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Summary

Radio frequency (RF) signals have been utilized as a vehicle for information
transmission or wireless communication for decades. Meanwhile, the energy carried
by RF signals can also be used to transfer power wirelessly. Wireless information
and power transfer, with the aim to provide energy supply and data access to
wireless users at the same time, has recently drawn significant interests. This thesis
pursues a unified study on wireless information and power transfer, by investigating
two main models for applications, namely, simultaneous wireless information and
power transfer (SWIPT) using the same RF signals, as well as wireless powered
communications (WPC) via RF energy harvesting (EH).

First, we present practical receiver designs for a point-to-point link, and analyze
their various rate-energy performance trade-offs for SWIPT. We model the EH
and information decoding (ID) processing at the receiver, and propose a novel
integrated information and energy receiver for SWIPT, in which part of the EH
and ID circuits are integrated. We characterize the performance and derive optimal
operation strategies for the proposed receivers under both ideal assumption and
practical consideration on circuit power consumption. Furthermore, the performance
is evaluated for a system using practical modulation schemes.

Next, we study SWIPT in a multiuser broadcast channel using orthogonal
frequency division multiplexing (OFDM), and design radio resource allocation
schemes to achieve multiuser optimal rate-energy trade-offs. To coordinate the
wireless information and energy transmissions to the multiple users and their receiver
operations, we propose two schemes, namely, time division multiple access (TDMA)

with time switching (T'S) receivers and orthogonal frequency division multiple access

v



Summary

(OFDMA) with power splitting (PS) receivers. For both schemes, we study the
problem of maximizing the weighted sum-rate over all users subject to the minimum
harvested power constraint for each receiver as well as the peak and/or average power
constraint at the transmitter.

Last, we study the optimal resource allocation for an OFDM-based WPC
system, where wireless information and energy transmissions over finite time slots
are jointly designed to maximize the throughput. The problem is investigated
under two different assumptions on the availability of channel state information
(CSI), namely, full CSI, with the knowledge of CSI for the past, present and
future slots, and causal CSI, with the knowledge of CSI only for the past and
present slots.  With full CSI, the structure of the optimal resource allocation
solution is derived and a close-to-optimal offline algorithm is proposed to obtain
the performance. With causal CSI, we propose a low-complexity online algorithm
for real-time implementation and compare its performance against that by the offline

optimization.
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Chapter 1

Introduction

Radio frequency (RF) signals have been widely used as a vehicle for wireless
information transmission (WIT) since the first radio transmission demonstrated
by Marconi in 1895. Recently, the advances in energy harvesting (EH) circuit
design enable RF signals as a viable source for powering devices wirelessly. In
contrast to conventional wireless networks, where nodes are powered by fixed energy
sources, e.g., batteries, which have to be replaced or replenished manually after
depletion, RF-enabled wireless power transfer (WPT) avoids the nuisance of battery
replacement by providing perpetual energy supply. Accordingly, WPT is especially
appealing for applications where wireless nodes are deployed in conditions that
replacement of batteries is inconvenient (e.g., for numerous sensors in large-scale
sensor networks, and for Internet of Things) or even infeasible (e.g., for implanted
devices in human body).

Realizing both useful utilizations of RF signals, to provide both energy supply
and data access to wireless devices could potentially provide great convenience to
users. This thesis provides the unified study of the emerging field of joint wireless
information and power transfer.

In this chapter, we first give an overview of WPT in Section 1.1. We then
introduce SWIPT and WPC in Section 1.2 and Section 1.3, respectively. The
challenges and motivations are presented in Section 1.4. Finally, we present the

outline and contributions of this thesis in Section 1.5.



Chapter 1. Introduction

1.1 Overview of Wireless Power Transfer

WPT refers to the transmission of electrical power from an energy source to
electrical loads without wire connections. In general, WPT technologies can be
realized based on three different mechanisms, i.e., inductive coupling, magnetic
resonant coupling, and electromagnetic (EM) radiation [1]. Both inductive coupling
and magnetic resonant coupling are based on near-field coupling, where power is
transfered via the magnetic field flow through coils that are located within close
proximity of each other [2,3]. In particular, magnetic resonant coupling achieves
resonance between the coils by adding compensation capacitors in the system. The
two mnear-field technologies enjoy high energy transmission efficiency. However,
the operation distances are small. The inductive coupling operates within a few
centimeters, while the magnetic coupling in general operates from several centimeters
to a couple of meters. Therefore, the two technologies are limited to short-distance
applications. In addition, it is challenging for the two technologies to supply power
to an arbitrary number of distributed loads located over a large space simultaneously.

In contrast, WPT based on EM radiation, or RF-enabled WPT, exploits the
far-field radiation property of EM wave, by which the EM field along with the
RF signals is propagated through space where the energy can be harvested by
remote devices by capturing the RF signals. In general, the RF-enabled WPT can
support larger operation distances, from a few meters to tens of meters, depending
on different receiver sensitivities. As reported by the Powercast Company, with
transmission power of 3Watt (W), the receiver is able to harvest power of 159uW at
distance of bmeters (m) [4]. In [5], with transmission power of 1.78 W, the receiver
harvests 2uW of power at distance of 27m. Furthermore, the broadcasting nature
of RF signal enables powering a large number of distributed devices simultaneously,
which makes it particularly suitable for applications such as wireless sensor networks
or Internet of Things. We focus on the RF-enabled WPT in this thesis.

In RF-enabled WPT system, an energy transmitter, or energy access point

(EAP), is deployed to broadcast RF signals to distributed users. In order to harvest
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Battery

Figure 1.1: Energy receiver.

the energy carried by the RF signals, each user contains an energy receiver to perform
EH, by which the received RF signals are converted to electrical power. Fig. 1.1
illustrates a typical RF energy receiver. As shown in Fig. 1.1, the received RF
signal is converted to a direct current (DC) signal by a rectifier, which consists of
a diode and a passive low-pass filter (LPF). The diode is typically a Schotty diode
with low turn-on voltage. The DC signal is then used to charge the battery to store

the energy.

1.2 Simultaneous Wireless Information and

Power Transfer (SWIPT)

As RF signals can be utilized for both energy and information transmission,
an interesting application is simultaneous wireless information and power transfer
(SWIPT), which aims to provide WPT and WIT from the same RF signals. Fig.
1.2 illustrates the architecture for SWIPT system. As shown in Fig. 1.2, a hybrid
access point (HAP) broadcasts RF signals to transfer both power and information
to users. For SWIPT, both WPT and WIT is performed in the downlink (DL), i.e.,

in the transmission from the HAP to the users.

1.2.1 1Ideal Receiver

In general, WPT and WIT pursue different objectives, which are to maximize

the harvested energy and the information rate, respectively.  This raises a
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—_— > Wireless power transfer (WPT)

— Wireless information transfer (WIT)

/f'?

Hybrid Access Point
(HAP)

Figure 1.2: Architecture for SWIPT system.

fundamental question for SWIPT: Is there a trade-off between the energy and
information transmissions?

The question is investigated by Varshney in his seminal work [6], where
the idea of transmitting information and energy simultaneously is first proposed.
In [6], a rate-energy (R-E) function is defined to characterize the fundamental
performance trade-off for simultaneous information and power transfer. It is shown
by [6] that for a point-to-point additive white Gaussian noise (AWGN) channel
with amplitude-constrained input, there exists a non-trivial trade-off between the
harvested energy and the achievable rate by optimizing the input distribution.

In [7], Grover and Sahai extend the work in [6] to frequency-selective channels
with AWGN. Given total transmission power over all frequencies, the optimal
transmission strategy for WPT is to “concentrate” all power to the frequency which
achieves the maximum power efficiency; whereas the optimal strategy for WIT is
to “spread” the power over frequency spectrum according to the water-filling (WF)
function [8]. Clearly, a non-trivial trade-off exists for information transfer versus

energy transfer via the power allocation over frequencies.
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cos(2rft + 0)
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Figure 1.3: Information receiver.

1.2.2 Practical Receivers

One underlying assumption by the two works [6, 7] is that the receivers
are able to observe and extract power simultaneously from the same received
signal. However, this assumption may not hold in practice, as practical circuits
for harvesting energy from radio signals are not yet able to decode the carried
information directly. More precisely, consider Fig. 1.3 which illustrates the basic
functional blocks of a typical information receiver. As shown in Fig. 1.3, the received
RF signal is first converted to a baseband signal and then sampled and digitalized
by an analog-to-digital converter (ADC) for further decoding. These operations
for information decoding (ID) at the information receiver is very different from the
operations for EH at the energy receiver shown in Fig. 1.1, which clearly is not
able to decode the carried information by the signal directly. Due to this potential
limitation, the results in [6,7] actually provide only optimistic performance bounds.

In the pioneering work [9], Zhang and Ho propose a separated information and
energy receiver for SWIPT based on two practical receiver operations, namely, time
switching (T'S) and power splitting (PS). For the TS scheme (see Fig. 1.4(a)), at
any time the received signal is either connected to the information receiver or to the
energy receiver. Hence, EH and ID are performed orthogonally in time. For the PS
scheme (see Fig. 1.4(b)), the received signal is split into two streams with a fixed

power ratio, which are used for EH and ID, respectively. By coordinating WIT and
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Energy Receiver (c.f. Fig. 1.1)

Information Receiver (c.f. Fig. 1.3)

(a) Time switching (TS)

Energy Receiver (c.f. Fig. 1.1)

Information Receiver (c.f. Fig. 1.3)

(b) Power splitting (PS)

Figure 1.4: Separated information and energy receiver that employs TS and PS,
respectively.

WPT at the receiver side, the two schemes make SWIPT possible and feasible from

an engineering perspective.

1.3 Wireless Powered Communication (WPC)

1.3.1 Basic Models

Fig. 1.5 illustrates the architecture for WPC system. As shown in Fig. 1.5,
wireless users transmit information to a data access points (DAP) using the energy
harvested from an EAP. Hence, WPT is performed at DL from EAP to users,
whereas WIT is performed at uplink (UL) from users to DAP. In general, the DAP
and EAP can be separately located in the network, referred to as the separated
FEAP/DAP case (see Fig. 1.5(a)). A pair of DAP and EAP also can be co-located as a
HAP, providing the dual function of energy transfer and data access, which is referred
to as the co-located EAP/DAP case (see Fig. 1.5(b)). In both cases, the channel state
information (CSI) of WPT/WIT links is estimated at users and DAP, respectively,
which are then sent to a central controller (located at EAP or DAP for example)

for coordination of energy/information transmission. Separated EAP/DAP enjoys
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— —b»  Wireless power transfer (WPT)

—» Wireless information transfer (WIT)
4— _— T —-—=
/v B E
- /
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Co-located EAP/DAP
(HAP)

User User
(a) Separated EAP/DAP (b) Co-located EAP/DAP

Figure 1.5: Architecture for WPC system: separated EAP/DAP and co-located
EAP/DAP.

more flexibility in deployment of EAP/DAP; however, additional coordination and
synchronization between the EAP and DAP is necessary. Co-located EAP/DAP
is advantageous in information sharing (e.g., the channel estimation is simplified
when UL/DL channel reciprocity applies) and hardware reuse (e.g., computational
units). However, due to the same operation distance of WPT and WIT for the
co-located EAP/DAP case, the users far away from the HAP achieve low throughput,
since higher transmission power needs to be consumed at these users yet with lower

harvested energy, which is observed as a doubly near-far phenomenon in [10].

1.3.2 Harvest-then-transmit Protocol

For WPC systems, the DL WPT and UL WIT are coupled together due to the
energy constraint that the transmission energy available for UL WIT is constrained
by the amount of harvested energy from DL. WPT. Therefore, a major challenge for
WPC is how to jointly design the transmission strategy for DL WPT and UL WIT.

To coordinate the DL WPT and UL WIT, a harvest-then-transmit protocol is
proposed in [10] for the WPC system with co-located EAP/DAP as shown in Fig.

1.5(b), where a single-antenna HAP provides both energy transmission and data
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HAP User 1| User 2 e User K

WPT WIT
(a) TDMA-based WIT

HAP All users

WPT WIT

(b) SDMA-based WIT

Figure 1.6: Harvest-then-transmit protocol.

access to multiple users. As shown in Fig. 1.6(a), the harvest-then-transmit protocol
divides the transmission into two phases: the DL WPT is performed during the first
phase, where all users harvest energy from the received signal broadcasted by the
HAP; the UL WIT is performed during the second phase, where each user transmits
independent information to the HAP using the energy harvested during the first
phase. In particular, the time division multiple access (TDMA) scheme is assumed in
[10] for the UL WIT among multiple users. Clearly, the transmission time allocated
for the DL WPT and UL WIT at each user needs to be jointly optimized to maximize
the sum-throughput for the UL WIT. To tackle the doubly near-far phenomenon, [10]
further introduces an additional constraint that all users are allocated with the same
rate, by which the fairness among all users are guaranteed.

The work [10] is extended in [11] by employing a multi-antenna HAP. In contrast
to [10], during the second phase for uplink WIT, all users simultaneously transmit
independent information to the HAP by the space division multiple access (SDMA)
scheme (see Fig. 1.6(b)). To overcome the doubly near-far phenomenon, [11]
proposes to use the minimum throughput of all users as the performance metric,
with which the transmission time allocated for DL WPT and UL WIT, the energy

beamforming for DL WPT, the power allocation and receive beamforming for UL
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WIT are jointly optimized.

1.4 Challenges and Motivations
1. Receiver Design for SWIPT

For the SWIPT system in Fig. 1.2, one major challenge is the receiver design
to trade-off between WIT and WPT. The separated receiver in Fig. 1.4 uses the
conventional information receiver and energy receiver, which are designed for solely
WIT and WPT, respectively. Under the context of SWIPT, the design may not be

optimal due to the following reasons.

e WIT and WPT operate with very different power sensitivity at the receiver
(e.g., -10dBm for energy receivers versus -60dBm for information receivers).
Thus, for SWIPT systems that involve both WIT and WPT, the receiver
design should be optimized for WPT as a first priority.

e (Circuit power consumed by ID is a significant design issue for SWIPT, since the
circuit power reduces the net harvested energy that can be stored in the battery
for future use. In particular, the active mixers used in conventional information
receiver for RF to baseband conversion are substantially power-consuming.

The receiver will consume less power by avoiding the use of active devices.

It thus motivates us to consider a new receiver design for SWIPT system
that considers WPT as a first priority and avoids the use of energy-hungry active

components as much as possible.
2. Resource Allocation for SWIPT and WPC in OFDM System

In practice, wireless transmissions typically experience multipath propagation,
especially in indoor environments, which results in frequency-selective channels.
The inter-symbol interference caused by the frequency-selective fading becomes a

severe issue. Based on multi-carrier modulation, the orthogonal frequency division
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multiplexing (OFDM) technique breaks the data stream into lower-rate substreams
modulated onto narrowband flat-fading sub-channels (SCs). As a result, the
inter-symbol interference on each SC is less severe. Besides robustness against
frequency-selective fading, OFDM is appealing for its efficient implementation by
fast Fourier transform. Enjoying these key advantages, OFDM is suitable for
high-rate wireless communications, and has been adopted in various standards,
e.g., IEEE 802.11n and Long Term Evolution (LTE) Advanced. Nevertheless, the
performance may be limited by the availability of energy in the devices for some
energy-constrained application scenarios, e.g., sensor networks. Employing WPT to
supply OFDM users thus becomes appealing.

Moreover, in wireless communication systems, multiple users co-exist to share
the wireless medium. Since the broadcast nature of wireless power allows multiple
users to harvest the energy concurrently, it is critical to consider the problem of how
users share the wireless resources for WPT as well as for WIT.

To be concrete, consider for illustration the OFDM-based multiuser SWIPT
system in Fig. 1.2, where the HAP broadcasts RF signals that carry both
information and energy to multiple OFDM users. In addition to the coordination for
the information transmission between multiple users as considered in conventional
wireless communication system, the receiver operations need to be designed to
coordinate the EH and ID processing to fulfill the requirements on both data rate
and harvested energy. The two-fold coordination inevitably introduces a non-trivial
trade-off for the R-E performance that is not yet studied. It is thus important
to study jointly optimal resource allocation and receiver strategies to achieve the
optimal system performance.

To shed further light on the interesting trade-off for R-E peformance, consider
the OFDM-based WPC system in Fig. 1.5, where one OFDM user harvests energy
from the EAP to supply its information transmission to the DAP within finite time
slots. Since the information transmission is supplied by the harvested energy via

energy transmission, the total energy consumed for information transmission until

10
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any given time cannot be greater than the total harvested energy at the same time,
which is referred to as the energy causality constraint. This inevitably introduces

a trade-off for the energy and information scheduling by resource allocation for the

WPT and WIT links.

1.5 Thesis Outline and Contributions

1.5.1 Thesis Outline

The rest of the thesis is organized as follows.

Chapter 2 investigates practical receiver designs for the SWIPT system. We
first mathematically model the EH and ID processing at the receiver based on circuit
analysis. We then propose a receiver operation, as a generalization of the TS and PS
schemes, based on which we further propose a new receiver architecture, namely, the
integrated information and energy receiver, in which we integrate part of the EH and
ID circuits. We derive the equivalent information channel model for the proposed
receiver. The performance of the proposed receiver is analyzed and compared to the
separated ID/EH receiver under both ideal and practical circuit power consumption.
In addition, the performance is analyzed under a realistic system setup that employs
practical modulation.

Chapter 3 studies the optimal resource allocation for SWIPT in a multiuser
OFDM system. We propose two schemes to coordinate the wireless information and
energy transmissions, namely, TDMA with TS receivers and orthogonal frequency
division multiple access (OFDMA) with PS receivers. For both TS and PS schemes,
we solve the problem of maximizing the weighted sum-rate over all users by jointly
optimizing the time/frequency power allocation and either TS or PS ratio, subject to
a minimum harvested energy constraint on each user as well as a peak and/or total
transmission power constraint. The performance of the two schemes are analyzed
and compared.

Chapter 4 studies the optimal scheduling and resource allocation for WPC

11
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for a single user OFDM system. The DL WPT and UL WIT are performed
simultaneously in time but orthogonally over separate SCs to avoid interference
to the WIT. With the objective of maximizing the achievable rate for the UL WIT,
we jointly optimize the SC allocation over time and the power allocation over time
and SCs for both WPT/WIT links. Offline and online algorithms are proposed to

solve the problem assuming availability of full CSI and causal CSI, respectively.

1.5.2 Major Contributions

The major contributions of this thesis are summarized as follows.
1. In-depth System Modeling for SWIPT (Chapter 2)

In Chapter 2, we systematically model the EH and ID processing at the receiver
deeply rooted on circuit analysis. Our modeling bridges the information theoretical
analysis and RF circuit design, and provides a fundamental basis for practical

receiver designs for SWIPT.
2. A Novel Receiver Design for SWIPT (Chapter 2)

In Chapter 2, we propose a novel receiver for SWIPT, namely, the integrated
information and energy receiver, in which part of the front-end components of
conventional information and energy receivers are integrated. In this architecture,
the active RF band to baseband conversion in conventional ID circuits is replaced
by a passive rectifier operation, which is conventionally used only for EH. By
providing a dual use of the rectifier, the energy cost for ID is reduced significantly.
We demonstrate that under practical setups, the integrated receiver is superior
as compared to the conventional separated ID/EH receiver at short transmission

distances, which is the range that SWIPT systems usually operate in.
3. Useful Insights to the Design of Multiuser SWIPT System
For the resource allocation in multiuser OFDM-based SWIPT system, both

TS and PS schemes lead to non-convex optimization problems, which are difficult

12
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to solve directly. However, the two problems are efficiently solved by appropriate
problem reformulation and iterative optimization, respectively. Our results provide

useful insights to the design of practical OFDM-based SWIPT system.

e Joint design for the resource allocation (power, bandwidth, time, etc.)
and receiver strategy (TS/PS ratios) is essential to achieve near-optimal

performance in SWIPT system.

e The peak power constraint imposed on each OFDM SC as well as the number

of users in the system play key roles in the R-E performance comparison.

e The TS receiver outperforms the PS receiver for a moderate EH requirement

at users.
4. Key Principles to the Design of WPC System

For the OFDM-based WPC system, we derive the optimal structure of the
resource allocation given full CSI, based on which offline and online algorithms are
proposed. We demonstrate the superiority of WPC with dedicated wireless power

over the conventional EH wireless communication. Our results provide key principles

to the design of OFDM-based WPC system.

e Joint resource allocation (power, bandwidth, time, etc.) for both WPT and
WIT links is necessary to achieve optimal performance by balancing the energy
supply and consumption at users. This is in contrast to conventional EH
wireless communication, where the design principle is to adapt the information

transmission to the EH dynamics and the channel of the WIT links.

e Energy transmission should occur sparsely in frequency on certain SCs, and
in time on certain slots. First, if energy transmission is performed on one slot,
then the power should be concentrated on one SC. Second, when full CSI is
available, energy transmissions may occur only during the so-called causally
dominating slots. We say a slot is causally dominating if the slot has a larger

channel power gain on the allocated SC than any of its previous slots.

13
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e For optimal performance, higher priority is placed for WPT link as compared
to WIT link. For the orthogonal SC allocation to WPT and WIT, more
priority should be given to WPT. When only causal CSI is available, even
utilizing partial information of the channels for the WPT link can be much

beneficial to the communication performance.

14



Chapter 2

SWIPT: System Modeling and
Performance Analysis

2.1 Introduction

In this chapter, we study practical receiver designs for a point-to-point wireless
link with SWIPT. We generalize the TS and PS schemes proposed in [9] to a general
receiver operation scheme, namely, dynamic power splitting (DPS), by which the
signal is dynamically split into two streams with arbitrary power ratio over time.
Besides T'S and PS, another special case of the DPS scheme, namely, on-off power
splitting (OPS) is also investigated. Employing DPS, we propose an integrated
receiver architecture, in which we integrate the ID and the EH circuits. In this
architecture, the active RF band to baseband conversion in conventional ID is
replaced by a passive rectifier operation, which is conventionally used only for EH.
By providing a dual use of the rectifier, the energy cost for ID is reduced significantly.
The R-E performances for both conventional separated receiver in Fig. 1.4 and the
proposed integrated receiver are further characterized. With receiver circuit power
consumption taken into account, it is shown that the OPS scheme is optimal for
both receivers. For the ideal case when the consumed power at the receiver is
negligible, the PS scheme is optimal for both receivers. Finally, the performance for
the two receivers are compared under a realistic system setup that employs practical
modulation. The results show that for a self-sustainable system with zero-net-energy
consumption, the integrated receiver achieves more rate than separated receiver at

sufficiently short transmission distance.
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h y(t) Energy Harvesting
_

and
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s(t) na(t)

Transmitter Receiver

Figure 2.1: A point-to-point SWIPT system.

The rest of this chapter is organized as follows. Section 2.2 presents the system
modeling. Section 2.3 presents the two receiver architectures. Section 2.4 and
Section 2.5 study the rate-energy performance for the separated and integrated
receivers, respectively. Section 2.6 extends the results in Sections 2.4 and 2.5 to the
case with receiver circuit power taken into consideration. Section 2.7 studies the
performance for the two types of receivers under a realistic system setup. Finally,

Section 2.8 summarizes the conclusion.

2.2 System Modeling

2.2.1 Channel Model

As shown in Fig. 2.1, in this chapter we study a point-to-point wireless link with
simultaneous information and power transfer. Both the transmitter and receiver are
equipped with one antenna. At the transmitter, the complex baseband signal is
expressed as x(t) = A(t)e’?® | where A(t) and ¢(t) denote the amplitude and the
phase of z(t), respectively. It is assumed that x(t) is a narrow-band signal with
bandwidth of B Hz, and E[|z(t)|*] = 1, where E[] and | - | denote the statistical
expectation and the absolute value, respectively. The transmitted RF band signal
is then given by s(t) = V2PA(t) cos (2m ft + &(t)) = V2PR{x(t)e’>™'}, where P is
the average transmit power, i.e., E[s?(t)] = P, f is the carrier frequency, and R{-}
denotes the real part of a complex number. It is assumed that B < f.

The transmitted signal propagates through a wireless channel with channel
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gain h > 0 and phase shift € [0,27). The equivalent complex channel is denoted

L can be modeled as

by h = Vhe’. The noise na(t) after the receiving antenna
a narrow-band Gaussian noise (with bandwidth B and center frequency f), i.e.,
na(t) = V2R{7a(t)e?>™ 7}, where 7ia(t) = ni(t) + jng(t) with ni(t) and nq(t)
denoting the in-phase and quadrature noise components, respectively. We assume
that ni(t) and nq(t) are independent Gaussian random variables with zero mean and
variance 0% /2, denoted by N(0,0%/2), where 0% = NyB, and Nj is the one-sided
noise power spectral density. Thus, we have na(t) ~ CN(0,0%), i.e., na(t) is a
circularly symmetric complex Gaussian (CSCG) random variable with zero mean

and variance 03. Corrupted by the antenna noise, the received signal y(t) is given

by y(t) = V2R{#(t)}, where the complex signal §(t) is

§(t) = VhPx(t)e? @™ 4 (t)el?m Tt (2.1)

2.2.2 Information Receiver

First, we consider the case where the receiver shown in Fig. 2.1 is solely an
information receiver (see Fig. 1.3). We assume coherent demodulation (assuming
that the channel phase shift § is perfectly known at the receiver) at the information
receiver. The received RF band signal y(¢) is first converted to a complex baseband
signal yp,(¢) and then sampled and digitalized by an ADC for further decoding. The
noise introduced by the RF band to baseband signal conversion is denoted by neoy (%)
With neey (1) ~ CN(0,02,,). For simplicity, we assume an ideal ADC with zero noise?.

The discrete-time ADC output is then given by
y[k] = VhPz[k] + nalk] + neov[k] (2.2)

where £k =1,2, ..., denotes the symbol index.

It follows from (2.2) that the equivalent baseband channel for wireless

!The antenna noise may include thermal noise from the transmitter and receiver chains.
2The general case with nonzero ADC noise is considered in Remark 2.5.1.
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information transmission is the well-known AWGN channel:
Y =VhPX +7 (2.3)

where X and Y denote the channel input and output, respectively, and Z ~
CN(0,0% + 0?2,,) denotes the complex Gaussian noise (assuming independent 74 (t)
and neey (t)). When the channel input is distributed as X ~ CA(0, 1), the maximum
achievable information rate (in bps/Hz) or the capacity of the AWGN channel is

given by [12]

R=tog, (14 ) (2.4

2 2
O + Ocov

2.2.3 Energy Receiver

Next, we consider the case where the receiver in Fig. 2.1 is solely an energy
receiver (see Fig. 1.1), and derive the average wireless power that can be harvested
from the received signal. The energy receiver in Fig. 1.1 converts RF energy directly
via a rectenna architecture [13]. In the rectenna, the received RF band signal y(¢)
is converted to a DC signal ipc(t) by a rectifier, which consists of a Schottky diode
and a LPF. The DC signal ipc(t) is then used to charge the battery to store the
energy. With an input voltage proportional to y(t), the output current i(¢) of a
Schottky diode is given by [14]:

() = L (€70 — 1) = ayy(t) + azy(1) + asy*(t) + - (2.5)

where [, denotes the saturation current, v denotes the reciprocal of the thermal
voltage of the Schottky diode, and the coefficients a,,’s are given by a,, = I;y"/nl,n =

1,2, ..., due to the Taylor series expansion of the exponential function.
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From (2.1), for convenience we re-express y(t) as follows:

y(t) = V2R{VhPz(t)ed®TH0) 1 iy (1))

= V2py(t) cos (2 ft + ¢y (t)) (2.6)
where ¢y (t) = arctan %) and
py(t) =\ /ui(t) + 1 () (2.7)
with
pu(t) = VAP A(t) cos (¢(t) + ) + mu(?) (2.8)
no(t) = VRPA(t)sin (6(t) + 6) + nq(t). (2.9)

By substituting (2.6) into (2.5) and ignoring the higher-order (larger than two)

terms of y(t), since yy(t) is practically a small number close to zero, we obtain

i(t) = V2aypy (t) cos (27 ft + by (t)) + 2aopu?(t) cos (2m ft + Py (t))

= agi(t) + V2a1py () cos (27 ft + dy (t)) + aspid (L) cos (4 ft + 20y (1)) .
(2.10)

The output current i(t) of the diode is processed by a LPF, through which the
high-frequency harmonic components at both f and 2f in i(t) are removed and a
DC signal ipc(t) appears as the output of the rectifier. Assuming that the additive
noise introduced by the rectifier is n...(t), the filtered output ipc(t) is thus given by

ipc(t) = agpi3 (t) + Nyec(t). (2.11)

Since as is a constant specified by the diode, for convenience we assume in the sequel
that ay = 1 (with n,e.(t) normalized accordingly to maintain the signal-to-noise ratio

(SNR)). Note that in (2.11), as involves unit conversion from a power signal to a
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current signal, thus by normalization n...(t) can be equivalently viewed as a power
signal. Assume ne.(t) ~ N(0,02,), where 0, is in watt. Substituting (2.7), (2.8)
and (2.9) into (2.11) yields

ipc(t) = <\/h—PA(t) cos (¢(t) + 0) + 711(1%))2
+ (x/ﬁA(t) sin (¢(t) + 6) + nQ(t))2 + Nrec(t). (2.12)

We assume that the converted energy to be stored in the battery is linearly
proportional to ipc(t) [15], with a conversion efficiency 0 < ¢ < 1. We also assume
that the harvested energy due to the noise (including both the antenna noise and
the rectifier noise) is a small constant and thus ignored. Hence, the harvested energy
(assuming the symbol period to be one) stored in the battery, denoted by @ in joule,

is given by?
Q = (E[ipc(t)] = ChP. (2.13)

2.2.4 Performance Upper Bound

Now consider the general case of interest where both information decoding and
energy harvesting are jointly implemented at the receiver, as shown in Fig. 2.1. Our
main objective is to maximize both the decoded information rate R and harvested
energy () from the same received signal y(t). Based on the results in the previous two
subsections, we derive an upper bound for the performance of any practical receiver
with the joint operation of information decoding and energy harvesting, as follows.
For information transfer, according to the data-processing inequality [12], with a
given antenna noise 714 (t) ~ CN(0,03%), the maximum information rate R that can
be reliably decoded at the receiver is upper-bounded by R < log,(1+ hP/c%). Note
that state-of-the-art wireless information receivers are not yet able to achieve this

rate upper bound due to additional processing noise such as the RF band to baseband

3For convenience, in the sequel, the two terms “energy” and “power” may be used
interchangeably by assuming the symbol period to be one.
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conversion noise neey(t), as shown in (2.4). On the other hand, for energy transfer,
according to the law of energy conservation, the maximum harvested energy () to be
stored in the battery cannot be larger than that received by the receiving antenna,
i.e., @ < hP. Note that practical energy receivers cannot achieve this upper bound
unless the energy conversion efficiency ¢ is made ideally equal to unity, as suggested
by (2.13). Following the definition of R-E region given in [6,7,9] to characterize all
the achievable rate (in bps/Hz for information transfer) and energy (in joules/sec
for energy transfer) pairs under a given transmit power constraint P, we obtain a
performance upper bound on the achievable R-E region for the system in Fig. 2.1

as

CRBL(P) & {(R, Q) : R < log, <1 + Z—f) Q< hP} (2.14)

A
which is a box specified by the origin and the three vertices (0, Qmax), (Rmax, 0) and
(Ruax; Qumax); With Quax = AP and Rya = logy(1 + hP/o%). This performance

bound is valid for all receiver architectures, some of which will be studied next.

2.3 Receiver Architecture for SWIPT

This section considers practical receiver designs for simultaneous wireless
information and power transfer. We propose a general receiver operation called
dynamic power splitting (DPS), from which we propose the integrated information

and energy receiver.

2.3.1 Dynamic Power Splitting

Currently, practical circuits for harvesting energy from radio signals are not
yet able to decode the carried information directly. In other words, the signal that
is used for harvesting energy cannot be reused for decoding information. Due to
this potential limitation, we propose a practical DPS scheme to enable the receiver
to harvest energy and decode information from the same received signal at any

time ¢, by dynamically splitting the signal into two streams with the power ratio
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p(t) : 1 — p(t), which are used for harvesting energy and decoding information,
respectively, where 0 < p(t) < 1.

Consider a block-based transmission of duration 7" with T" = NTj, where N
denotes the number of transmitted symbols per block and T denotes the symbol
period. We assume that p(t) = py for any symbol interval t € [(k — 1)Ty, kTy), k =
1,...,N. For convenience, we define a power splitting vector as p = [p1,..., pn]’.
In addition, we assume an ideal power splitter [16,17] at the receiver without any
power loss or noise introduced, and that the receiver can perfectly synchronize its
operations with the transmitter based on a given vector p. During the transmission
block time T, it is assumed that the information receiver may operate in two modes:
switch off (off mode) for a time duration T,g to save power, or switch on (on mode)
for a time duration T,, = T — T,g to decode information. The percentage of time
that the information decoder operates in off mode is denoted by « with 0 < a <1,
thus we have T,g = o1 and Ty, = (1 — «)T. Without loss of generality, we assume
that the information receiver operates in off mode during the first |aN| symbols
during each block with & = 1,...,|aN], where [-] denotes the floor operation,
while in on mode during the remaining symbols with £ = [aN| + 1,...,N. For
convenience, we also assume in the sequel that a/V is a positive integer regardless of
the value of «, which is approximately true if NV is chosen to be a very large number
in practice.

Next, we investigate three special cases of DPS, namely TS, PS and on-off

power splitting (OPS) given in [9]:

o TS5 With TS, for the first a/N symbols when the information receiver operates
in off mode, all signal power is used for energy harvesting. For the remaining
(1—a)N symbols when the information receiver operates in on mode, all signal

power is used for information decoding. Thus for TS, we have

o = - (2.15)
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Energy Receiver (c.f. Fig. 1.1)

Information Receiver (c.f. Fig. 1.3)

na(t) J1-p@®y()

Figure 2.2: Architecture for the separated information and energy receiver.

e PS: With PS, the information receiver operates in on mode for all N symbols,
i.e., « = 0. Moreover, the ratio of the split signal power for harvesting energy
and decoding information is set to be a constant p for all N symbols. Thus

for PS, we have

pr=p, k=1,...,N. (2.16)

e On-off power splitting (OPS): With OPS, for the first /N symbols all signal
power is used for energy harvesting. For the remaining (1 —«)N symbols, the
ratio of the split signal power for harvesting energy and decoding information
is set to be a constant p, with 0 < p < 1. Thus, for a given power splitting

pair («, p), we have
pr = h (2.17)
p, k=aN+1,...,N.
Note that TS and PS are two special cases of OPS by letting p = 0 (for TS)

or o =0 (for PS) in (2.17).

2.3.2 Separated vs. Integrated Receivers

In this subsection, we investigate two types of receivers that exploit the DPS
scheme in different ways. The first type of receivers is called separated information

and energy receiver [9], as shown in Fig. 2.2, while the second type is called integrated
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Figure 2.3: Architecture for the integrated information and energy receiver.

information and energy receiver, as shown in Fig. 2.3. These two types of receivers
both use the energy receiver in Fig. 1.1 for energy harvesting. Their difference lies
in that for the case of separated receiver, the power splitter for DPS is inserted at
point ‘A’ in the RF band of the energy receiver shown in Fig. 1.1, while in the case
of integrated receiver, the power splitter is inserted at point ‘B’ in the baseband.

First, we consider the case of separated information and energy receiver. As
shown in Fig. 2.2, a power splitter is inserted at point ‘A’; such that the received
signal y(¢) by the antenna is split into two signal streams with power levels specified
by p(t) in the RF band, which are then separately fed to the conventional energy
receiver (cf. Fig. 1.1) and information receiver (cf. Fig. 1.3) for harvesting energy
and decoding information, respectively. The achievable R-E region for this type of
receivers with DPS will be studied in Section 2.4.

Next, we consider the integrated information and energy receiver, as motivated
by the following key observation. Since the transmitted power in a wireless power
transfer system can be varied over time provided that the average power delivered
to the receiver is above a certain required target, we can encode information in
the energy signal by varying its power levels over time, thus achieving continuous
information transfer without degrading the power transfer efficiency. To emphasize
this dual use of signal power in both WPT as well as WIT, the modulation scheme is
called energy modulation. A constellation example, namely, pulse energy modulation

(PEM), is provided later in Section 2.7. Note that to decode the energy modulated
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information at the receiver, we need to detect the power variation in the received
signal within a certain accuracy, by applying techniques such as energy detection [18].
Recall that in Section 2.2.3, for the energy receiver in Fig. 1.1, the received RF signal
y(t) is converted to a DC signal ipc(t) given in (2.12) by a rectifier. Note that
this RF' to DC conversion is analogous to the RF band to baseband conversion in
conventional wireless information receivers in Fig. 1.3. Thus, ipc() can be treated
as a baseband signal for information decoding (via energy detection).

Based on the above observation, we propose the integrated information and
energy receiver as shown in Fig. 2.3, by inserting a power splitter at point ‘B’ of the
conventional energy receiver. With DPS, ipc(t) is split into two portions specified
by p(t) for energy harvesting and information decoding, respectively. Note that
unlike the traditional information receiver in Fig. 1.3, the information receiver in
the integrated receiver does not implement any RF band to baseband conversion,
since this operation has been integrated to the energy receiver (via the rectifier).

The achievable R-E region for this type of receivers will be studied in Section 2.5.

2.4 Performance Analysis for Separated Receiver

In this section, we study the achievable R-E region for the separated information
and energy receiver shown in Fig. 2.2. With DPS, the average SNR at the
information receiver for the k-th transmitted symbol, £ = 1,..., N, is denoted

by 7(pk), and given by
(1= pi)hP
1- pk)gi + o-gov .

T(pr) = ( (2.18)

25



Chapter 2. SWIPT: System Modeling and Performance Analysis

From (2.18), we obtain the achievable R-E region for the DPS scheme in the case of

separated receiver as

(1= pi)oR + ey

RS%ilogQ (1+ (1= po)hP )} (2.19)

Next, we address the two special cases of DPS, i.e., the TS scheme and the
PS scheme. Substituting (2.15) into (2.19), the achievable R-E region for the TS

scheme is given by

CRip(P) 2 {(R, Q):Q < aChP, R < (1 —a)log, (1 + JJ%) } . (2:20)

Let Ryax = log, (1 + hP/ (0% + 02,,)) given in (2.4) and Quayx = ChP given in (2.13).
It is noted that the boundary of CES(P) is simply a straight line connecting the
two points (Z%max, 0) and (0, Qmax) as a sweeps from 0 to 1.

Substituting (2.16) into (2.19), the achievable R-E region for the PS scheme is

given by

P 2 . (1—p)hP
Crp(P) £ Lp) {(R, Q) : Q < pChP, R < log, (1 T et UQ) } . (221)

Proposition 2.4.1. For the separated information and energy receiver, the PS

scheme is the optimal DPS scheme, i.e., CRY5(P) = CE>(P), P > 0.
Proof. Please refer to Appendix A. O

From Proposition 2.4.1, it suffices for us to consider the PS scheme for the

2

optimal R-E trade-off in the case of separated receivers. In particular, if 03 < 02,

i.e., the processing noise is dominant over the antenna noise, from (2.18) the SNR at
the information receiver 7(p) — (1 — p)hP/o2 . In this case, it can be shown that

cov'’

CE55(P) C CES (P). In the other extreme case with 02 > 02, from (2.18) we have

cov’
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Figure 2.4: Rate-energy trade-off for TS vs. PS based separated receiver with
h=1,P=100,( =1and 0% = 1.

7(p) — hP/o%, which is independent of p. Thus, the optimal rate-energy trade-off
is achieved when infinitesimally small power is split to the information receiver, i.e.,
p — 1. In this case, it can be shown that when ¢ = 1, CES(P) — C{Bg(P), which
is the R-E trade-off outer bound given in (2.14).

Fig. 2.4 shows the achievable R-E regions under different noise power setups
for the separated information and energy receiver (SepRx). It is assumed that
h =1, P = 100, ¢ = 1, and the antenna noise power is set to be 0% = 1.
With normalization, for convenience we denote the information rate and harvested
energy in terms of bits/channel use and energy unit, respectively. In Fig. 2.4, it is
observed that for SepRx, the PS scheme always achieves larger R-E pairs than the

TS scheme for different values of the processing (RF band to baseband conversion)

2
cov*

2
cov

noise power o2 . Moreover, as o2 increases, the gap between CL5(P) and CE> (P)

2

cov

shrinks, while as o7 decreases, the achievable R-E region with PS enlarges and will

eventually approach to the R-E region upper bound given in (2.14) when o2 — 0.

cov
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2.5 Performance Analysis for Integrated
Receiver

In this section, we study the rate-energy performance for the integrated
information and energy receiver shown in Fig. 2.3. In the integrated receiver, due
to the RF to baseband conversion by the rectifier, we shall see that the equivalent
baseband channel is nonlinear, as opposed to that of the separated receiver where
the channel is linear.

From (2.12), for convenience we re-express ipc(t) as follows:

ipc(t) = [VRPA()e!OTe®) 7, (¢) 4 Nrec(t). (2.22)

Since planar rotation does not change the statistics of ma(t), (2.22) can be

equivalently written as

2

inc(t) = |VAPA(t) + a(t)| + nueelt). (2.23)

As shown in Fig. 2.3, after the noiseless power splitter and ADC, the output
glk],k=1,..., N, is given by

2

i1k = (1= o) (|VAPAW + sl

- nrec[k]> . (2.24)

In the above it is worth noting that the average SNR at any k is independent of py
provided that p, < 1. Thus, to minimize the power split for information decoding
(or maximize the power split for energy harvesting), we should let p, — 1,Vk,
i.e., splitting infinitesimally small power to the information receiver all the time.
Thereby, DPS becomes an equivalent PS with p — 1 in the case of integrated
receiver.

With pp — 1,VEk in (2.24), the equivalent discrete-time memoryless channel for
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the information decoder is modeled as
2
Y = |VhAPX + 2, +7; (2.25)

where X denotes the signal power, which is the nonnegative channel input; ¥ denotes
the channel output; Zy ~ CA(0,0%) denotes the antenna noise; and Z; ~ N(0, 02 )
denotes the rectifier noise. It is worth noting that for the channel (2.25) information
is encoded in the power (amplitude) of the transmitted signal z(¢), rather than
the phase of z(¢). The channel in (2.25) is nonlinear and thus it is challenging to
determine its capacity Cyy, and corresponding optimal input distribution subject to

X > 0and E[X] <1, where X is real. Similar to the case of separated receiver, we

consider the following two special noise power setups:

e Case 1 (Negligible Antenna Noise) with 03 — 0: In practice, this case may
be applicable when the antenna noise power is much smaller than the rectifier
noise power, thus the antenna noise can be omitted. With o3 — 0, we have

Z5 — 0. Thus, the channel in (2.25) becomes
Y =hPX + 7 (2.26)

where X > 0 and real-valued, which is known as the optical intensity channel.
It is shown in [19] that the optimal input distribution to this channel is discrete.

According to [20], the capacity C; for the channel (2.26) is upper-bounded by

_ 52
Cilb = 10g2 (ﬁ@ 20%ec + v 27TO-I‘QCQ ( 0 ))

Urec
52

1 ) 1 OrecC 20fec
+ |59 +—|d+hP+—=——| | log,e
2 (Urec) ﬁ \/27'(' g2

52

be ke | & 5+ hP 1 :
" 227 O ree * 202, (1 -Q ( ree >> log, e — 3 log, 2meo’., (2.27)

where Q() = fmoo efédt denotes the Q-function, and § > 0, 6 > 0 are

5l
3

29



Chapter 2. SWIPT: System Modeling and Performance Analysis

free parameters. The details of choice for § and ¢ are provided in [20], and
thus are omitted for brevity. Moreover, the asymptotic capacity at high power

(P — 00) is given by [20]

hP 1 e
cr =1 —1 —. 2.28
1 089 oo + 5 08» o ( )

e Case 2 (Negligible Rectifier Noise) with o, — 0: This case is applicable when
the antenna noise power is much greater than the rectifier noise power; thus,
the rectifier noise can be omitted. With ... — 0, we have Z; — 0. The

channel in (2.25) is then simplified as
2
Y = |VhPX + Z, (2.29)

which is equivalent to the noncoherent AWGN channel. 1t is shown in [21]
that the optimal input distribution to this channel is discrete and possesses
an infinite number of mass points. The capacity Cy for the channel (2.29) is

upper-bounded by [21]

1 hP\ 1 2
3" = 5 log, (1 + U—2> +3 (10g2 = — Cplog, e) (2.30)

A ?
where Uy is Euler’s constant. Moreover, the asymptotic capacity at high power

(P — o0) is given by [21,22]

L1 hP

which is achieved by choosing X to be central chi-square distributed with one

degree of freedom?.

In general, the capacity Cyy, of the channel given in (2.25) can be upper-bounded

4In this case, the input amplitude is distributed as the positive normal distribution, with
a2
probability density function fa(a) = \/ge*T.
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Figure 2.5: Capacity bounds for the channels (2.25), (2.26) and (2.29) with h =
1,03 =107 and 0. = 1.

by
C¥ = min{C}"*, C3"} (2.32)

and a capacity lower bound C¥; for the channel (2.25) is given by the mutual
information obtained from any input distribution satisfying the constraint X > 0
and E[X]| < 1. Tt is worth noting that at high power (P — oo) from (2.28) and
(2.31), Cf° grows like log, P; while C5° grows like ; log, P. Thus the channel (2.29)
provides a tighter upper bound for the asymptotic capacity of the channel (2.25)
than the channel (2.26) at high SNR.

Fig. 2.5 shows the capacity bounds for the above three channels (2.25), (2.26)
and (2.29). It is assumed that h = 1,03 = 107* and 0,.c = 1. The capacity
lower bound C¥, for the channel given in (2.25) is computed by assuming the input
(power) distribution is a central chi-square distribution with one degree of freedom.

We shall use this lower bound as the achievable rate for the integrated receiver in the
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subsequent numerical results. It is observed that in this case with dominant rectifier
noise, the capacity upper bound C}* in (2.27) is tighter than CY" in (2.30). Tt is
also observed that the gap between the capacity upper and lower bounds, namely
CyP and CF , is still notably large under this setup, which can be further reduced
by optimizing the input distribution.

To summarize, the achievable R-E region for the case of integrated receivers by

PS with p — 1 is given by
CRS(P) 2 {(R,Q) : R < Cnu(P).Q < ChP} (2.33)

where Cnr,(P) denotes the capacity of the nonlinear channel given in (2.25) subject

to X >0 and E[X] < 1.

Remark 2.5.1. We have characterized the rate-energy performance for the
integrated receiver assuming an ideal ADC with zero quantization noise. Now we
extend our results to the case of nonzero quantization noise napc(t). It is assumed
that napc(t) ~ N(0,0%pc) for the integrated receiver [23,24]. With nonzero ADC

noise, (2.24) is modified as

2

i1k = (1= ) (| VAPAW + sl

+ nrec[k:]> + NADC [/{7] (234)

Thus, for given k the equivalent channel in (2.25) still holds, where Z; ~

N (O,Ufec + (10 z*l?kciQ) denotes the equivalent processing noise. It is worth noting
that the equivalent processing noise power is a function of the power splitting ratio
pr; thus, the capacity in channel (2.25) is also a function of p;. The achievable R-E

region for the integrated receiver by DPS is thus given by

N N
CRR(P) £ LpJ {(R, Q):R< %; Cni(Popr), Q < %;kahP} . (2.35)

For the separated receiver, the results in Section 2.4 can be easily extended to the

case with nonzero ADC noise by adding the ADC noise power to the total processing
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Figure 2.6: Rate-energy trade-off for separated receiver (SepRx) vs. integrated
receiver (IntRx) with h =1, P =100,¢ = 0.6, 03 = 1 and o3¢ = 0.

noise power.

Figs. 2.6 and 2.7 show the achievable R-E regions under different noise power
setups for both cases of SepRx and IntRx. For both figures, it is assumed that
h =1,P =100, = 0.6, and 03 = 1. In Fig. 2.6, it is assumed that o3 = 0. In
Fig. 2.7, it is assumed that o3 = 1, and pp = p, Vk in (2.35) with 0 < p < 1. Note
that in practice, the degradation of ADC noise is usually modeled by a so-called
signal-to-quantization-noise ratio (SQNR), approximately given by 6K dB, where
K is the number of quantization bits. Here, by assuming P = 100 and oipc = 1,
the SQNR equals to 20dB, which implies K =~ 3.3bits. It follows that the number
of quantization levels is approximately 10. In Figs. 2.6 and 2.7, the achievable rates
for IntRx are computed as the capacity lower bound for the channel given in (2.25)
assuming the input to be central chi-square distributed with one degree of freedom.

As shown in Fig. 2.6, the achievable R-E regions for IntRx with zero ADC

noise are marked by boxes as given in (2.33). In addition, when the processing noise
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Figure 2.7: Rate-energy trade-off for separated receiver (SepRx) vs.

integrated
receiver (IntRx) with h =1, P =100,¢ = 0.6 and 03 = o3pc = 1.

power (02  for SepRx and o, for IntRx) equals to the antenna noise power, i.e.,

0% = 0%, = 0wc = 1, the achievable rate for IntRx is notably lower than that for
SepRx, due to the use of noncoherent (energy) modulation by IntRx as compared
to the use of coherent modulation by SepRx. However, when the processing noise
power is much greater than the antenna noise power (as in most practical systems),
the achievable R-E region of IntRx becomes superior compared to that of SepRx
with the same processing noise power, i.e., 02 = 0o = 100. This is due to the fact
that for IntRx, the processing (rectifier) noise incurs prior to the power splitter and
thus only infinitesimally small power is required to be split by the power splitter
to implement the energy detection for information decoding (cf. (2.25)), while for
SepRx, more power needs to be split to the information decoder to compensate for

the processing (RF band to baseband conversion) noise that incurs after the power

splitter. Moreover, in Fig. 2.6 it is observed that IntRx is more suitable than SepRx

when more wireless power is desired.
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In Fig. 2.7, it is observed that the achievable R-E regions for IntRx with nonzero
ADC noise are no longer boxes. Comparing Fig. 2.7 with Fig. 2.6, it is observed
that the achievable rate by IntRx with nonzero ADC noise is less than that by IntRx

with zero ADC noise, especially when more harvested energy is desired.

2.6 Performance Analysis with Receiver Circuit
Power Consumption

In Sections 2.4 and 2.5, the harvested energy is characterized as the energy
harvested by the energy receiver without consideration of power consumption by
the receiver circuits. For energy receiver, there is no energy consumption since
both the Schottky diode and LPF are passive devices®. However, for information
receiver, some amount of power will be consumed to supply the information decoding
circuits. In particular, for the separated receiver shown in Fig. 2.2, the circuit power
consumed by information decoding, denoted by Ps, is given by Ps = P, + Papc,
where P, and Papc denote the power consumed by the RF band mixer and the
ADC, respectively. For the integrated receiver shown in Fig. 2.3, however, the
circuit power consumed by information decoding, denoted by £y, is only given by
P, = Papc.® Note that in general P will be much greater than P, since the
RF band mixer consumes comparable amount of power as compared to the ADC.
Thus the net energy stored in the battery will be the harvested energy subtracted
by that consumed by information decoding circuits. In this section, we study the
rate-energy trade-off for both separated and integrated receivers with receiver circuit

power consumption taken into account.

5In practice, some RF energy harvesting systems have additional control circuits which consume
power, however, this power consumption has been included in the conversion efficiency (.

6Here Ps and P; are defined according to the two architectures in Fig. 2.2 and Fig. 2.3,
respectively. In practice, the information decoding circuits may contain additional components,
such as a low noise amplifier in the separated receiver. In general, the power consumed by the
additional components can be added to Ps or P.
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2.6.1 Separated Receiver

For the separated receiver shown in Fig. 2.2, by modifying (2.19) to account
for the circuit power Ps, the achievable R-E region for the DPS scheme is given by

N N
CB_P%’(P%U{(R,Q):osczs%<;pk<hP— > Ps>,

P k=aN+1
N
R < — E 1 1+ . 2.36

Next, we address one special case of DPS; i.e., the OPS scheme. Substituting (2.17)
into (2.36), the achievable R-E region for the OPS scheme is given by

ey (P & {(R, Q):0<Q<alhP+(1—a)pChP

a,p

—(1—a)Ps, R < (1 — «)log, (1 + i Elp;(j'%)ipﬂ ) } : (2.37)

Proposition 2.6.1. For the separated information and energy receiver with Ps > 0,

the OPS scheme is the optimal DPS scheme, i.e., CRTS (P) = C{¥E (P), P > 0.
Proof. Please refer to Appendix B. O

From Proposition 2.6.1, it suffices to consider the OPS scheme for the optimal
R-E trade-off in the case of separated receivers. Unlike the case of Ps = 0, where
the boundary of CRYS = CESy is achieved as p sweeps from 0 to 1, the optimal
power splitting pairs (a*, p*) that achieve the boundary of CRD_PS/ = CSE’% has to be

determined. We thus consider the following optimization problem:

(1 —p)hP
PO) : . =(1-— 1 1
(P0): max. B=(1-0) Og2< T AP ot

s.t. aChP+ (1 —a)plhP — (1 —a)Ps > Q,

0<a<l1l 0<p<l,
Problem (PO0) is feasible if and only if @ < (hP. It is easy to verify that

36



Chapter 2. SWIPT: System Modeling and Performance Analysis

(R,Q) = (0,ChP) is achieved by a = 1. Next, we consider Problem (P0) for given
Q € [0,(hP) and 0 < a < 1. The optimal solution of (P0) is obtained with the first
constraint strictly equal, otherwise we can always decrease o or p to obtain a larger

rate R. Thus the boundary points (R, Q) satisfy the following two equations,

Q =aChP+ (1 —a)pChP — (1 — a)Ps, (2.38)
R=(1-a)log, (1 + i Elp;(j'%)ipﬂ ) . (2.39)

From (2.38), we have
Q- aChP+(1—a)Ps
B (1 —«)ChP '

(2.40)

From (2.40), we have a € [max{mpf‘.%s_(mjﬁ},a?;flis} such that 0 < p < 1.

Substituting (2.40) to (2.39), we have

ChP—Q—(1-a)Ps
R =(1- a)log, (1 + S oo < ) : (2.41)
: Qghg:' L 0% + O-gov(l - Oé)

From (2.41), R is a function of a with fixed (). For convenience, we rewrite (2.41)

as follows:
cs+d
R(s) = sl 1 2.42
(5 = stogy (14 227 (2.42)
Where3:1—&,a:agov—2%5,s,b:0i<l—<%, >O,c:—%<0and
d = hP (1 — C%’ > (. It is worth noting that s € f:g;gs,min{%, 1}}, or
equivalently, s € [;7%—, min{—%,1}], since o € [maX{QJFP]SDS_ChP,O}, Cg;flsjs}. The

following lemma describes the behavior of R(s) in terms of s, which is important for

determining the boundary points (R, Q).

Lemma 2.6.1. With Q € [0,ChP), R(s) is concave in s € [;79—, min {—4¢,1}].

Proof. Please refer to Appendix C. O

By Lemma 2.6.1, the optimal s* € [;-4— min {—¢,1}] that maximizes R(s) can

be efficiently obtained by searching over s € [,7%—, min{—%,1}] using the bisection

hP—c’
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Figure 2.8: Rate-energy trade-off for the separated receiver with receiver circuit
power consumption. It is assumed that h = 1, P = 100, = 0.6,0% = 1,02, = 10
and Py = 25.

method. The optimal o* is thus given by a* = 1 — s*. The optimal p* is given by
(2.40) with o« = a*. The corresponding R is given by (2.39) with a = o* and p = p*.
To summarize, each boundary point (R, Q) of CSE’%’ is achieved by a unique power
splitting pair (a*, p*).

Fig. 2.8 shows the achievable R-E regions (labeled as “net energy”) for SepRx
with receiver circuit power consumption. The total harvested energy (labeled as
“total energy”), including both the net energy stored in the battery and the energy
consumed by information decoding, is also shown in Fig. 2.8 as a reference. For
SepRx with Ps = 25, it is observed that C% C CRYS and CL, C CRTS . Moreover,
PS achieves the RE-region boundary only at low harvested energy region, where
CEY and CRTY partially coincide. However, the performance of PS becomes worse
(even worse than TS) when more harvested energy is desired, since it is unwise
and energy-inefficient to keep information receiver always on during the whole

transmission time.
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2.6.2 Integrated Receiver

For the integrated receiver, the achievable R-E region for the DPS scheme taking

into account circuit power P; is given by
A N
DPS’ 2 ) = _
carn (P) = {(R, Q0<Q< <Z peChP — ) P1> ,

N
1
R<— > 1(JNL}. (2.43)

Since R is independent of pg, we should set p, — 1 for all k=aN +1,..., N.
Thus, the OPS scheme with p — 1 is the optimal DPS scheme for the integrated
receiver with Py > 0. Then (2.43) can be simplified as

CRPR(P) 2 J{(R,Q):0<Q<(hP—(1- )R, R< (1—a)Cx}.  (244)

Note that when P} < (hP, the boundary of COPS (P) is determined by two lines
as « sweeps from 0 to 1, with one vertical line connecting the two points (Cnr, 0)
and (Cxp,(hP — P;), and another line connecting the two points (Cxy,,ChP — Pp)
and (0,ChP). While P > (hP, the boundary of CQTS (P) is simply a straight line
connecting the two points ((hPCxy/ P, 0) and (0, ChP) as o sweeps from 1 —ChP/ Py
to 1.

Fig. 2.9 shows the achievable R-E regions for both cases of SepRx and IntRx
with receiver circuit power consumption. We consider two setups for the receiver
circuit power consumption, i.e., low circuit power with Ps = 25, P; = 10, and high
circuit power with Ps = 200, P; = 80. For the low circuit power with Ps = 25, P, =
10, IntRx is superior over SepRx when more harvested energy is desired, while
SepRx is superior when less harvested energy (no greater than 37 energy units) is
required. For the high circuit power with Ps = 200, P; = 80, IntRx is always superior
over SepRx, since for SepRx much more transmission time needs to be allocated for

harvesting energy to compensate the power consumed by information decoding.
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2.7 Practical Modulation

In this section, we study the performances for the two types of receivers under
a realistic system setup that employs practical modulation. Let the signal set
(constellation) be denoted by X. The size of X is denoted by M with M = 2!,
and [ > 1 being an integer. It is assumed that the maximum rate that the practical
modulation can support is [ < 10 bits/channel use. The i-th constellation point
in X is denoted by z;,i = 1,..., M, with equal probability px(z;) = 1/M for
simplicity. For the separated receiver, we assume that coherent M-ary quadrature
amplitude modulation (QAM) is utilized for transmission. The symbol error rate

(SER), denoted by PRAM is approximated by [8]

POAM m\/ﬂ_l)g ( %) (2.45)

where 7, denotes the average SNR per symbol at the information receiver’. The
approximation is tight at high SNR, and is taken to be exact for simplicity in the
sequel. For the integrated receiver, as mentioned earlier in Section 2.5, information
is encoded by the energy (power) of the transmitted signal. Similar to the pulse
amplitude modulation, we assume the PEM, with equispaced positive constellation

points given by
21 —1)

Uit BV V8 2.46
M—1''" (2.46)

xTr; =

A closed-form expression for the symbol error rate PYPM appears intractable, due
to the coupled antenna and rectifier noise for the channel (2.25). For most practical
systems, the rectifier noise power will be much greater than the antenna noise power,
while the antenna noise is approximately at the thermal noise level. This justifies
the assumption that 0% < 0. and we thus approximate the channel (2.25) with

(2.26). For simplicity, the decision boundary is chosen as the perpendicular bisector

"Binary phase shift keying is used when [ = 1. For simplicity, we use (2.45) to approximate the
SER of binary phase shift keying at high SNR.
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of each pair of adjacent two points, and the symbol error rate can be derived to be

pEM _ 2(M — 1) T
B == Q(M—l) (2.47)

where 7/ = hP/0ye is defined as the average SNR per symbol at the information
receiver.

For both separated and integrated receivers, we assume the transmitter can
adapt the transmission rate such that the symbol error rate is less than a target
value Pt je., PAM < ptet and PPEM < ptet for the separated and integrated
receivers, respectively. Moreover, we assume that there is a minimum net harvested
energy requirement Qreq at the receiver side, i.e., Q) > Qeq, Where 0 < Qreq < ChP.
With the SER constraint and minimum harvested energy constraint, our objective
is to achieve the maximum rate. For the separated receiver with OPS scheme, the

maximum achievable rate can be obtained by

(P1): max. R=(1—a)log, M

4(@—1)Q 3 (1—phP
VM M—1 (1-p)oi + 02,

aChP + (1 — a)pChP — (1 — a) Py > Qreq, (2.49)

s.t.

)gP;gt, (2.48)
0<a<l1, 0<p<l,
M=2'1e{1,2,...,10}

Here, the optimization variables are the power splitting pair (o, p) and the
modulation size M.

For the integrated receiver with OPS scheme, the maximum achievable rate can
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be obtained by

(P2): max. R=(1—«a)logy, M

2(M —1) 0 1 hP
M M—1 0

ChP - (1 - OC)PI > Qreq7

s.t.

) < piat, (2.50)

0<a<l,

M=21le{1,2,...,10}

Note that here the optimization variables only include o and M, since the OPS
scheme with p — 1 is optimal for the integrated receiver (c.f. Section 2.6).

We denote the maximum rate for (P1) and (P2) as R} and Rj, respectively.
Similarly, the optimal variables for (P1) and (P2) are denoted with corresponding
superscripts and subscripts, e.g., af, p7, etc. With 0 < Q,eq < (hP and reasonable
SNR (such that the SER constraints can be satisfied by some M), the optimal
solution for (P1) is obtained by an exhaustive search for pi: for each fixed p; € [0, 1),

-

we have R} = (1 — af)logy, M7, where af = (%) , ()T £ max(0,z),
and M; attains the maximum value under the SER constraint (2.48); the optimal
pi is then obtained to maximize R}. The optimal solution for (P2) is given by Rj =
(1 — ad)logy, My, where o = <Q”@%?P+PI)+ and M is maximized under the SER
constraint (2.50). For both (P1) and (P2), the achievable rate R is determined by
both the modulation size M and the time percentage « that the information decoder
operates in the off mode. Moreover, as the received signal power hP decreases,
M decreases to satisfy the modulation constraint and « increases to satisfy the
harvested energy constraint, both of which result in a decrease of the achievable
rate.

Typically for practical systems we have Ps > P; > 0, since the RF band mixer

in the separated receiver will consume additional circuit power. Henceforth, we

assume Pg > P, > 0.
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Proposition 2.7.1. For separated and integrated receivers with 0 < Qreq < ChP
and Ps > P > 0, we have of > ai. Moreover, if My < M, then the mazimum
achievable rate by the separated receiver will be no greater than that by the integrated

recewer, i.e., R7 < R5.
Proof. Please refer to Appendix D. O

Most practical systems of interest typically operate at the high SNR regime for
the information receiver, due to the high-power operating requirement for the energy
receiver. Thus, for sufficiently small transmission distance, it is expected that both
receivers can support the maximum modulation size under the SER constraint, i.e.,
M; = M; = 2'9 Thus, by Proposition 2.7.1, the integrated receiver outperforms
the separated receiver for sufficiently small transmission distance.

Fig.  2.10 shows an example of the maximum achievable rate for a
practical point-to-point wireless system with separated or integrated receiver. The
corresponding modulation size M and time percentage o are shown in Fig. 2.11.
The transmitter power is assumed to be P = 1W or 30dBm. The distance from the
transmitter to the receiver is assumed to be d meters with d > 1. Assuming the
path-loss exponent is three, the signal power attenuation at transmission distance d
(in meter) is approximately (—31.5—301log,,d)dB at a carrier frequency assumed as
fo = 900MHz. The bandwidth of the transmitted signal is assumed to be 10MHz.
For information receiver, the antenna noise temperature is assumed to be 290K,
which corresponds to 0% = —104dBm over the bandwidth of 10MHz. As in most
practical wireless communication systems, it is assumed that the processing noise
power is much greater than the antenna noise power, in which case the antenna
noise can be omitted. In particular, it is assumed that o2 = —70dBm for the
separated receiver [25] and 0, = —50dBm for the integrated receiver. The circuit
power consumed by information decoding is assumed to be Ps = 0.5mW for the
separated receiver, and P; = 0.2mW for the integrated receiver. For energy receiver,
the energy conversion efficiency is assumed to be ( = 0.6. The minimum harvested

energy requirement (req is set to be zero, which is the minimum requirement for a
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Figure 2.10: Maximum achievable rate for separated receiver (SepRx) and integrated
receiver (IntRx) over different transmission distance.

zero-net-energy system that does not need external power source, i.e., the receiver
is “self-sustainable”. The symbol error rate target is assumed to be P%® = 107°.
In Fig. 2.10, it is observed that when 0 < log,,d < 1, IntRx achieves more
rate than SepRx. By Proposition 2.7.1, IntRx outperforms SepRx over the range
0 < log;pd < 0.4 with M7 = M; = 2'°; however, Proposition 2.7.1 provides only
a sufficient condition, numerical results show that IntRx outperforms SepRx over
longer distances up to log;,d < 1. This is due to the fact that although SepRx
supports higher-order constellations (larger M) than IntRx when 0.4 < log,,d <1,
the information receiver of SepRx needs to operate in the off mode for more time
(larger ) to compensate the power consumed by information decoding (c.f. Fig.
2.11). It turns out that over this range, the average rate over the whole transmission
time of SepRx is less than that achieved by IntRx. As log,, d increases, the rate gap
between SepRx and IntRx shrinks and converges when log,,d is around 1. When

1.1 <log,nd < 1.5, SepRx achieves more rate than IntRx, since a for both receivers
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approaches to 1 (c.f. Fig. 2.11), while the achievable rates are dominated by the
modulation size (M, c.f. Fig. 2.11). Note that when log,,d = 1.5, no modulation
can support IntRx due to the extremely low received SNR; however, SepRx can
still achieve some positive rate. In addition, Fig. 2.11 shows that in general IntRx

exploits lower complexity (smaller M) in generating signal constellation.

2.8 Chapter Summary

In this chapter we investigated practical receiver designs for SWIPT. Based on
DPS, we proposed a novel practical receiver architecture, namely, the integrated
information and energy receiver, in which part of the information decoding
implementation, i.e., the RF to baseband conversion, is integrated to the energy
receiver via the rectifier. We characterized the rate-energy performance taking
circuit power consumption into account for both conventional separated receiver
and the proposed integrated receiver. Numerical results showed that when the
circuit power consumptions are small (compared with the received signal power), the
separated receiver is superior at low harvested energy region; whereas the integrated
receiver performs better at high harvested energy region. When the circuit
power consumptions are large, the integrated receiver is superior. Moreover, the
performance for the two types of receivers was studied under a realistic system setup
that employs practical modulation. With symbol error rate constraint and minimum
harvested energy constraint, the maximum achievable rates by the two types of
receivers were compared. It was shown that for a system with zero-net-energy
consumption, the integrated receiver achieves more rate than separated receiver at

short transmission distances.
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Chapter 3

SWIPT in Multiuser OFDM
System

3.1 Introduction

In Chapter 2, we studied the single-user narrowband SWIPT system. In this
Chapter, we extend our study to SWIPT in the multiuser OFDM system. For
ease of implementation, we assume that separated receivers with T'S or PS schemes
are employed. We propose two schemes to coordinate the energy and information
transmissions to multiple users, namely, TDMA with TS receivers and OFDMA
with PS receivers. For both schemes, we address the problem of maximizing the
weighted sum-rate over all users by jointly optimizing the power allocation over
time and frequency, and T'S or PS ratio, subject to the minimum harvested energy
constraint for each receiver as well as the peak and/or average power constraint at
the transmitter. For the first scheme where we employ TDMA with TS receivers,
by an appropriate variable transformation the problem is reformulated as a convex
problem, for which the optimal power allocation and TS ratios are obtained by the
Lagrange duality method. For the second scheme where we employ OFDMA with PS
receivers, we propose an efficient algorithm to iteratively optimize the power and SC
allocation, and the PS ratios. The rate-energy trade-off of the two proposed schemes
are compared both numerically by simulations and analytically for the special case
of single-user system setup. Our results provide key insights to the joint transmitter
and receiver strategies design for SWIPT system in practice.

The rest of this chapter is organized as follows. Section 3.2 presents the
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literature review. Section 3.3 presents the system model and problem formulation.
Section 3.4 studies the special case of a single-user OFDM-based SWIPT system.
Section 3.5 derives the resource allocation solutions for the two proposed schemes
in the multiuser OFDM-based SWIPT system. Finally, Section 3.6 summarizes the

conclusion.

3.2 Literature Review

SWIPT that exploits flat-fading channel variations is studied in [26,27], where
the receiver performs dynamic time switching [26] or DPS [27] to coordinate between
EH and ID. Interestingly in [26], interference is utilized as a source for EH, in contrast
to the traditional view of taking interference as an undesired factor that jeopardizes
the wireless channel capacity. SWIPT in interference channels is considered in [28]
with PS receivers, in [29,30] with TS receivers. SWIPT in relay channels is
studied in [31-35], where energy-constrained relays harvests energy from the received
signal from the source nodes and uses that harvested energy to forward the source
information to the destination nodes, with either T'S or PS employed at the relays.
SWIPT for secure communications is studied in [36-38].

SWIPT over a single-user OFDM channel has been studied in [7] assuming ideal
receiver. It is shown in [7] that a trade-off exists between the achievable rate and
the transferred power by power allocation in the frequency bands: for sufficiently
small transferred power, the optimal power allocation is given by the WF allocation
to maximize the information transmission rate, whereas as the transferred power
increases, more power needs to be allocated to the channels with larger channel gain
and finally the optimal power allocation approaches that with all power allocated
to the channel with largest channel gain. Power control for SWIPT in a multiuser
multi-antenna OFDM system is considered in [39], where the information decoder
and energy harvester are attached to two separate antennas. In [39], each user only
harvests the energy carried by the subcarriers for the SCs that are allocated to

that user for ID, which is inefficient in energy utilization, since the energy carried
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by the subcarriers allocated to other users for ID can be potentially harvested.
Moreover, [39] focuses on power control by assuming a predefined SC allocation. [40]
considers SWIPT in a multiuser single-antenna OFDM system with PS receivers.
In [40], it is assumed that the splitting ratio can be different for different SCs.
However, in practical circuits, (analog) power splitting is performed before (digital)
OFDM demodulation. Thus, for an OFDM-based SWIPT system, all subcarriers
would have to be power split with the same power ratio at each receiver even though
only a subset of the subcarriers contain information for the receiver. In contrast, for
the case of a single-carrier system, a receiver simply harvests energy from all signals

that do not contain information for this receiver.

3.3 System Model and Problem Formulation

We consider an OFDM system with one transmitter and K users. The
transmitter and all users are each equipped with one antenna. The total bandwidth
of the system is equally divided into N SCs. The SC set is denoted by N =
{1,...,N}. The power allocated to SC n is denoted by p,,n = 1,..., N. Assume
that the total transmission power is at most P. The maximum power allocated to
each SC is denoted by Ppear, i.€., 0 < pp < Ppear, Vv € N, where Pyea. > P/N.
The channel power gain of SC n as seen by the user k is denoted by hy,,k =
1,...,K,n = 1,...,N. We consider a slow-fading environment, where all the
channels are assumed to be constant within the transmission scheduling period
of our interest. For simplicity, we assume the total transmission time to be one.
Moreover, it is assumed that the channel gains on all the SCs for all the users are
known at the transmitter. At the receiver side, each user performs EH in addition to
ID. It is assumed that the minimum harvested energy during the unit transmission

time is B, > 0 for user k,k=1,..., K.
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3.3.1 Time Switching

We first consider the case of TDMA-based information transmission with TS
applied at each receiver. It is worth noting that for a single-user SWIPT system with
TS applied at the receiver, the transmission time needs to be divided into two time
slots to coordinate the EH and ID processes at the receiver. Thus, in the SWIPT
system with K users, we consider K + 1 time slots without loss of generality, where
the additional time slot, which we called the power slot, may be allocated for all
users to perform EH only. In contrast, in conventional TDMA systems without EH,
the power slot is not required. We assume that slot k,k = 1,..., K is assigned to
user k for transmitting information, while slot K + 1 is the power slot. With total
time duration of K + 1 slots to be at most one, the (normalized) time duration for
slot k,k=1,..., K+1 is variable and denoted by the TS ratio ay, with 0 < a;, <1
and [I:f:l ar < 1. In addition, the power p,, allocated to SC n at slot & is specified as

=1

Pk, Where 0 < pry < Poeax, K =1,..., K +1,n=1,...,N. The average transmit

power constraint is thus given by

K+1 N

k=1 =1

Consider user k,k=1,..., K. At the receiver side, user k decodes its intended
information at slot k& when its information is sent and harvests energy during all
the other slots ¢ # k. The receiver noise at each user is assumed to be independent
over SCs and is modelled as a CSCG random variable with zero mean and variance
o? at all SCs. Moreover, the gap for the achievable rate from the channel capacity
due to a practical modulation and coding scheme (MCS) is denoted by I' > 1. The

achievable rate in bps/Hz for the information receiver of user k is thus given by

N
ey Z P nPkn
Rk = W 2 10g2 (1 + Fo’2 ) . (32)

Assuming that the conversion efficiency of the energy harvesting process at each
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receiver is denoted by 0 < ¢ < 1, the harvested energy in joule at the energy

receiver of user k is thus given by

K+1
C Z alzhk nDin- (33)
i#k n=1

An example of the energy utilization at receivers for the TS case in a two-user
OFDM-based SWIPT system is illustrated in Fig. 3.1. As shown in Fig. 3.1(a)
for user 1, the received energy on all SCs during slot 1 is utilized for ID; while the
received energy on all SCs during slot 2 and slot 3 is utilized for EH. In Fig. 3.1(b)
for user 2, the received energy on all SCs during slot 2 is utilized for ID; while the
received energy on all SCs during slot 1 and slot 3 is utilized for EH.

Our objective is to maximize the weighted sum-rate of all users by varying the
transmission power in the time and frequency domains jointly with TS ratios, subject
to EH constraints and the transmission power constraints. Thus, the following

optimization problem is formulated.

P—-TS): max. wroy 1o 1+ —=——
( )t P NZZ Kk g2< To?

k=1 n=1
K+1

a2 cZathmpszk, k=1...K
i#k n=1
K+1

Zakzpknﬁp

OSpk,nSppeakakzla"wK—'_lavn)
K+1
o<l 0<a<Lk=1... K+1,

where wj; > 0 denotes the non-negative rate weight assigned to user k.

Problem (P-TS) is feasible when all the constraints in Problem (P-TS) can be
satisfied by some {{pr.},{ar}}. From (3.3), the harvested energy at all users is
maximized when oy = 1, while o = 0,pp, =0for k=1,..., K,n=1,...,N,

i.e., all users harvest energy during the entire transmission time. Therefore, Problem
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Figure 3.1: Energy utilization at receivers for a two-user OFDM-based SWIPT
system: TDMA-based information transmission with TS applied at each receiver.
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(P-TS) is feasible if and only if the following linear programming (LP) is feasible.

max. 0
{Pr+1n}

N
st (Y Mpnprsin > B k=1, K,

n=1

N
ZpK—l—l,n <P,
n=1

OSpK—i—l,nSPpeak; nzl,...,N. (34)

It is easy to check the feasibility for the above LP. We thus assume Problem (P-TS)
is feasible subsequently.
Problem (P-TS) is non-convex in its current form. We will solve this problem

in Section 3.5.1.

3.3.2 Power Splitting

Next, we consider the case of OFDMA-based information transmission with
PS applied at each receiver. As is standard in OFDMA transmissions, each SC is
allocated to at most one user in each slot, i.e., no SC sharing is allowed. We define
a SC allocation function II(n) € {1,..., K}, i.e., the SC n is allocated to user II(n).

The total transmission power constraint is given by

N
> pu <P (3.5)
n=1

At the receiver, the received signal at user k is processed by a power splitter, where
a ratio pg of power is split to its energy receiver and the remaining ratio 1 — pj is
split to its information receiver, with 0 < pr < 1,Vk. The achievable rate in bps/Hz

at SC n assigned to user II(n) is thus

o =1,...,N. (3.6)

1— nhnnn
Rn:10g2<1+( Prign)) n(),p)’ n
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Figure 3.2: Energy utilization at receivers for a two-user OFDM-based SWIPT
system: OFDMA-based information transmission with PS applied at each receiver.

With energy conversion efficiency (, the harvested energy in joule at the energy

receiver of user k is thus given by

N

An example of the energy utilization at receivers for the PS case in a two-user
OFDM-based SWIPT system is illustrated in Fig. 3.2. As shown in Fig. 3.2, the
received signals at all SCs share the same splitting ratio py at each user k, k =1, 2.
It is worth noting that only p; of the power at each of the SCs allocated to user 2
for ID is harvested by user 1, the remaining 1 — p; of power at those SCs is neither
utilized for EH nor ID at user 1, similarly as for user 2 with PS ratio ps.

With the objective of maximizing the weighted sum-rate of all users by varying
the transmission power in the frequency domain, the SC allocation, jointly with the

PS ratios at receivers, subject to a given set of EH constraints and the transmission
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power constraints, the following optimization problem is formulated.

—1N (1 = prgw)) huignnp
P —-PS): max. Wit 10 1+ (n) ) M) 0 n)
( ) {pn b0} e} N ; li(n) 1082 ( o

N
st prC Y hiabn 2 By, Vk

n=1
N
an S P, 0 Spn S Ppeakavn
n=1

From (3.7), the harvested energy at all users is maximized when p, = 1,k =
1,..., K, ie., all power is split to the energy receiver at each user. Therefore,
Problem (P-PS) is feasible if and only if Problem (P-PS) with p, =1,k =1,..., K
is feasible. It is worth noting that Problem (P-PS) and Problem (P-TS) are subject
to the same feasibility conditions as given by Problem (3.4).

It can be verified that Problem (P-PS) is non-convex in its current form. We

will solve this problem in Section 3.5.2.

3.3.3 Performance Upper Bound

An upper bound for the optimization problems (P-TS) and (P-PS) can be
obtained by assuming that each receiver is able to decode the information in its
received signal and at the same time harvest the received energy without any

implementation loss [7]. We thus consider the following optimization problem.

N
P—-UB): max. — Wri(n) 1O 14—
( Vw3 N ; fm 1052 ( Lo

N
st Y hiupn > Er, Vk

n=1

N
an S P, 0 Spn S Ppeakavn'

n=1
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Note that Problem (P-UB), as well as Problem (P-TS) and Problem (P-PS) are
subject to the same feasibility conditions as given by Problem (3.4). Also note
that any infeasible Problem (P-UB) can be modified to become a feasible one
by increasing the transmission power P or by decreasing the minimum required
harvested energy E), at some user k. In the sequel, we assume that all the three
problems are feasible, thus optimal solutions exist.

The solution for Problem (P-UB) is obtained in Section 3.5.2 (see Remark
3.5.2).

3.4 Resource Allocation in Single-User System

To obtain tractable analytical results, in this section, we consider the special
case that K =1, i.e., a single user OFDM-based SWIPT system. For brevity, hi .,
E1, and p; are replaced with h,,, E, and p, respectively. Without loss of generality,
we assume that hy > hy > ... > hy and w; = 1. With K = 1, Problem (P-TS) and

Problem (P-PS) are then simplified respectively as follows

N
1 hnpl,n
max. N E log, <1 + T2 >

{pl,n},{pQ,n},al,QQ

N
s.t. COQ Z han,n Z E)
n=1

N N
1 Zpl,n + Qg ZPQ,n <P,
n=1 n=1

0 S Din S Ppeak7 Vn,z = 1727

041+042§1, OSO(ZSLZ:LQ (38)

57



Chapter 3. SWIPT in Multiuser OFDM System

N
max. - ngl log, (1 + Tt

{pn}.p
N
st pC Y hupy > E,
n=1
N
> <P
n=1

0 S Pn S Ppeak7 vna

0<p<Ll (3.9)

To obtain useful insight, we first look at the two extreme cases, i.e., Pyeax — 00
and Ppeax = P/N. We shall see that the peak power constraint plays an important
role in the performance comparison between the TS and PS schemes. Note that
Ppeax — 00 implies the case of no peak power constraint on each SC; and Ppeax =
P/N implies the case of only peak power constraint on each SC, since the total power
constraint is always satisfied and thus becomes redundant. Given P and Ppeax, the
maximum rates achieved by the TS scheme and the PS scheme are denoted by
Rrs(P, Ppeax) and Rpg(P, Ppeax), respectively. For the case of Ppex — 00, we have
the following proposition for the TS scheme. We recall that g = 1 — « is the TS

ratio for the power slot.

Proposition 3.4.1. Assuming E > 0, in the case of a single-user OFDM-based
SWIPT system with Ppeax — 00, the mazimum rate by the TS scheme, i.e.,

Rrs(P, ), is achieved by a1 — 1 and as — 0.

Proof. Clearly, we have as > 0; otherwise, no energy is harvested, which violates
the EH constraint £ > 0. Thus, a; < 1. To maximize the objective function
subject to the EH constraint, it can be easily shown that the optimal «ay and
p2,n should satisfy Caghips = E and pon = 0,m = 2,...,N. It follows that
the minimum transmission energy consumed to achieve the harvested energy E

— N —
is given by E/(Chy), ie., as > pan, > E/(Chy). Thus, in Problem (3.8), the
n=1

N
achievable rate Rrg(P,00) is given by maximizing 5+ > log, <1 4 fnp 1’”) subject
n=1

o2
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N —_—
to a1 Y p1n < P—E/(Ch) and 0 < a; < 1. Let ¢1,, = aipin,Vn, the

n=1

N
above problem is then equivalent to maximizing ¢ 21 log, (1 + ?Zg;ﬁ) subject to
n=

N [—

Y qin < P—FE/(Chy)and 0 < a; < 1. For given {q1,}, the objective function is
n=1

an increasing function of «y; thus, Rrg(P, 00) is maximized when oy — 1. It follows

that ay — 0, which completes the proof. O

Remark 3.4.1. By Proposition 3.4.1, to achieve Rys(P,00) with £ > 0, the
portion of transmission time ay allocated to EH in each transmission block should
asymptotically go to zero. For example, let m denote the number of transmitted
symbols in each block, by allocating O(logm) symbols for EH in each block and the
remaining symbols for ID results in o« = logm/m — 0 as m — oo, which satisfies
the optimality condition provided in Proposition 3.4.1. It is worth noting that
Ryg(P,00) is achieved under the assumption that the transmitter and receiver are
able to operate in the regime of infinite power in the EH time slot due to ay — 0.
For a finite Ppeax, a nonzero time ratio should be scheduled to the power slot to

collect sufficient energy to satisfy the EH constraint.

Moreover, we have the following proposition showing that the PS scheme

performs no better than the TS scheme for the case of Ppeax — 00.

Proposition 3.4.2. In the case of a single-user OFDM-based SWIPT system with
Ppeax — 00, the maximum rate achieved by the PS scheme is no larger than that

achieved by the TS scheme, i.e., Rps(P,00) < Rys(P, 00).

N _
Proof. For the PS scheme, from the EH constraint p¢ > h,p, > E, it follows
n=1
that p > E/(ChiP) must hold. Thus, Rps(P, o) is upper bounded by maximizing
N _ N
~ > log, (1 + (11@#) subject to p > E/(ChyP) and ) p, < P. Let p/, = (1 —
n=1 n=1

N /
P)Pn, ¥n, the above problem is then equivalent to maximizing % > log, <1 + hnpn>

T'o?
n=1

[— N [—
subject to p > E/(ChiP) and > pl, < (1 — p)P. Since p > E/(Ch P), it
n=1
follows that (1 — p)P < P — E/(Ch;). Note that according to Proposition 3.4.1,
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N
Rrs(P, 00) is obtained (with ; — 1) by maximizing + > log, (1 + M) subject
n=1

To2
N _
to Y. p1n < P — E/(Chy). Therefore, we have Rpg(P, 00) < Rrg(P, 00). O
n=1
For the other extreme case when Pyex = P/N, we have the following
proposition.

Proposition 3.4.3. In the case of a single-user OFDM-based SWIPT system with
Pyeax = P/N, the mazimum rate achieved by the TS scheme is no larger than that

achieved by the PS scheme, i.e., Rrs(P, P/N) < Rps(P, P/N).

Proof. With Py = P/N, the total power constraint is redundant for both T'S and

PS. Thus, the optimal power allocation for TS is given by pi, = p3,, = Pyeak, V1.
It follows that ay > LN Then we have the optimal o] = 1 — LN
CPpeak 21 hn CPpeak 21 hn

Rrs(P, P/N) is thus given by St Z log, (1 4 bm pe“k). On the other hand, the

optimal power allocation for PS is glven by p; = peak,‘v’n It follows that p* =
L =1—aj. Rps(P, P/N) is thus given by + Z log, (1 + 2ifn peak) Due
eak Z hn

to the concav1ty of the logarithm function, we have Rys(P, P/N) < Rps(P, P/N),

which completes the proof. O

In fact, from the proof of Proposition 3.4.3, we have Rys(P,P/N) <
Rps(P, P/N) provided that equal power allocation (not necessarily equals to P,eax)
over all SCs are employed for both TS and PS schemes. Note that for a single-user
OFDM-based SWIPT system with P/N < P,ea < 00, the performance comparison
between the TS scheme and the PS scheme remains unknown analytically. From
Proposition 3.4.2 and Proposition 3.4.3, neither the T'S scheme nor the PS scheme is
always better. It suggests that for a single-user OFDM-based SWIPT system with
sufficiently small peak power, the PS scheme may be better; with sufficiently large
peak power, the TS scheme may be better.

For the special case that N = 1, i.e., a single-carrier point-to-point SWIPT

system, the following proposition shows that: for P, — 00, the T'S and PS schemes
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achieve the same rate; for a finite peak power P/N < P, < 0o, the TS scheme

performs no better than the PS scheme.

Proposition 3.4.4. In the case of a single-carrier point-to-point SWIPT system
with N = 17 we have RTS(P> Ppeak) < RPS(P> Ppeak); with equa'lity Zf Ppeak — 00.

Proof. Since N = 1, we remove the SC index n in the subscripts of h,, pin, Pon
and p,. For the PS scheme, to satisfy the EH constraint, we have p > E/(ChP);
thus, with p = E/(ChP), the maximum rate by the PS scheme is given by
Rps (P, Pyeax) = log, <1 + hP*E/C). For the TS scheme, we have aopy > E/(Ch)

To?
to satisfy the EH constraint. It follows that a;p; < P — E/(Ch). Therefore,

R1s(P, Ppeax) < aylog, (1 Y it C) < Rps(P, Ppeax), and the equality holds if

a1lo?

a; — 1. By Proposition 3.4.1, Rys(P,o0) is achieved by a; — 1; thus, the above
equality holds if P,eac — 00, which completes the proof. O

Figs. 3.3 and 3.4 show the achievable rates by different schemes versus different
minimum required harvested energy E. For Fig. 3.3, the total bandwidth is assumed
to be 10MHz, which is equally divided as N = 64 SCs. The six-tap exponentially
distributed power profile is used to generate the frequency-selective fading channel.
For Fig. 3.4 with N = 1, i.e., a single-carrier point-to-point SWIPT system, the
bandwidth is assumed to be IMHz. For both figures, the transmit power is assumed
to be ITW or 30dBm. The distance from the transmitter to the receiver is 1m, which
results in —31.5dB path-loss for all the channels at a carrier frequency 900MHz
with path-loss exponent equal to 3. For the energy receivers, it is assumed that
¢ = 0.2. For the information receivers, the noise spectral density is assumed to be
—112dBm/Hz. The MCS gap is assumed to be I' = 9dB.

In both Fig. 3.3 and Fig. 3.4, it is observed that for both TS and PS schemes,
the achievable rate decreases as the minimum required harvested energy F increases,
since the available energy for information decoding decreases as E increases. In Fig.
3.3 with N = 64, it is observed that there is a significant gap between the achievable
rate by TS with P,eax = 4P/N and that by TS with Py, — 00; moreover, the gap

increases as E increases. This is because that with Peax — 00, all transmission
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Figure 3.3: Achievable rate versus minimum required harvested energy in a
single-user OFDM-based SWIPT system, where N = 64.

time can be utilized for information decoding by letting ay — 1 (c.f. Proposition
3.4.1); whereas for a finite Pyeax = 4P/N, a nonzero transmission time needs to be
scheduled for energy harvesting. For the PS scheme, this performance gap due to
finite peak power constraint is only observed when E is sufficiently large. Comparing
the TS and PS schemes in Fig. 3.3, it is observed that TS outperforms PS when
P

heak — 00; however, for sufficiently small Ppeak, €.8., Ppeax = 4P/ N, PS outperforms

TS. In Fig. 3.4 with N = 1, it is observed that when Pyex — 00, the achievable
rate by the TS scheme is the same as that by the PS scheme; when P,e.x = 4P, the
achievable rate by the TS scheme is no larger than that by the PS scheme, which is

in accordance with Proposition 3.4.4.
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Figure 3.4: Achievable rate versus minimum required harvested energy in a
single-carrier point-to-point SWIPT system, i.e., N = 1.

3.5 Resource Allocation in Multiuser System

In this section, we consider the general case of an OFDM-based SWIPT system
with multiple users. We derive the optimal transmission strategies for the two

schemes proposed in Section 3.3, and compare their performances.

3.5.1 Time Switching

We first reformulate Problem (P-TS) by introducing a set of new non-negative
variables: qr, = opprn.k = 1,...,K +1,n = 1,...,N. Moreover, we define

ay, log, (1 + M) = 0 at o = 0 to keep continuity at ap = 0. (P-TS) is thus

To2ay,
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equivalent to the following problem:*

Pk Qren
WO 10g2 (1 -+ kndk, )

K
max.
{We,n}?{ak} g FUQO[k
+1

s.t. anznZEka kzl,...,K,

ZHMZ

+
—
—

1Mz
HMZ ﬁ

qu Sakpeak7k: 17"'7K+1avn7

K+1
o, <1, 0<a <Lk=1,..., K+ 1. (3.10)

k=1
After finding the optimal {gj ,,} and {aj } for Problem (3.10), the optimal power
allocation {pj, ,, } for Problem (P-TS) is given by pj ,, = ¢; ,/ag, k=1,..., K+1,n =
1,..., N provided that a; > 0. From the constraint 0 < qr, < pPpeak, k =
I,...,.K+1,n=1,...,N, we have g, = 0 if ap = 0 and Pyeax < 00. Thus, if
ap=0,k=1,..., K+ 1 and Pyeax < 00, the allocated power will be p;, = 0,n =
1..., N, since no information/power transmission is scheduled at slot k. For the
extreme case of Pyeax — 00, if q; , = 0,07, =0,k=1,..., K+1,n=1,...,N, then

the allocated power will be py ,, = 0; if g ,, > 0 and o}, = 0, then we have pj , — oco.

Lemma 3.5.1. Function f(qgn, o) is jointly concave in oy > 0 and g, > 0, where

ay log, (1 + hﬁ:f;") , ag >0,

(G, ) = (3.11)

O, A = 0.

Proof. Please refer to Appendix E. O

From Lemma 3.5.1, as a non-negative weighted sum of f(gx,, ), the new

objective function of Problem (3.10) is jointly concave in {ay} and {gx,}. Since the

!Similar to the single-user system (c.f. Remark 3.4.1), for the case of Pyeax — 00, we allow
ay, — 0 while g, > 0 by letting py , — oc.
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constraints are now all affine, Problem (3.10) is convex, and thus can be optimally
solved by applying the Lagrange duality method, as will be shown next.
The Lagrangian of Problem (3.10) is given by

L ({qen} o}, AN} v iiiwm log2( hkanq'ﬂan)

N I'o2qy,
k=1 n=1
K+1 N K+1 N +1
D (gzzhmqm B) (P33 o (1 3]
k#i n=1 k=1 n=1 1
(3.12)
where \;;2 = 1,..., K, u, and v are the non-negative dual variables associated with

the corresponding constraints in (3.10). The dual function g ({\:}, i, v) is then

defined as the optimal value of the following problem.

max. L ({qen}, {on}, {Ni}, p,v)

{ak,n} {on}
s.t. 0 < Qkn < CVkaealw k= 17- : 7K+ 17vn7

0<ap<1, k=1,....,K+1. (3.13)

The dual problem is thus defined as mingy,y .., g ({\i}, i, v).
First, we consider the maximization problem in (3.13) for obtaining g ({\; }, i, v)

with a given set of {\;}, u, and v. We define L,k =1,..., K as

h ,n n
£y = 21% <1+ kil ) NS i
i#k n=1

N
— 1> Gun—vop, 1<E<K (3.14)

n=1

We define L,k = K + 1 as

K N N
Ly ::QZ/\iZhi,nqkm—qu;ﬁn—uak, k=K +1. (3.15)

=1 n=1 n=1
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Then for the Lagrangian in (3.12), we have

K+1 K

L= Zﬁk—z)\iﬁi+ﬂP+V~ (3.16)

k=1 i=1

Thus, for each given k, the maximization problem in (3.13) can be decomposed as

max. L,
{qk,n}on

st. 0 < qpn < aplpeak, n=1,...,N

0<a,<l. (3.17)

We first study the solution for Problem (3.17) with given k = 1,..., K. From
(3.14) and (3.15), we have

oL, B wroghy p
8qk,n N N(FO’QC(k + hk,an,n) In2

K
+ ) Aihig — V. (3.18)
ik

Given ay, bk =1,..., K, the g4 n,n = 1,..., N that maximizes £ can be obtained

by setting é‘?qi’“ = 0 to give

Jr
: w Lo?
Qkn = vy Min Kk T » Poeak (3.19)
N(u—ngmm>m2 ’
i#k

For given {q,}, it appears that there is no closed-form expression for the optimal
oy that maximizes L£,. However, since L is a concave function of a4 with given
{@n}, i can be found numerically by a simple bisection search over 0 < ay < 1.
To summarize, for given k = 1,..., K, Problem (3.17) can be solved by iteratively
optimizing between {gy ,, } and oy, with one of them fixed at one time, which is known
to as block-coordinate descent method [41].

Next, we study the solution for Problem (3.17) for k = K +1, i.e., for the power
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K
slot, which is a LP. Define the set N} = {n eEN (O Nhin —p > 0}. From (3.14)
i=1

and (3.15), to maximize L1 we have

aK+1Ppeak7 n eNla
dK+1n = (320)
0, n € N\M

and

K
17 if Z (CZ)\zhz,n_u) Ppeak_l/>07

gy = nely \ =1 (3.21)

0, otherwise.

After obtaining g ({\;}, i, v) with given {\;}, p, and v, the minimization of
g ({N\i}, p,v) over {\;}, i, and v can be efficiently solved by the ellipsoid method [42].
A subgradient of this problem required for the ellipsoid method is provided by the

following proposition.

Proposition 3.5.1. For Problem (53.10) with a dual function g ({\}, p,v), the

following choice of d is a subgradient for g ({\:}, p,v):

( K+1 N _
QZ Zhi,an,n_Eia Z.Zla"wKa
k#i n=1
K+1 N
=P ="% 5 g =K1, (322)
Kk+11n 1
1- S dy, i=K+2.
k=1

\

where {Gi.n} and {éy} is the solution of the mazimization problem (3.13) with given

{\i}, e and v.
Proof. Please refer to Appendix F. O

Note that the optimal ¢; .,k = 1...,K,n = 1,...,N and of,k = 1,... . K
are obtained at optimal {\}, p*, and v*. Given {qx,}, the objective function in

Problem (3.10) is an increasing function of a4,k = 1,..., K. Thus, the optimal
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K+1

ay’s, k=1,..., K+ 1satisfy Y. o = 1; otherwise, the objective can be improved
k=1
by increasing some of the ay’s, k = 1,..., K. Then, the optimal a4 is given by

g =1-— ia};. With o, = o,k =1,.. .. K+ 1, qgn = Gk =1,..., K,n =
1,...,N, Prc?gllem (3.10) becomes a LP with variables {¢x+1,,}. The optimal values
of {gx 1.} are obtained by solving this LP.

To summarize, one algorithm to solve (P-TS) is given in Table 3.1. For the
algorithm given in Table 3.1, the computation time is dominated by the ellipsoid
method in steps I)-III) and the LP in step V). In particular, the time complexity
of steps 1)-3) is of order KN, step 4) is of order N, step 5) is of order K?N, and
step 6) is of order K?. Thus, the time complexity of steps 1)-6) is of order KN,
i.e., O(K?N). Note that step II) iterates O(K?) to converge [42], thus the time
complexity of steps I)-III) is O(K*N). The time complexity of the LP in step V) is
O(KN? + N3) [43]. Therefore, the time complexity of the algorithm in Table 3.1 is
O(K*N + KN? + N3).

Similar with the single-user case, we have the following proposition.

Proposition 3.5.2. In the case of a multiuser OFDM-based SWIPT system with
K > 2 and Ppeax — 00, the mazimum rate by the TS scheme, i.e., Ryg(P,00), is

achieved by a1 =0 or agy; — 0.

Proof. In the equivalent Problem (3.10) with Pheax — 00, the EH constraints and
the total power constraint are independent of ay, k= 1,..., K+ 1. The objective in
Problem (3.10) is an increasing function of oy, k = 1,..., K for given {gy,}. Thus,
the maximum achievable rate is obtained by minimizing the time allocated to the
power slot, i.e., axy1 =0 (when qg ., =0,Yn) or ag 1 — 0 (when gy, > 0 for

some n). O

It is worth noting that for the multiuser system with K > 2 and Pyeax — 00,
it is possible that the maximum rate by the TS scheme is achieved by ax; = 0, in
which case no additional power slot is scheduled and all users simply harvest energy

at the slot scheduled for other users to transmit information. In contrast, for the
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Table 3.1: Algorithm for solving Problem (P-TS).

I) Initialize {\; > 0}, > 0 and v > 0.

II) repeat

I11)
V)

VI)

1) Initialize oy, = 1/K,k=1,..., K.
2) repeat
a) For k=1,..., K, compute {gx,} by (3.19).

b) For k =1,..., K, obtain a4, that maximizes £, with given {q;.} by
bisection search.

3) until improvement of Ly, k = 1,..., K converges to a prescribed
accuracy.

4) Compute {¢x+1,,} and axq by (3.20) and (3.21).
5) Compute the subgradient of g({\;}, i, v) by (3.22).
6) Update {\;}, n and v according to the ellipsoid method.

until {)\;}, ¢ and v converge to a prescribed accuracy.
Set ¢4, = Gk, k=1,...,K,n=1,... N, ag =ap,k=1,..., K and aj,, =
K
1—=> a;.
k=1
Obtain gy, ,,,n = 1,..., N by solving Problem (3.10) with oy = aj,k =
L. . K+1L ggn=qk=1...,K,n=1,...,N.

Fork=1,...,K+1landn=1,...,N,if af >0, setpz7n:q,:7n/az; it o =0
and g; ,, = 0, set p; ,, = 0; it a = 0 and ¢, > 0, set pj ,, — oo.
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single-user K = 1 case, the power slot is always needed if £ > 0.

Remark 3.5.1. In Problem (3.10), when K > 2 and B, = 0,k = 1,..., K, the
system becomes a conventional TDMA system without EH constraints. Assume
that the harvesting energy at each user by the optimal transmission strategy for
this system is given by E' k = 1,..., K. Then for a system with 0 < E; <
Ehk=1,..., K, the same rate as that by the conventional TDMA system can be

achieved.

3.5.2 Power Splitting

Since Problem (P-PS) is non-convex, the optimal solution may be
computationally difficult to obtain. Instead, we propose a suboptimal algorithm
to this problem by iteratively optimizing {p,} and {II(n)} with fixed {ps}, and
optimizing {px} with fixed {p,} and {II(n)}.

Note that (P-PS) with given {p,} and {Il(n)} is a convex problem, of which
the objective function is a nonincreasing function of py, Vk. Thus, the optimal power
splitting ratio solution for (P-PS) with a given set of feasible {p,} and {II(n)} is
obtained as -

Ej,
po=——, k=1, K. (3.23)
¢ 712:31 e

Next, consider (P-PS) with a given set of feasible py’s, i.e.,

1 & h{]D() D
max. — g Wri(p 1O 14 et ?
ah ity N =10 g2< 'o? )

N
st. (> hinpn > Ep, k=1,... K,
n=1

N
> pn<P 0<p, < Ppaon=1,....N (3.24)
n=1

where hg?n 2 (1 — pr)hin, Vk,n and h‘EIT{L 2 pphin, Vk,n can be viewed as the

equivalent channel power gains for the information and energy receivers, respectively.
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The problem in (3.24) is non-convex, due to the integer SC allocation II(n). However,
it has been shown that the duality gap of a similar problem to (3.24) without the
harvested energy constrains converges to zero as the number of SCs, N, increases
to infinity [44,45]. Thus, we solve Problem (3.24) by applying the Lagrange duality
method assuming that it has a zero duality gap.?

The Lagrangian of Problem (3.24) is given by

1 h{]D(n)mpn

Z <CZ hienPn = ) (P - im) (3.25)

k=

where A;’s and p are the non-negative dual variables associated with the

corresponding constraints in (3.24). The dual function is then defined as

9 (A} ) = i L {pn} A1)}, { A}, 1) - (3.26)

The dual problem is thus given by mingy,y,. g ({Ae}, 1)
Consider the maximization problem in (3.26) for obtaining g ({ A}, 1) with a
given set of {\z} and u. For each given SC n, the maximization problem in (3.26)

can be decomposed as

hID
WrI(n) H(n nl EH
max. L, := lo 1+ A\ hEH 'nPn n
Jpax. N g2< ) CE kP — 1D

s.t. 0 <p, < Ppeak- (3.27)

Note that for the Lagrangian in (3.25), we have

N K
L= Ly—Y MEj+pP. (3.28)
n=1 k=1

2In our simulation setup considered in Section 3.5.3 with N = 64, the duality gap of Problem
(3.24) is observed to be negligibly small and thus can be ignored.
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From (3.27), we have

= el — M 3.29
Opn, N(F02+hn pn)lr12+CZ g (3:29)

Thus, for any given SC allocation II(n), the optimal power allocation for Problem

(3.27) is obtained as

Jr

. Wri(n [o?
p*(I1) = min = - Pk | - (3.30)

h
N (u -y Akhgfg) In2 M
k=1

Thus, for each given n, the optimal SC allocation II*(n) to maximize £,, can be

obtained as

Jr
. Wri(n) ( (wH(n)U>>+ Wiy 1
IT* (n) = 1 _ _2) ). 331
(n) = arg oy < N %2 N2 NIn2 o (3.31)

where

hID
v = ok (3.32)
ro* (1= 32 Mt
k=1

Note that (3.31) can be solved by exhaustive search over the user set {1,..., K}.

After obtaining ¢ ({A\¢}, ) with given {A\;} and p, the minimization of
g ({ A}, 1) over {\} and p can be efficiently solved by the ellipsoid method [42].
A subgradient of this problem required for the ellipsoid method is provided by the

following proposition.
Proposition 3.5.3. For Problem (3.24) with a dual function g({\c},n), the

following choice of d is a subgradient for g ({ i}, p):

thnpn Ek, k::]_7...7K,
dj, = (3.33)
P — an, k=K+1.
n=1
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where {p,} is the solution of the mazimization problem (3.26) with given {\;} and
p.

Proof. The proof is similar as the proof of Proposition 3.5.1, and thus is omitted. O

Remark 3.5.2. The optimal solution for (P-UB) can be obtained by setting hj’} =
h}fn = hgn, Vk,n in Problem (3.24). Hence, the above developed solution is also

applicable for Problem (P-UB).

For (P-PS) with given {py}, the optimal {p,} and {II(n)} are obtained by (3.30)
and (3.31), respectively. Define the corresponding optimal value of Problem (3.24)
as R(p), where p = [p1, ..., px]?. Then R(p) can be increased by optimizing p;’s by
(3.23). The above procedure can be iterated until R(p) cannot be further improved.
Note that Problem (3.24) is guaranteed to be feasible at each iteration, provided
that the initial p,’s are feasible, since at each iteration we simply decrease pg’s to
make all the harvested energy constraints tight. Thus, with given initial {p;}, the
iterative algorithm is guaranteed to converge to a local optimum of (P-PS) when all
the harvested energy constraints in (3.24) are tight.

Note that the above local optimal solution depends on the choice of initial
{pr}. To obtain a robust performance, we randomly generate M feasible {p;} as the
initialization steps, where M is a sufficiently large number.? For each initialization
step, the iterative algorithm is applied to obtain a local optimal solution for (P-PS).
The final solution is selected as the one that achieves the maximum weighted
sum-rate from all the solutions.

To summarize, the above iterative algorithm to solve (P-PS) is given in Table
3.2. For the algorithm given in Table 3.2, the computation time is dominated by the
ellipsoid method in steps A)-C). In particular, in step B), the time complexity of
step a) is of order KN, step b) is of order KN, and step c) is of order K2. Thus, the
time complexity of steps a)-c) is of order K? + KN, i.e., O(K? + KN). Note that

3In general, as the number of users increases, the number of initialization steps needs to be
increased to guarantee the robustness and optimality of the algorithm. However, large number of
initialization steps increases the computation complexity, which may not be suitable for real-time
applications.
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step B) iterates O(K?) to converge [42], thus the time complexity of the ellipsoid
method is O(K*+ K3N). Considering further the number of initialization steps M,
the time complexity of the algorithm in Table 3.2 is O(K*M + K3NM).

Table 3.2: Iterative algorithm for solving Problem (P-PS).

I) Randomly generate M feasible {py} as different initialization steps.
IT) For each initialization step:

1) Initialize {px}.
2) repeat
A) Compute {1} and {h;),}. Initialize {\; > 0} and p > 0.
B) repeat
a) Compute {p,} and {II(n)} by (3.30) and (3.31) with given {\x}
and p.
b) Compute the subgradient of g({A\x}, ) by (3.33).
¢) Update {\x} and p according to the ellipsoid method.
C) until {\;} and p converge to a prescribed accuracy.
D) Update {px} by (3.23) with fixed {p,} and {II(n)}.

N _
3) until ¢ > hE};{pn — E,| < 6,Vk, where § > 0 controls the algorithm
-1

n=
accuracy.

III) Select the one that achieves the maximum weighted sum-rate from the M
solutions.

3.5.3 Performance Comparison

We provide simulation results under a practical system setup. For each user,
we use the same parameters as the single-user case with N = 64 in Section 3.4. The
channels for different users are generated independently. In addition, it is assumed
that w, = 1, Vk, i.e., sum-rate maximization is considered. The minimum harvested
energy is assumed to be the same for all users, i.e., £, = E,Vk. The number of
initialization steps M is set to be 100.

Figs. 3.5 and 3.6 show the achievable rates versus the minimum required
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Figure 3.5: Achievable rates versus minimum required harvested energy in a
multiuser OFDM-based SWIPT system, where K =4, N = 64, and Ppeax — 00.

harvested energy by different schemes with K = 4. We assume P,e,x — 00 in
Fig. 3.5, and P,eax = 4P/N in Fig. 3.6. Fig. 3.7 shows the time ratio of the EH
slot versus minimum required harvested energy for the TS scheme in Fig. 3.6. In
Fig. 3.5 with Pyeax — 00, it is observed that when E > 0, the achievable rates by
both TS and PS are less than the upper bound. For the TS scheme, the maximum
rate is achieved when E is less than 150uW (c.f. Remark 3.5.1); when E is larger
than 150 W, the achievable rate decreases as E increases. For the PS scheme, the
achievable rate decreases as F increases, since for larger E more power needs to be
split for EH at each receiver. Comparing the T'S and PS schemes, it is observed that
for sufficiently small £ (0 < E < 80uW), the achievable rate by PS is larger than
that by TS. This is because that when the required harvested energy is sufficiently
small, only a small portion of power needs to be split for energy harvesting, and the
PS scheme may take the advantage of the frequency diversity by SC allocation. For
sufficiently large E (80 < E < 255uW), it is observed that the achievable rate by
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Figure 3.6: Achievable rates versus minimum required harvested energy in a
multiuser OFDM-based SWIPT system, where K =4, N = 64, and P,e, = 4P/N.

TS is larger than that by PS. In Fig. 3.6 with P, = 4P/N, it is observed that
when E is sufficiently large, the TS scheme becomes worse than the PS scheme.
This is because that for a finite peak power constraint on each SC, as E becomes
sufficiently large, the TS scheme needs to schedule a nonzero EH slot to ensure all
users harvest sufficient energy (see Fig. 3.7), the total information transmission time
1 — a1 then decreases and results in a degradation of achievable rate. However,
for 80 < £ < 208 W, in which case the system achieves large achievable rate (larger
than 70% of UB) while each user harvests a reasonable value of energy (about 32%
to 84% of the maximum possible value), the TS scheme still outperforms the PS
scheme.

Fig. 3.8 shows the achievable rates versus the number of users by different
schemes under fixed minimum required harvested energy E, = E = 150uW and
Pyeax = 4P/N. In Fig. 3.8, it is observed that for both TS and PS schemes, the

achievable rate increases as the number of users increases, and the rate tends to be
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Figure 3.7: Time ratio of the EH slot versus minimum required harvested energy
for the TS scheme in Fig. 3.6.

110

1

105

100 -

Rate (Mbps)

85

80

75 1 1 1 J
0 5 10 15 20

Number of users

Eigure_ 3.8: Achievable rates versus number of users, where Ppec = 4P/N and
E, = F =150uW.

7



Chapter 3. SWIPT in Multiuser OFDM System

saturated due to the bandwidth and the transmission power of the system is fixed.
In particular, for the TS scheme, the achievable rate with K = 2 is much larger
(about 32.8%) than that with K = 1. This is because that for the case K = 2, one
of the user decodes information when the other user is harvesting energy; however,
for the single user case K = 1, the transmission time when the user is harvesting
energy is not utilized for information transmission. It is also observed in Fig. 3.8
that for a general multiuser system with large K > 2, the TS scheme outperforms
the PS scheme. This is intuitively due to the fact that as the number of users
increases, the portion of energy discarded at the information receiver at each user
after power splitting also becomes larger (c.f. Fig. 3.2), hence using PS becomes

inefficient for large K.

3.6 Chapter Summary

In this chapter, we studied the resource allocation optimization for a
multiuser OFDM-based SWIPT system. Two schemes were investigated, namely,
TDMA-based information transmission with TS receiver, and OFDMA-based
information transmission with PS receiver. For both cases, the weighted sum-rate
was maximized subject to a given set of harvested energy constraints as well as
the peak and/or total transmission power constraint. Our study suggests that, for
the TS scheme, the system can achieve the same rate as the conventional TDMA
system, and at the same time each user is still able to harvest a reasonable value of
energy. In general, the TS scheme outperforms the PS scheme for a moderate EH
requirement at users. When the harvested energy required at users is sufficiently
large, however, a nonzero EH slot may be needed. This in turn degrades the rate
of the TS scheme significantly; as a result, the PS scheme may outperform the TS
scheme for strong EH requirement at users. From the view of implementation, the
TS scheme is easier to implement at the receiver side by simply switching between

the two operations of EH and ID.
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WPC in OFDM System

4.1 Introduction

In Chapter 3, we investigated the resource allocation problem for SWIPT in
OFDM system, where the OFDM users harvest energy in addition to receiving
information from the same RF signals sent by the HAP. In this chapter, we shift
our focus to the resource allocation problem for WPC in OFDM system, where the
OFDM users harvest energy from the EAP to power their information transmission
to the DAP.

We consider the WPC system shown in Fig. 1.5 with one OFDM user, where
the energy and information transmissions are scheduled over finite number of time
slots. The channels of both WPT and WIT links may vary over different slots and
SCs. To avoid interference to WIT, WPT and WIT are scheduled over orthogonal
SCs at any slot. We maximize the achievable rate by jointly optimizing the SC
allocation over time, and also the power allocation over time and SCs, for both
WPT and WIT links. The problem is investigated under two assumptions on the
availability of CSI for the WPT and WIT links, namely, full CSI and causal CSI.
Given full CSI, we propose an offline algorithm to solve the problem by exploiting the
specific structure of the optimal power allocation. Given causal CSI, we propose a
low-complexity online algorithm. Our numerical results demonstrate the superiority
of WPC over the communication system powered by opportunistic EH. Moreover,

our results provide useful insights to the joint energy and information transmissions
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design for WPC system in practice.

The rest of this chapter is organized as follows. Section 4.2 presents the
literature review. Section 4.3 introduces the system model. Section 4.4 presents the
problem formulation. Section 4.5 considers offline algorithm given full CSI. Section
4.6 proposes online algorithm given causal CSI. Section 4.7 provides numerical

examples. Finally, Section 4.8 summarizes the conclusion.

4.2 Literature Review

4.2.1 Protocol Design and Resource Allocation for WPC

The pioneering works [10,11] on WPC inspire investigations for WPC under
various setups. The work [10] is extended to a full-duplex HAP setup in [46,47],
where the DL energy transmission and UL information receiving is performed
simultaneously at the HAP for performance enhancement. One key challenge for
such full-duplex HAP system is that part of the energy transmission signal by the
HAP causes self-interference to its own information receiving at the same time.
In [46,47], this problem is tackled by applying successive interference cancellation
at the HAP. In [48], the authors extend the work in [10] by considering separated
EAP/DAP, where the EAP is equipped with multiple antennas. As an extension
of [11], [49] studies the case of imperfect CSI by considering practical channel
estimation. Cooperative communication for WPC is studied in [50, 51]. In [50],
near users help to relay the information from far users to the HAP to overcome
the doubly near-far problem. In [51], the source and relay harvest energy from the
HAP in DL to supply the UL cooperative information transmission by a so-called
“harvest-then-cooperate” protocol. Furthermore, [52] investigates the limiting
distribution of the stored energy, the average error rate, and outage probability at
the user when on-off transmission policy is adopted at the user assuming no CSI for
both WPT /WIT links. The capacity of large-size WPC network with geographically
distributed users is studied in [53] and [54] for the separated EAP/DAP case, and
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in [55] for the co-located EAP/DAP case, based on the tool of stochastic geometry.

4.2.2 Wireless Communication Powered by Opportunistic

Energy Harvesting

Instead of using dedicated wireless power as EH source for transmitters, another
line of research focuses on wireless communications powered by opportunistic EH,
where the energy sources for EH are typically provided by the environment, such as
solar energy, wind energy, thermal energy, and piezoelectric energy, etc. For such
systems, the amount of harvested energy greatly depends on the conditions of the
environment. The works [56,57] study the information transmission scheduling over
finite time slots in fading channels, where the throughput is maximized by power
allocation over time. In contrast to a conventional transmitter with fixed power
source, where the data transmission is adapted to the communication channels, the
EH transmitter adapts its transmission both to the communication channels and
to the dynamics of energy arrivals. It is shown in [56,57] that when the battery
at a transmitter has infinite storage, the optimal transmission power over slots
follows a staircase water-filling (SWF) structure, where the water-levels (WLs) are
nondecreasing over slots. This is in contrast with the case of total energy constraint
at the transmitter, in which the optimal transmission power is given by conventional
WF, where all slots share the same WL. The works [56,57] are extended to a two-hop
relay network in [58-61], where both source and relay nodes employ EH to power

their information transmission.

4.3 System Model

We consider an OFDM-based WPC system, where one user harvests energy
from an EAP to power its information transmission to a DAP (see Fig. 4.1

for separated EAP/DAP). The EAP and DAP are each equipped with one

antenna, while the user is equipped with two antennas, for energy harvesting
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— —»  Wireless power transfer (WPT)
—» Wireless information transfer (WIT)

EAP DAP

Energy receiver/Information transmitter

Figure 4.1: A WPC system with one user.

and information transmission, respectively. The EAP and DAP are connected to
stable power supplies, whereas the user has no embedded energy sources. Consider
energy/information transmission in one block, which is equally divided into K time
slots, with each slot being of duration 7. Let T" = 1 for convenience. The slots
are indexed in increasing order by k € K = {1,...,K}. The total bandwidth of
the system is equally divided into N orthogonal SCs. The SC set is denoted by
N ={1,..., N}. The channel power gain from the EAP to the user, i.e., the WPT
link, during slot k& at SC n is denoted by hy, > 0,k € K,n € N. The channel
power gain from the user to the DAP, i.e., the WIT link, during slot £ at SC n is
denoted by grn, > 0,k € K,n € N. It is assumed that hy,’s and g,’s are constant
within one slot and SC, but vary over slots and SCs. In practice, for the co-located
EAP/DAP case, hy, and gi, are correlated; while for the separated EAP/DAP
case, hy, and gy, are independent. Our model is applicable for both scenarios.
Before the energy/information transmission during each slot k, the CSI of the
WPT and WIT links, i.e., hgn, grn,n € N, is estimated. It is assumed that the
channel estimation is sufficiently accurate such that the performance degradation
due to the estimation error is negligible. Based on the CSI, energy/information

transmission for the WPT/WIT links is jointly scheduled. To avoid interference at
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the DAP from the transmission signals by the EAP, WPT and WIT are scheduled
over orthogonal SCs!. For notational simplicity, we define a dummy SC n = 0,
where hyo = gro = 0 for & € K, since there may be no SCs allocated for WPT in
slot k. The extended SC set is denoted by N’ = {0} UN. For each slot k € K,
the SC set N’ is partitioned into two complementary disjoint subsets for WPT
and WIT, denoted by N and A}, respectively, where V¥ C N', N} C N, and
NP = N\NEF. The transmission power by the EAP during slot & on SC n is
denoted by qxn, > 0,k € K,n € NF. The average transmission power at the EAP?

over K slots in each block is denoted by @), i.e.,

LI ) (4.1)

k=1 nGN,;E

The user harvests energy from the EAP by an energy receiver, and the energy
is then stored in an energy buffer to power the information transmitter. Assume
the stored energy in the energy buffer at time instant k7, i.e., the time instant just
before slot k, is denoted by Bj. The initial energy at the buffer, i.e., By, is known.
The transmission power by the information transmitter during slot k£ at SC n is
denoted by py, > 0,k € K,n € N}. Assume the harvested energy during slot & is
ready for transmission at the end of slot £, the transmission power constraint at the

user is thus given by

neN}
We assume the storage of the energy buffer is sufficiently large compared to the
harvested energy from the EAP, hence, no energy overflow at the energy buffer.

We further assume except data transmission, other circuits at the user consume

'In practice, strict orthogonality of SCs imposes high requirements for hardware design. Energy
leakage from one SC to adjacent SC may result in performance degradation, which is severe
especially for the co-located EAP/DAP case as transmission power for the WPT link is in general
much larger than that for the WIT link. For more detailed discussions, please refer to [62].

’In practice, the transmission power at each slot and SC may also be constrained by a peak
power. In this chapter, we assume the peak power constraint is sufficiently large compared to the
transmission power, as WPC in general operates at low power.
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negligible energy. This is justified when data transmission consumes much larger
power than that by other circuits, which is reasonable for most low-power (e.g.,
sensor) networks. The stored energy in the energy buffer at time instant (k+ 1)~

thus given by

Byi1 = B+ ¢ Z Pk Qe — Z Pkny, k€K (4-3)
nE/\f/éE nEN,ﬁ

where ( denotes the energy efficiency at the user, accounting for both conversion
and discharging losses. Note that in (4.3), mathematically the effect of { can be
equivalent to a scaling of the channel power gain hy,’s. Hence, in the sequel we
let ¢ = 1 for simplicity. Combine (4.2) and (4.3), leading to the energy causality

constraint

% i—1
SN e €30 hintn + B i €K (4.4)

k=1 nen} k=1 neNE
At the DAP, the receiver noise is modeled as a CSCG random variable with

zero mean and variance 0'2.

Due to frequency orthogonal transmission of energy
and information, the energy signal from EAP will not interfere with the information
reception at DAP. Moreover, the gap for the achievable rate from the channel
capacity due to a practical MCS is denoted by I' > 1. The average achievable

rate at the DAP in bps/Hz is thus

K
]‘ 2 n
R=—=3""% log2<1—|—gk Pr, ) (4.5)
=1 NI

e

4.4 Problem Formulation

Our objective is to maximize the average rate at the DAP by jointly optimizing

the SC allocation over time and the power allocation over SCs and time for both
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WPT and WIT links. This leads to the following optimization problem.

max. KN Z Z log, (1 + I, npkn)

{Ng}v{qk,n}v{pk,n}

k=1 neN]
K
s.t. 174 Z Qen < Q, (4.6a)
neNE
i —1
Z Z Z knQen + B, i€ K. (4.6b)
k=1 neN} k=1 neNF

The SCs for WIT are not explicit optimization variables because by definition
a SC is used either for WIT or WPT only. The case where a SC n is neither used for
WPT nor WIT is covered by assigning it to be used for WPT with ¢ ,, = 0 or WIT
with pg, = 0. Since the energy harvested during the last slot K is not available for
any information transmission, without loss of optimality there should be no energy
transmission at the last slot, i.e., N = {0}, N} = N, as assumed henceforth.
The optimal solutions are denoted by {NF" k € K}, {6k € Kin € NEY,
{pjn k€ K,n e M}, and the maximum average rate by R*.

Suppose that the SC allocation and power allocation for the WPT are given,
such that the constraint (4.6a) is satisfied. Then Problem (4.6) is reduced to the
conventional EH transmitter with energy arrivals {Z%Ng P Qi s k€ /C} [56,57].
Hence, Problem (4.6) is more general with additional design freedoms available via
the SC allocation and power allocation for the WPT link, which will in turn influence
the power allocation for the WIT link.

We first solve Problem (4.6) assuming full CSI available in Section 4.5. Based
on the results for full CSI, we propose an online algorithm for Problem (4.6) under

causal CSI in Section 4.6.
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4.5 Offline Algorithm for Joint Power and
Sub-Channel Allocation

In this section, we consider Problem (4.6) when full CSI is available, where all
the hy,’s and gi,’s are a priori known by a central controller at the beginning of
each block transmission. Our aim is to study the structural properties of the optimal
transmission policy, which will provide important insights. Given SC allocation, by
Propositions 4.5.1 and 4.5.2, we show that WPT may occur only on the so-called
causally dominating slots. Furthermore, Proposition 4.5.3 shows that the power
allocated for WPT matches to the power consumed for WIT during the intervals
between the causally dominating slots. The insights will be used for developing
heuristic online schemes when only casual CSI is available.

Given SC allocation N,k € K, at slot k, the index of the best SC (i.e., the
SC that has the largest channel power gain) for the WPT link among SCs in ANF,
is denoted by m(k) € N'. Hence,

m(k) = argmax hy,. (4.7)
{nGN,;E}
In the following proposition, we state that with given SC allocation, at each slot %k

WPT may only occur on the SC m(k).

Proposition 4.5.1. For Problem (4.6) with given SC allocation NF k € K, we
have g, = 0 for n # m(k).

Proof. Please refer to Appendix G. O

The intuition of Proposition 4.5.1 is as follows. Given SC allocation N, k €

IC, consider energy allocation for the WPT link at any slot & with total energy
Zne NE Gk Since the harvested energy at the user increases linearly with g ,,n €
¥ the harvested energy at the user is maximized by allocating all energy to Them(k) s

which has the largest hy , for n € J\/};E
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By Proposition 4.5.1, at each slot it is optimal to allocate at most one SC from
the set N to perform WPT, as the remaining SCs can be utilized for potential WIT.
We define a SC allocation function II(k) € N’ to denote the SC allocated for WPT
during slot k,k € K. Hence, N = {IlI(k)}, N} = N"\{Il(k)},k € K. Note that
II(k) can be assigned to the dummy SC n = 0 in case there is no WPT scheduled
in slot k. Problem (4.6) is then reformulated by the following problem.

max. — lo <1 4 )
{ar, (1) } o APE,m }ATI(R) } KN Z Z &2 I'o2

k=1 neN]
K
s.t. ?; (4.8a)
1—1
Z Prn < Y hengeng + Byi € K. (4.8b)

k=1 neN] k=1

Problem (4.8) is non-convex due to the integer SC allocation function II(k), k €
KC. Hence, we solve Problem (4.8) by two stages: we first solve Problem (4.8) with
given SC allocation II(k), k € K, where the joint power allocation for the WPT/WIT

links is optimized; next, we propose heuristic schemes for the SC allocation.

4.5.1 Joint Power Allocation

We first consider Problem (4.8) with given II(k),k € K, where we focus on
the joint power allocation design for the WPT/WIT links. Given SC allocation
(k) k € K, then NF, N}, k € K are known. For notational simplicity, when the
SC allocation II(k), k € K is given in Problem (4.8), we drop the subscript II(k) in
Qi) and Ay i), ie., g £ Qe TI(k hk = hpnk) for B € K. We note that hy, = 0
when II(k) =0,k € K.

First, we investigate the properties for {g;} and {p; ,} for Problem (4.8) with
given II(k), k € K. To this end, given SC allocation II(k), k € I, we define set D as
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follows

D21, if (1) e NyU{ke{2,...,K -1} : (k) € N, hy > h;, V1 < j < k}.
(4.9)

We note that for the slots in D, the channel power gain hj is increasing with the
slot index k; hence, the slots in D are called causally dominating slots, with each
subsequent slot in D dominating all previous slots. For convenience, we index the
elements in set D = {dy, dy, . .., dp|} such that d; < d; fori < j. The complementary
set of D is denoted by D¢, i.e., D° = \D.

We partition the slot set K for the WIT link into subsets D; = {di_1 +
L,...,d;},i = 1,...,|D] + 1, referred to as the ith interval, where we set dy = 0
and djpj;1 = K for notational simplicity. Thus, (J,D; = K and D; N D; = () for
1 # j. In the following proposition, we show that WPT only occurs in the causally

dominating slots in D.

Proposition 4.5.2. For Problem (4.8) with given I1(k), k € IC, the optimal power

allocation satisfies g =0 for k € D°.
Proof. Please refer to Appendix H. O

Remark 4.5.1. Proposition 4.5.2 shows that WPT occurs sparsely in time, i.e.,
WPT occurs only when a slot dominating all its previous slots. Intuitively, this is
because instead of allocating energy to any slot in D¢, allocating the same amount
of energy to an earlier slot in D which has larger channel power gain at the WPT

link will result in a larger feasible region for {py.,}.

Further in Proposition 4.5.3, it is shown that if the energy at the user is used
up after a particular casually dominating slot, then the energy is used up after later

causally dominating slots.

Proposition 4.5.3. In Problem (4.8) with given II(k),k € K, if {q;} and {p} .}
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satisfy
d; dj—1
Z Z P = Z hiqr, + B (4.10)
k=1 ne/\/’é k=1
where di < d; < dip|, i.e., constraint (4.8b) holds with equality at i = d;, then we
have
>N pin=hagy. l=j.....|DI. (4.11)
k€Di11 neN]
Proof. Please refer to Appendix I. O

Next, we discuss two cases for the initial battery energy B, i.e., the special

case of By = 0 and the general case of B; > 0.

Zero Initial Battery Energy with B; =0

We first consider the case By = 0. With B; = 0, from Proposition 4.5.2 and
(4.8b), we have

dy
Yo =0 (4.12)

k=1 nEN]i
Thus,
Prn=0, k€D,neN; (4.13)

From Proposition 4.5.2, ¢; = 0,k € D°. Henceforth, we consider optimization for
{pkm,k=di +1,....,K,n € N}} and {q, k € D}.

From (4.12), constraint (4.8b) holds with equality at i = d;, from Proposition
4.5.3 we have

> D pia=hagy 1=1,...,|D|. (4.14)

k€Diy1 neN]

Define the effective channel power gain as

Gem = PaiGrn K € Digr,i = 1,...,|D|,ne N} (4.15)
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Define {pj,,} as
Pin = Pn/hai k € Diy1,i=1,...,|D|,n € N}. (4.16)

From (4.13)-(4.16), Problem (4.8) with given II(k), k € K and B; = 0 is equivalent
to the following problem.

| X kP
nex, S Y log, <1+ >
{aa, 4P}, 3 KN k=d1+1 neN} b

K
s.t. Z Z P = KQ, (4.17a)

k=di1+1 TLEN;

Z ZP%,nZQdi,izl,..-,IDL (4.17b)

k€Dit1 neN]
We recognize that the optimization over {pj .k = di +1,...,K,n € N} is then
a WF problem over time slots k € {d; +1,..., K} and SCs n € N}, because {q4. }
can be arbitrarily chosen and thus the last constraint becomes redundant. The

optimal {p} .,k = di +1,...,K,n € N} is then obtained by the so-called WF

power allocation over slots/SCs, given by

Jr
1 o2
- _ k=dy+1.... K 41
Pkn ()\KNan g;7n> ’ thh (4.18)

where (a)* £ max(0, a), and A satisfies Zfidlﬂ Zne/\f,ﬁ Prn = KQ. The WL is given
by (AKN In2)~". From (4.13), (4.16), and (4.18), the optimal {p; .k € K,n € N}

is given by

Plen = e e (4.19)
<7Z J) y kGDHl,Z:l,,"D‘,nEN,};

AKNIn2 g,
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From (4.17b) and Proposition 4.5.2, the optimal {¢}, k € K} is given by

> > Pew J=dpi=1,...,|D|,
4 = k€Dit1 neN] (4.20)

0, otherwise.

Remark 4.5.2. From (4.19), the optimal power allocation for the WIT link is
adaptive to channels for both WPT and WIT links. Moreover, the WLs are the
same for slots and SCs in the same interval, while the WL for interval D, is
increasing over index ¢. Thus, the power allocation for the WIT link performs SWF

over slots.

Arbitrary Initial Battery Energy with B; > 0

Now we consider the case with arbitrary initial battery energy at the user, i.e.,
By > 0.

We note that in Problem (4.8) with given II(k), k € IC, {q;} and {pj,} satisfy
constraint (4.8b) with equality at the last slot K = d|p|41; otherwise, the objective
function can be increased by increasing some pg . Let d,,1 <z < |D| + 1, denote

the first slot index in D U {K} such that {g;} and {pj,} satisfy constraint (4.8b)

with equality. Hence,

d; i—1
k=1 neN] k=1
dy rz—1
DD Phn =D hadi, + B (4.22)
k=1 neN] k=1

where we define ho 2 1 and ¢y 2 0.

Lemma 4.5.1. For Problem (4.8) with given Il(k),k € K, qj =0 for k <z — 1.
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The optimal {q;;} and {pj,} satisfy
da
> pin=tha,_q; , + B (4.23)
k=1 neN]

Proof. Please refer to Appendix J. U

Similar to the case of B; = 0, we define the effective channel power gain as

hdz, Gk, k’:l,...,dx,TLENI,
G = 1 : (4.24)
hd«;ngH ]{]EIDZ'JA,Z'I.CL',...,‘ID‘,HEN]%.

Define {pj,,,} as

pk,n/hdzfla k:zl,...,dm,nej\/g,
Din/ I, k€ Dir,i=uxz,...,|D|,neN.

In the following lemma, we show that Problem (4.8) with given II(k), k € K is

equivalent to a problem with optimizing variables {p; ,}.

Lemma 4.5.2. Problem (4.8) with given I1(k), k € K is equivalent to the following

problem.

p
. KNZZIOgQ (1+ )

k=1 neN]

I

k=1 neN} -
dx 1

2D Pin

k=1 nen}

Sy

k=1 neN]

, (4.26a)

(4.26b)

(4.26¢)
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The optimal {p} .} is obtained by (4.25); the optimal {q;;} is obtained by

( dx
kzl le;c,n_ th117 J :dz—la
=lneN} =
G=Y 2 X Pew j=dyi=uz,...,|D|] (4.27)
kIE'Di+1 ne_/\/’li
0, otherwise.
\
Proof. Please refer to Appendix K. 0

Problem (4.26) is solved by the following proposition.

Proposition 4.5.4. For Problem (4.26), the optimal {p;,,} is either given by

+
1 [o?
A - kek : 4.28

where \ satisfies S p_, Zne/\/,g P = KQ + Bi/hq,_,; or given by

+
1 L'o?
(m—ﬁ) s k:zl,...,dm,né./\/g,

p.;c,n_ . o2 + I
(AKNlnz_ ) ) k=d,+1,...,K,neN,.

7
gk,n

(4.29)

where X and i satisfy S, Sent Von = Bi/ha, and iy Spent Pon = KQ.
Proof. Please refer to Appendix L. O

To summarize, Problem (4.8) given II(k),k € K can be solved as follows: for
each d,,1 < x < |D| + 1, solve Problem (4.26) to obtain {qx}, {pk.n}, and the
objective value, denoted by R(d,). The optimal d, is then obtained by the d, which
achieves the largest rate R(d,) and the corresponding power allocation {¢;} and
{pk.n} satisfy the constraints (4.8a) and (4.8b). We propose the algorithm in Table
4.1 to solve Problem (4.8) with given II(k), k € K.
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Table 4.1: Algorithm for solving Problem (4.8) with given II(k), k € K.

I) foreachz=1,...,|D|+1

1) Set effective channel power gain {g; ,} by (4.24).

2) Obtain pj .k € K,n € N} by WF algorithm with total power KQ +
By/hg,_,.

da
3)if > >0 phy < Bi/ha,,
k=1 nEN]i

a) Obtain pj, ..,k =1,...,d,,n € N} by WF algorithm with total power
By/hg, .

b) Obtain p, ,,k =d, +1,...,K,n € N} by WF algorithm with total
power KQ.

4) end

5) Obtain {py,} and {g;} by (4.25) and (4.27), respectively, and obtain the
corresponding rate R(d).

6) if {qx} and {px,} do not satisty (4.8a) or (4.8b)
a) Set R(d,) as zero.
7) end

II) end

III) Set df = argmax R(d,).
dy
IV) The achievable rate for Problem (4.8) with given II(k),k € K is given by
R(d}). The optimal power allocation {g;} and {p; ,} are obtained by step 5)
correspond to the z*th iteration.
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4.5.2 Sub-Channel Allocation

Next, we consider the SC allocation design for Problem (4.8), i.e., the integer
function II(k),k € K. The optimization on the integer function II(k),k € K
is non-convex. In general, the complexity of exhaustive search over all possible
[(k), k € K is O(N¥). Hence, we propose heuristic schemes for the SC allocation,
which are easy to implement in practice, namely the dynamic SC scheme and the
static SC scheme.

Define a SC allocation function II(k), which allocates the best SC for the WPT
link among all SCs N at each slot k for WPT, i.e.,

II(k) = arg max hy,,, k€ K. (4.30)

neN’
Let D denote the causally dominating slot set obtained by (4.9) given SC allocation
f[(k) From Proposition 4.5.2, WPT should occur only at causally dominating slots,
hence, we let TI(k) = 0 for k € D¢ such that potential information transmission can
be performed at SCs II(k), k € D¢. In the dynamic SC scheme, the SC allocation is

then given by

(k), keD,
TI(k) = (4.31)

0, otherwise.

Remark 4.5.3. In Problem (4.8), a performance upper bound for any SC
allocation is obtained by allowing energy and information to transmit simultaneously
using the same SC, while employing perfect interference cancellation at the DAP.
Mathematically, this is equivalent to letting N = N} = N’k € K in Problem

(4.6), which is then solved by the following lemma.

Lemma 4.5.3. Problem (4.6) with Nif = N} = N',k € K achieves same rate as
Problem (4.8) with T1(k) given in (4.31) and N} = N", k € K.

Proof. Please refer to Appendix M. O
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In the static SC' scheme, one SC is selected and fixed for WPT throughout
the whole transmission block, i.e., II(k) = n,k € K, where the optimal choice of
n is obtained by exhaustive search over the SC set A" and selecting the one which

achieves the largest rate. Therefore, the complexity of exhaustive search over all

possible II(k) = n,k € K is O(N).

4.6 Online Algorithm for Sub-Channel
Allocation

In this section, we consider online algorithms when causal CSI is available. In
general, online algorithms can be designed optimally based on dynamic programming
[56]. However, the dynamic programming approach usually involves recursive
computation with high computing complexity, which may be complicated for
practical implementation. Furthermore, dynamic programming requires knowledge
of channel statistics, e.g., the joint probability density function of the channel
power gains for the WPT /WIT links, which may be non-stationary or not available.
Therefore, we aim to design online algorithm that has low complexity and requires
only the past and present channel observations. Motivated by the results for the
full CSI case, our online algorithm partitions the transmission block into subsets,
and perform WPT on the expected best SC in each subset. In particular, a simple
scheme is proposed for the SC selection, which requires channel observations only
of the past and present slots for the WPT link.

For the full CSI case (assuming zero initial battery energy), the transmission
block is partitioned as intervals according to the channels for the WPT link, and
the information transmission during each interval D; 1,7 = 1,...,|D| is powered by
the harvested energy during its prior slot d; (c.f. Proposition 4.5.3). The required
amount of energy for information transmission is harvested at an earlier slot to
ensure that there is always sufficient energy for WIT, i.e., no energy outage at the

energy buffer. Motivated by this observation, we partition the transmission block K
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into subsets, referred to as windows, denoted by W;,© = 1,..., W, where W denotes
the number of windows. WPT is performed in each window W;,i =1,..., W — 1,
and the harvested energy during W; is utilized to power information transmission
during the next window W, 1, which ensures no energy outage for WIT during the
block (except the first window). No WPT is performed in the last window. In
particular, the first window consists of the first slot, while the remaining K — 1
slots are partitioned into W — 1 windows, each window consists of L slots, where
L denotes the window size, with 1 < L < K — 1. For simplicity, we assume K — 1
is divisible by L; hence, W = (K — 1)/L + 1. Notice that the partitioned windows
for the causal CSI case are fixed, which is independent of the channels for the WPT
link.

In each window W;,@ =1,...,W — 1, one SC is selected to perform WPT. We
assume the transmission energy at EAP is equally scheduled to the windows W, i =
1,...,W — 1, hence, the EAP transmit with power KQ/(W — 1) at the selected
SC in each window. For information transmission at the user, two energy sources
are available, i.e., the initial battery energy B; and the energy harvested from EAP.
Since only causal CSI is available, we assume B; is equally scheduled for information
transmission over all K slots, hence each slot is scheduled with transmission power
By/K. The energy harvested during window W;,i = 1,..., W — 1, is utilized for
information transmission during the next window W, 1, where each slot is scheduled
with equal transmission power. At each slot k, {pyn,n € N}} is obtained by the
WF power allocation® over SCs n € N

Next, we investigate the SC selection in each window W;,i =1,..., W — 1. As
revealed by the full CSI case, WPT is performed on one SC to power its subsequent
interval, hence, we aim to select one SC that is expected to have the largest channel
power gain for the WPT link among all SCs in each window to perform WPT. It

is necessary for a SC to be best among all SCs in a window that it is the best SC

3In practice, the user may be imposed on a peak power constraint on its transmission power on
each SC n during each slot k, i.e., pin < Ppeak. In this case, at each slot k, the power allocation
at the user {px.,n € Ni}} is then obtained by the (revised) WF power allocation with additional
peak power constraint py , < Ppeak.
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at its current slot, hence, the SC is selected from the set {II(k),k € W;}. For the
first window W, = {1}, the best SC II(1) is selected to perform WPT. Consider
other windows W;,i = 2,..., W — 1. Assume the channel power gain at the best
SC at the kth slot in the window is denoted by Ay, where & = 1,..., L. The SC
selection problem is then formulated as a stopping problem described as follows.
Given a sequentially occurring random sequence hpj, g, . . ., hyz), the permutations
of which are equally likely, our objective is to select a slot to stop, the index of which
is denoted by s, such that the probability of kg > hy;,Vj =1,...,L,j # s, denoted
by P, is maximized. The challenge is that at any slot £k =1,..., L, the decision of
whether to stop at current slot (i.e., s = k) or stop at latter slots (i.e., s # k) needs

to be made immediately, based on causal information, i.e., {hy,1 < j < k}. The

315
decision of s = k suffers a potential loss when better channels occur in subsequent
slots in the window; whereas the decision of s # k risks the probability that a
better channel never occurs subsequently. The stopping problem can be viewed as
a classic Secretary Problem [63]. A necessary condition for stopping at slot s is
that hyg > hy;, Vi =1,...,L,j < s, ie., slot s causally dominates all its previous
slots in the window; otherwise, the probability P, becomes zero. Hence, the optimal
stopping rule lies in a class of policies, which are described as follows: Define the
cutoff slot f(L), which is a parameter that can be optimized, and 1 < f(L) < L.
The first f(L)— 1 slots are for observation. During the remaining L — f(L)+ 1 slots,

the first slot (if any) that causally dominates all its previous slots, is selected as s; if

no slot is selected until the last slot, then s = L. The probability P, is given by [63]

%7 f(L) - ]-7
P = fer & (4.32)
=== > =, 1< [f(L)< L
I=7(L)

The optimal cutoff slot f*(L) that maximizes P, is thus obtained as f*(L) =
argmax P,. The above SC selection scheme is referred to as dynamic SC with

I<f(L)<L
observe-then-transmit (OTT).

98



Chapter 4. WPC in OFDM System

WPT [+ WIT | observe | | no transmission
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window 2 window 3 | window 4
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o time
(a) Energy utilization at EAP
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window 2 window 3 | window 4
SC4 [+ 1 1

SC 1

L time
(b) Energy utilization at user

Figure 4.2: Energy utilization for the scheme of dynamic SC with OTT, where
K=16,N =4 and L =5.

An example of the scheme of dynamic SC with OTT is illustrated in Fig. 4.2,
where the total number of slots is K = 16, and the window size is L = 5. The
windows are obtained as Wy, = {1}, W, = {2,...,6}, W5 = {7,..., 11}, W, =
{12,...,16}. In W, the best SC (SC 3) at WPT link in slot one is selected to
transmit energy. From (4.32), the cutoff slot is obtained as f*(L) = 3. Hence, for
W, and W, in each window the first two slots are for observing hg,,n € N, and
the first slot (if any) during the remaining three slots that causally dominates all its
previous slots in the window is selected for WPT; otherwise, the last slot is scheduled
for WPT. In Wj, there is no energy transmission from EAP. In Fig. 4.2(a), WPT is
performed at SC 3 during slot 1, SC 2 during slot 5, and SC 1 during slot 11; hence,

in Fig. 4.2(b), the user transmits information at the remaining SCs.
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4.7 Numerical Example

In this section, we provide numerical examples. We focus on the separated
EAP/DAP case, where the distances from EAP to the user and from the user to
DAP are assumed to be bm and 15m, respectively. The total number of slots
is set to be K = 61. The total bandwidth of the system is assumed to be
10MHz, centered at 900MHz, which is equally divided into N = 16 SCs, each
with bandwidth 625kHz. The six-tap exponentially distributed power profile is
used to generate the frequency-selective fading channel. The channels over slots are
generated independently. In later simulations, all achievable rates are averaged over
10* independent channel realizations. Assuming the path-loss exponent is three, the
signal power attenuation at transmission distance d (in meter) is then approximately
(—31.5—301og;, d)dB. The receiver noise power spectrum density at DAP is assumed
to be —174dBm/Hz, and " = 9dB. The initial batter energy is set to be By = 0.

4.7.1 Offline Algorithms

First, consider the full CSI case, in which we compare the performance by
different offline schemes. As benchmark, we consider the system in [56,57] with
random energy arrivals at the EH user. In particular, the EAP in Fig. 4.1 is
replaced by an ambient RF transmitter which is oblivious of the WPT link, and
hence its transmit power over time is random to the user, since it is adapted to
its own information transmission link (to another receiver). Throughout the whole
transmission block, the ambient transmitter transmits over a fixed SC (e.g., the first
SC), and the remaining (N — 1) SCs are for the information transmission at the EH
user. In simulation, the transmit power at the ambient transmitter g,k € K are
randomly generated by the uniform distribution over [0, 1], and then are normalized
such that 1/K Zszl qr1 = Q. Hence, during each slot k, k € K, a random energy
hi1qk,1 arrives at the user. Given {hy1qx1, k € K}, the achievable rates are obtained
by optimizing {px.,k € K,n € N\{1}} according to [56,57]. The performance of

this system is obtained by averaging the results from 10* realizations of random
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Figure 4.3: Performance comparison for offline algorithms when full CSI is available.

transmission power {gy1,k € K}. In addition, the performance upper bound
obtained by the ideal DAP with perfect interference cancellation (refer to Remark
4.5.3) is also considered as benchmark. Besides the optimal joint WPT/WIT
transmission, for comparison we also consider a sub-optimal WPT scheme referred
to as constant WPT, where the EAP transmits constant power () each slot at given
SC (by dynamic/static SC schemes).

Fig. 4.3 shows the achievable rates at DAP versus transmission power at EAP
by different offline schemes. In Fig. 4.3, it is observed that the achievable rates
by the proposed dynamic SC scheme with joint WPT/WIT transmission are very
close to that by the upper bound. Comparing the joint WPT/WIT with constant
WPT transmission schemes, it is observed that for both dynamic and static SC,
the joint WPT/WIT schemes achieve much larger rates than that by the constant
WPT schemes, which demonstrates the importance of optimal energy allocation over
time for the WPT link. Comparing the dynamic SC and the static SC schemes, it
is observed that for either joint WPT/WIT or constant WPT transmission, the
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Figure 4.4: Performance comparison for online algorithms when casual CSI is
available, where L = 15.

dynamic SC scheme is superior than the static SC scheme, and the performance
gap is larger when EAP performs constant WPT transmission. This is because that
the dynamic SC scheme exploits more frequency diversity for WPT; in contrast, the
available channels for WPT are constrained on one SC over the whole transmission
block. Hence, in general more energy can be harvested to support higher data
rate by the dynamic SC scheme than by the static SC scheme. It implies that
optimizing SC allocation is important to the performance, especially when EAP
performs sub-optimal constant-power WPT. Last, comparing the achievable rates
by the wireless powered communication system with dynamic SC, joint WPT/WIT
and that by the system with random energy arrivals, a remarkable performance
improvement is observed by the wireless powered system, which demonstrates the
superiority of WPC with dedicated EAP over conventional EH system with random

energy arrivals.
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Figure 4.5: Performance comparison for online algorithms when casual CSI is

available, where @) = 60mW.

4.7.2 Online Algorithms

Next, consider the causal CSI case, in which we compare the performance by
different online schemes. Besides the scheme of dynamic SC with OTT proposed
in Section 4.6, for comparison we also consider other window-based online schemes,
where a static SC (e.g., the first SC) is fixed for WPT, or the EAP selects the first
slot in each window (i.e., no channel observation) to perform WPT. In addition, the
performance by the offline dynamic SC with joint WPT/WIT scheme is considered
as a benchmark.

Fig. 4.4 shows the achievable rates by different window-based online schemes
versus the transmission power at EAP @. In Fig. 4.4, the window size L is set
to be L = 15 with optimal cutoff slot f*(L) = 6. It is observed in Fig. 4.4 that
the achievable rates by online schemes are smaller than that by the offline scheme,
due to lack of future information of channels for the WPT/WIT links. In Fig. 4.4,

comparing the performance by the dynamic and static SC schemes, it is observed
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that the dynamic SC schemes achieve larger rates. Comparing the performance by
the OTT schemes and that by the no-observation schemes, it is observed that the
OTT schemes are superior, as observation for the WPT link helps to employ more
efficient energy transmission by transmitting on SC that is expected to have large
channel power gain.

Fig. 4.5 further shows the achievable rates by different window-based online
schemes versus the window size L. In Fig. 4.5, the transmission power at EAP is
set to be ) = 60mW. Similar as in Fig. 4.4, it is observed in Fig. 4.5 that the
dynamic SC scheme is superior than the static SC scheme, and the OTT scheme is
better than the no-observation scheme. We notice that in Fig. 4.5 the performance
by the OTT schemes degrade to that by the no-observation schemes when L =
1, 2,60, as no observation is performed for these special cases. Furthermore, in Fig.
4.5, it is observed that as the window size increases, the achievable rates by the
no-observation schemes are independent of the window size; whereas the achievable
rates by the OTT schemes first increase and then decrease. Intuitively, this may be
because that with larger window size more observation slots help to select SCs with
large channel power gain to perform WPT. However, smaller window size results in
more number of selected SCs, which helps to compensate the loss of selecting poor

SCs (in the last slot of each window).

4.8 Chapter Summary

In this chapter, we studied an OFDM-based WPC system, where a user harvests
energy from the EAP to power its information transmission to the DAP. The energy
transmission by the EAP and the information transmission by the user is performed
over orthogonal SCs. The achievable rate at the DAP was maximized by jointly
optimizing the SC allocation over time and power allocation over time and SCs for
both WPT and WIT links. Numerical results demonstrated that by dynamic SC
allocation and joint power allocation, the performance is improved remarkably as

compared to a conventional EH system where the information transmitter is powered
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by random energy arrivals. Our results provide useful insights to the design for

OFDM-based WPC system in practice.
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Conclusion and Future Work

5.1 Conclusion

This thesis has provided a unified study on wireless information and power
transfer by comprehensive investigations on the system modeling, performance
analysis, and resource allocation optimization for SWIPT and WPC. The main
results of this thesis are summarized as follows.

In Chapter 2, we provided an in-depth modeling for the SWIPT system rooted
on circuit analysis. This bottom-up circuit-based approach allows us to propose a
novel integrated information and energy receiver, in which part of the information
decoding implementation, i.e., the RF to baseband conversion, is integrated to the
energy receiver via the rectifier. Taking circuit power consumption into account,
we characterized the rate-energy performance and derived the optimal receiver
strategies for both conventional separated receiver and the proposed integrated
receiver. Performance comparison was also studied under a realistic system setup
that employs practical modulation. Our proposed receiver provides an appealing
new design for the implementation of SWIPT.

In Chapter 3, we studied a new resource allocation problem for the multiuser
OFDM-based SWIPT system. We proposed two multiplexing and corresponding
receiver schemes to coordinate the wireless information transmission and wireless
energy transmission, namely, TDMA with TS receivers and OFDMA with PS

receivers. We obtained the joint optimal transmission power allocation over time and
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SCs, and the TS or PS ratios at the receivers for the two schemes. We compared the
performances of the two schemes numerically, as well as analytically for the special
case of a single user setup. Our results demonstrate that joint design for the resource
allocation (power, bandwidth, time, etc.) and receiver strategy (T'S/PS ratios) is
essential to achieving near-optimal R-E performance in SWIPT systems. Our results
also provide key insights for the optimal transmitter and receiver strategy design
for OFDM-based SWIPT system. Specifically, the peak power constraint imposed
on each OFDM SC as well as the number of users in the system play key roles in
the R-E performance. Moreover, the TS receiver outperforms the PS receiver for
moderate EH requirement at users.

In Chapter 4, we investigated a new resource allocation problem for the
OFDM-based WPC system.  We proposed a new energy and information
transmissions scheme for WPC to support contiguous information transmission,
by scheduling WPT and WIT over orthogonal SCs. Given availability of full
CSI, we derived the structure of the optimal resource allocation strategy, based
on which we proposed an offline algorithm to jointly optimize the SC allocation
over time, and power allocation over time and SCs, for both WPT and WIT
links. Given causal CSI, we proposed a low-complexity online algorithm. Our
results demonstrate the advantage of using an optimized dedicated wireless power
over relying on conventional opportunistic EH sources to supply energy to wireless
devices. Our studies provide fundamental design principles for joint energy and
information scheduling in OFDM-based WPC system. It is revealed that joint
resource allocation (power, bandwidth, time, etc.) for both WPT and WIT links is
essential to achieve the optimal system performance by balancing the energy supply
and consumption at users. For the case of full CSI, energy transmissions may occur
only during the so-called causally dominating slots. For the case of causal CSI, even
utilizing partial information of the channels for the WPT link can be much beneficial

to the throughput performance.

107



Chapter 5. Conclusion and Future Work

5.2 Future Work

In this section, we discuss possible extensions and future work directions that
are worthy of further investigation.

For the receiver design for SWIPT, in Chapter 2 the achievable rate by the
proposed integrated receiver is computed by the lower bound. From the information
theoretical standpoint, it is worthy to derive the capacity of the new nonlinear
channel and the corresponding optimal input distribution. Moreover, in the present
work, we employ PEM with equispaced positive constellation points for energy and
data modulation scheme. From the implementation standpoint, it will be useful to
investigate the optimal constellation design for the modulation. Finally, there is still
a performance gap between the performance achieved by the proposed integrated
receiver and the optimistic upper bound achieved by an ideal receiver. How to close
the gap with novel receiver architectures for SWIPT remains an open challenge,
which is left for future work.

For the resource allocation optimization in SWIPT system, the proposed
iterative algorithm for the PS receiver requires sufficient number of randomly
generated initial points. In general, as the number of users increases, the
number of initialization points needs to be increased to improve the robustness
and near-optimality of the algorithm, which inevitably increases the computation
complexity. Therefore, future work is needed to propose more efficient algorithm
to reduce the complexity for the SWIPT system with large number of PS receivers.
Moreover, in Chapter 3 we assume perfect CSI at the HAP. In practice, it may
be difficult to obtain perfect CSI due to channel estimation error, feedback error,
etc. Future work may consider the more practical scenario of imperfect CSI. The
resource allocation will need to take into account the lack or uncertainty of the CSI.
This leads to a very different problem involving the random nature of the feedback,
and will call potentially for new tools such as stochastic programming.

For the resource allocation optimization in WPC system, in Chapter 4 only one

single user is considered for the purpose of exposition. As an extension, future work
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can investigate the more general scenario of multiple users co-existing in the system.
For the multiuser case, the broadcast signals by the EAP may provide wireless power
to supply all users simultaneously in DL. The UL information transmission from
different users to the DAP may be coordinated by the OFDMA scheme. Hence,
besides SC allocation between WPT and WIT links, the SCs for the WIT links need
to be further allocated to multiple users. Moreover, in Chapter 4 we considered
only average transmission power constraint at the EAP. It is of practical interests
to extend the results in Chapter 4 to the more practical case when additional peak
power constraint is imposed on the transmission power for each SC during any
slot. Specifically, the structure of the optimal resource allocation may need to be
adjusted to satisfy the peak power constraint. For example, intuitively, when the
peak power constraint is very tight, instead of transferring energy only during the
casually dominating slots, WPT may also occur on non-casually-dominating-slots.
It will also be useful to extend the results in Chapter 4 to the case where the
energy buffer at the user has limited storage capacity. Furthermore, in Chapter 4
we assumed that all harvested energy is utilized for information transmission. In
practice, wireless users consume additional power for circuit operations, such as
signal processing, and may lead to a change in the structure of the optimal resource
allocation. Therefore, the inclusion of circuit power consumption in the problem

formulation is worth further investigation.
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Proof of Proposition 2.4.1

To show CRYE(P) = CES L(P), P > 0, it suffices for us to show that CE5(P) C
CRFE(P), P > 0 and CRF3(P) C CE8(P), P > 0. The first part of proof is trivial,
since PS is just a special case of DPS by letting p, = p,Vk (c.f. (2.16)). Next,
we prove the second part. Assuming that f(p) = log, (1 + %), it is

easy to verify that f ( ) is concave in p € [0,1]. By Jensen’s inequality, we have

N
~ Z flow) < f (N > Pk:>' Thus, for Vp = [p1,...,pn]", 3p = & > pr, so that
k=1

N
* Z peChP = pChP and = > f(pr) < f(p). Since R-E region is defined as the
k=1 k=1
union of rate-energy pairs (R, Q) under all possible p, it follows immediately that
CRPS(P) C CES(P), P > 0, which completes the proof of Proposition 2.4.1.
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Proof of Proposition 2.6.1

To show CRTE (P) = CYPE (P), P > 0, it suffices for us to show that C{T (P) C
CRYS(P), P > 0 and CRYY (P) C CRYY (P), P > 0. The first part of proof is trivial,
since OPS is just a special case of DPS by letting pr = p,k = aN,...,N (c.f.
(2.17)). Next, we prove the second part. By (2.36), pi’s are optimized at p, =
1 for k = 1,...,aN; thus, we have Q < alhP + + é\s prChP — (1 — a)Ps

k=aN+1
N
for DPS. For any given «, by Jensen’s inequality we have (17101) ~ ki%ﬂ flor) <
1 N T 1 ul
f (m > Pk)- Thus, for Vo and Vp = [p1,.... o817, Fp = =m = 2 Prs
k=aN+1 k=aN+1

N N

so that = > peChP = (1 —a)pChP and ~ > f(pe) < (1 — @) f(p). Since
k=aN+1 k=aN+1

R-E region is defined as the union of rate-energy pairs (R, ()) under all possible p,

it follows immediately that CRYE (P) C CQTS (P), P > 0, which completes the proof

of Proposition 2.6.1.
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Proof of Lemma 2.6.1

From (2.42), the first and second derivatives of R(s) with respect of s are given

by
dR cs+d s(bc — ad)
— =1 1 1
ds og2< +as+b)+((cH—c)s%—lH—al)(as—i—b)an7 (G-1)
d*R  (be—ad) ((bla+¢) +a(d+d)) s + 2b(d 4 d)) (C2)
ds? ((a+4c)s+b+d)* (as+b)2In2 ' '
From (C.2), the sign of ‘3271;‘ is identical with the line fo(s) = (bc —

ad) ((b(a + ¢) + a(d + d)) s + 2b(d + d)). Note that bc —ad = —c2 (hP —Q/() < 0,
f2(0) = 2b(b + d)(bc — ad) < 0, and fo(—2) = w < 0; thus, we have

65712% < 0 for s € [0,—9]. Since the set [;79%—,min{—2,1}] is a subset of the set
C%;‘ < 0 for s € [;7, min{—%,1}]. Thus, R(s) is concave in

[O,—%], we have Iy

s € [772—,min {—4,1}], which completes the proof of Lemma 2.6.1.
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Proof of Proposition 2.7.1

We first consider (P1) with 0 < Q,eq < ChP for the separated receiver. The

. +
optimal « for (P1) is given by af = <%) . Since Qreq < ChP,

decreases as pj increases. Thus, we have

 + Qua = pIChP + Py

o Qreq_ghP+PS
Qyp = " .
(1 —pi)ChP + Ps

= D.1
pi=1 Py (D-1)

Next, for the integrated receiver with 0 < Qreq < ChP, the optimal a for (P2)

+
e (Qreq - ;flzP + PI) D2

is given by

From (D.1) and (D.2), we have af > a3, given that Ps > . Since R = (1 —
a)log, M, we have R} < R}, given that af > ab and M; < M;. The proof of

Proposition 2.7.1 thus follows.
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Proof of Lemma 3.5.1

To prove the concavity of function f(gxn,ar), it suffices to prove that for all
Qe > 0, ap > 0, and the convex combination (Gx n, &x) = 0(G.n, k) +(1—0) (G, i)
with 0 € (0,1), we have f(Gn, dx) > 0 (Grn, ) + (1 —0) f(Gens Gr). With gpp, > 0,

we consider the following four cases for ay.

1) dg > 0 and g > 0: In this case, we have &, > 0. Since log, (1 + h’“ifff’")
is a concave function of gy ., it follows that its perspective oy, log, <1 + M) is

To2ay,

jointly concave in gy, and oy for oy, > 0 [43]. Therefore, we have ({in,ax) >

O(Grn, o) + (1 — 0) (G, Cu).

2) & > 0 and @y = 0: In this case, we have f(Gkn, dx) =0, dp = 0dy, and

F020dk
Pinden (1= 0)hindin
F0'2dk’n F020dk

F(Qrns Q) = Oéyy log, (1 +

Thus, we have f(Qkn, ) > 0f(dkn, ) + (1 — 0) f(Grn, ).

3) &y, = 0 and ¢; > 0: Similar as case 2), we have f(Gxn, k) > 0f(drn, ) +
(1 = 6).f (Gr,n Cii)-

4) & = 0 and dg = 0: In this case, we have f(Grn,ax) = f(Grn, ) =
J(Gkn, &) = 0. Therefore, f(qin, &x) = 0f(drn, &) + (1 —0) f(Grn, ).

From the above four cases, we have f (g, ) > 0f (Grn, )+ (1 —80) f (G, Gix)
for all g, > 0 and o > 0, and thus f(ggn,, o) is concave, which completes the

proof.
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Appendix F

Proof of Proposition 3.5.1

Foranyj\i20,@':1,...,[(,,&20,&20, we have
g (N u) > £ ({aen} e} (A} 1. 7)
K+1 N o
g (N} v +ZA — A (cZthqk,n—Ei)

k#i n=1
K+1 N K+1
T <P—zzqk,n) F o) (1—2%)
k=1 n=1 k=1

By the definition of subgradient, the choice of d as given in (3.22) is indeed a
subgradient for g ({\;}, p, v).
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Appendix G

Proof of Proposition 4.5.1

Since no WPT is performed at the last slot K, we prove Proposition 4.5.1 for
1 <k < K -1 Foroptimal ¢; .k € K,n € NE, assume there exists a slot
j,1<j< K-1and SC1 € /\/}E,l # m(j), such that ¢;; > 0. We construct a

different power allocation for the WPT link as follows:

Z q;’iqp k:j7n:m(j)7
uGN,;E
e = | | Gl
Gin =\ 0, k= j,n # mij), (G.1)
o k+# j,neNE.

From (G.1), Gk, k € K, n € N7 satisfies (4.6a). Since g7, > 0, we have

> hinldin = a5 = D () = hjm) @ > 0. (G.2)
neNF neNF
From (G.2), by Gen, k € K,n € NF, a larger feasible region for py,, k € K,n € N}
is obtained than that by ¢; .,k € K,n € N}, thus a larger achievable rate can be
obtained by increasing some pg,,n € N, which contradicts the assumption that
Gk €K,n € NE is optimal. Hence, ., = 0 for n # m(k). Proposition 4.5.1 is

thus proved.
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Appendix H

Proof of Proposition 4.5.2

Given SC allocation II(k), k € K, there are two possible cases for slots in set
De, ie., II(k) = 0 or II(k) € N. For k € D¢ II(k) = 0, we have ¢; = 0, since
no SC is available for WPT during the slot k. Next, we prove that ¢; = 0 for
k € D 11(k) € N. For any power allocation {qx}, {pr.n} that satisfy the constraints
(4.8a) and (4.8b), assume there exists a slot ¢ € D¢ with I1(i) € N and ¢; > 0. By
the definition of set D, there exists a slot 1 < j < i such that h; > h; > 0,1I(j) € N.

We construct a power allocation strategy {qx}, {Pr.n} given by

;

4G +a, k=7,
gk = 4 0, k=1,
Qk, otherwise.

hj—hi)a :
. pk,n_}_(‘]N)qa k’:Z,TLGNg,
Pkn =
Dk otherwise.

It can be verified that {g;} and {px,} satisfy the constraints (4.8a) and (4.8b).
Since h; > h; and ¢; > 0, the achievable rate by {gr}, {Prn} is larger than that by
{a}s {prnt, ie, {q}, {prn} is not optimal. Hence, the optimal solution satisfies
that ¢ = 0 for k£ € D°. The proof of Proposition 4.5.2 is thus completed.
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Appendix 1

Proof of Proposition 4.5.3

We prove that if {g;} and {p} ,} satisfy (4.8b) with equality at i = d;, where
1 < j < |D|, then they satisfy (4.8b) with equality at i = d;1q, i.e.,

djt1 dj1—1
Z Z Phn = Z hiq; + By. (1.1)
k=1 neN] k=1

Note that (I.1) is satisfied for j = |D|; otherwise, the objective function in Problem
(4.8) can be increased by increasing some pg .

Next, we prove (I.1) for the case 1 < j < |D|—1 by contradiction. The optimal
solutions {g;} and {pj .} satisfy the constraints (4.8a) and (4.8b). Assume {q;}
and {p; ,} do not satisfy (L1), i.e., A £ Zij:f_l hiqy, + By — Zj;f ZneNg P > 0.
From (4.10) and Proposition 4.5.2, we have

djt1
A=hydgy = Y D Diw (1.2)

k=d;+1 nEN]i

Now, we construct a power allocation strategy {qx}, {Pr.n} given by

* A .
Q= qq,., + ﬁja k=djy, (1.3)
\ Q5 otherwise.
pz’n7 kzl,...,derl,nEN]};,

Pk = (1.4)

. (ha;,—ha;)A
pk=”+m’ k:djﬂ—i—l,...,K,nGN,i.
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Appendix I. Proof of Proposition 4.5.3

It can be verified that {¢;} and {px,} satisfy the constraints (4.8a) and (4.8b).
Since A > 0 and hg, ., > hg,, the power allocation {gx} and {pr,} achieve larger
rate than {g;} and {pj,,}, which contradicts the assumption that {¢;} and {pj,}
are optimal for (4.8). Therefore, {g;} and {pj ,} satisfy (I.1). By induction,

diy1 diy1—1
SN via= > hg+ B, i=j,....|D|. (L5)
k=1 nEle k=1

It follows from (I.5) that, for I = j,...,|D|,

dl+171
Z Z Phn = Z hiqi = ha,q;, (1.6)
k€Diy1 neN] k=d,

which completes the proof of Proposition 4.5.3.
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Appendix J

Proof of Lemma 4.5.1

For the case 1 < o < 2, from (4.22), (4.23) is satisfied. For the case 2 < x <

|D|+1, we first prove ¢, = 0 for 1 < k < z—2 by contradiction. Assume there exists

i—1 d;
g, >0for1 <j<uz-2 Define A £ min 1<Zhqudk+Bl_Z Zp;m>
‘ T\ k=1

i=j+1,..., k=1neN]
From (4.21), we have A > 0. We construct a power allocation strategy {qx} and

{Pr.n} given by

qr, otherwise.

h’dzfl_hd' : A 1

) Phn+——y—min (g, ), k=d,,neN,,
Pkn = /
Dhen> otherwise.

It can be verified that {g;} and {px,} satisfy the constraints (4.8a) and (4.8b).
Since hq, , > ha;, qj, > 0, and A > 0, the power allocation {qy} and {py,»} achieve
larger rate than {q;} and {p;,}, which contradicts the assumption that {g;} and
{Pi.} are optimal for (4.8). Therefore, ¢j = 0 for 1 < k < 2z —2. Then (4.23)

follows from (4.22). The proof of Lemma 4.5.1 then completes.
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Appendix K

Proof of Lemma 4.5.2

Given {II(k)}, we prove the equivalence between Problems (4.8) and (4.26). It
is sufficient for us to prove that given optimal solution {qxn}, {pk..} for Problem
(4.8), {P}.,} obtained by (4.25) is optimal for Problem (4.26); given optimal solution
{P).n} for Problem (4.26), {qx}, {pk.n} obtained by (4.27) and (4.25) is optimal for
Problem (4.8). For convenience, the optimal value of Problems (4.8) and (4.26) are
denoted by R* and R/, respectively.

Given optimal solution {qx,}, {prn} for Problem (4.8), then {qun}, {Pen}
satisfy constraints (4.8a) and (4.8b). We obtain {p} .} by (4.25). Since ginpr.n =
JinPns the average rate achieved by {pj ,} equals to R*. Next, we prove that
{Pjn} 18 a feasible solution for Problem (4.26). From Lemma 4.5.1, (4.25), and
(4.21), {pj,,,} satisfy constraints (4.26b) and (4.26c). From Proposition (4.22), and

4.5.3, {qrn}, {prn} satisty

> pia=hagy, l==....,D] (K.1)

kE€Di41 neN}

From Proposition 4.5.2, (4.23), and (4.25), it follows that

K D] B B

SN <D+ <KQ+ —. (K.2)
k=1 1 =1 — hd171 hd171

=1 neN} i=r—1

It follows that {pj ,} satisfy constraint (4.26a); thus, {p} ,} is a feasible solution for
Problem (4.8). Therefore, the average rate achieved by {pj, .} is no larger than R;
i.e., R* < R', where the equality holds if and only if {pzn} is optimal for Problem
(4.26).
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Appendix K. Proof of Lemma 4.5.2

Given optimal solution {pj,, } for Problem (4.26), then {pj, ,} satisfy constraints
(4.26a), (4.26b), and (4.26c). We obtain g, and py, by (4.27) and (4.25). Since
JknPkn = inPhn, the average rate achieved by {qr}, {pin} equals to R'. Next,
we prove that {qx}, {pr.n} is a feasible solution for Problem (4.8). From (4.26a)
and (4.27), {qx} satisfy constraint (4.8a). From (4.25), (4.26b), and (4.27), {qx}
and {py .} satisfy constraints (4.8a) and (4.8a). Therefore, {qx}, {pr.n} is a feasible
solution for Problem (4.8). It follows that the average rate achieved by {qx}, {pe.n}
is no larger than R*; thus, R’ < R*, where the equality holds if and only if {q},
{pk.n} is optimal for Problem (4.8).

From R* < R’ and R’ < R*, we have R* = R'. Therefore, given optimal solution
{@kn}; {prn} for Problem (4.8), {pj .} obtained by (4.25) is optimal for Problem
(4.26); given optimal solution {pj, ,} for Problem (4.26), {qx}, {pxn} obtained by
(4.27) and (4.25) is optimal for Problem (4.8). The proof of Lemma 4.5.2 completes.
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Appendix L

Proof of Proposition 4.5.4

Problem (4.26) is a convex optimization problem, and thus can be optimally
solved by applying the Lagrange duality method. The Lagrangian of Problem (4.26),
denoted by £ ({pzn}, A, 0, ), is given by

K / /

1 gk,npk,n Bl /
LY g, (1+ i )+>\ KQ+ = =3 3 bk
k=1 neN} v k=1 neN}
B dx—l dz B
1 1
[ ] e (S L
o=t k=1 pep k=1 neN] et

where \,0, and p are the non-negative dual variables associated with the
corresponding constraints in Problem (4.26). The necessary and sufficient conditions
for {pzn} and A, 0, to be both primal and dual optimal are given by the
Karush-Kuhn-Tucker (KKT) optimality conditions: {p},,,} satisfy all the constraints
in Problem (4.26), and

K

B
M KQ+ " —=>"> pa| =0 (L.2a)
r—1

k=1 neN}

5 hfl > > .| =0 (L.2b)

d
z B
k=1 nenN] o=t
L ({phn} A0, 1)

— 0. L.2d
D)y (L2d)
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Appendix L. Proof of Proposition 4.5.4

From (4.21) and Lemma 4.5.1, ZZ’”:T Zne/\/,g P < Bi; therefore, the optimal {p}, ,,}
satisfies Z”:_ll Zne/\/,g Prm < B1/ha,_,. Tt follows that the optimal § = 0 by (L.2b).

From (L.2d) and ¢ = 0, the optimal p; , is given by

__ 1 I - =1 d N1
-wKNWm2 g ) > =L dg,n €N,

Jr
()\KJ%TIHQ_L‘Q> ) k:dx+177K7n6N]£

7
gk,n

/

If the optimal > 0, from (L.2a) and (L.2c), we have 3% Zne/\fg P = Bi/ha,_,
and Zf:dﬁl ZneNg P = KQ. If the optimal y = 0, then

+
1 [o?
o = - kek : L.4

where \ satisfies 1, Zneng P = KQ+ Bi/ha,_, by (L.2a). Proposition 4.5.4 is
thus proved.
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Appendix M

Proof of Lemma 4.5.3

Consider Problem (4.6) with NF = M} = N,k € K. Since NF = N, from
(4.7) and (4.30), m(k) = II(k),k € K. By Proposition 4.5.1, we have q; , = 0,n #
T1(k), k € K for Problem (4.6) with N = Nl = N, k € K. Tt follows that Problem
(4.6) with NE = Nl = N7 k € K achieves same rate as Problem (4.8) with TI(k) =
(k),N} = N',k € K. From Proposition 4.5.2, ¢; = 0,k € D° for Problem (4.8)
with TI(k) = TI(k),N} = N",k € K. It follows that Problem (4.8) with II(k) =
I1(k), N} = N, k € K achieves same rate as Problem (4.8) with II(k) given in (4.31)
and V! = N7,k € K. Therefore, Problem (4.6) with NF = N = N  k € K achieves
same rate as Problem (4.8) with TI(k) given in (4.31) and N} = Nk € K. This

thus completes the proof of Lemma 4.5.3.
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