradation, mainly in medium and
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Figure A.11. MSE of the GMMSE and Sparse estimators, for the K&P channel model, LOS-Office sce-

nario.

high SNR (in particular, in the high SNR range (> 5 dB), it performs even worse than LS).

A.9.9 BER performance

Similarly to Sec. A.9.5, we evaluate the BER performance induced by channel estimation errors
in an OFDM-UWB system, with Ngg = 2048 sub-carriers, 4-QAM constellation and transmission
bandwidth B = 10 GHz. Since we want to evaluate the impact of channel estimation errors on the
BER performance, we consider a noise-free setting, i.e., no noise is added to the information symbols,
whereas noise is added in the estimation phase, so as to induce channel estimation errors. The SNR is
referred to the output of an ideal Rake receiver. Moreover, the BER is averaged over only the "good"
sub-carriers, chosen according to the heuristic carrier selection scheme (A.55).

Fig. A.12 plots the BER associated with the GMMSE, LS, purely sparse and diffuse estimators,
for different values of G. Generally, we observe that the better the MSE estimation accuracy, the
smaller the BER. In particular, the best performance is achieved by the GMMSE estimator with
G = 0.001. Moreover, similarly to the MSE, also the BER benefits from a conservative approach in
the estimation of the sparse component, i.e., it is beneficial to use small values of ¢g. We notice that a
poor BER performance is incurred by the purely sparse estimator which, in the high SNR, performs

even worse than LS. Similarly, the diffuse estimator performs worse than GMMSE with ¢ = 0.001
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Figure A.12. BER induced by channel estimation errors, for the K&P channel model, LOS-Office scenario.
The BER is averaged over the "good" sub-carriers only (A.55).

in the medium SNR range. As in the MSE case, the purely sparse and diffuse estimators are unable
to exploit both the diffuse and sparse components of the channel jointly, thus incurring a performance
degradation. Finally, we observe an irregular behavior of the GMMSE and sparse estimators with
g = 0.001 around 18 dB SNR. We argue that this is a consequence of the fact that we do not average
over independent realizations of the surrounding environment, i.e., we use the particular Office LOS

in [102], which specifies the relative positions of the scatterers, and of the transmitter/receiver pair as

well.

These results show that the GMMSE and GThres estimators effectively capture the main UWB
propagation phenomena, e.g., the resolvable MPCs of the channel, modeled by a sparse component,
unresolvable MPCs, scattering from rough surfaces and frequency dispersion, which are better mod-
eled by a diffuse component. Also, we observe that a small performance degradation is incurred by
the diffuse estimator. However, we argue that one of the strengths of the proposed HSD model and
channel estimation strategies relies in their robustness and adaptability to different scenarios of inter-
est, where the channel exhibits a sparse, diffuse or hybrid nature. Conversely, a diffuse (respectively,

sparse) estimator is expected to perform poorly in sparse (diffuse) channels.



A.10. Conclusions 187

A.10 Conclusions

In this chapter, we have investigated the issue of channel estimation for UWB systems. In par-
ticular, we have proposed a novel hybrid sparse/diffuse model for the UWB channel, which is able
to capture the main UWB propagation mechanisms: fine delay resolution capability, scattering from
rough surfaces, frequency dispersion. We have then identified four scenarios of interest in practi-
cal systems, differing in the amount of side information available at the receiver for the purpose of
channel estimation, and we have proposed channel estimators exploiting the channel structure and the

side-information to enhance the estimation accuracy.

Of particular interest is the scenario where the PDP of the diffuse component is known at the
receiver, and the statistics of the specular component are unknown. This is relevant when the ob-
servation interval is large enough to allow averaging over the small scale fading, but not over the
large scale fading. For this scenario, we have proposed the Generalized MMSE and Generalized
Thresholding Estimators. We have carried out an MSE analysis of these estimators, in the asymptotic
regimes of high and low SNR. This analysis suggests that it is beneficial, from an MSE perspec-
tive, to use a conservative approach in the estimation of the sparse component, i.e., to assume the
sparse component to be sparser than it actually is. While this result cannot be extended to medium
SNR, simulation results show that a similar behavior often holds in this regime. We have proposed
an EM algorithm for the PDP estimation of the diffuse component, which exploits the exponential
structure of the PDP to average the fading over the channel delay dimension, rather than over sub-
sequent independent realizations of the fading process. Moreover, we have analyzed the case with a
non-orthogonal pilot sequence, and shown that the GThres estimator can be recast as a modification

of a sparse approximation algorithm proposed in the literature.

Finally, we have evaluated these estimation schemes based on a more realistic geometry-based
stochastic UWB channel emulator, developed in [102]. Simulation results for this case show that the
GMMSE and GThres estimators achieve better performance, in terms of both MSE and BER, than
conventional unstructured (Least Squares) and purely sparse or diffuse estimators, thus suggesting
that, although simplified (e.g., compared to [89]), the HSD model is able to capture key UWB prop-
agation mechanisms, such as resolvable MPCs, diffuse scattering from rough surfaces, unresolvable

MPCs, and frequency dispersion.
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Appendix A.A: Proofs for Section A.6

Lemma A.10.1 (Exchanging the limit with the expectation). For the GMMSE and GThres estima-
tors of the kth channel delay bin h (y), where y = h+ ﬁ_ln is the observation, h = ascs ++/Pihg
is the HSD channel bin, n is the noise in the kth delay bin, we have, for X € { GMMSE, GThres},
I () =E| lim O (VSy,n)
Gl mseg (S) S_l)grlumf VSy,n)|,

where Sy, € {0,+o0}, and mseéX)(S) and &) (ﬁy,n) are defined in (A.21) and (A.20), re-

spectively.

Proof. Note from (A.14) that, for X € {GMMSE, GThres}, we can write
hy) = (VSlyl) v, (A.57)

where 7(X) (z), for z > 0, is given by

SPy

_2hd A58
1+ 5P, (A.58)

r (2) = ) (2) + (1= 0 (2))
The function ¢(X) (2) is the estimate of the sparsity bit as conditioned on |y| = VS 'z, and its
expression depends on the chosen estimator X € {GMMSE, GThres}, specifically, from (A.16)
and (A.17),

———— X = GMMSE,
¢ () = { Vet el ) (A.59)
Z(2*>a(l+SP;)), X = GThres.

Let{S; > 0,7 =0,...,+oo} be a generic SNR sequence, indexed by j, such thatlim;_, , ., S; =
Siim. From Lebesgue’s Dominated Convergence Theorem [118], if there exists a function ¢(X) (h,n)

such that

}f(X) (Eh+n,n)‘ <gX(h,n) ae., Vj

(A.60)
E [¢%)(h,n)] < 400,

where a.e. stands for almost everywhere, i.e., the inequality holds except on a set with probability

measure zero (with respect to the random variables hg ~ CN(0,1), n ~ CN(0,1), as ~ B(q) and



Appendix A.A 189

Cs), then

lim mse,gX)(Sj) =E [llim FE(/Sjh 4 n, n)] .

Jj—+oo Jj—+oo

If this property holds for any SNR sequence such that lim;_, { o Sj = Siim, then

lim msech)(S) =E [ lim f(X)(\/Ey,n)} ;

S*)Slim S— lim

and the Lemma is proved.

We now prove the existence of such a function ¢*) (-). Let z = +/Sy. Then, from (A.20)
and (A.57), we have

2

)

FOO (@) = [rCO (|2 & — \/§h)2 - ‘ (1 — (\x|)) z—n

where in the last step we used the fact that v/Sh = 2 — n. Using the inequality |A + B|?> <
2|A|? + 2|B|?, we have

2
F3(m) <2 (1=r (a)) |22 + 2 nf?. (A61)
Moreover, from (A.58), we have, Vx € C,

1
<1-— ¢ :
1 5P, = o (|z))

1= (faf) = (1= 6% ()

, we finally obtain fX) (2, n) < 2m)(|z])2 + 2 |n|?.

Letting m(X)(]:r\) = (1 — X (]m\)) |

In order to proceed, we distinguish between the estimators.

A.10.1 Generalized MMSE Estimator

For the GMMSE estimator, using the expression of ¢(SMMSE) (||} in (A.59), we have

e exp { |/} |2
GUNSE) ([g]) — =2 e{xp {_‘}W} < e exp {—[af*} Jal.

mf
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The right hand side is maximized at |z| = %, and therefore we obtain the bound m(SMMSE) (|z) <

e L —. Then, we have the following bound on f (GMMSE) (2 1)

@

f(GMMSE) ({L’, 77,) <e 20—1 +9 |7’l| é (GMMSE) (h, n) (A.62)
g(GMMSE) (1) is an integrable function, in fact E [g(GNHVISE)(h7 n)] =e** 1 +2 < 4o0.

A.10.2 Generalized Thresholding Estimator

For the G Thres estimator, using the expression of ¢(GTP¢) (|z]) in (A.59), we have m(GThes) (|z]) =
Z (Jz* < @) |z|. For |z| > v/, we have m(STh)(|z|) = 0. On the other hand, for |z| < \/a, we

have m(GThes) (|2]) = |z| < \/a. In general, m(GThres) (|z|) < \/a, V|z| > 0, and therefore
FETHeS) (12 ) < 200+ 2|n)? £ glGThres) (p p),
g'GThres) (b n) is an integrable function, in fact we have
E [g(GThreS)(h, n)] =20 +2 < +oc. (A.63)

The Lemma is thus proved. 0

Lemma A.10.2. We have, for n € CN(0,1),

[nl”

(14 e exp{—|n|?})?

] =e “In(l+e%). (A.64)

Proof. We have

Q

|7’l|2 +oo T t T
2| = / e fde= lim [ ——— ¢ "dx, (A65)
(1 + e exp{—\n\z}) 0 (1 + ea—x) t—+o0 J (1 + ea—x)

where we have used the substitution x = |n|2, and the fact that, since n ~ CN(0,1), z ~ £(1).

Let B(x) = 1+ea - and B'(z) £ de(Z) - (1+e°‘ €)2

. Then, from (A.65) we have

2 t
igd S| = lim / 2B/ (z)dz. (A.66)
(14 e exp{—|n|?}) t=+oc Jo
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By solving the integral in the limit by parts, we have

t
/ xB'(x)dx / B(x tB(t) —e *In(e' +e*) + e *In(1+€%), (A67)
0

where in the last step we used the fact that B(z) = e*a% In (e® + e®). Finally, the result is straight-

forwardly obtained by substituting the expression above in (A.66), and by letting ¢ — +-00. O

Appendix A.B: Proof of Theorem A.7.1

Proof of Theorem A.7.1. Let f(z,5) = Inf+ Zlnz + B% Zﬁ;ol Az~ where we have defined
= e “ € (0,1] in the argument of the minimization in (A.38). By minimizing with respect to

x
B > 0, for a fixed x, we have

L—-1
B(m) = argmm {lnﬁ +— Z Apx™ } = % kZ:OAkx—k

Substituting into f(x, 3), we obtain f(z, (x)) = 1+In 3(z)+ Z In . We now minimize f(z, 3(z))

with respect to z € (0, 1]. f(z, 3(x)) is an increasing function of - € (0, 1] if and only if

df (@, f(z)) _B'x)  Z

0 A.68
& Bw) = o

where 3/ (z) = dﬁf) = — LS kAga~ (WD), Equivalently, multiplying both sides by 27+ 3(z) >

0, f(x, B(x)) is an increasing function of & € (0, 1] if and only if
g(x) £ 2”1 B(@) f'(x, B(x) = 7 > A H(Z — k) > 0. (A.69)

Note that ¢'(z) = di’l(f) = LS A1 (Z —k)? > 0, Vo € (0,1]. Therefore, g(x)

is a continue monotone increasing function of x. Moreover, since Z < L — 1 from (A.36) and
lim,_,o+ 2™ = 400 when m < 0, we have lim,_,q+ g(z) = —oo. Therefore, if g(1) > 0, i.e.,

ﬁ;& (Z — k) A, > 0, then there exists a unique Z € (0, 1) solution of g(Z) = 0 such that

x) >0, Vr>=zx
9(x) (A.70)
g(x) <0, Vz<z.
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Equivalently, Z € (0, 1) is the unique solution of f'(x, 5(x)) = 0 such that

f’(iﬁ,g(iﬁ)) >0, Ve>2

~ (A71)
f(x,B8(x)) <0, Va<z.

As a consequence, 7 is the unique minimizer of f(x), x € (0, 1], and { B(E), 0 = — lna?} uniquely

minimizes (A.38).
Conversely, if g(1) < 0, ie., Zﬁ;& (Z —k)Ar <0, then g(z) < 0, Va € (0,1]. This

is equivalent to f'(z,3(z)) < 0, Vz € (0,1]. As a consequence, 1 is the unique minimizer of

f(z, B(x)), and {B(l), W= 0} uniquely minimizes (A.38). O
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