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This dissertation focuses on characterizing optimal energy management poli-
cies for energy harvesting communication networks with system costs. The system
costs that we consider are the cost of circuitry to be on (processing cost) at the
transmitters, cost of decoding at the receivers, cost of moving to harvest more en-
ergy in mobile energy harvesting nodes, and the cost of collecting measurements
(sampling cost) from physical phenomena.

We first consider receiver decoding costs in networks where receivers, in addi-
tion to transmitters, rely on energy harvested from nature to communicate. Energy
harvested at the receivers is used to decode their intended messages, and is modeled
as a convex increasing function of the incoming rate. With the goal of maximizing
throughput by a given deadline, we study single-user and multi-user settings, and
show that decoding costs at the receivers can be represented as generalized data
arrivals at the transmitters. This introduces a further coupling between the trans-
mitters and receivers of the network and allows us to characterize optimal policies

by moving all constraints to the transmitter side.



Next, we study the decoding cost effect on energy harvesting cooperative mul-
tiple access channels, where users employ data cooperation to increase their achiev-
able rates. Data cooperation requires each user to decode the other user’s data
before forwarding it to the destination, which uses up some of the harvested en-
ergy. With the presence of decoding costs, we show that data cooperation may
not be always helpful; if the decoding costs are relatively high, then sending di-
rectly to the receiver without data cooperation between the users achieves higher
throughput. When cooperation is helpful, we determine the optimum allocation of
available energy between decoding cooperative partner’s data and forwarding it to
the destination.

We then study the impact of adding processing costs, on top of decoding costs,
in energy harvesting two-way channels. Processing costs are the amounts of energy
spent for circuitry operation, and are incurred whenever a user is communicating.
We show that due to processing costs, transmission may become bursty, where users
communicate through only a portion of the time. We develop an optimal scheme
that maximizes the sum throughput by a given deadline under both decoding and
processing costs.

Next, we focus on online policies. We consider a single-user energy harvesting
channel where the transmitter is equipped with a finite-sized battery, and the goal
is to maximize the long term average utility, for general concave increasing utility
functions. We show that fixed fraction policies are near optimal; they achieve a
long term average utility that lies within constant multiplicative and additive gaps

from the optimal solution for all battery sizes and all independent and identically



distributed energy arrival patterns. We then consider a specific scenario of a utility
function that measures the distortion of Gaussian samples communicated over a
Gaussian channel. We formulate two problems: one with, and the other without
sampling costs, and design near optimal fixed fraction policies for the two problems.

Then, we consider another aspect of costs in energy harvesting single-user
channels, that is, the energy spent in physical movement in search of better energy
harvesting locations. Since movement has a cost, there exists a tradeoff between
staying at the same location and moving to a new one. Staying at the same location
allows the transmitter to use all its available energy in transmission, while moving
to a new one may let the transmitter harvest higher amounts of energy and achieve
higher rates at the expense of a cost incurred through the relocation process. We
characterize this tradeoff optimally under both offline and online settings.

Next, we consider different performance metrics, other than throughput, in
energy harvesting communication networks. First, we study the issue of delay in
single-user and broadcast energy harvesting channels. We define the delay per data
unit as the time elapsed from the unit’s arrival at the transmitter to its departure.
With a pre-specified amount of data to be delivered, we characterize delay minimal
energy management policies. We show that the structure of the optimal policy is
different from throughput-optimal policies; to minimize the average delay, earlier
arriving data units are transmitted using higher powers than later arriving ones,
and the transmit power may reach zero, leading to communication gaps, in between
energy or data arrival instances.

Finally, we conclude this dissertation by considering the metric of the age of



information in energy harvesting two-hop networks, where a transmitter is commu-
nicating with a receiver through a relay. Different from delay, the age of information
is defined as the time elapsed since the latest data unit has reached the destination.
We show that age minimal policies are such that the transmitter sends message up-

dates to the relay just in time as the relay is ready to forward them to the receiver.
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CHAPTER 1

Introduction

Energy harvesting communications offer the promise of energy self-sufficient, energy
self-sustaining operation for wireless networks with significantly prolonged lifetimes.
In this dissertation, we characterize optimal energy management policies in energy
harvesting communication networks taking into consideration different aspects of
system costs. Namely, we study the effects of the costs of circuitry to be on (pro-
cessing costs) at the transmitters, the costs of decoding at the receivers, the costs
of moving to harvest more energy in mobile energy harvesting nodes, and the costs
of collecting measurements (sampling costs) from physical phenomena, on energy
management policies that optimize certain utilities. Considering such system costs
introduces new structures to optimal energy management policies, and in general
takes the analysis of energy harvesting communication networks one step further
into practicality.

In Chapter [2| we focus on receiver-side energy harvesting. Energy harvesting
communications have been considered mostly for energy harvesting transmitters,

e.g., [1136], with fewer works on energy harvesting receivers, e.g., [37-41]. In Chap-



ter 2| we consider energy harvesting communications with both energy harvesting
transmitters and receivers. The energy harvested at the transmitters is used for
data transmission according to a rate-power relationship, which is concave, mono-
tone increasing in powers. The energy harvested at the receivers is used for de-
coding costs, which we assume to be convex, monotone increasing in the incoming
rate [37,38,42-45]. The transmission energy costs and receiver decoding costs could
be comparable, especially in short-distance communications, where high rates can
be achieved with relatively low powers, and the decoding power could be dominant;
see [42] and the references therein.

We model the energy needed for decoding at the receivers via decoding causal-
ity constraints: the energy spent at the receiver for decoding cannot exceed the
receiver’s harvested energy. We already have the energy causality constraints at the
transmitter: the energy spent at the transmitter for transmitting data cannot exceed
the transmitter’s harvested energy. Therefore, for a given transmitter-receiver pair,
transmitter powers need now to adapt to both energy harvested at the transmitter
and at the receiver; the transmitter must only use powers, and therefore rates, that
can be handled/decoded by the receiver. The most closely related work to the work
in Chptaer [2|is [37], where the authors consider a general network with energy har-
vesting transmitters and receivers, and maximize a general utility function, subject
to energy harvesting constraints at all terminals. Reference [37] carries the effects
of decoding costs to the objective function. If the objective function is no longer
concave after this operation, it uses time-sharing to concavify it, leading to a con-

vex optimization problem, which it then solves by using a generalized water-filling



algorithm. We consider a similar problem with a specific utility function which is
throughput, for specific network structures, with different decoding costs informed
by network information theory. First, we consider the single-user channel, and ob-
serve that the decoding costs at the receiver can be interpreted as a gate keeper at
the front-end of the receiver that lets packets pass only if it has sufficient energy
to decode. We show that we can carry this gate effect to the transmitter as a gen-
eralized data arrival constraint. Therefore, the setting with decoding costs at the
receiver is equivalent to a setting with no decoding costs at the receiver, but with
a (generalized) data arrival constraint at the transmitter [1]. We also note that
the energy harvesting component of the receiver can be separated as a virtual relay
between the transmitter and the receiver; and again, the problem can be viewed
as a setting with no decoding costs at the receiver but with a wvirtual relay with a
(generalized) energy arrival constraint |[12H17].

We then consider several multi-user settings. We begin with a decode-and-
forward two-hop network, where the relay and the receiver both have decoding
costs. This gives rise to decode-and-forward causality constraints at the relay in
addition to decoding causality constraints at the receiver and energy causality con-
straints at the transmitter. We decompose the problem into inner and outer prob-
lems. In the inner problem, we fix the relay’s decoding power strategy, and show
that separable policies are optimal |12}/13]. These are policies that maximize the
throughput of the transmitter-relay link independent of maximizing the throughput
of the relay-destination link. Thereby, we solve the inner problem as two single-

user problems with decoding costs. In the outer problem, we find the best relay



decoding strategy by a water-filling algorithm. Next, we consider a two-user mul-
tiple access channel (MAC) with energy harvesting transmitters and receiver, and
maximize the departure region. We consider two different decoding schemes: si-
multaneous decoding, and successive cancellation decoding [46]. Each scheme has a
different decoding power consumption. For the simultaneous decoding scheme, we
show that the boundary of the maximum departure region is achieved by solving a
weighted sum rate maximization problem that can be decomposed into an inner and
an outer problem. We solve the inner problem using the results of single-user fad-
ing problem [3]. The outer problem is then solved using a water-filling algorithm.
In the successive cancellation decoding scheme, our problem formulation is non-
convex. We then use a successive convex approximation technique that converges
to a local optimal solution [47,48]. The maximum departure region with successive
cancellation decoding is larger than that with simultaneous decoding. We conclude
Chapter [2| by characterizing the maximum departure region of a two-user degraded
broadcast channel (BC) with energy harvesting transmitter and receivers. With the
transmitter employing superposition coding [49], a corresponding decoding power
consumption at the receivers is assumed. We again decompose the weighted sum
rate maximization problem into an inner and outer problem. We show that the
inner problem is equivalent to a classical single-user energy harvesting problem with
a time-varying minimum power constraint, for which we present an algorithm. We
solve the outer problem using a water-filling algorithm similar to the outer problems
of the two-hop network and the MAC with simultaneous decoding.

In Chapter [3] we study the decoding costs effects on an energy harvesting

4



cooperative MAC. In a cooperative MAC, users decode the signals transmitted by
the other user to form common information, and cooperatively send the previously
established common information to the receiver to achieve beamforming gains [50].
This model has the unique property that the transmitters act as receivers as well,
where transmission power and decoding costs simultaneously reflect on the total
energy budget of each node. The energy harvesting cooperative MAC is considered
in [51] for data cooperation only, and extended in [52] to the case of joint data and
energy cooperation, without taking into account the decoding costs incurred at the
nodes, and significant gains in departure regions are demonstrated. The goal of
Chapter [3] is to incorporate the decoding cost of cooperation into the cooperative
MAC model, and investigate the gains from cooperation in a more realistic setup.
To this end, we model the decoding power as an increasing convex function in
the incoming rate [37,|38], and in particular, we focus on exponential decoding
functions [43,44]. We characterize the optimal offline power scheduling policies
that maximize the departure region by a given deadline subject to energy causality
constraints and decoding costs.

In Chapter [4], we explore another aspect of system costs: the costs for circuitry
operations, or processing costs. We study the effects of processing and decoding costs
combined in an energy harvesting two-way channel. We design optimal offline power
scheduling policies that maximize the sum throughput by a given deadline, subject
to energy and decoding causality constraints at both users, with processing costs.
In the two-way energy harvesting channel, each node transmits data to the other

user, and receives data from the other user in a full duplex manner. Therefore, each



node is simultaneously an energy harvesting transmitter and an energy harvesting
receiver, and needs to optimize its power schedule over time slots by optimally
dividing its energy for transmission and decoding. The power used for transmission
is modeled through a concave rate-power relationship as in the Shannon formula;
and the power used for decoding is modeled as a convex increasing function of the
incoming rate. In particular, throughout Chapter [4) we focus on decoding costs that
are exponential in the incoming rate [43},44].

Even in the case of energy harvesting transmitters only and energy harvest-
ing receivers only, the energy availability of one side limits the transmission and
reception abilities of the other side; energy harvesting introduces coupling between
transmitters and receivers. In the energy harvesting two-way channel, this coupling
is even stronger. In addition, we assume that power consumption at a user includes
power spent for processing as well, i.e., power spent for the circuitry. This is the
power spent for the user to be on and communicating. Depending on the energy
availability and the communication distance, processing costs at the transmitter
could be a significant system factor. References [24-29] study the impact of process-
ing costs on energy harvesting communications. As discussed in Chapter [2, decoding
power at the receiver could be a significant system factor as well [37,38,41-43]. The
differentiating aspect regarding processing costs and decoding costs is as follows:
the processing cost is modeled as a constant power spent per unit time whenever
the transmitter is on [53], whereas the decoding cost at a receiver is modeled as an
increasing convex function of the incoming rate to be decoded [37,3§|. In Chapter ,

we consider both decoding and processing costs in a single setting.



In the first part of Chapter [d we focus on the case with only decoding costs.
We first consider the case with a single energy arrival at each user. We show that
the transmission is limited by the user with smaller energy; the user with larger
energy may not consume all of its energy. We next consider the case with multiple
energy arrivals at both users. We show that the optimal power allocations are non-
decreasing over time, and they increase synchronously at both users. We develop an
iterative algorithm based on two-slot updates to obtain the optimal power allocations
for both users that converges to the optimal solution. Next, we focus on the case
with only processing costs. We assume that both users incur processing costs per
unit time as long as they are communicating. We first consider the formulation for
a single energy arrival. In this case, we show that transmission can be bursty [53];
users may opt to communicate for only a portion of the time. We also show that
it is optimal for the two users to be fully synchronized; the two users should be
switched on for the same portion of the time during which they both exchange data,
and then they switch off together. Then, we generalize this to the case of multiple
energy arrivals, and show that any throughput optimal policy can be transformed
into a deferred policy, in which users postpone their energy consumption to fill
out later slots first. We find the optimal deferred policy by iteratively applying
a modified version of the single energy arrival result in a backward manner. We
conclude Chapter (4| by studying the general case with both decoding and processing
costs in a single setting. We formulate a sum throughput optimization problem that
is a generalization of the setting with only decoding costs or only processing costs.
We solve this general problem in the single energy arrival scenario, and then present

7



an iterative algorithm to solve the multiple energy arrival case that is a combination
of the algorithms used to solve the cases with only decoding and only processing
costs.

In Chapter [5 we focus on online settings, where the amounts of energy har-
vested are revealed causally over time. We consider a single-user communication
channel, where the transmitter has a battery of finite size to save its incoming en-
ergy, and achieves a reward for every transmitted message that is in the form of some
general concave increasing utility function of the transmission power. The goal is
to characterize online power control policies that maximize the long term average
utility subject to energy causality constraints. One motivation for this setting is en-
ergy harvesting receivers studied in Chapter [2 Since power consumed in decoding
is modelled as a convex increasing function of the incoming rate [37,38], the rate
achieved at the receiver is then a concave increasing function of the decoding power.
Recently, [54] has introduced an online power control policy for a single-user energy
harvesting channel that maximizes the long term average throughput under the
AWGN capacity utility function %log(l + x). The proposed policy is near optimal
in the sense that it performs within constant multiplicative and additive gaps from
the optimal solution that is independent of energy arrivals and battery sizes. This
is extended to broadcast channels in [55], multiple access channels in [56,57], and
systems with processing costs in [58-60] (for examples of earlier online approaches
see, e.g., [61H63]). In Chapter |5 we generalize the approaches in [54] to work for
general concave monotonically increasing utility functions for single-user channels.

That is, we consider the design of online power control policies that maximize the



long term average general utilities.

We first study the special case of Bernoulli energy arrivals that fully recharge
the battery when harvested, and characterize the optimal online solution. Then, for
the general independent and identically distributed (i.i.d.) arrivals, we show that
the policy introduced in [54] performs within a constant multiplicative gap from the
optimal solution for any general concave increasing utility function, for all energy
arrivals and battery sizes. We then provide sufficient conditions on the utility func-
tion to guarantee that such policy is within a constant additive gap from the optimal
solution. We then consider a specific scenario where a sensor node collects samples
from an i.i.d. Gaussian source and sends them to a destination over a Gaussian
channel, and the goal is to characterize online power control policies that minimize
the long term average distortion of the received samples at the destination. We
note that an offline version of this problem has been considered in [35]. We follow
the approaches in [54-58] to extend the offline results in [35] to online settings. We
formulate two problems: one with and the other without sampling energy consump-
tion costs. In both problems, we show that fixed fraction policy achieves a long
term average distortion that lies within a constant additive gap from the optimal
achieved distortion for all energy arrivals and battery sizes.

In Chapter [6] we consider another aspect of power consumption in energy
harvesting sensor nodes, namely, the power consumed in the process of harvesting
energy. That is, there is a cost to taking actions to harvest energy. In Chapter [6]
we model this cost via the energy consumed in physical movement. We consider an

energy harvesting transmitter with the ability to move along a straight line. Two



energy sources are located at the opposite ends of the line, and the amount of energy
harvested at the transmitter from each source depends on its distance from the two
sources. Movement is thus motivated by finding better energy harvesting locations.
However, the transmitter incurs a moving cost per unit distance travelled. Therefore,
a tradeoff arises between staying in the same position and using all available energy
in transmission, and spending some of the available energy to move to another
location where it harvests higher energy. In this work, we characterize this tradeoff
optimally, by designing throughput optimal power and movement policies. We note
that related system models are considered in [64./65] where some devices (energy-rich
sources) move through a sensor network and refill the batteries of the sensors with
RF radiation.

We study both offline and online settings in Chapter [0} In the offline setting,
our goal is to maximize the throughput by a given deadline. We first study the case
where each energy source has a single energy arrival, and then generalize it to the
case of multiple energy arrivals. Although our problem formulation is non-convex,
we are able to solve it optimally for the single energy arrival scenario. For the
multiple energy arrivals scenario, we design an iterative algorithm with guaranteed
convergence to a local optimal solution of our optimization problem. For each
iteration, we first show that given the optimal movement energy expenditure in a
given time slot, the movement policy is greedy; the transmitter moves to the better
location (energy-wise) in that time slot only without considering future time slots.
We then find optimal movement energy consumption using a water-filling algorithm.

In the online setting, we model the energy arrival processes at the two sources
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as two independent and i.i.d. processes. Only the means of the two processes
are known before communication. Our goal is to maximize the long term average
throughput. To that end, we propose an optimal move-then-transmit scheme where
the transmitter first uses all its harvested energy to move towards the source with
higher energy harvesting mean. After that, it stays at that source’s position and
starts communicating with the receiver. We show that the energy used in movement
does not affect the throughput in the long term average sense. If the transmitter
has an infinite battery, we use the best effort transmission strategy to optimally
manage the harvested energy in transmission [66]. In this policy, the transmitter
sends with the average harvesting rate whenever feasible and stays silent otherwise.
On the other hand, if the transmitter has a finite battery, we use the fixed fraction
policy [54], where the transmitter uses a fixed fraction of the amount of energy
available in its battery for transmission in every time slot, to achieve a long term
average rate that lies within constant additive and multiplicative gaps from the
optimal solution for all energy arrival patterns and battery sizes.

In Chapters[7]and 8] we consider different performance metrics, other than the
throughput metric considered mainly in previous chapters. First, in Chapter [7] we
study the issue of delay on energy harvesting networks. According to a specific data
demand, the transmitter needs to schedule the transmission of data packets using
the available energy such that the average delay experienced by the data is minimal.
In [1], the problem of minimizing the transmission completion time is considered.
Reference [1] and the subsequent literature showed that, due to the concavity of
the rate-power relationship, the transmit power must be kept constant between

11



energy harvesting and data arrival events, and the transmitter must schedule data
transmissions using longest possible stretches of constant power, subject to energy
and data causality. While [1] minimizes the time by which all of the data packets
are transmitted, different data packets experience different delays, and the average
delay of the system is not minimized. In particular, when the earlier-arriving data
packets are transmitted slowly, the later-arriving data packets experience not only
the delay in their own transmissions, but a portion of the delay experienced by the
earlier-arriving packets, as they have to wait extra time in the data queue while
those packets are being transmitted. This compounds the delays that the later-
arriving data packets experience. The delay minimization problem was considered
previously in [67] for a non energy harvesting system.

We consider the problem of average delay minimization in an energy harvesting
system in Chapter [7] First, we consider a single-user channel where the transmitter
is equipped with a finite-sized battery and a finite-sized data buffer. We show that,
unlike the previous literature, the transmission power should not be kept constant
between energy harvesting and data arrival events. We let the power (and therefore
the rate) vary even during the transmission of a single packet. We show that the
optimal packet scheduling is such that the transmit power starts with a high value
and decreases linearly over time possibly reaching zero before the arrival of the
next energy or data packet into the system. The high initial transmit power values
ensure that earlier bits are transmitted faster, decreasing their own delay and also
the delays of the later-arriving data packets. Using a Lagrangian framework, we
develop a recursive solution that finds the optimal transmit power over time by

12



determining the optimal Lagrange multipliers.

Next, we consider a two-user energy harvesting broadcast channel where the
transmitter is equipped with an infinite-sized battery, and data packets intended for
both users are available before the transmission starts. In this system, there is a
tradeoff between the delays experienced by both users; as more resources (power) is
allocated to a user, its delay decreases while the delay of the other user increases.
We consider the minimization of the sum delay in the system. We formulate the
problem using a Lagrangian framework, and express the optimal solution in terms
of Lagrange multipliers. We develop an iterative solution that solves the optimum
Lagrange multipliers by enforcing the KKT optimality conditions. Similar to the
single-user setting, we show that the optimal transmission power decreases between
energy harvests, and may possibly hit zero before the next energy harvest, yielding
communication gaps, where no data is transmitted. During active communication,
data may be sent to both users, or only to the stronger, or only to the weaker user,
depending on the energy harvesting profile. We contrast our work with [7] which
developed an algorithm that minimized the transmission completion time, i.e., a
time by which all data is delivered to users. To that end, [7] studies the throughput
maximization problem, and shows that, for general priorities, there exists a cut-off
power level such that only the total power above this level is used to serve the weaker
user. In particular, for sum throughput maximization, this cut-off is infinity, and
all power is allocated to packets sent to the stronger user. In contrast, in our sum
delay minimization problem, the weaker user always gets a share of the transmitted

power, as otherwise, its delay becomes unbounded, and the sum delay will not be
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minimized. In our work, we show that there exists a cut-off time, beyond which
data is sent only to the weaker user.

In Chapter [§ we study the metric of the age of information in an energy
harvesting two-hop network. We consider a source node that is collecting measure-
ments from a physical phenomenon and sends updates to a destination through the
help of a relay. Both the source and the relay depend on energy harvested from
nature to communicate. Updates need to be sent in a timely manner; namely, such
that the total age of information is minimized by a given deadline. The age of
information is defined as the time elapsed since the freshest update has reached the
destination. Minimizing the age of information metric has been studied mostly in
a queuing-theoretic framework; [68] studies a source-destination link under random
and deterministic service times. This is extended to multiple sources in [69]. Ref-
erences [70-72] consider variations of the single source system, such as randomly
arriving updates, update management and control, and nonlinear age metrics. |73]
introduces penalty functions to assess age dissatisfaction; and [74] shows that last-
come-first-serve policies are optimal in multi-hop networks.

Our work in Chapter |8 is most closely related to [75,/76], where age mini-
mization in single-user energy harvesting systems is considered; the difference of
these works from energy harvesting literature in [1-36] is that the objective is age
of information as opposed to throughput or transmission completion time, and the
difference of them from age minimization literature in [68-74] is that sending up-
dates incurs energy expenditure where energy becomes available intermittently. |75]

considers random service time (time for the update to take effect) and [76] considers
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zero service time; in our work here, we consider a fixed but non-zero service time.
We consider an energy harvesting two-hop network where a source is sending
information updates to a destination through a half-duplex relay. The source and the
relay use fixed communication rates. Thus, different from [75,[76], they both incur
fixed non-zero amounts of transmission delays to deliver their data. Our setting is
offline, and the objective is to minimize the total age of information received by the
destination within a given communication session time, subject to energy causality
constraints at the source and relay nodes, and data causality constraints at the
relay node. We first solve the single-hop version of this problem where the source
communicates directly to the destination, with non-zero update transmission delays,
extending the offline results in [76]; we observe that introducing non-zero update
transmission delays is equivalent to having minimum inter-update time constraints.
We then solve the two-hop problem; we first show that it is not optimal for the
source to send a new update before the relay finishes forwarding the previous ones,
i.e., the relay’s data buffer should not contain more than one update packet waiting
for service, otherwise earlier arriving packets become stale. Then, we show that
the optimal source transmission times are just in time for the relay to forward the
updates, i.e., it is not optimal to let an update wait in the relay’s data buffer after
being received; it must be directly forwarded. This contrasts the results in [12}|13]
that study throughput maximization in energy harvesting relay networks. In there,
throughput-optimal policies are separable in the sense that the source transmits the
most amount of data to the relay regardless of the relay’s energy harvesting profile.

In our case, the age-optimal policy is not separable; it treats the source and the
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relay nodes as one combined node that is communicating to the destination. Hence,
our single-hop results serve as a building block to find the solution of the two-hop
problem.

In Chapter [0, we draw conclusions for this dissertation.
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CHAPTER 2

Optimal Policies for Wireless Networks with Energy Harvest-

ing Transmitters and Receivers: Effects of Decoding Costs

2.1 Introduction

In this chapter, we consider the effects of decoding costs in energy harvesting com-
munication systems. In our setting, receivers, in addition to transmitters, rely solely
on energy harvested from nature, and need to spend some energy in order to decode
their intended packets. We model the decoding energy as an increasing convex func-
tion of the rate of the incoming data. In this setting, in addition to the traditional
energy causality constraints at the transmitters, we have the decoding causality con-
straints at the receivers, where energy spent by the receiver for decoding cannot
exceed its harvested energy. We first consider the point-to-point single-user prob-
lem where the goal is to maximize the total throughput by a given deadline subject
to both energy and decoding causality constraints. We show that decoding costs
at the receiver can be represented as generalized data arrivals at the transmitter,
and thereby moving all system constraints to the transmitter side. Then, we con-

sider several multi-user settings. We start with a two-hop network where the relay
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and the destination have decoding costs, and show that separable policies, where
the transmitter’s throughput is maximized irrespective of the relay’s transmission
energy profile, are optimal. Next, we consider the multiple access channel and the
broadcast channel where the transmitters and the receivers harvest energy from
nature, and characterize the maximum departure region. In all multi-user settings
considered, we decompose our problems into inner and outer problems. We solve
the inner problems by exploiting the structure of the particular model, and solve

the outer problems by water-filling algorithms.

2.2 Single-User Channel

As shown in Fig. [2.1] we have a transmitter and a receiver, both relying on energy
harvested from nature. The time is slotted, and at the beginning of time slot
i € {1,..., N}, energies arrive at a given node ready to be used in the same slot
or saved in a battery to be used in future slots. Let {E;}Y, and {E;}, denote
the energies harvested at each slot for the transmitter and the receiver, respectively,
and let {p;}}¥, denote the transmitter’s powers.

Without loss of generality, we assume that the time slot duration is normalized
to one time unit. The physical layer is a Gaussian channel with zero-mean unit-
variance noise. The objective is to maximize the total amount of data received and
decoded by the receiver by the deadline N. Our setting is offline in the sense that
all energy amounts are known prior to transmission.

The receiver must be able to decode the kth packet by the end of the kth
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Figure 2.1: Single-user channel with an energy harvesting transmitter and an energy
harvesting receiver.

slot. A transmitter transmitting at power p; in the ith time slot will send at a
rate g(p;) = 1log, (1+p;), for which the receiver will spend ¢(g(p;)) amount of
power to decode, where ¢ is generally an increasing convex function [37,38,/42-45].
In the sequel, we will also focus on the specific cases of linear and exponential
functions, where ¢(r) = ar + b, with a,b > 0, and ¢(r) = 2% + e, with ¢,d > 0
and ¢+ e > 0. Continuing with a general convex increasing function ¢, we have the

following decoding causality constraints for the receiver:

> olgp) <Y B k=1...,N (2.1)

Therefore, the overall problem is formulated as:

x> o)
zzl .
k
qu 9(p0) sz (2:2)
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where p denotes the vector of powers. Note that the problem above in general is
not a convex optimization problem as in general is a non-convex constraint
since ¢ is a convex function while g is a concave function |77]. Applying the change
of variables g(p;) = r;, and defining f £ ¢g~! (note that f is a convex function), we

have

N
max Zn
z:l .
s.t Zf(ri)SZE“ Yk

which is now a convex optimization problem [77].

We note that the constraints in , ie., Zle o(r;) < Zle E;, place upper
bounds on the rates of the transmitter by every slot k. This resembles the problem
addressed in [1] with data packet arrivals during the communication session. In fact,
when ¢(r) = r and E; = b;, where b; is the amount of data arriving in slot i, these
are exactly the data arrival constraints in [1]. A general convex ¢ generalizes this
data arrival constraint. We characterize the solution of in the following three
lemmas and the theorem. The proofs rely on the convexity of f and ¢ generalizing

the proof ideas in [1].
Lemma 2.1 The optimal {r}} is monotonically increasing.

Proof: Assume that there exists a time slot & such that r; > 77, ,, and consider
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a new policy obtained by replacing both r; and ri,, by 7 = 7y = 55, and
observe that from the convexity of f and ¢, we have
fe) + f(Frar) < f(rp) + f(rega) (2.4)
O(Pe) + ¢(Frr1) < O(ry) + O(ripq) (2.5)

In addition, since both f and ¢ are monotonically increasing, we have f (7)) < f (r}),
and ¢ (7x) < ¢ (ry). Therefore, the new policy is feasible, and can only save some
energy either at the transmitter or at the receiver. This saved energy can be used
to increase the rates in the upcoming time slots. Thus, the original policy cannot

be optimal. W

Lemma 2.2 In the optimal policy, whenever the rate changes in a time slot, at least
one of the following events occur: 1) the transmitter consumes all of its harvested
energy in transmission, or 2) the receiver consumes all of its harvested energy in

decoding, up to that time slot.

Proof: Assume not, i.e., rj; < 77, but both the transmitter and the receiver did
not consume all their energies in the kth time slot. Then, we can always increase 77},
and decrease 7}, without conflicting the energy causality or the decoding causality
constraints. By the convexity of f and ¢, this modification would save some energy
that can be used to increase the rates in the upcoming time slots. Therefore, the

original policy cannot be optimal. Wl

Lemma 2.3 In the optimal policy, by the end of the transmission period, at least
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one of the following events occur: 1) the transmitter’s total power consumption in
transmission is equal to its total harvested energy, or 2) the receiver’s total power

consumption in decoding s equal to its total harvested energy.

Proof: Assume that both conditions are not met. Then, we can increase the rate
in the last time slot until either the transmitter, or the receiver, consumes all of its

energy. This is always feasible and strictly increases the rate. W

Theorem 2.1 Let ¢ = ¢~'. A policy is optimal iff it satisfies the following

v — min {g <Zj":1 Ejj - Zj";ll (Tj)) ¥ (Zjnzl E'j - Zj":]l (Tj)) } (2.6)

tp — ln—1 ln — ln—1

where

. . { (Z;:l E; - Z;:ll (Tj)) (Z;‘:l Ej - Z;:f (W)) }
ip, = arg min g , —

in_1<i<N T — Tp_1 T — 1lp_1

with ig =0, andn=1,...,N.

Proof: First, we prove that the optimal policy satisfies and . We show this
by contradiction. Let us assume that the optimal policy, that satisfies the necessary
lemmas above, is not given by and and achieves a higher throughput. In
particular, let us assume that it coincides with the policy given by and
for all rates {r;}7=' but has a different value for r,,. Let us denote the points of rate

increase of this policy by {ix}. Thus, there must exist a time index i’ > i,_; such
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that

r. > min {g <Zj:1 E; — Zjn:_l (Q’)) W (Zj:l Ei_ Zjn:_l (W’)) } (2.8)

(U in—l v —1lp-1

and let us consider two different cases.

Assume that " < 4,. If the transmitter’s energy is the bottleneck at ', then
r, cannot be supported by the transmitter. On the other hand, if the receiver’s
energy is the bottleneck at ¢, then r,, cannot be supported by the receiver. Hence,
r, is not feasible in both cases. Now, assume that i’ > 4,,. Then, there will exist a
duration C [i,, + 1,4'] where the rate has to decrease in order to satisfy feasibility.
This violates the monotonicity property, and hence cannot be optimal.

Second, let us show sufficiency. We show this again by contradiction. Let us
assume that the policy that satisfies and is not optimal. In particular,
let us assume that there exists another policy {r/} that coincides with it for all
rates {r;}7=' but has a different value for 7,,. Since this new policy should have
higher throughput, we have 7/, > r,. Now, assume i/, > 4,. Then, clearly 7/ is not
feasible in the duration [i,—1 + 1,7,]. On the other hand, if i/, < i,, then by the
monotonicity property, all upcoming rates {r;} for i > i/ can only be larger than
r!, which are all larger than r,. This makes the new policy infeasible by the end of
slot 4,, since r, consumes all feasible energy according to and . Thus, the
original policy is optimal. W

Theorem shows that decoding costs at the receiver are similar in effect to

having a single-user channel with data arrivals during transmission and no decoding
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Figure 2.2: Decoding costs viewed as a virtual relay.

costs. This stems from the fact that the transmitter has to adapt its powers (and
rates) in order to meet the decoding requirements at the receiver. Therefore, the
receiver’s harvested energies and the function ¢ control the amount of data the
transmitter can send by any given point in time.

Alternatively, we can slightly change the single-user problem by adding

an extra variable 7; as follows

N
max Zﬂ-
a i=1
k k
st. > fr) <) Ei, Vk
i=1 i=1
k ko
> () <> E; Vk
=1 i=1
This gives the same solution as we will always have 77 = r} satisfied for all i.

Therefore, as shown in Fig. 2.2 we can view the single-user setting with an energy
harvesting receiver, as a two-hop setting with a virtual relay between the transmitter

and the receiver, with a non-energy harvesting receiver. To this end, we separate the
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decoding costs of the receiver, which are subject to energy harvesting constraints,
as a relay which is subject to energy harvesting constraints in its transmissions, and
consider the receiver as fully powered [1217]. The receiver will only receive data
if the relay has sufficient energy to forward it. In addition, this energy harvesting
virtual relay has no data buffer, thus, its incoming data rate equals its outgoing
data rate. The rate through this relay is controlled by E; and ¢. Thus, the de-
coding function ¢ puts a generalized energy arrival effect to this virtual relay, in a
similar way that it puts a generalized data arrival effect to the transmitter through
Theorem [2.1], as shown in Fig. 2.1]

It is worth mentioning that if we consider the special case where the receiver
has no battery to store its energy, this will lead to the following decoding causality

constraint

é(g(ps)) < E;, i=1,...,N (2.10)

which, in view of the generalized data arrival interpretation, can be modeled as a

time-varying upper bound on the transmitter’s power in each slot

P E f (v (E)) (2.11)

where (E;) is the maximum transmission rate of a packet that F; can handle at
the decoder, and pj"** denotes its corresponding maximum transmit power. This

problem has been considered in the general framework of [78], and in [6] for the spe-

25



I I
energy energy energy

|
buffer E buffer buffer g
data buffer data buffer
S -~ D

s

-

C =@

data arrival effect

Figure 2.3: Two-hop energy harvesting system with both relay and destination
decoding costs.

cial case of a constant maximum power constraint. One solution for this problem
is to apply a backward water-filling algorithm that starts from the last slot back-
wards, where at each slot directional water-filling 3| is applied only on slots whose
maximum power constraint is not satisfied with equality. This might cause some
wastage of water if the maximum power constraints are tighter than the transmit-
ter’s energy causality constraints, which depends primarily on how the function ¢

relates the transmitter’s and the receiver’s energies.

2.3 Two-Hop Network

We now consider a two-hop network consisting of a single source-destination pair
communicating through a relay, as depicted in Fig. [2.3] The relay is full duplex,
and it uses a decode-and-forward protocol. The relay has a data buffer to receive
its incoming packets from the source. At the beginning of slot ¢, energies in the
amounts of FEj, Ei, and F; arrive at the source, relay, and destination, respectively.
Unused energies can be saved in their respective batteries.

Let r; and 7; be the rates of the source and the relay, respectively, in slot
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1. Our goal is to maximize the total amount of data received and decoded at the
destination by the deadline N. We impose decoding costs on both the relay and the

destination. The problem is formulated as:

N
max T;

r,r —
k k

st > f(r) <> B, Vk
z:l i=1 . )
Z¢(Tz‘) + f (1) < ZEi, Vk
121 . =1
Z Tr; S Z i, vk
7,:1 =1 .
d o) <Y Ei Vk (2.12)
i=1 i=1

where the first constraint in (2.12)) is the source transmission energy causality con-
straint, the second one is the relay decode-and-forward causality constraint, the third
one is the data causality constraint at the relay, and the last one is the destination
decoding causality constraint.

We first note that that if the relay did not have a data buffer, the source and
the relay rates will need to be equal, i.e., 7; = r; for all 7. In this case, the problem
reduces to be a problem only in terms of the source rates, and could be solved by
straightforward generalization of the single-user result in Theorem considering
three constraints instead of two. In a sense, this would be equivalent to taking the
effects of decode-and-forward causality at the relay and decoding causality at the

receiver back to the source as two different generalized data arrival effects. This can
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be further extended to multi-hop networks with relays having no data buffers by
taking their constraint effects all the way back to the source.

In our setting, having a data buffer at the relay imposes non-obvious relation-
ships among the source and the relay rates. To tackle this issue, we decompose
the problem into inner and outer problems. In the inner problem, we solve for the
source and relay rates after fixing a decoding power strategy for the relay node. By
that we mean choosing the amounts of powers, {5;}¥,, the relay dedicates to de-
coding its incoming source packets. These amounts need to be feasible in the sense
that Zle 0; < Zle E;, Yk. This decomposes the decode-and-forward causality

constraint into the following two constraints:

Dot <y b Y FEISD Bi-b, Yk (2.13)

In the next lemmas and theorem, we characterize the solution of the inner problem.
The proofs of the lemmas are extensions of the ones presented in [13] to the case of

generalized data arrivals.

Lemma 2.4 There exists an optimal increasing source rate policy for the inner

problem.

Proof: Assume that there exists a time slot k£ where ry > ;. We have two cases

to consider. First, assume 7 > 7Tp.1. Let us define a new policy by replacing the

kth and k + 1st source and relay rates by r’ £ %, and 7 £ %, respectively.

By the convexity of f and ¢, and linearity of the data causality constraint, the new
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policy is feasible, and can only save some energy at the source or the relay. This
energy can be used in later slots to achieve higher rates.

Now, assume 7, < 7,y1. We argue that the data arrival causality constraint
is satisfied with strict inequality at time slot k. For if it were equality, we need to
have 7, > r, and 7p11 < rgy1, which leads to rp < 7 < 7gy1 < 7x11, an obvious
contradiction. Now, we can find a small enough ¢ > 0, such that defining a new
policy by replacing the kth and k+1st source rates by r,—e and 711 +¢€, respectively,
we do not affect the relay rates. By the convexity of f and ¢, the new policy is
feasible, and can only save some energy at the source. This energy can be used in
later slots to send more data to the relay, and hence, possibly increasing the relay

rates, and the end-to-end throughput. W

Lemma 2.5 The optimal increasing source rate policy for the inner problem {r;} is
given by the single-user problem solution in and , where the transmatter’s

and the receiver’s energies are given by {E;} and {0;}, respectively.

Proof: Let us denote the single-user solution by {r/}. Assume for contradiction
that it is not optimal for the inner problem. In particular, let {r}} and {r}} be
equal for i = 1,...,k — 1, and differ on the kth slot. We again have two cases to
consider. First, assume 75 > r}. In this case, since by Lemma , {r*} is increasing,
by similar arguments as in the proof of Theorem , the policy {r}} will eventually
not satisfy the source’s energy causality or the relay’s decoding causality constraints,
at some time slot j > k. Hence, it cannot be optimal.

Now, assume 77 < r;,. We argue that this shrinks the feasible set of the relay’s
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rates. We show this by induction. By assumption of this case, it is true at time slot
k, that we have Zle ry < Zle ri. Now, assume it is true that for some time slot
j >k we have S27_ r¥ < 377 7/, and consider the j + 1st time slot. If Tie > T,
then we are back to the previous case where this cannot be feasible eventually.
Therefore, the feasible set of the relay’s rates shrinks at time slot j 4+ 1, and hence,
shrinks all over k, ..., N. Thus, this case cannot be optimal either. W

Lemma states that the optimal source policy is separable [12,/13] in the
sense that the source maximizes its throughput to the relay irrespective of how the
relay spends its transmission energy. This stems from the fact that the relay has
an infinite data buffer to store its incoming source packets. Therefore, once we fix
a decoding power strategy at the relay, we get separability. The following theorem,

which is an extended version of Theorem [2.1] gives the optimal relay rates for the

inner problem. The proof is similar to that of Theorem 2.1 and is omitted for brevity.

Theorem 2.2 Given the optimal source rates {r}}, the optimal relay rates for the

inner problem s given by

n

L { (Zj-’;lEj—f%—Zélf (f;f))
7 =minx g )

in - 2.n—l
o (S B = S o)\ S - S (2.14)
in - 7:77,—1 ’ Zn - Z'n_l |

where i, is the argmin of the expression in as in (2.6)-(2.7), and i = 0.

Denoting the solution of the inner problem by R(d), we now find the optimal
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relay decoding strategy {07} by solving the following outer problem:

max R(9)

k k
st > 6;<> B, Vk (2.15)
=1 =1

We have the following lemma regarding the outer problem.

Lemma 2.6 R(d) is a concave function.

Proof: Consider two decoding power strategies 81, 82, and let {ry,T;}, {rs, T2} be
their corresponding source and relay optimal inner problem rates, respectively. Let
dp £ 08, + (1 — 0)d,, for some 0 < § < 1, and consider the rate policy defined
by rg £ 0r; + (1 — 0)ry, and Ty = 0F, + (1 — 0)Fy, for the source, and the relay,
respectively. By the convexity of f and ¢, the policy {ry, 1y} is feasible for the

decoding strategy dy. Therefore, we have
N
R(89) > g = OR(8:) + (1 — 6)R(62) (2.16)
i=1

proving the concavity of R(4). W

Therefore, the outer problem is a convex optimization problem [77]. We pro-
pose a water-filling algorithm to solve the outer problem [20]. We first note that
R(d) does not possess any monotonicity properties in the feasible region. For in-

stance, R(E) = R(0) = 0, while R(d) is strictly positive for some § in between.

Thus, at the optimal relay decoding power strategy, not all the relay’s decoding

31



energy will be exhausted. To this end, we add an extra N + 1st slot where we can
possibly discard some energy. We start by filling up each slot by its corresponding
energy/water level and we leave the extra N + 1st slot initially empty. Meters are
put in between bins to measure the amount of water passing. We let water flow to
the right only if this increases the objective function. After each iteration, water
can be called back if this increases the objective function. All the amount of water
that is in the extra slot is eventually discarded, but may be called back also dur-
ing the iterations. Since with each water flow the objective function monotonically
increases, problem feasibility is maintained throughout the process, and due to the

convexity of the problem, the algorithm converges to the optimal solution.

2.4 Multiple Access Channel

We now consider a two-user Gaussian MAC as shown in Fig. 2.4, The two transmit-

ters harvest i ts { By}, and {Ey )Y tively, and the recei

ers harvest energy in amounts {Ey;},_, and {Ey;},_,, respectively, and the receiver
. - YN : S

harvests energy in amounts {Ei}z‘:l' The receiver noise is with zero-mean and

unit-variance. The capacity region for this channel is given by [49):

1 < g(p1)
T2 < g(p2)

r1+ 12 < g(p1 + p2) (2.17)
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S

Figure 2.4: Two-user MAC with energy harvesting transmitters and receiver.

where p; and py are the powers used by the first and the second transmitter, respec-
tively.

In addition to the usual energy harvesting causality constraints on the trans-
mitters [5], we impose a receiver decoding cost. We note that there can be different
ways to impose this constraint depending on how the receiver employs the decoding
procedure. In the next two sub-sections, we consider two kinds of decoding proce-
dures, namely, simultaneous decoding, and successive decoding [46,/49]. Changing
the decoding model affects the optimal power allocation for both users so as to adapt

to how the receiver spends its power.

2.4.1 Simultaneous Decoding

In this case, the two transmitters can only send at rates whose sum can be decoded

at the receiver. A power control policy {pi;, p2i}Y, is feasible if the following are
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satisfied:

k k
Zpli < ZEM7 Vk
z:l 221
ZP% < ZE% vk
i=1 i=1

k k

> (g (pri+p) <Y Ei, Vk (2.18)

i=1 i=1

From here on, we assume a specific structure for the decoding function ¢ for math-
ematical tractability and ease of presentation. In particular, we assume that it is
exponential with parameters c =1, d =2 and e = —1, i.e., ¢(r) = g~ (r) = 2% — 1.
Let B; denote the total departed bits from the jth user by time slot N. Our aim is
to characterize the mazimum departure region, D(N'), which is the region of (B, By)
the transmitters can depart by time slot N, through a feasible policy. The following

lemmas characterize this region [5].

Lemma 2.7 The mazimum departure region, D(N), is the union of all (B, Bs),
over all feasible policies {p1;, pai } .\, where for any fized power policy, (By, By) sat-

1sfy

N
B; < Zg(pli)
i1
N
By <> g(pa)
i1
N
By + By < Zg(pli + p2i) (2.19)

@
Il
—
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\\(31, By)
!

B,

Figure 2.5: Departure region of a two-user MAC.
Lemma 2.8 D(N) is a convex region.

Each point on the boundary of D(N), see Fig. , can be characterized by
solving a weighted sum rate maximization problem subject to feasibility conditions
. Let pq and po be the non-negative weights for the first and the second user
rates, respectively. Assuming without loss of generality that py > uo, and defining

= M“fm, we then need to solve the following optimization problem:

N N
max Y g(pu) + 1Y 9P+ p2)
’ i=1 i=1

k ko
s.t. Zpli < ZEM, Vk
z:l z:l
me’ < ZE%, vk
i=1 i=1

k k
Zpli + p2i < Z E;, Vk (2.20)
i=1 i=1
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We note that the above problem resembles the one formulated in [20] for a diamond
channel with energy cooperation. First, we state a necessary condition of optimality

for the above problem.

Lemma 2.9 In the optimal solution for , by the end of the transmission pe-
riod, at least one of the following occur: 1) both transmitters consume all of their
harvested energies in transmission, or 2) the receiver consumes all of its harvested

energy in decoding.

Proof: Assume without loss of generality that transmitter 1 does not consume all
of its energies in transmission, and that the receiver also does not consume all of
its energies in decoding. Then, we can always increase the value of p;y until either
transmitter 1 or the receiver consume their energies. This strictly increases the
objective function. W

We decompose the optimization problem into two nested problems.
First, we solve for p, in terms of p;, and then solve for p;. Let us define the

following inner problem:

P2

N
G(p1) £max > g(pui + pai)
i=1

k k
st > pu< Y Qi Vk (2.21)
i=1 i=1
where the modified energy levels (); are defined as follows:

Qi = Mz - Mi*la
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Mi = min {Z Egj, Z Ej _plj} s MO =0 (222)
j=1 j=1

Then, we have the following lemma.

Lemma 2.10 G(p;) is a decreasing concave function in pj.

Proof: G is a decreasing function of p; since the feasible set shrinks with p;. To

(1)

show concavity, let us choose two points p;’ and p§2)

, and take their convex com-
bination p{ = optt + (1-— 9)p§2) for some 0 < 6 < 1. Let pgl) and pg) denote
the solutions of the inner problem at pgl) and p§2), respectively. Now, let
p £ ngl) +(1- Q)pg), and observe that, from the linearity of the constraint set,

p) is feasible with respect to p{. Therefore, we have

N
G (P?) 2 ZQ (p(fz‘ +pgi)
i=1
N
> by (pﬁ) +p$)> +(1—0)g ( 7 +p§f)>
i=1
— 06 (pg”) +(1-0)G (p§2>) (2.23)
where the second inequality follows from the concavity of g. B
We observe that the inner problem (2.21)) is a single-user energy harvesting

maximization problem with fading, whose solution is via directional water-filling of

{Q;}X., over the inverse of the fading levels {1 + p;;}¥, as presented in [3]. Next,
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we solve the outer problem given by:

N
max G (p1) + ) g(pu)
i=1
k k
=1 =1

where we define the water levels T; = L;—L;_;, with L; = min {Z;zl E,j, 23:1 Ej},
and Ly = 0. The minimum is added to ensure the feasibility of the inner problem.
Note that, by Lemmal[2.10] the outer problem is a convex optimization problem [77].
We first note that at the optimal policy, first user’s modified energies {7;} need not
be fully utilized by the end of transmission. This is because the objective function
is not increasing in p;. To this end, we use the iterative water-filling algorithm for
the outer problem proposed in Section to solve this outer problem. Since the
problem is convex, iterations converge to the optimal solution.

Note that the above formulation obtains the dotted points in the curved por-
tion of the departure region in Fig.[2.5] Specific points in the departure region, e.g.,
points 1 and 3 in Fig. , can be found by specific schemes [79], by solving the

problem for the cases p1 = o and pyps = 0.

2.4.2  Successive Cancelation Decoding

We now let the receiver employ successive decoding, where it aims at decoding the
corner points, and then uses time sharing if necessary to achieve the desired rate

pair [46},49]. For instance, if the system is operating at its lower corner point, then
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the receiver first decodes the message of the second user, by treating the first user’s
signal as noise, then decodes the message of the first user, after subtracting the
second user’s signal from its received signal. For p; > ps, we are always at a lower
corner point at every time slot, and therefore the weighted sum rate maximization

problem can be formulated as:

N N
P2
max i)+
max mgg(m) MZ;Q(HW)

k k
s.t. Zpu < ZEM, Vk
=1

i—1
k k
ZP% < ZE% vk
221 z:]l)QA . )
Z-leIHL T S ZIE vk (2.25)

where the last inequality comes from the fact that the receiver is decoding the second
user’s message first by treating the first user’s signal as noise, and thereby spends
1) (g (%)) amount of energy to decode this message, and then spends ¢ (g (p1;))
amount of energy to decode the first user’s message after subtracting the second
user’s signal.

Observe that the last constraint, i.e., the decoding causality constraint, is non-
convex. Therefore, one might need to invoke the time-sharing principle in order to

fully characterize the boundary of the maximum departure region. In terms of the
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rates the problem can be written as:

N N
max E T15 + o E To;
ry,ra

i=1 i=1

k k
s.t. ZQ2TU -1 S Z Eh’, vk
i=1 =1
k k
D omi (22— 1) <Y By, Yk
i=1 =1
k k
ot —2 <N E;, (2.26)
=1 =1

which is a non-convex problem due to the second user’s energy causality constraint.
In fact, the above problem is a signomial program, a generalized form of a geometric
program, where posynomials can have negative coefficients [77]. Next, we use the
idea of successive convex approximation |47] to provide an algorithm that converges
to a local optimal solution.

By applying the change of variables x;; £ 227 —1, j = 1,2, and some algebraic

manipulations:

N

min E t
X1,%x2,t1,t2 1
1=

k k
S.t. Z T1; S Z Eh‘, vk
i=1 i=1
k

k
Z(l +~T1i) Toi < ZEZi, Yk
i=1 i=1

k k
lez‘ + 9 < ZEu vk
i—1 i=1

tli S 1 + T4, \V/’L
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to <14 x9, Vi (2.27)

Now, the problem looks very similar to a geometric program except for the
last two sets of constraints. These constraints are written in the form of a monomial
less than a posynomial, which will not allow us to write the problem in convex
form by the usual geometric programming transformations [77]. We will follow an
approach introduced in [48] in order to iteratively approximate the posynomials on
the right hand side by monomials, and thereby reaching a geometric program that
can be efficiently solved [77]. Approximations should be chosen carefully such that
iterations converge to a local optimum solution of the original problem [47]. Towards

that, we use the arithmetic-geometric mean inequality to write:

142> (é)a (1fa)laéu(x;a) (2.28)

which holds for 0 < a < 1. In particular, equality holds at a point xz;, > 0 if

we choose a = ﬁ Therefore, the monomial function u(x;ay) approximates the

posynomial function 1 4+ z at x = x;. Substituting this approximation, we obtain

that at the k 4 1st iteration, we need to solve the following geometric program:

N

min E t "t
X1,X2,t1,t2 1
1=

k k
s.t. Z 15 S Z Eliu vk
i=1 =1
k

k
Z (14 215) 95 < ZEQZ‘, vk

i=1 i=1
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k k
Zwu + x9; < ZE‘, vk
i1 i1

to;

—— <

5.';) £ Lo j =12 and IL‘(I:) is the solution of the kth iteration. We
1+Ijz‘ J

pick an initial feasible point <x§0), xgo)) and run the iterations. The choice of the

. Vi (2.29)

where «

approximating monomial function u satisfies the conditions of convergence stated
in [47], and therefore, the iterative solution of problem ([2.29)) converges to a point
(x7,x3) that is local optimal for problem ([2.25)). Finally, we get the original power

allocations by substituting pi, = x3;, and ph, = (a3, + 1) z5,.

2.5 Broadcast Channel

We now consider a two-user Gaussian BC with energy harvesting transmitter and
receivers as shown in Fig. 2.6 Energies arrive in amounts FE;, Ey;, and E,;, at the
transmitter, and the receivers 1 and 2, respectively. By superposition coding [49],
the weaker user is required to decode its message while treating the stronger user’s
interference as noise. While the stronger user is required to decode both messages
successively by first decoding the weaker user’s message, and then subtracting it to

decode its own. The receiver noises have variances 1 and o2 > 1.
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Figure 2.6: Two-user BC with energy harvesting transmitter and receivers.

Under a total transmit power P, the capacity region of the Gaussian BC is [49):

1 1 (1-a)P
1 < 5 10g2 (1 + OéP) s 7’2 2 10g2 (1 + m) (230)
working on the boundary of the capacity region we have:
P = (0% —1)2%2 42242 _ 52 & F (1) (2.31)

where F(r1,72) is the minimum power needed by the transmitter to achieve rates r;
and ro. Note that F'is an increasing convex function of both rates.
As in the MAC case, the goal here is to characterize the maximum departure

region:

N N

max MIE 7111+/JJ2§ T2
ry,ra

=1 i=1

k
ZF r].’MTQZ SZE’L) vk
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k
Zﬁb(?"u +79) < ZE”’ Vk

Z¢(T2i) < ZE%, vk (2.32)

where the first constraint in (2.32)) is the source transmission energy causality con-
straint, and second and third constraints are the decoding causality constraints at
the stronger and weaker receivers, respectively. Here also, we take the decoding cost
function ¢ to be ¢(r) = 22" — 1.

By virtue of superposition coding, we see that, in the optimization problem in
, the decoding causality constraint of the stronger user is a function of both
rates intended for the two users, as it is required to decode both messages. While
the decoding causality constraint for the weaker user is a function of its own rate
only. By the convexity of F' and ¢, the maximum departure region is convex, and
thus the weighted sum rate maximization in is sufficient to characterize its
boundary [7]. In addition, the optimization problem in (2.32) is convex [77].

We note that a related problem has been considered in [10], where the authors
characterized transmission completion time minimization policies for a BC setting
with data arrivals during transmission. There, the solution is found by sequentially
solving an equivalent energy consumption minimization problem until convergence.
Their solution is primarily dependent on Newton’s method [77]. Some structural
insights are also presented about the optimal solution. In our setting, we consider
the case with receiver side decoding costs, and generalize the data arrivals concept

by considering the convex function ¢. In addition, our formulation imposes further
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interactions between the strong and the weak user’s data, by allowing a constraint
(strong user’s) that is put on the sum of both rates, instead of on individual rates.

We characterize the solution of the problem according to the relation between
1 and pg as follows. If py > s, then due to the degradedness of the second user,
it is optimal to put all power into the first user’s message. This way, the problem

reduces to a single-user problem:

max E T1i
ry -

sty 2 1<y W, Yk (2.33)
where the modified energy levels {W;} are defined as follows:

Wi=L;— L,

Li = min {Z Ej, Z Elj} 5 LO =0 (234)
7j=1 7j=1

On the other hand, if p; < pe, then we need to investigate the necessary
KKT optimality conditions [77]. We write the Lagrangian for the problem ({2.32)) as

follows:

N N

EZ—MZTU—MZT%

i=1 i=1

N 7
+) N (Z (0 — 1) 222 4 22(riitr2) _ 52 Ej)
=1

j=1
N i
+ Z Vi (Z 92(rij+r2;) _ | _ E1j>
i=1 j=1
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N i
+ Z Vo (Z 2% — 1 — E2j>
i=1

J=1
N

N
- Z M’ — Z 2724 (2-35)
i=1

=1

Taking the derivative with respect to r; and ro; and equating to zero, we obtain:

92(r1itrai) —]’31 i (236)
> =i At 1
g — H2 M + T2 — T (2.37)
> im0 = DA + 1

along with the complementary slackness conditions:

by (Z (0 — 1) 222 4 22(rstr2) _ 52 Ej> =0, Vi

j=1
Vi (Z 92(rij+ra;) _ 1 _ E1j> =0, Vi
j=1
Vo (Z 22T2j —1- E2]> = O, Vi
j=1
miry =0, nNery =0, Vi (2.38)

From here, we state the following lemmas

Lemma 2.11 The sum rate {r}; +r3;} is monotonically increasing.

Proof: We prove this by contradiction. Assume that there exists some time slot k
such that 71 + rop > r1kt1) + T2k11). From (2.36]), since the denominator cannot

increase, the numerator has to decrease for the sum rate to decrease, i.e., . >
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Mk+1) = 0. From complementary slackness, we must have ry;, = 0. Therefore, in
order for the sum rate to decrease we must have ry, > ryx41), which in turn leads
to na, = 0.

From , we know that for the weak user’s rate to decrease, the numerator
has to decrease, i.e., we must have Na41) — Nik41) < Mok — Mik- Since 7y, = 0, this
is equivalent to having nap41) < Miks1) — Mk However, we know from above that
Mk > Mk+1), 1.€., Mok+1) < 0, an obvious contradiction by non-negativity of the

Lagrange multipliers. W

Lemma 2.12 The weak user’s rate {r3,} is monotonically increasing.

Proof: We also prove this by contradiction. Assume that there exists some time slot
k such that rop > 7ro(r41). From , since the denominator cannot increase, the
numerator has to decrease for the weak user’s rate to decrease, i.e., Na41) =N (k+1) <
N2k — k- Let us consider two different cases. First, assume 713, > 91 (k41). Therefore,
we must have ng, > M4y + (mr — nl(k+1)) > 0, and thus, by complementary
slackness, rg;, = 0, and hence, 75,41y cannot be less since it cannot drop below zero.
Now, assume 7y, < 7ix+1). In this case, by complementary slackness, 7i41) =
0. By Lemma we have ri + Top < Totr), €., Togs1) = Tox, Which is a

contradiction. W
With the change of variables: p,; = 22014720 — 1 and py; 2 222 — 1, (2.32)

becomes:

N

max i1 Zg (pei) + (2 — 1) Zg (p2i)

Pt,P2
’ i=1 i=1
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k

k
s.t. Z(O’Q - 1)]?21 +ptz S Z EZ‘, vk

=1 =1

k k
me' < ZEM,
i1 i—1

k k
szi < Z Ey;,
i—1 i—1

Dti = Pai, Vi (2.39)

We now decompose the above problem into an inner and an outer problem
and iterate between them until convergence. First, we fix the value of py, and solve

the following inner problem:

N
H(ps) £ max  } _g(pu)

=1

k
ZpﬁsZVi, Wk
i=1 i=1

pii = pai, Vi (2.40)
where the modified energy levels V; are defined as follows

Vi=B; — B,

_mm{ZEU,ZE U—poJ} By =0 (2.41)

We have the following lemma for this inner problem whose proof is similar to that

of Lemma 2.101

Lemma 2.13 H(ps) is a decreasing concave function in ps.
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We note that the po vector serves as a minimum power constraint to the inner

problem. Let us write the Lagrangian for the inner problem:

L=- Zg(pti) + Z Aj (me' - Z Vi) - Zﬂz‘ (pti — p2i) (2.42)

=1

Taking the derivative with respect to p; and equating to zero, we obtain:

1
= —— — 1 (2.43)
Zj:i Aj =

First, let us examine the necessary conditions for the optimal power to increase,
i.e., pii < pyit1)- This occurs iff A\; + pi41 > p; > 0. Thus, we must either have
A; > 0 which means that, by the complementary slackness, we have to consume all
the available energy by the end of the ith slot. Or, we have p;1; > 0 which means
that pyi+1) = pa@+1)- Next, let us examine the necessary conditions for the optimal
power to decrease, i.e., py > pyi4+1). This occurs iff pi; > A\j+p;41 > 0, and therefore,
we must have p; = po;.

We note from Lemmas and that both {p3;} and {p};} are monotoni-
cally increasing. Therefore, we only focus on fixing an increasing feasible p,. This,

when combined with the above conditions, leads to the following lemma.

Lemma 2.14 For a fized increasing ps, the optimal solution p; of the inner problem

1S also increasing.

Proof: By the KKT conditions stated above, if we have p;; > pyi11), then we must
have py; = p2;. Thus, we will have pyiy1) < pu = p2i < Pa(it1), i-e., the minimum
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Algorithm 1

Initialize the status of each bin S; = V;
Mark bins by their minimum power requirements {py; }
Set k=N
while £ > 1 do

if Sk < Dok then

Pour water into the kth bin from previous bins, in a backward manner,

until equality holds

else
: Do directional water-filling over the current and upcoming bins {k, k +

1,...,N}

9: end if
10: Update the status of each bin
11: k+—k—1
12: end while

N
=1

&

power constraint is not satisfied at the ¢ + 1st slot. W

Therefore, choosing an increasing ps in the outer problem ensures that the
inner problem’s solution p; is also increasing, and thereby, satisfies the conditions of
Lemmas and We solve the inner problem by Algorithm[I] The algorithm’s
main idea is to equalize the powers as much as possible via directional water-filling [3]
while satisfying the minimum power requirements.

Observe that the algorithm gives a feasible power profile; it examines each slot,
and does not move backwards unless the minimum power requirement is satisfied. If
there is an excess energy above the minimum, say at slot k, it performs directional
water-filling which will occur if Sy > Sk41 (let us consider water-filling only over two
bins for simplicity). Since the minimum power requirement vector py is increasing,
after equalizing the energies the updated status will satisfy Sp = Spy1 > Poit1) =
Dok, i.e., the minimum power requirement is always satisfied if directional water-

filling occurs. Also observe that the algorithm cannot give out a decreasing power
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1: Initialization 2: Filling last bin first 3: Filling middle bin 4: Directional water-filling
from first bin

Figure 2.7: Numerical example for the BC inner problem.
profile since ps is increasing.

According to the KKT conditions, the power increases from slot k& to slot k+1
only if pyri+1) = paek+1) or the total energy is consumed by slot k. We see that the
algorithm satisfies this condition. Power increases only if directional water-filling is
not applied at slot k, which means that either some of the water was poured forward
in the previous iteration to satisfy pyx11) = pPa(k+1), or no water was poured which
means that all energy is consumed by slot k.

A numerical example for a three-slot system is shown in Fig. 2.7 The min-
imum power requirements are shown by red dotted lines in each bin. According
to the algorithm, we first initialize by pouring all the amounts of water in their
corresponding bins. We begin by checking the last bin, and we see that it needs
some extra water to satisfy its minimum power requirement. Thus, we pour water
forward from the middle bin until the minimum power requirement of the last bin
is satisfied with equality. This causes a deficiency in the middle bin, and therefore,
we pour water forward from the first bin until the minimum power requirement of
the middle bin is satisfied with equality. Since the problem is feasible, the amount

of water remaining in the first bin should satisfy its minimum power requirement.
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In fact, in this example, there is an excess amount that is therefore used to equalize
the water levels of the first two bins via directional water-filling. This ends the
algorithm and gives the optimum power profile.

We now find the optimum value of ps by solving the following outer problem:

N
max  H (pa) + Y g(p)
=1
k k

st Y pu <Y Ki Yk (2.44)

where p £ m’f}ﬂ, and the modified water levels K; are given by:

Ki=A; — A,

' i B 7 B 1 i
Ai:mln{ZEgj,ZElj,;ZEj}, AO:O (245)
7=1 7=1 j=1

where the extra terms in the A; expression are to ensure feasibility of the inner
problem. By Lemma[2.13] the outer problem is a convex optimization problem [77].
We solve it by an algorithm similar to that of the two-hop network outer problem,
except that we only focus on choosing increasing power vectors ps in each iteration.

By convexity of the problem, the iterations converge to the optimal solution.

2.6 Numerical Results

In this section, we present numerical results for the considered systems models.

We focus on the specific case where g(z) = log(1 + x), and ¢ = ¢g~'. Starting
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Figure 2.8: Departure regions of a MAC with simultaneous and successive cancel-
lation decoding.

with the single-user channel, we consider a five-slot system with energy amounts
of E = [2,2,1,2.5,0.5] at the transmitter, and E = [1,1,0.5,2.5,3] at the re-
ceiver. The optimal rates in this case according to Theorem are given by
r* = [0.6061,0.6061,0.6061, 1.2528,1.3863]. As we see, the rates are non-decreasing,
which is consistent with Lemma [2.T], and they strictly increase only after consuming
all the receiver’s energies in decoding by the end of the third slot, and again by the
end of the fourth one, which is consistent with Lemma [2.2]

In Fig. 2.8 we plot the maximum departure regions for a MAC with simul-
taneous decoding and successive cancellation decoding. We consider a system of
three time slots, during which the nodes harvest the energies: E; = [0.5,1,2],
E; = [1,2,0.5], and E = [1.5,2,0.5]. We observe that the simultaneous decoding
region lies strictly inside the successive decoding region. The latter, given by the ge-

ometric programming framework, is only a local optimal solution; one can therefore

23



—+—No decoding costs
3_5-_ -------- With decoding costs A| |
—<~- With decoding costs B
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Figure 2.9: Departure regions of a BC with and without decoding costs.

achieve even higher rates if a global optimal solution is attained.

Finally, in Fig. 2.9, we provide some simulation results to illustrate the differ-
ence between the departure regions with and without decoding costs for a BC. We
consider a system of three time slots, where the energy profile of the transmitter is
given by E = [5,6,7]. The maximum departure region with no decoding costs is
shown in blue. We vary the energy profiles at the receivers to show the effect of the
decoding costs on the maximum departure region. We start by setting E; = [4, 5, 6],
and E; = [1,2, 3], to get region A in red. Then we lower the values to E; = [3,4, 5],
and E, = [1,1.5,2], to get region B in green. Finally, we lower the values again to
E; = [2,3,4], and E; = [0.5,1,1.5], to get region C in brown. We note that as we
lower the energy profiles at the receivers, the decoding causality constraints become

more binding, and therefore, the region progressively shrinks.
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2.7 Conclusion

In this chapter, we considered decoding costs in energy harvesting communication
networks. In our settings, we assumed that receivers, in addition to transmitters,
rely on energy harvested from nature. Receivers need to spend a decoding power
that is a function of the incoming rate in order to receive their packets. This gave
rise to the decoding causality constraints: receivers cannot spend energy in decoding
prior to harvesting it. We first considered a single-user setting and maximized
the throughput by a given deadline. Next, we considered two-hop networks and
characterized the end-to-end throughput maximizing policies. Then, we considered
two-user MAC and BC settings, with focus on exponential decoding functions, and
characterized the maximum departure regions. In most of the models considered,
we were able to move the receivers’ decoding costs effect back to the transmitters
as generalized data arrivals; transmitters need to adapt their powers (and rates) not
only to their own energies, but to their intended receivers’ energies as well. Such
adaptation is governed by the characteristics of the decoding function.

Throughout this chapter, we only considered receiver decoding costs in our
models without considering transmitter processing costs. On the other hand, other
works have considered the processing costs at the transmitter [24-29] without con-
sidering decoding costs at the receiver. In their models, the transmitter spends a
constant amount of power per unit time whenever it is communicating to account
for circuitry processing; while in our model, the receiver spends a decoding power

which is a function of the incoming data rate. In Chapter [d] we combine the two
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approaches to account for both the processing costs at the transmitter and the

decoding costs at the receiver in a single setting.
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CHAPTER 3

Energy Harvesting Cooperative Multiple Access Channel with

Decoding Costs

3.1 Introduction

In this chapter, we consider an energy harvesting cooperative multiple access channel
with decoding costs, see Fig.[3.1] In this setting, users cooperate at the physical layer
(data cooperation) in order to increase the achievable rates. Data cooperation comes
at the expense of decoding costs: each user spends some amount of its harvested
energy to decode the message of the other user, before forwarding both messages
to the receiver. The decoding power spent is an increasing convex function of the
incoming message rate. We characterize the optimal power scheduling policies that
achieve the boundary of the maximum departure region subject to energy causality

constraints and decoding costs by using a generalized water-filling algorithm.
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Figure 3.1: Energy harvesting cooperative MAC with decoding costs.

3.2 System Model and Problem Formulation

We consider a time-slotted system, where energies arrive in amounts of Ey; and Fs;
at the first and the second user, respectively, in slot . The energy arriving at each
user can be used for transmission, decoding, or can be saved in a battery to be used
in future slots. The users communicate with the receiver over a Gaussian MAC, with
a noise variance o2 > 1 at the receiver. They also overhear each other’s transmission
over stronger links: the channels between the users are assumed to be Gaussian with
unit-variance. In order to make use of the overheard information, the messages are
transmitted to the receiver using block Markov superposition coding [50]. Users 1
and 2 create common information using powers p1o and po1, and convey the created
common information to the receiver using powers p,; and p,s. Since user-receiver
links are weaker than user-user links, direct transmission is not considered [80].
For a given power policy (pi2, po1, Put, Pu2), & rate pair (r1,73) belongs to the

achievable rate region of the cooperative MAC, denoted by Fonrac (P12, D215 Puls Pu2)
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it [50]

1
ry < 5 log (1 + p12) (3.1)
1
rey < 3 log (1 + p21) (3.2)
1 S
T+ 712 < 51082 (;) (3.3)

where S £ 0% 4 p1g + por + (\/W—i— \/@)2 Throughout this chapter, we denote
9(p) = 3log(1+p).

Our goal is to characterize the maximum departure region [5], Foarac, subject
to energy causality constraints and decoding costs at both users. Since Foprac is a

convex region, its boundary can be characterized by solving the following weighted

sum rate maximization problem for all py, s > 0,

N
max E U171 + HaTe;

ry,r2;pi2,p21
Pul;Pu2 =1

s.t. (716, 72:) € Femac (P12is Poiis Putis Puzi) 5 Vi

k k
Zplzz‘ + Puri + (1) < Z By, Vk
i=1 i=1
k k
szli + puzi + ¢(r1) < Z By, Vk
i=1 =1
T'1is T2i5 P12is P21iy Pulis Pu2i = 0 (3.4)
where ¢(r), an increasing convex function in r, is the decoding power (cost) needed

to decode a message of rate r. Therefore, each user needs to adapt its powers (and

rates) to both its own and the other user’s energy arrivals.
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3.3 Properties of the Optimal Policy

We first show that in the cooperative MAC, the optimal rate allocation (r1,73)
can be expressed directly in terms of powers pio and py; used for common message

generation.

Lemma 3.1 There exists an optimal policy for problem where the two inequal-

ities and hold with equality Vi.

Proof: Assume that in the optimal policy does not hold with equality for some
time slot k. Then, we decrease pior and increase p,1x by the same amount, until
holds with equality. This either increases Si, or keeps it constant, hence the
third inequality still holds. The new power allocation is energy feasible. Since the
rate allocation did not change, the newly obtained policy is optimal as well. Similar
arguments follow if the second inequality does not hold with equality. W

We remark here that in the cooperative MAC with no decoding costs [51], the
optimal policy is to send at a rate pair so that as well holds with equality,
or else the rates can be improved [51, Lemma 2]. However this is not necessarily
true in the presence of decoding costs, as increasing one of the user’s rate comes
at the expense of decreasing the other user’s rate, as some of the power used for
transmission needs to be shifted to decoding at the cooperative partner.

In the sequel, we focus on the case of exponential decoding costs. Specifically,

we set ¢ = a - g !, for some decoding power factor a > 0 [81]. By Lemma the
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problem can now be written only in terms of the powers as

N
max Z pg(pizi) + p2g(paii)
P12,P21,Pul,Pu2 i—1
1 S; .
s.t. 9(p12i) + g(pa1i) < 7 log (_2) ;i
2 o
k k
me + puri + apa1; < Z Eri, Yk
i=1 i=1

k k
ZPQM + Du2i + ap12i < Z Ey, Yk
i=1 i=1
P12i5 P21is Putis Pu2i = 0 (3.5)
which is not a convex optimization problem due to the first set of constraints. Next,

we characterize the (local) optimality conditions for problem (3.5)). The Lagrangian

is

N
S
L= <Z p19(Pr2i) + pag(pani > + Z)\ ( 9(p12i) + 9(pa1s) — log (;))

=1
N k
+ Z Y1k (Z P12; + Puti + apPo1; — Z Eli)
k;l zzl z:l
+ Z Y2k (Z P21i + Pu2i + aGP12; — Z E2i>
k=1 i=1 i—1

N
— (Z W1iPuli T WoiPyu2i + MiP12i + 772119211) (3.6)

i=1

where {\;, Y14, Vo, T4, 2i, Wi, Wo; } are non-negative Lagrange multipliers. Differen-

tiating with respect to the powers and equating to zero we get the following KKT
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conditions

N

St anm = LN
- 1k 2k 1 +p12i Sz 147
i . =N M

a = —_ i
- Yok Yik 1+ po; | S, T2

P Duli

Du2i

along with the complementary slackness conditions

A\ (g(pm) +9(p21i) — %lOg <%))

k k
Y1k (Z P12; + Puti + ap21; — Z Eli)
i=1 i=1
k k
Yok (Z DP21; + Pu2i + aP12; — Z E2i) =0,
i=1 i=1

miP12i = 0, Maip21; = 0,

0,

0,

wWiiPuti = 0, waipu2i = 0,

N o\ N
Zm:<1+ ”2’)—+cuu

S;
N
Z’sz: <1+ Dut ) - +wo
k=i Si

Vi

vk

vk

Vi

Vi

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

Note that, for the derivatives in (3.9)) and (3.10]) to be well defined, the cooperative

POWers Py1i, Pu2i Must be non-zero; otherwise the problem formulation needs to be

revisited. Since the case where the users do not send any cooperative codewords

occurs very rarely in practice, in this work, we focus only on policies where p,1; and

Pu2; are positive, i.e., wy; = wy; = 0. We have the following claim regarding the

optimal value of \;.
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Lemma 3.2 The optimal X\; satisfies A; < max{p, p2}.

Proof: First, note that by concavity of the objective function, it is sub-optimal to
move all the energy in slot ¢ forward to future slots. This means that either pio;
or poy; is strictly positive for any ¢. By complementary slackness, this means that

either n1; = 0 or ny; = 0. Without loss of generality, assume 7;; = 0 for some 3.

Substituting (3.9) and (3.10]) into (3.7]), we get

Pu2i \ Ni Duti | ONi pi — A Ai
1+ — 4+ 1+ = + = 3.16
( puli) Si ( pu2z‘) S; 1+piai S ( )

Observe that we always have

Pu2i \ Ni Ai
1 — > — 3.17
( * puli) Si TS ( )
and hence, to satisfy (3.16) we need to have
Duti \ AA; p1— A
0< {1+ < 3.18
( pu2i) Si 1+ pra ( )

which leads to \; < py < max{p, po}. W

Note that if A\; > p; for some 7, then we must have 7;; > 0 so that
is satisfied (after adding 7; to its right hand side). We will use this observation
later in the upcoming proofs. The next lemma shows that we can overcome the

non-convexity issue of problem ([3.5)) by using its relation to problem (3.4)).

Lemma 3.3 Any local optimal point for problem 15 also a local optimal point
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for problem .

Proof: We prove the lemma by showing that any primal and dual variables satisfy-
ing the KKT conditions for problem (3.5)) correspond to those satisfying the KKT

conditions for problem (3.4)). The KKT optimality conditions for (3.4]) are

At + A2 = pa + v (3.19)

Aoi + A12i = pa + o (3.20)
g’hk +avor = 1 ﬂi\l];m' + )\g,jz + M1 (3.21)
Z’hk T Mk = g _;\2;2“ + )\;Z + 12 (3.22)
XN; = (1422 2 (3.23)

wull )\ 12
Z%k—(lﬂ/pl) S (3.24)
k=i Pu2i Sz
along with the complementary slackness conditions

Ali (7"1i - 9(p12i)) =0, W (3-25)

A2i <T2i - 9(1721@)) =0, Vi (3-26)

1 S;
A12i <T1i + 72 — —log ( 2)

(Z P12i + Puti + aP21i — Z Eu) =0, Vk (3.28)
(Z D21i + Du2i + api12i — Z E2z>

mipi2i = 0, Nap21; =0, Vi (3-30)

=0, Vi (3.27)

=0, Vk (3.29)
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Vi1 = 0, V9iT9; = O, \V/Z (331)

Now, consider a KKT point for problem (3.5), i.e., some feasible primal and dual

variables {Pki, Dujis Vi, S\i,ﬁﬂ}, J, k€ {1,2}, j # k, satisfying 1)1' We then

assign the following values for the variables of problem (3.4))

P12i = D12y D21i = D21iy Puli = Dulis Pu2i = Du2i (3~32)

71 = log (14 Pra;) , 720 = log (1 + Pays) (3.33)

Vi = Yiis Y2i = Yai (3.34)
- ~\+ ~\t

A2i = Aiy Ap = (,ul - )\i> , Agi = <u2 - )\i> (3.35)
- + ~ +

Vi = <)\i - #1) y Voi = (Ai - M2> (3.36)

Mmi = i + (Ml - j\z‘)i ; M2i = T2i + <M2 - 5‘i>7 (3.37)

where (-)T = max{0,-} and ()~ = min{0,-}. Using the observation stated right

after Lemma [3.2] we can directly verify that (3.19)-(3.31)) are satisfied using the

above assignments. W

We note that problem is convex, and thus its KKT conditions are also
sufficient for optimality [77]. Therefore, by Lemma , we can optimally solve
problem by characterizing the KKT points of problem (3.5)), which we focus
on in the remainder of this chapter.

A power allocation policy which uses all available energy by the end of the

transmission is called an energy consuming policy. The next lemma shows that, it
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is sufficient to restrict our attention to energy consuming policies.

Lemma 3.4 There exists an optimal policy for problem where both users ex-

haust all their energies, in transmission and decoding, by the end of communication.

Proof: Let one of the users, say user 1, have some leftover energy at the end of
transmission. Then, we can increase p,;n until user 1’s energy is exhausted. This is
feasible, as it increases the right hand side of , and does not change the rates,
and therefore, is optimal. W

Note that is a constraint on the total data rate. When it holds with
equality, the users send at the maximum allowed data rate. We call such policies
data consuming policies. The next lemma shows that it is sufficient to restrict our

attention to policies that are data consuming in the last slot.

Lemma 3.5 There exists an optimal policy for problem that is data consuming

in the last time slot.

Proof: If (3.3]) is not tight in slot N, then we can decrease, say, p,1y until the data
consumption constraint holds with equality in time slot N. This is energy feasible,

and does not change the rates, and therefore, is optimal. W
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3.4 Single Energy Arrival
In this section, we consider the case where each user harvests only one packet of
energy. By Lemma [3.4] both users consume all the available energy, i.e., we have

P12+ apar + put = Er, par 4 api2 + puz = B (3.38)

We now solve the above equations for p1o and po; in terms of the cooperative powers
pu1 and pye, and substitute back in problem (3.5) for the N = 1 case to get the

following reduced problem in terms of the cooperative powerﬂ

max Ey, —aks _ Dur — OPu2 4 Ey —al) _ Pu2 — aPu1
Pul,Pu2 Mlg 1 — CL2 1 - a/2 “29 1 - a2 1 - a2
E, —aEs Pul — Py2 Ey —aE Pu2 — APu1 1 Su
. — — < =1 —
i g( 1 —a? 1—a? t9 1 —a? 1 —a? _2og o2
0<pu<E, 0<ppo<lk
Ey — U
a(By — puz) < By — puy < ——2 ap 2 (3.39)

where the last constraint assures the non-negativity of pio and po;, and the term 5,

is given by

Ey + Ey + apy1 + apyz + 2(1 + a)\/DuiDuz
1+4+a

S, 2o+ (3.40)

We solve the above problem over two stages as follows.

"'Without loss of generality, we focus on the case a < 1 throughout this chapter. Similar analysis
follows for the case a > 1.
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Stage 1: First, we solve a relaxed problem by ignoring the data consumption
constraint. Note that the relaxed problem is a convex problem. To solve it, we
further note that, if the last constraint in problem is not binding, i.e., if both
p12 and po; are strictly positive, then by taking derivative of the objective function
with respect to the cooperative powers, the solution of the relaxed problem is found

by solving the following two linear equations in (py1, pu2)

1 a 1 1
(— + —> Pu2 — (— + —> Pul = C1 (3.41)
ajlz  fi H2

1 1 a 1
(_ + —) Pu2 — (— + —> Pul = C2 (3.42)
M2 Ho  aply

where the constants ¢; and ¢y are given by

_1—a2+E2—aE1 1—a2+E1—aE2

C1 - (343)
aflo H1
1—a’>+E,—al 1—a’>+ FE, —ak
Cy = a“ + Ln arin _ a” + £4 ariy (344)
H2 ap

If (3.41)-(3.42) admit a solution, (py1,Pu2), not satisfying the last constraint in

, then by the concavity of the objective function, the solution is given by pro-
jecting (Py1, Pu2) onto this last constraint set, which will make one of the constraint’s
inequalities hold with equality. Substituting this into the objective function, the re-
laxed problem in this case gets simplified to a one-variable convex optimization
problem that can be solved by first derivative analysis over the feasible region. We
denote the solution of the relaxed problem by (Pu1, Pu2)-

Stage 2: We now check whether (p,1,pu2) satisfies the data consumption
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constraint. Denote the left hand side of the constraint by G (pu1,pu2) and let

If the constraint is not satisfied, then we have

5. = 5],

ﬁul»ﬁuZ)'
1 Sy

Hence, the goal now is to find the closest point (p;,pk,) to (Pu1,Puz) such that
G (i1, pho) = log(Si/o?). Towards that end, we note that 3 log(S,/0?) is in-
creasing in (pu1, pu2), and that G(Ey, E;) = 0. By the concavity of G, the two
functions G(pu1,pu2) and 1log(S,/0?) are guaranteed to intersect at some point
(pky,pEo) > (Dut, Duz). The optimal (pf,, pl,) is the pair at which the intersection of
the two functions yields the maximum value for the objective function.

This concludes our discussion on the single energy arrival scenario. In the
next section, we use this result to extend the analysis to the general multiple energy

arrival scenario.

3.5 Multiple Energy Arrivals

We present an iterative generalized water-filling algorithm that optimally solves
problem for general N. We need to determine the optimal energy distribution
among the slots for each user. We first initialize the energy state vectors S; =
E, and S, = E, and solve for each slot ¢ independently using the results of the
previous section with energies Sy; and Ss;. Next, given the powers in each slot,
we determine \; by solving if p1o; > 0 (and if py;; > 0 we solve a similar

equation with appropriate coefficients). Next, we solve equations ({3.7)-(3.10|) for all
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the remaining Lagrange multipliers treating Zivzz Mk and Eiv:z ~Yor as variables of

their own, because we are solving for each slot independently. Let us define

A 1 A 1
= ) Roi =
Z]kvzi Y1k T a2k Zqu- Yok + aV1k

(3.46)

R1;

We can compute {ky;, fo; }, given the initialization policy. We interpret these
terms as generalized water levels to be equalized to the extent possible among the

slots. We have the following lemma regarding their optimal values.

Lemma 3.6 The optimal generalized water levels {k7,, k3;} for problem are
non-decreasing, and increase synchronously. The latter event occurs only if at least

one user consumes its energy in transmission and decoding.

Proof: The first part follows by noting that due to the non-negativity of the La-
grange multipliers {71;,72;}, the denominators of the water levels in are non-
increasing. For the second part, since a > 0, both denominators decrease from slot
1 to slot ¢ + 1 iff at least v;; > 0 or y9; > 0. This makes both water levels increase
synchronously. Finally, by complementary slackness, if we have 7;; > 0, then user j
consumes its energy in slot i, j =1,2. W

Next, we check if the obtained water levels satisfy the conditions of the previous
lemma. If not, then some energy needs to flow forward until they satisfy these
conditions. However, due to the decoding costs, energy transfer from one user affects
both water levels, and therefore both users’ powers. Hence, we keep record of how

much energy is transferred forward at each user by, e.g., putting measuring meters
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in between the slots of each user [1§]. We start by updating slots 1 and 2, followed
by slots 2 and 3, and so on. If at a given two slots (7,7 + 1) we have ky; > K1(i+1) OT
Kai > Ka(i+1) then energy flows from slot ¢ to ¢+ 1 from either one or both users until
the water levels are equalized. We keep iterating until the conditions of Lemma [3.6
are satisfied for all the slots. During the iterations, energy can be drawn back, using
the values stored in the meters, if this increases the objective function. Iterations
converge to a KKT point of problem , which is, by Lemma , a KKT point

of problem (3.4, and thereby the optimal solution.

3.6 Numerical Results

In this section, we present some simple numerical examples. We consider a five slot
system with energies E; = [5,1,6,2,2] and E; = [2,3,4,3,4] at the first and the
second user, respectively. The receiver noise variance is set to o2 = 1.2.

We solve the problem with different values of decoding costs and plot B; =
ZiN:1 i, the number of total departed bits for user j, in Fig. . For reference, we
plot the case a = 0 studied in [51] that provides the largest departure region, and
also the non-cooperative (direct) MAC departure region studied in [5]. We observe
that the departure region shrinks as we increase the decoding cost. With a = 0.3,
the region is still completely outside the non-cooperative MAC region, showing the
advantage of data cooperation. For the case a = 0.7, the regions intersect, and
not all operating points are better than the non-cooperative MAC. Finally, for a

relatively large a = 2, the departure region is completely inside the non-cooperative
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Figure 3.2: Departure regions for different values of the decoding cost parameter.

MAC region, showing that the users achieve higher rates if they do not cooperate
due to the high decoding costs they incur. Therefore, the results show that it is
not always better to perform data cooperation, but rather it depends on how much
energy each user spends to decode the other user’s message.

We also compute the optimal generalized water levels for a particular operating
point: @ in Fig. for the case of a = 0.3 with u; = ps = 1. Iterations converge
to: Kk} = [4.1,16.3,17.5,17.5,30.7] and K} = [3.1,6.6,7.3,7.3,9.2]. We see that the

water levels are non-decreasing, and increase simultaneously, as stated in Lemma 3.6}

3.7 Conclusion

In this chapter, we considered an energy harvesting cooperative multiple access
channel (MAC) where users cooperate at the physical layer (data cooperation) in

order to increase the achievable rates at the expense of decoding costs; each user
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spends some amount of its harvested energy to decode the message of the other user,
before forwarding both messages to the receiver. We characterized the optimal power
scheduling policies that achieve the boundary of the maximum departure region
subject to energy causality constraints and decoding costs by using a generalized
water-filling algorithm. When considering decoding costs, results show that it is
not always better to perform data cooperation, but rather it depends on how much

energy each user spends to decode the other user’s message.
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CHAPTER 4

Energy Harvesting Two-Way Channels with Decoding and

Processing Costs

4.1 Introduction

In this chapter, we study the effects of decoding and processing costs in an en-
ergy harvesting two-way channel, see Fig. [4.1] We design the optimal offline power
scheduling policies that maximize the sum throughput by a given deadline, subject
to energy causality constraints, decoding causality constraints, and processing costs
at both users. In this system, each user spends energy to transmit data to the
other user, and also to decode data coming from the other user; that is, each user
divides its harvested energy for transmission and reception. Further, each user in-
curs a processing cost per unit time as long as it communicates. The power needed
for decoding the incoming data is modeled as an increasing convex function of the
incoming data rate; and the power needed to be on, i.e., the processing cost, is
modeled to be a constant per unit time. We solve this problem by first considering
the cases with decoding costs only and processing costs only individually. In each

case, we solve the single energy arrival scenario, and then use the solution’s insights
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Figure 4.1: Two-way channel with energy harvesting transceivers.

to provide an iterative algorithm that solves the multiple energy arrivals scenario.
Then, we consider the general case with both decoding and processing costs in a

single setting, and solve it for the most general scenario of multiple energy arrivals.

4.2 The Case with Only Decoding Costs

4.2.1 Single Energy Arrival

In this section, we consider the case where both users have a single energy arrival
each. Users 1 and 2 have F; and Ey amounts of energy available at the beginning of
communication, respectively. Without loss of generality, the communication takes
place over a time slot of unit length. The physical layer is Gaussian with unit-
variance noise at both users. In the full-duplex Gaussian two-way channel, the
sum rate is given by the sum of the single-user rates [49]. Therefore, the rate per
user is the single-user Shannon rate of %log(l + p), where p is the transmit power.
Throughout this chapter, log is the natural logarithm. A receiver decodes a message
of rate r by spending a decoding power ¢(r) that is exponential in the incoming rate,
i.e., ¢(r) = a(e’ + c¢) for some a,b > 0 and ¢ > —1. Throughout this chapter, we

take b = 2 and ¢ = —1 for convenience and mathematical tractability. Without
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loss of generality, any other such exponential decoding power can be handled by
appropriately modifying the incoming energy. Therefore, if the first user transmits
with power p, the incoming rate is %log(l + p), and the second user spends a power
of ap to decode the incoming data. Thus, the throughput maximization problem is

1 1
max log(1 + p1) + 3 log(1 + p2)

p1,p2

st. p1+aps < Ey

p2 +ap1 < Ep (4.1)

where p; and p, are the powers of users 1 and 2, respectively. We assume a # 1, for
if @ = 1, by concavity of the log, the optimal solution will be given by pj = p; =

min{ E, Ey} /2. We have the following lemma regarding this problem.

Lemma 4.1 In the optimal policy, at least one user consumes all of its energy in

transmission and decoding. This is the user with the smaller energy.

Proof: The first part of the lemma follows directly by noting that if neither of the
constraints holds with equality, then we can increase the power (and therefore rate)
of one of the users until one of the constraints becomes tight. Now assume that
E, < E5, but only the second user consumes all of its energy, i.e., p5 + ap] = Ey >

Ey > p} + ap;, which further leads to having

Py <p; ifa<l (4.2)

py>py, ifa>1 (4.3)
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Let us consider the case in (4.2) (similar arguments follow for the case in (4.3))),
choose some € > 0, and define the following new policy: p; = pj + €, P2 = p5 — €.
Since the first user did not consume all of its energy, we can choose € small enough

such that the new policy consumes the following amounts of energy

Do+ apy = py+ap] — (1 —a)e < By (4.4)

P14+ aps =py +ap; + (1 —a)e < By (4.5)

By concavity of the log, this new policy strictly increases the sum rate, and therefore,
the original policy cannot be optimal, i.e., the first user has to consume all of its
energy. l

The above lemma states that, in the presence of decoding costs, one user may
not be able to use up all of its energy. This is because each user now needs to adapt
its power (and rate) to both its own energy and to the energy of the other user,
in order to guarantee decodability. This makes the user with smaller energy be a
bottleneck for the system.

Without loss of generality, we continue assuming F; < F,. Therefore, by
Lemma , we have p} + ap}y = E;. Substituting this condition in (4.1)), we get the

following problem for a < 1

1 1
max - log (14 By — apy) + - log (1 + p2)
p2 2 2

By —aF
st 0<py < 294
1—a?

(4.6)
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Alternatively, we get the following problem for a > 1

1 1 By —
max —log(1+p;)+ - log <1+1—p1>

p1 2 2 a
U,EQ — E1

In both problems, the objective function is concave and the feasible set is
an interval. It then follows that the optimal power can be found via equating the
derivative of the objective function to 0, and projecting the solution onto the feasible

set. For instance, the optimal second user power in problem (4.6)) is given by

% . 1—|—E1—CL + EQ—(IEl
p2:m1n{[ P } T 2 (4.8)

where [z]* = max(z, 0).

4.2.2 Multiple Energy Arrivals

We now consider the case of multiple energy arrivals. Energies arrive at the be-
ginning of time slot ¢ with amounts Ej; and FEs; at the first and the second user,
respectively, ready to be used in the same slot. Unused energies are saved in batter-
ies for later slots. The goal is to maximize the sum throughput by a given deadline

N. The problem becomes

N
1 1
max Z B log (1 +p1;) + 5 log (1 + p2i)

P1,P2
1=
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k

k
s.t. Zpu + apa; < ZEM‘, vk

i=1 i=1

k k
szi +api; < Z Eoi,  Vk (4.9)
i=1 i=1

which is a convex optimization problem [77]. The Lagrangian is

N N

N k k
L—— Z%log(l + p1i) — Z%log(l + p2i) —l-z)qk <Zp1z + apo; — ZEu)
k=1 i=1 =1

i=1 i=1

N k k
+ Z Aok (Z P2 + api; — Z E2i> (4.10)
=1 i1 i1

where {Ajx} and {Ay;} are non-negative Lagrange multipliers associated with the
energy causality constraints of the first and the second user, respectively. KKT

optimality conditions |77] are

1
Y oimi(Aik + adar)
1
P2i = -1, W (4.12)
S (Aak + @A)

along with the complementary slackness conditions

k k
)\lk (Z P1i + apa; — Eli) =0, Vk (413)

i=1 i=1

z k
A2k (Z D2i +ap1i — Z Em’) =0, Vk (4.14)

In the following lemmas, we characterize the properties of the optimal solution

of this problem.
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Lemma 4.2 In the optimal policy, both users’ powers are non-decreasing in time,

i.€., Pi(i+1) = P1i and Pa(ip1) = P2i, Vi.

Proof: The proof follows from ({4.11])-(4.12)) since the denominators are non-negative

and non-increasing as Ay, Ao > 0, Vk. W

Lemma 4.3 In the optimal policy, the power of user j € {1,2} increases in a time
slot only if at least one of the two users consumes all of its available energy in

transmission/decoding in the previous time slot.

Proof: From (4.11)-(4.12)), we see that powers can only increase from slot 7 to slot
1+ 1 if at least A\y; or \o; is strictly positive, or else powers will stay the same.
By complementary slackness conditions in (4.13))-(4.14)), we see that the first (resp.,

second) user’s energies must all be consumed by slot ¢ if A; > 0 (resp., Agy; > 0). B
Lemma 4.4 In the optimal policy, powers of both users increase synchronously.

Proof: Let us assume that we have py; < pi(i4+1). By Lemma , we must have at
least Aj; > 0 or Ay; > 0. This in turn makes ps; < pa(i41) from (4.12)). Similarly, if we
have py; < pa(i+1), then we must also have py; < pi41) from (4.11)). This concludes

the proof. W

4.2.2.1 The Case of Two Arrivals

We now solve the case of two energy arrivals at each user explicitly. We will provide
an iterative algorithm to solve the general multiple energy arrivals case by utilizing
the two-slot solution. In a two-slot setting, it is optimal to have at least one user
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consume all of its energy in the second slot. It is not clear, however, if this is the case
in the first slot. Towards that, we check the feasible energy consumption strategies
and choose the one that gives the maximum sum rate. For each strategy, we find
the optimal residual energy transferred from the first to the second slot for a given
user. We begin by checking a constant-power strategy which, by concavity of the
objective function, is optimal if it is feasible [1]. This occurs when neither user
consumes all of its energy in the first slot, and hence, by Lemma [4.3] the powers
of each user in the two slots are equal, i.e., p1; = pio =S p1, and po; = paoo =S Do.
This leaves us with solving a single-arrival problem, as discussed in Section 4.2.1]
with the average energy F; = w and Fy = w, at the first and the second
user, respectively. There can be four more energy consumption strategies to check
if the above is infeasible. We highlight one of them in the following analysis. The
remaining ones follow similarly.

We consider the strategy in which the first user consumes all of its energy
in the first slot, and the second user consumes all of its energy in the second slot.
The second user may have some residual energy left from the first slot to be used
in the second slot. Denoting this energy residual by r, we have: pi; + aps; = Fiy,
and poy + apyy = FEo1 — r. Solving these two equations for py; and po;, we obtain:
P11 = %ﬁm_r), and pg; = Emzi—;;w“ Since the second user consumes all of
its energy in the second slot we have: poy + apis = FEas + r. Next, we divide the
energy consumption in the second slot between the two users as: p;s = g and
Paa = Eos + 1 — 9, for some § > 0. Finding the optimal sum rate in this strategy

is tantamount to solving for the optimal values of r and §. Thus, problem (4.9) for
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N = 2 in this case can be rewritten as

1 EH—CL(Egl—T) 1 Egl—T—aEu
n}“%x §log(1+ a2 +§log 1+ -
liog (142) 4 Liog (14 B 47— 6)
5 g a 5 g 20 T T
st. 0<Od< FEy+r

En\"
(Em — —) <r < FEy —aky
a

a
1—a?

0 < (E12 —a (E22 + T)) (415)

which is a convex optimization problem in (r,d) [77]. Note that for the above
problem to be feasible, we need to have: FEs; > aFEi;, and Ej5 > aFy. Other
consumption strategies will have similar necessary conditions.

To solve the above problem, we first assume that the Lagrange multiplier
associated with the last constraint is zero, i.e., the constraint is not binding (this is
the energy causality constraint of the first user in the second time slot), and obtain a
solution. The solution is optimal if it satisfies that constraint with strict inequality.

Otherwise, the constraint is binding, and needs to be satisfied with equality. In

1

the latter case, we substitute 0 = ——

(B2 — a(Es + 1)) in the objective function
and solve a problem of only one variable, r, which can be solved by direct first
derivative analysis over the feasible region of r. We now characterize the solution
after removing that last constraint. We define r; = (Egl — %)Jr and o £ Ey —aFyy

for convenience, and introduce the following Lagrangian
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1 EH—CL(EQI—T) 1 Egl—T’—aEH 1 )
= —log |1 — Zlog (1 —Zlog 1+ -
£ zog(+ 1-a? it G g TRl

1
—Elog(1+E22+7’—5)+)\6(5—E22—7”)_7755+)\r(7”—7“1)+77r(7”2—7")

(4.16)

where A5, ns, Ar, and 7, are the non-negative Lagrange multipliers. Taking the

derivatives with respect to d, r, and equating to 0, we get the following

1

= A 4.17
a+5+n5 1+E22—|-7”—5+ b ( )
! + - + = ! + A
1+E22+7’—5 1—G2+E11—CL(E21—T) nr—l—a2+E21—T—CLE11 "
(4.18)
From (4.17)), we solve for § in terms of r as follows
0, a>1+ FEy+r
5(7“) = 1+E222+r—a7 1— (E22 + 7,) <a< 1+ E22 +r (4.19)

EQQ+T, (l<1-(E22+’T‘)
\

Next, we find the optimal value of . For that, we substitute by §(r) in (4.18]).

Assuming that the middle expression in (4.19)) holds, we have

nr+ fi(r) = A\ + fa(r) (4.20)
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where f; and fy are given by

2 a
n 1+E22+(l+7’+1—@2+E11—(ZE21+CL7‘
B 1
N 1—&2—|—E21—(ZE11—7"

fi(r)

(4.21)

fa(r) (4.22)

To solve this, we first assume A, = 1, = 0, and equate both sides of . The
existence of a feasible solution of r in this case depends on the extreme values of f;
and fy. In particular, since fi(r) is decreasing in r, while fy(r) is increasing in r,
the solution exists if and only if fi(r2) < fao(re) and fi(r1) > fa(r1). Note that such
solution can be found, for example, by a bisection search. If this condition is not
satisfied, then one of the Lagrange multipliers (A, 7,) needs to be strictly positive
in order to equate both sides in . In particular, if fi(rq) > fo(rs), then we
need A\, > 0, which implies by complementary slackness that » = r,. On the other
hand, if fi(r1) < fo(r1), then we need 7, > 0, which implies by complementary
slackness that » = r;. After solving for r, we check if it is consistent with the chosen
expression of §(r) by checking the conditions in (4.19)). If not, then we check the
other two cases: 0(r) = 0 and 0(r) = Fas + r, and re-solve for r. The analysis in
these cases follows similarly as above. This concludes the solution of the two-slot
case. In the next section, we use the above analysis to find the optimal solution in

the general case of multiple energy arrivals.
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4.2.2.2 Tterative Solution for the General Case

We solve problem iteratively in a two-slot by two-slot manner, starting from
the last two slots and going backwards. Once we reach the first two slots, we re-
iterate starting from the last two slots, and go backwards again. Iterations stop
if the powers do not change after we reach the first two slots. The details are as
follows.

We first initialize the energy status of each slot of both users by S; = E;
and S, = FE,, where E; and E, are vectors of energy arrivals at user 1 and 2,
respectively, and solve each slot independently, as discussed in Section [£.2.1], to get
an initial feasible power policy {pgo), pgo)}. We then start by examining slots N —1
and N. We solve the throughput maximization problem for these two slots with
energies {51(N_1), SIN} and {SQ(N_l), SQN} at the first and second user, respectively,
as discussed in Section f.2.2.1] After we solve this problem, we update the energy
status vectors S; and S,, and move back one slot to examine slots N — 2 and
N —1. We solve the throughput maximization problem for these two slots using the
updated energy status {Sl(N,g),Sl(N,l)} and {SZ(N,Q),S%N,D} at the first and
second user, respectively. We update the energy status vector after solving this
problem, and continue moving backwards until we solve for slots 1 and 2. After

51), pgl)}, where the superscript stands

that, we get another feasible power policy { p
for the iteration index. We then compare this power policy with the initial one. If

they are the same, we stop. If not, we perform this process again starting from the

last two slots, going backwards, until we get an updated power policy {p§2), péQ)}.
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We stop after the kth iteration if pgk_l) = p} and pgk_l) = ph. Since the sum

throughput can only increase with the iterations, and since it is also upper bounded
due to the energy constraints, the convergence of the above two-slot iterations is
guaranteed.

Next, we check whether the limit point satisfies the KK'T optimality conditions.
Namely, we solve for the Lagrange multipliers in and . If they are all
non-negative, then the KKT conditions are satisfied and, by the convexity of the
problem, the limit point is optimal [77]. If not, then the energy status vectors need
to be updated. This might be the case for instance if while updating some given
two slots, more than necessary amount of energy is transferred forward. While this
may be optimal with respect to these two slots, it does not take into consideration
the energy arrival vectors in the entire IV slots. Therefore, in such cases, we perform
another round of iterations where we take some of the energy back if this increases
the objective function. Taking energy back without violating causality can be done,
e.g., via putting measuring meters in between the slots during the two-slot update
phase to record the amount of energy moving forward [18]. Since the problem
feasibility is maintained with each update, and by the convexity of the problem,
cycling through all the slots infinitely often converges to the optimal policy.

This concludes the discussion of the problem with only decoding costs. In the

next section, we discuss the case with only processing costs.
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4.3 The Case with Only Processing Costs

4.3.1 Single Energy Arrival

In this section, we study the case where each user has only one energy arrival. In this
two-way setting, we incorporate the processing costs into our problem as follows:
each user incurs a processing cost when it is on for either transmitting or receiving
or both. We note that due to the processing costs, it might be optimal for the users
to be turned on for only a portion of the time. In this case, the transmission scheme
becomes bursty [53]. At this point, it is not clear whether it is optimal for the two
users to be fully synchronized, i.e., switch on/off simultaneously. For instance, it
might be the case that the second user’s energy is higher, and therefore it uses the
channel for a larger portion of the time 6y > #;. In this case, the first user stops
transmitting after #; amount of the time, but stays on for an extra 6, — #; amount
of time to receive the rest of the second user’s data. The same argument could hold
for the second user if the first user’s energy is larger. Therefore, for the general case
of 6, # 6, each user stays on for a max{f;, 6>} amount of time. We formulate the

problem as

th 0

— log(1 — log(1

p 0g(1 +p1) + = log(1 + p2)
s.t. (91]31 + max{@l, 92}61 S El
Oapa + max{6;,0s}es < Ey

0<6,0p <1 (4.23)
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where ¢; is the processing cost per unit time for user j, j = 1, 2.

We have the following two lemmas regarding this problem: Lemma states
that both users need to use up all of their available energies. Lemma [4.6|states that
both users need to be fully synchronized, i.e., they need to turn on for exactly the
same duration of time, and turn off together. Hence, whenever a user is turned on,

it both sends and receives data.

Lemma 4.5 In the optimal solution of problem , both wusers exhaust their

available energies.

Proof: This follows by directly noting that if one user does not use all its energy,
then we can increase its power until it does. This strictly increases the objective

function. Wl

Lemma 4.6 In the optimal solution of problem , we have 0] = 03.

Proof: We show this by contradiction. Assume without loss of generality that it is

optimal to have #; < 0. By Lemma 4.5, we have the powers given by

. E1 — 9261 E2

= = — — 4.24
b1 o, ) D2 0, €2 ( )

Therefore, we rewrite problem (4.23)) as

91 E1—¢92€1 82 E2
%11%)2( 510g<1+9—1 —l—;log 1+0—2—€2
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£ B

= ;} assures positivity of powers. Next, we note that the first

where 6,,, = min{1
term in the objective function above is monotonically increasing in #,, and therefore
its value is maximized at the boundary of the feasible set, i.e., at #; = 6, which
gives a contradiction. W

By Lemma , problem (4.23)) now reduces to having only one time variable

9é91:92

0 7
max o log(1+p1) + 3 log(1 + p2)

0,p1,p2

s.t. 9(])1 + 61) S E1

0<6<1 (4.26)

We will solve (4.26)), and its most general multiple energy arrival version, in
the rest of this section. We first note that the problem is non-convex. Applying the

change of variables: p; = Op, ps = Op,, we get the following equivalent problem

0 D1 0 D2
juax S log (1+73) + S og (1+7F)
s.t. ]51 + 961 S El
D2 + Oes < Ey
0<h<1 (4.27)

which is convex, as the objective function is now concave because it is the per-
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spective of a concave function [77], and the constraints are affine in both variables.
Using Lemma .5 we equate the energy constraints and substitute them back in
the objective function to get

0 Ey — 0¢ 0 Ey — Oey
ogolgi)(m 3 log (1 + T) + 3 log (1 + T) (4.28)

where 6, is as in Lemmal[4.6] Note that the objective function in the above problem
is concave since the function xlog(b + ¢/x) is concave in z, for > 0, and for any
real-valued constants b and c. Since the feasible set is an interval, it then follows
that the optimal solution is given by projecting stationary points of the objective

function onto the feasible set. Differentiating, we obtain the following equation in

F1(0) - fo(0) = 7 (4.29)

where the function f;(0), for j = 1,2, is defined as

o el D/ ((E;/0)=(g=1))

fi(0) = E 0 = (6 =) (4.30)

One can show that f;(#) is monotonically increasing in #, for all § feasible. Therefore,
has a unique solution in #, which we denote by 6. Finally, the optimal
(burstiness factor) §* is given by §* = min {,1}.

We note that the value of 8* can be strictly less than 1, which leads to bursty

transmission from the two users. The amount of burstiness depends on the avail-

able energies at both users and their processing costs, the relation among which is
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captured by the functions f; and f5 in (4.29). The two users’ energies and process-
ing costs affect each other; one user having relatively low energy or relatively high
processing cost can decrease the value of 6%, i.e., increase the amount of burstiness
in the channel. Finally, once the optimal #* is found, the optimal powers of the

users are found by substituting * in the energy constraints.

4.3.2 Multiple Energy Arrivals

We now extend our results to the case of multiple energy arrivals. During slot i, the
two users can be turned on for a 6; portion of the time. We argue that the users have
to be synchronized. For if they were not, then given the optimal energy distribution
among the slots, we can synchronize both users in each slot independently, which
gives higher throughput, as discussed in the single energy arrival scenario. Then,

the problem becomes

N
0; 0;
max Z B log(1 + p1;) + B log(1 + pai)

0,p1,p2 P
k k
s.t. Z Qz(plz + 61) S Z Eli; vk
=1 =1
k k
Z 0i(pai + €2) < ZE% vk
=1 =1

0<6;<1, Vi (4.31)
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As we did in the single energy arrival case, we apply the change of variables py; =

0;p1; and po; = 0;po;, Vi, to get the following equivalent convex optimization problem

N _ _
0; D1 0; D2i
—1 14+ — —1 1+ —
0512 ;20g<+91>+20g(+9¢

k k
s.t. Zﬁu + 061 < ZEM7 vk
i1 i—1

k k
Zﬁzi + 0,65 < Z Ey, Vk
i1 i1

P >0, py >0, 0<6;,<1, Wi (4.32)

The Lagrangian for this problem is

N 0. ]5 ) 0. p . N N
(;2 og( +9i>+2 0g< +9¢)> ;771]01 ;Uzm
N J J N J J

+ Z Aj (Z D1 + 0ie1 — Z Eu) + Z A2; (Z Dai + Oi€2 — Z EQZ‘)
j=1 i=1 i=1 j=1 i=1 i=1
N N
i=1 i=1
where A1;, n1i, A2i, Toi, wi, V; are non-negative Lagrange multipliers. Differentiating

with respect to py; and py;, we obtain the following KKT optimality conditions

B ] + B ] +

D1 D2i

o 1 , = — -1 (4.34)
0 ( Z;V:@ A1j ) 0 ( Z;V:z A2j )

along with the usual complementary slackness conditions [77]. The following two

lemmas characterize the optimal power policy for problem (4.32). The proofs follow
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as in Lemmas [£.2) and [4.3] and are omitted for brevity.

Lemma 4.7 In the optimal solution of problem , powers of both users are

non-decreasing over time.

Lemma 4.8 In the optimal solution of problem , if a user’s energy is saved
from one time slot to the next, then the powers spent by this user in the two slots

have to be equal.

Next, we note that the optimal solution of problem is not unique. For
instance, assume that one solution of the problem required some energy to be trans-
ferred from the ith to the (i + 1)st slot at both users, and that the optimal values of
0; and 6, are both less than 1. By Lemma [£.§8] since we transferred some energy
between the two slots, we must have equal powers in both slots. Now, if we transfer
an extra amount of energy between the two slots, this allows us to do the following:
1) decrease the value of §; and increase that of 6,1, and 2) change the value of pj;
and pjgit1), 7 = 1,2, correspondingly so that we obtain the same values of powers
at the two slots as before. This leaves us with the same value for the objective
function, as what we did is that we changed the values of the pre-log factors in a
feasible manner while keeping the values inside the logs as they were. We can keep
doing this until either slot i+ 1 is completely filled, i.e., 8,11 = 1, or all of the energy
is transferred from slot ¢, i.e., 6; = 0.

We coin this type of policies as deferred policies; no new time slots are opened
unless all time slots in the future are completely filled, i.e., 0 < 6; < 1 iff 6, = 1,
Vk=i+1,...,N. Consequently, {6;}~, will be non-decreasing. There can only be
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one unique optimal deferred policy for problem (4.32)). In the sequel, we determine

that policy.

4.3.2.1 Optimal Deferred Policy

Finding the optimal deferred policy relies on the fact that, by energy causality, ener-
gies can only be used after they have been harvested. To this end, we begin from the
last slot, and make sure that it is completely filled, i.e., it has no burstiness, before
opening up a previous slot. We apply a modified version of the single energy arrival
result iteratively in a backward manner through two main phases: 1) deferring, and
2) refinement. These are illustrated as follows.

We first start by the deferring phase. The goal of this phase is to determine an
initial feasible deferred policy. In the refinement phase, the optimality of such policy
is investigated. We first initialize the energy status of each slot of both users by
S: = E; and S5 = E,, and start from the last slot and move backwards. In the kth
slot, we start by examining the use of the kth slot energies in the kth slot only. This
is done using the results of the single energy arrival . If the resulting 6, < 1,
then we transfer some energy from previous slots forward to the kth slot until either
it is completely filled, i.e., 8, = 1, or all previous slots’ energies are exhausted. We
test the possibility of the former condition by moving all energy from a previous slot
[ < k, and re-solving for 0. If the result is unity, then the energies of slot [ can for
sure fill out slot k. Next, we show how much energy is actually needed to do so.

We have two conditions to satisfy: 1) 6, = 1, and 2) powers of user j in slots [
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and £ are equal, pj; = pji = pg, if user j transfers energy from slot [ to k (according
to Lemma . Let us denote the burstiness in slot [ by 6’. Hence, if both users

transfer energy, the optimal policy is found by solving the following problem

/ /

max log(1 + pi) +
¢’,p7,ph 2

log(1 + p5)
st. (1+6)(p, +e)=5u+ S
(1+6)(ph + €2) = S + So

0<6 <1 (4.35)

Following the same analysis as in the single energy arrival case, we solve

HOA+0)-f(1+0)=e" (4.36)

On the other hand, if only the first user transfers energy, the optimal policy is found
by replacing the second constraint in problem (4.35)) by €'(py + €2) = Sy, where

Par = Sop, — €5 in this case. This gives the following to solve for 6’

A+ fo(0)=e? (4.37)

Similarly, if the transfer is done only from the second user we solve

) fo(1+0)=e? (4.38)
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In all the three cases of energy transfer above, the equations to solve have an in-
creasing left hand side, and hence a unique solution. Finally, the optimal policy
is the one that gives the maximum sum throughput among the feasible ones. It is
worth noting that, by the concavity of the objective function, transferring energy
from both users is optimal if feasible, since it equalizes arguments (powers) of a
concave objective function [1].

If the initially resulting 6, = 1 in the kth slot, we do directional water-filling
over the future slots, which gives the optimal sum rate [3]. Next, we check if energy
should be transferred from a previous slot [ from the first, second, or both users,
in exactly the same way as above, i.e., by solving —. If energy transfer
(from either or both users) is feasible and gives a higher objective function, we do
directional water-filling again from slot k over future slots, followed by repeating
the above energy transfer checks once more. These inner iterations stop if either no
energy transfer occurs, or no directional water-filling occurs. The deferring phase
ends after examining the first slot. During this phase, we record how much energy
is being moved forward to fill up future slots. Meters are put in between slots for
that purpose.

In the refinement phase, the goal is to check whether the currently reached
energy distribution is optimal. One reason it might not be optimal is that during the
deferring phase, some excess amounts of energy can be transferred from, e.g., slot
k forward unnecessarily without taking into account the energies available before
slot k. We check the optimality of the deferring phase policy by performing two-
slot updates starting from the last two slots going backwards. During the updates,
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Algorithm 2 Optimal deferred policy

Phase 1: Deferring

1: SetSlel,ngEQ,mlzmgzﬂ,andk:N
2: while £ > 1 do
3: Using energies {S1x, Sor }, solve for ) using (4.29)

4: if 9, < 1 then

5: repeat

6: Transfer all energy from slot £ — [ to slot k

7: Re-solve for ), using

8: if Slot k is completely filled then

9: Find energy needed to fill it using (4.36)-(4.38)
10: else [« min{l+1,k—1}

11: end if

12: until 0, = 1, or all previous energies are exhausted
13: else

14: repeat

15: Directional water-filling over slots {k,..., N}
16: Check for energy transfer using —

17: until No water-filling or energy transfer occur

18: end if

19: Update the energy status values S} and S,
20: Update the meters’ values m; and m,

21: k—k—1
22: end while

Phase 2: Refinement

23: repeat

24: for k=0: N—-2do

25: Update the energy status of slots (N — k — 1, N — k) taking energy back
if needed

26: end for

27: until Meters’ values m; and my do not change
28: p} = S1, and p; = S,.
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energy can be drawn back from future slots if this increases the objective function
as long as it does not violate causality. This can be done by checking the values
stored in the meters in between the slots. See [82] for details on how to update a
given two slots. We summarize the steps of finding the optimal solution discussed

in this section in Algorithm 2]

4.4 Decoding and Processing Costs Combined

We have thus far considered throughput maximizing policies for two-way channels
with either decoding or processing costs. In this section, we study the general setting
with both decoding and processing costs. In this setup, user j spends a decoding
cost whenever it is receiving the other user’s message, and in addition to that, it
incurs a processing cost per unit time €; whenever it is operating. We allow user j
to transmit for a ; portion of the time, and formulate the general problem where

0, can be different than 65 as follows

N
ng;;x Z 71 log (1 + p1i) + 72 log (1 + poy;)
’ i=1

k k
s.t. Z 01ip1i + O2;ape; + max (6, 02;)er < Z Ey;, Vk

=1 =1

k k
Z Oaip2i + O1;ap1; + max(6y;, 02;)ex < Z FEoy, Vk
i=1 i=1

0<fy,60y <1, Vi (4.39)

Note that the above problem is a generalization of the problems considered in
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Sections and [£.3] On one hand, if we set a = 0, i.e., do not consider decoding
costs, we get back to problem (4.31]), after applying the synchronization argument
to get 01; = 09;, Vi. On the other hand, setting ¢; = €5 = 0, i.e., not considering

processing costs, and applying the change of variables p; = 0ip;, j = 1,2, we get

N
01 D1 B2; D2i
r%%x 2710g (1—1— 9_12) + 710g (1+ .

k k
S.t. Zﬁli + apy; < Z Ey, VEk
i=1 =1

k k
Zﬁ% +apy < Z Eai, Vk
i=1 i=1

0<0y,0, <1, Vi (4.40)

It is direct to see that the objective function is increasing in 6,605, and therefore
the maximum is attained at 8] = 6, = 1, i.e., we get back to problem (4.9). We

solve problem (4.39) in the remainder of this chapter.

4.4.1 Single Energy Arrival

We first consider the case where each user harvests only one energy packet. Note
that (4.39)) is not a convex optimization problem. We apply the change of variables

pj £ ejpj7 j = 1727 to get

01 D1 0o D2
—1 14+ — —1 1+ =
91,19121%)1(,252 2 ©8 ( + (91 + 2 08 + 92

s.t. }31 + aﬁg + max(@l, 92)61 S E1
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D2 + ap; + max(6y, 6;)es < Fy

0<6,0,<1 (4.41)

which is now a convex optimization problem [77]. Next, we have the following

lemma.
Lemma 4.9 In the optimal solution of problem , 07 =03,

Proof: Assume, e.g., 07 < 6. Setting 6, = 0; is always feasible since the feasible
set is only affected by the maximum of the 6; and 6. This strictly increases the
objective function since it is monotonically increasing in ¢;. W

Lemma shows that it is optimal for the two users to be fully synchronized;
they turn on, exchange information, and then turn off simultaneously, similar to
what Lemma states in the scenario with no decoding costs. This reduces the

problem to the following

012%2 glog (1 + %) + glog <1 + %)
s.t. pr+apy +0e; < Ey
D2 + apy + Oey < Ey
0<0<1 (4.42)

We have the following lemma regarding this problem, whose proof is similar to that

of Lemma [4.1]
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Lemma 4.10 In the optimal solution of problem , at least one user consumes

all its energy.

Next, we solve (4.42)) for the case a = 1. By the previous lemma, we have
Pt + p5 = min{ £y — 0%¢;, Fy — 0%€3}, and by concavity of the objective function, we
further have pj = p5. Substituting the powers back in the objective function, we get

a reduced problem in only one variable 6

% (4.43)

max Qlog <1 i min{E1 — 9617 E2 — 962})
0<0<0m

761762

where 6,, £ min {1 5 @} assures the positivity of the powers. Note that by

monotonicity of the log, and non-negativity of 6, we have

min{E1 — 961, E2 — 962}
20

. . E1 — 061 E2 — ‘962

It is direct to show that each of the terms inside the minimum expression on the

0 log (1—1—

right hand side of the above equation is concave in #, and therefore the minimum
of the two is also concave in 6 [77]. Hence, problem (4.43) is a convex optimization
problem [77]. Let us define § £ %%EE; as the value of 8 at which E; —f0e; = Ey —0Oe,.
We now consider two different cases.

The first case is when 6 ¢ [0, 6,,,], then the minimum expression in the objective

function reduces to only one of its two terms for all 6 feasible. Let us assume without
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loss of generality that it is equal to E; — fe;. Hence, taking the derivative of the

objective function and setting it to 0, we solve the following for

€1 El E1/29
1 1———— ) = 4.4
Og( 2 29) 1— /2 + E,/20 (4.45)

The above equation has a unique solution since both sides are monotone in 6; the
term on the left is higher than the term on the right as € approaches 0; and is lower
than the term on the right as 6 approaches ]f—ll We denote this unique solution by
6. We note that in this problem, we always have 8* > 0; we also have 8* = 6,, only
if 6,, = 1, or else the throughput is zero. Thus, if 8,, < 1, then g is always feasible
and 6% = 6. While if 6,, = 1, then 6 might not be feasible, and therefore in general
we have 6* = min{f, 1}. This concludes the first case.

The second case is when 6 € [0,6,,]. In this case, depending on the sign of
€1 — €2, the minimum expression in the objective function is given by one term in the
interval [0, 0] (let us assume it to be E; —fe; without loss of generality), and is given
by the other term (E, — fe;) in the interval [0,6,,]. We solve the problem in this
case sequentially as follows: We solve for f; and compute 07 = min{f;,1}.

If 67 is less than § then, by concavity of the objective function, it is the optimal

solution. Else, if #7 > @, we solve the following equation

€2 Ey EQ/QQ
1 1——= - =)= 4.4
°8 ( 2 29) 1— /2 + Ey/20 (4.46)
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for 6y and compute 05 = min{éz, 1}, which will now be no less than @, and is equal
to the optimal solution. We finally note that 8* = @ iff 07 = 65 = 0. This concludes
the second case.

Next, we discuss the case a < 1 (similar arguments follow for the case a > 1,
and are omitted for brevity). We have the following lemma in this case, whose proof

is similar to that of Lemma [4.1]

Lemma 4.11 If the energies and processing costs are such that E; — ey is less
(resp., larger) than Ey — Oey for all 0 feasible, then the first (resp., second) user

consumes all its energy.

We solve the problem by assuming the situation of the above lemma is true,
i.e., one user is energy tight for all # feasible. If this is not the case, then as we did in
the a = 1 case above, we solve the problem twice assuming one user is tight at each
time, and check which is feasible (or equivalently pick the solution with higher sum
throughput). Thus, without loss of generality, we assume the first user consumes
all its energy, i.e., we have p; = Fy — fe; — aps. Substituting this in problem (4.42]),

we get the following

0 Ey —0e; — apy 7 D2
P §log(“ 6 +alos(1+7)
E, -0
st 0<py< 7
a
]32 S E2 — CLE; — 9(262 — (161)
—a
0<0<0, (4.47)
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where the upper bound in the first constraint assures the non-negativity of the first
user’s power. We note that if p € {0, ElfTe*“}, i.e., if either of the two users is not
transmitting, the problem reduces to the following in terms of only one variable

0 E1 — 961
R log (1 + T) (4.48)

which can be solved in a similar manner as we solved problem (4.43]). On the other
hand, if the third constraint is tight, i.e., if the second user also consumes all its

energy, the problem becomes

0 <1+ EQ—CZEl —(9(62—@61)) 0 <1+ E1 —GE2—9(€1 —CLEQ))

21 —1
bievss, 20 (1—a2)0 tges (1—a®)0

(4.49)

where 0, and 0,, are such that E; — aFy > 0(e1 — aez) and Ey — aFEy > 0(ea — aey),
i.e., to assure non-negativity of powers. Note that the objective function in the
above problem is concave. Hence, following a Lagrangian approach [77], we solve

the following for 6

f1(0) - f2(0) = e7* (4.50)

where f;(8), j = 1,2 is defined as

- g A e(éj—l)/((Ej/e)—(Ej—l) LAl
1O = e~ - (451)
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with Ej = E; —aF), and ¢€; = €j — ae, j # k. We note that the above equation is
similar to , in the case with only processing costs. It can be shown by simple
first derivative analysis that f; and f» are both increasing in 6, and therefore
has a unique solution. Let us denote such solution by 6. Finally, by concavity of
the objective function, the optimal #* in this case is given by projecting 8 onto the
feasible set {0 : 6, < 0 < 6,,} [77].

Now that we know how to solve problem (4.47) when either of the first two
constraints is tight, we proceed to solve the problem in general as follows. We
first solve the problem assuming pj is an interior point, i.e., neither of the first two
constraints is tight. If the solution in this case is feasible, then it is optimal. Else,

by concavity of the objective function, we project the solution onto the feasible set

1—a?

{152 10 < p2 < min {Eff“ | Bz—aB1—b(cy—ac1) }} In case Py is given by the upper limit

in this feasible set, we solve the problem twice assuming the minimum expression is

given by one of its terms in each, and pick the one with higher throughput.
Finally, it remains to present the interior point solution. We introduce the

following Lagrangian for the problem in this case

0 E, —0e; — apy 6 D2
L=- log(l—i- 7 )—zlog(1+9>+w(9—9m) (4.52)

Taking the derivative with respect to p, and # and equating to 0, we get the following

E, — ap
pz):1_61+1—m

a (1 +2 ; (4.53)
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+ w

log (1+22) +1og (1 ot E—_ap> _ D/t (Ey — apy) /9

9 _14—]52/9 1—61+(E1—&]52)/9
(4.54)

substituting the first equation in the second, and denoting y = 1+ p5/6, we further

get

log(y) = 1 — %log(a) 50+ (1y— e1)/a)

+ w/2 (4.55)

which has a unique solution, y*, for y > 1. If w* > 0, then by complementary
slackness, 0* = 0,,, and p} is found by substituting in (4.53)), else if w* = 0, then 6*
is found by substituting y* also in (4.53)). By that, we conclude our analysis of the

single arrival case.

4.4.2 Multiple Energy Arrivals

In this section, we study the multiple energy arrival problem. Following the same

synchronization argument as in Section m, problem (4.39)) reduces to

N 0. Ij N 0. p
Slog (1+70 )+ Zlog (142
s ;zog( ") Z;zog( ’
k k
s.t. Zﬁu’ + apg; + 061 < ZEM, vk
i=1 =1

k k
Zin + apy; + biex < Z Ey, Vk
i=1 i=1

0<6,<1, Vi (4.56)
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which is a convex optimization problem [77|. The Lagrangian is

N N
91 P1i 02 D2
51g<1+6—1>—;§log(1+—) Zw19—1 ;m@-

N
)
2;1 ) \
+ Z 1k (Z P1i + apa; + i€ — Z Eu)
k;l 'k ;
Z A2k (ZP% + apy; + Oiea — Z Em) (4.57)

=1 =

Taking the derivative with respect to py; and po; and equating to 0 we get

_l’_
D1 1
— = -1 4.58
Qi <Z]kvzz )\1]<; + CL)\gk ) ( )

_l’_
D2 1
— = -1 4.59
Qz' (Z]va:z )\gk + CL)\lk; ) ( )

along with the complementary slackness conditions [77]. Therefore, we have the

following lemma for this problem. The proof follows using similar arguments as in

Lemmas [4.2] [4.3] and [4.4]

Lemma 4.12 In the optimal policy of problem , the powers of both users are
non-decreasing; increase only if at least one user consumes all energy; and increase

synchronously.

We note that, as discussed in Section the optimal policy for problem
(4.56) is not unique. Using similar arguments, any optimal policy can be transferred
into a (unique) deferred policy. Hence, in the remainder of this chapter, we find

the optimal deferred policy for problem (4.56]). We present an algorithm that is a
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combination of the ideas used in Sections 4.2 and 1.3 as follows.

We start by a deferring phase similar to the one discussed in Section [£.3.2.1]
We highlight the main differences in the following. First, to determine how much
energy is needed to be transferred to fill a given slot k from a previous slot [, we
assume that both users transfer energy, and similar to problem (4.35]), we solve the

following single energy arrival problem

1+6 D1 1+0 D2
1 1 1 1
opips 2 (%< +1+9)+ 2 ‘%( 10
st. pr+apy+ (14 0)e < Sy + Sk

D2+ apy + (1 4 0)ea < Sy + Sap

0<6<1 (4.60)

After solving this problem, we set 0,1 = 0%, and pj—1) = pjr = (1+6°)p;, j = 1,2.
The resulting policy is optimal if feasible since it equalizes powers [1]. If not, then
we need to check the other ways of transfer, namely, transferring from the first user
only, or from the second user only. We also need to assume an energy consumption
strategy in slot k, i.e., which user consumes all its energy. We solve for all possible
strategies, and pick the one with maximum sum throughput among the feasible
ones. We highlight the solution of one energy consumption strategy in the following
discussion. The rest follows similarly.

We discuss the strategy of transferring energy only from the second user in

slot [, and that the second user consumes all its energy in slot k. Towards that end,
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we first fix 6§, = 0, and then, as discussed in Section [4.2.2] we solve the following

equivalent problem in (r,¢)

1 Sll — (ISQ[ — 9(61 — (162) + ar 1 )
-1 1 -1 1+ -
Hi%x 2 og( + 0(1 —a?) +2 ©8 +a

Sgl — aSu — 9(62 — ael) - T
0(1 —a?)

1 1
+§log(1+ )+§log(1~|—52k;+7“—5)

st. 0<0< 8y, —€r+r

’ Z (GSQI — Sll + 6(61 - a62>>+

a

r < min { Sy, Sy — aSy — 0(ea — aey)}

a
§ <
—1—a?

(Slk — CLSQk — (61 — CLEQ) — (17’) (461)

We note that the above problem is exactly the same as problem if we set
0 =1, and ¢ = e5 = 0. With processing costs, the problem can be solved similarly.
We solve the above problem for all given 6 and do a one dimensional line search to
find the optimal 6;.

By the end of the deferring phase above, there will exist a time slot k*, after
which all time slots are completely filled, and before which all time slots are empty,
i.e., we will have 6, = 1, VI > k*; 6, = 0, VI < k*; and 0 < 1. We can now focus
on the non-empty time slots £*, ..., N. Each will have a certain energy distribution
{S;i}¥,., 7 = 1,2, from the deferring phase. We also record the amount of energy
transferred to future slots in meters as we did in Section [4.2.2] Next, we check
if such energy distributions need improvement. We note that if 6y« = 1, then the

problem becomes a decoding cost problem that can be solved iteratively as discussed
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in Section with equivalent energies: {S;; — €}V, 7 = 1,20 If O < 1,
however, then as we reach slots {k*, k* 4+ 1} in the two-slot updates, we update the
distributions by finding the best energy transfer strategy, i.e., transfer from only
one or both users, as discussed in problems and . [terations converge

to the optimal solution.

4.5 Numerical Results

4.5.1 Deterministic Arrivals

In this section we present numerical examples to further illustrate our results. We
begin by the building blocks of the proposed algorithms; two-slot systems. We start
with the case with only decoding costs and consider a system with energies E; =
[0.5,3.5] and Ey = [1,1.5]. The decoding power factor is equal to a = 0.5. We first
solve for each slot independently using the single arrival result to get p; = [0, 1] and
P2 = [0.33,1.33]. Then, we find the optimal solution as discussed in Section 4.2.2.1]
First, we check the constant-power strategy, where neither user consumes its energy
in the first slot, and solve a single arrival problem with average energy arrivals
E, =2 and B, = 1.25 to get p; = 1.75 and P, = 0.375, which are found infeasible.
Thus, we move to check the second consumption strategy: the first user consumes
all energy in the first slot while the second user consumes all energy in the second
slot, i.e., we solve problem (4.15). We first remove the last constraint, and take

o(r) = HE2H=¢ the middle term of (4.19)), and solve for r using (4.20]). This gives

r = 0.55, which satisfies the middle constraint in (4.19)), thus the assumed 0(r) is
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User 1 User 2 User 1 User 2
0.5 3.5 1 1.5 0.5 3.5 1 1.5

Single-slot policy Optimal policy

Figure 4.2: Two-slot system with only decoding costs.

correct, and gives § = 1.27. Finally, we check the relaxed (last) constraint of ;
we find that it is satisfied with strict inequality. Therefore, (r* = 0.55,0* = 1.27) is
the optimal solution for this consumption strategy. The corresponding powers are
given by p; = [0.36,2.55] and ps = [0.26,0.77]. Next, we check the other strategies.
Among the feasible ones, we find that the maximum throughput is given by that
of the second strategy above, and is therefore the optimal solution of this two-slot
system. In Fig. [4.2] we show the single-slot solution on the left and the optimal
solution on the right of the figure. The height of the water in blue represents the
power level of a user in a given slot. We note that the first user’s optimal power
in the first slot is larger than the corresponding single-slot power allocation. That
is because the second user’s optimal power is smaller than the single-slot power
allocation, which gives more room for the first user to transmit. This shows how
decoding costs closely couple the performance of the two users.

Next, we consider the case with only processing costs, with energies E; =
[0.5,1] and Ey = [1, 1], and processing costs €; = 0.5 and e; = 0.4. In Fig. we
present one feasible, and two optimal, power policies. The height of the water levels

in blue represents the actual transmit powers {py;, pe;}, while the width represents
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User 1 User 2 User 1 User 2 User 1 User 2
0.5 1 1 1 0.5 1 1 1 0.5 1 1 1

Single-slot policy ~ -------- - Deferred policy - -+ Non-deferred policy

Figure 4.3: Optimal deferred policy in a two-slot system with only processing costs.

the burstiness {6;}, for i = 1,2. On the left, we solve for each slot independently
using the single arrival result. This gives a non-deferred policy with 8 = [0.47,0.65],
p1 = [0.57,1.04], po = [1.75,1.14], and a sum throughput equal to 0.541. We then
transfer all the energy from the 1st to the 2nd slot and re-solve for 6 using ([4.29).
The result is 65 = 1, which means that the 1st slot’s energies are capable of totally
filling the 2nd slot. We therefore compute the exact amount needed to do so by
setting #; = 1 and solving for 6; = @ assuming both users transfer energy, i.e.,
using (4.36). This gives 6; = 0.122, p; = [0.84,0.84], p; = [1.39,1.39], and a
sum throughput equal to 1.656. This transfer strategy is found feasible, and hence
optimal. We show the optimal deferred policy at the middle of Fig. [£.3] Finally,
on the right of Fig. [4.3] we show another optimal, yet non-deferred, power policy.
This is simply done by shifting some of the water back, in a feasible manner, from
slot 2 to slot 1. Namely, we increase the value of #; to 0.35 and decrease that of 6,
to 0.772, with the same transmit powers. This is a feasible non-deferred policy, and
gives the same objective function of 1.656. This shows the non-uniqueness of the
solution of problem (4.32)).
We now solve a more involved four-slot system with energies Ey = [0.9,0.1, 3,0.8]

and Ey = [0.8,1.5,2,2]. Here we consider both decoding and processing costs with
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User 1 User 2
0.9 0.1 3 0.8 0.8 1.5 2 2

Figure 4.4: Optimal policy in a four-slot system with both decoding and processing
costs.

parameters a = 0.7, ¢ = 0.3, and e5 = 0.6. We begin by the initialization step;
filling up later slots first in a backward manner. This leaves us with an energy
distribution of S; = [0, 1,1.7788,2.021] and Sy = [0,0.936, 3.236, 2.128] at the first
and the second user, respectively. We then begin the two-slot updates to check
whether the given distributions need improvement. With the possibility of draw-
ing back energy as feasible as imposed by the meters put between slots, our algo-
rithm converges to the optimal solution in 8 iterations. The optimal powers are
given by p; = [0,0.3585,0.65,0.65], p5 = [0,0.9407,1.357,1.357], and the deferred
burstiness is given by 6* = [0,0.76, 1,1]. We see that the optimal powers are non-
decreasing, and increase synchronously, as stated in Lemma , and that {67}
is non-decreasing, which is an attribute of a deferred policy. The optimal pol-
icy is shown in Fig. [£.4] Next, we remove the decoding costs and solve the same
problem with only processing costs as discussed in Section [£.3.2] We reach the op-
timal deferred policy after 5 iterations, which is given by p} = [0.67,0.67,1.6, 1.6],
py = [1.47,1.47,1.47,1.47], and 6* = [0.033,1,1,1]. We notice that the first time
slot is utilized in this case, when the decoding costs are removed. Finally, we remove
the processing costs and solve the same problem with only decoding costs as dis-

cussed in Section After 7 iterations, we get the optimal p} = [0.1,0.1,0.8,0.8]
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Figure 4.5: Effect of processing and decoding costs on the sum rate in a five-slot
system.

and pj = [0.57,0.57,1.57, 1.57].

In Fig. we show the effect of decoding and processing costs on the sum
rate. We consider a five-slot system with E, = [2,3,1,1,5] and E, = [4,2,2,3,3].
Initially we set a = 0.7, ¢, = 0.8, and e; = 0.5. We then vary one parameter and
fix the rest, and observe how it affects the sum rate. As expected, adding costs
decreases the achievable throughput as we see from the figure. We also note that
the sum rate is almost constant for initial small values of €,. That is due to the fact
that the second user’s processing costs are not the bottleneck to the system in this
range. In fact, the first user is the bottleneck in this range. This shows how the

two users are strongly coupled in this two-way setting with decoding and processing

costs.
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Figure 4.6: Comparison of an online best effort scheme and the optimal offline
scheme.

4.5.2 Stochastic Arrivals

We now discuss online scenarios where energy is known causally after being har-
vested, while only its statistics is known a priori. We present a best effort online
scheme to compare with our optimal offline solution. Namely, we assume that the
energy harvesting process is i.i.d. with mean p, and that in time slot ¢, the jth
user energy consumption is bounded by min{bj;, #}, where b;; is the battery state
of user j in slot ¢, capturing the energy arrival at slot ¢, F;;, and the residual from
previous slots, if any. This scheme decouples the multiple arrival problem into N
single arrival problems that can be solved as discussed in Section 4.4.1] without vi-
olating the causal knowledge of the energy arrival information. In Fig. [£.6] we plot
the average throughput of this online policy for different time slots, and compare it

with the optimal offline policy discussed in Section |4.4.2] Energies follow a uniform
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distribution on [0, 3], processing costs are ¢; = 0.8 and e; = 0.5, and the decoding
cost factor is @ = 0.7. We run the simulations multiple times for every time slot and
take the average, and then plot the sum rate divided by the number of time slots.
We see from the figure that as the number of time slots increases, the gap between
the online and the offline throughputs increases, and then converges to a constant
value. This is due to the fact that in this best effort policy the problem is decoupled
as discussed above, and the optimal energy distribution among the slots is no longer
achieved, and therefore, the loss of optimality increases with the increase in the
number of slots. However, as N grows large, and since we are using i.i.d. arrivals,
the best effort policy’s loss with respect to the optimal offline one converges to a

constant value.

4.6 Conclusion

In this chapter, we designed throughput-optimal offline power scheduling policies in
an energy harvesting two-way channel where users incur decoding and processing
costs. Each user spends a decoding power that is an exponential function of the
incoming rate, and in addition, incurs a constant processing power as long is it is
communicating. We first studied the case with only decoding costs, followed by
that with only processing costs. We then formulated the general problem with both
decoding and processing costs in a single setting, and provided an iterative algorithm
to find the optimal power policy in this case using insights from the solutions of the

case with only decoding and only processing costs.
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CHAPTER 5

Online Fixed Fraction Policies in Energy Harvesting Com-

munication Systems

5.1 Introduction

In this chapter, we consider power scheduling policies for single-user energy harvest-
ing communication systems, where the goal is to characterize online policies that
maximize the long term average utility, for general concave and monotonically in-
creasing utility functions. The transmitter relies on energy harvested from nature
to send its messages to the receiver, and is equipped with a finite-sized battery to
store its harvested energy, see Fig. [0.1] Energy packets are i.i.d. over time slots,
and are revealed causally to the transmitter. Only the average energy arrival rate is
known a priori. We first characterize the optimal solution for the case of Bernoulli
arrivals. Then, for general i.i.d. arrivals, we first show that fized fraction policies, in
which a fixed fraction of the battery state is consumed in each time slot, are within
a constant multiplicative gap from the optimal solution for all energy arrivals and
battery sizes. We then derive a set of sufficient conditions on the utility function

to guarantee that fixed fraction policies are within a constant additive gap as well
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Figure 5.1: Single-user energy harvesting channel with general utility function.

from the optimal solution. We then consider a specific scenario where a sensor node
collects samples from a Gaussian source and sends them to a destination node over
a Gaussian channel. The goal is to minimize the long term average distortion of
the source samples received at the destination. We study two problems: the first is
when sampling is cost-free, and the second is when there is a sampling cost incurred
whenever samples are collected. We show that fixed fraction policies achieve a long
term average distortion that lies within a constant additive gap from the optimal
solution for all energy arrivals and battery sizes. For the problem with sampling
costs, the transmission policy is bursty; the sensor may collect samples and transmit

for only a portion of the time.

5.2 General Utility Functions

We consider a single-user channel where the transmitter relies on energy harvested
from nature to send its messages to the receiver. Energy arrives (is harvested) in
packets of amount E}; at the beginning of time slot . Without loss of generality, a slot
duration is normalized to one time unit. Energy packets follow an i.i.d. distribution

with a given mean. Our setting is online: the amounts of energy are known causally
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in time, i.e., after being harvested. Only the mean of the energy arrivals is known
a priori. Energy is saved in a battery of finite size B.

Let u be a differentiable, concave, and monotonically increasing function rep-
resenting a general utility (reward) function, with u(0) = 0 and wu(z) > 0 for
x > 0, and let g; denote the transmission power used in time slot ¢. By allo-
cating power g¢; in time slot ¢, the transmitter achieves u (g;) instantaneous reward.
Denoting £ 2 {E), Es, ..., E,}, a feasible online policy g is a sequence of mappings

{g: : €& — R, } satisfying
0<g: <l = min{bt_l — gi—1 + Ey, B}7 vt (5-1)

with b; £ B without loss of generality (using similar arguments as in [54, Appendix
B]). We denote the above feasible set in (5.1)) by F. Given a feasible policy g, we

define the n-horizon average reward as

n

1

u (gt)] (5.2)

t=1

Our goal is to design online power scheduling policies that maximize the long term
average reward subject to (online) energy causality constraints. That is, to charac-

terize

p* 2 max lim U,(g) (5.3)

geEF n—o0

We note that problem (/5.3]) can be solved by dynamic programming techniques
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since the underlying system evolves as a Markov decision process. However, the
optimal solution using dynamic programming is usually computationally demanding
with few structural insights. Therefore, in the sequel, we aim at finding relatively
simple online power control policies that are provably within a constant additive
and multiplicative gap from the optimal solution for all energy arrivals and battery
sizes.

We assume that E; < B Vt a.s., since any excess energy above the battery
capacity cannot be saved or used. Let u = E[E};], where E[-] is the expectation

operator, and define

(5.4)

Then, we have 0 < ¢ < 1 since E; < B a.s. We define the power control policy as

follows [54]

gt = qbe (5.5)

That is, in each time slot, the transmitter uses a fixed fraction of its available energy
in the battery. Such policies were first introduced in [54], and coined fized fraction
policies (FFP). Clearly such policies are always feasible since ¢ < 1. Let p(g) be the
long term average utility under the FFP {g;}. Next, we find the optimal solution
of problem under the specific case of Bernoulli energy arrivals. After that, we

discuss how the FFP performs under general i.i.d. energy arrivals.
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5.2.1 Bernoulli Energy Arrivals

Let {E,} be a Bernoulli energy arrival process with mean y as follows

B, wp.p
By = (5.6)

0, wp.l—p

Note that under such specific energy arrival setting, whenever an energy packet
arrives, it completely fills the battery, and resets the system. This constitutes a
renewal. Then, by [83, Theorem 3.6.1] (see also [54]), the following holds for any

power control policy g

Z U (gt)] (5.7)

where Z;{n(g) is the n-horizon average utility under Bernoulli arrivals, and L is a
random variable denoting the inter-arrival time between energy arrivals, which is
geometric with parameter p, and E[L] = 1/p.

Using the FFP defined in in gives a lower bound on the long term
average utility. Note that by , the fraction ¢ in is now equal to p. Also,

the battery state decays exponentially in between energy arrivals, and the FFP is
go=p(l—p''B=(1-p''p (5.8)
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for all time slots ¢, where the second equality follows since pB = p. Using (5.7)),

problem (5.3) in this case reduces to

max > p(1=p)tu(g)
t=1

s.t. th <B, ¢>0, Vt (5.9)
t=1

which is a convex optimization problem. The Lagrangian is,

L==> p1—p) ulg)+A (Z gt — B) - ma (5.10)

where X\ and {7;} are Lagrange multipliers. Taking derivative with respect to g; and

equating to 0 we get

/ _ )‘_nt

pl——p)t—l (5.11)

Since u is concave, u’ is monotonically decreasing and v = (u’)~! exists, and is also
monotonically decreasing. By complementary slackness, we have 1, = 0 for g; > 0,

and the optimal power in this case is given by

o (ﬁ) (5.12)

and it now remains to find the optimal A\. We note by monotonicity of v, {g;} is
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non-increasing, and it holds that

gy =" (W) >0e A< p(l —p)tflu'(O) (513)

Hence, if «/(0) is infinite, then (5.13)) is satisfied V¢, and the optimal power allocation
sequence is an infinite sequence. In this case, we solve the following equation for the

optimal A

2 () -7 510

t=1

which has a unique solution by monotonicity of v.

On the other hand, for finite «/(0), there exists a time slot N, after which
the second inequality in is violated since A is a constant and p(1 — p)i~! is
decreasing. In this case the optimal power allocation sequence is only positive for a
finite number of time slots 1 <t < N. We note that N is the smallest integer such

that
A > p(1—p)Nu'(0) (5.15)

Thus, to find the optimal N (and \), we first assume N is equal to some integer

{2,3,4,...}, and solve the following equation for A

o () = (516

t=1
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We then check if is satisfied for that choice of N and A. If it is, we stop.
If not, we increase the value of N and repeat. This way, we reach a KKT point,
which is sufficient for optimality by convexity of the problem [77]. We note that
for u(z) = 1log(1 + x) whose /(0) is finite, [54] called N, N. We generalize their

analysis for any concave increasing function uw. This concludes the discussion of the

optimal solution in the case of Bernoulli energy arrivals.

5.2.2  General i.i.d. Energy Arrivals

We now consider the case of a general i.i.d. energy arrival process. We first have

the following two results.

Lemma 5.1 The optimal solution of problem satisfies

Pt < u(p) (5.17)

Proof: Following [54] and [59], we first remove the battery capacity constraint set-

ting B = oo. This way, the feasible set F in (/5.1]) becomes

Zn:!]t < Zn:Et, vn (5.18)
=1 =1

Then, we remove the expectation and consider the offline setting of problem ([5.3)),
i.e., when energy arrivals are known a priori. Since the energy arrivals are i.i.d., the
strong law of large numbers indicates that lim,, % Yo Er=pas., ie., for every
0 > 0, there exists n large enough such that %Zle E; < i+ 6 a.s., which implies
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by (5.18)) that the feasible set, for such (4, n) pair, is given by

1 n
> g <p+d as (5.19)
n

t=1

Now fix such (d,n) pair. The objective function is given by

> ula) (520)

Since u is concave, the optimal power allocation minimizing the objective function
is g =p+9,1<t<n|77 (see also [1]). Whence, the optimal offline solution is
given by u(p + ). We then have p* < u(p + §). Since this is true V§ > 0, we can

take 6 down to 0 by taking n infinitely large. W

Theorem 5.1 The achieved long term average utility under the FFP in sat-

1sfies

<1 (5.21)

Proof: We first derive a lower bound on the long term average utility for Bernoulli

energy arrivals under the FFP as follows

= p(l—p)tu((1-p) ") (5.22)
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(b) &

> S p(1 = p)X V()

u(p) (5.23)

where (a) follows by (5.7)), (b) follows by concavity of u [77], and the last inequality
follows since 0 < p < 1. Next, we use the above result for Bernoulli arrivals to
bound the long term average utility for general i.i.d. arrivals under the FFP in the
following lemma; the proof follows by concavity and monotonicity of u, along the

same lines of [54, Section VII-C], and is omitted for brevity.

Lemma 5.2 Let {Et} be a Bernoulli energy arrival process as in (@ with param-
eter q as in and mean qB = p. Then, the long term average utility under the
FFP for any general i.i.d. energy arrivals, p(g), satisfies

p(g) > lim U,(g) (5.24)

n—oo

Using Lemma , (5.23), and Lemma we have

%mogmmﬁﬁSUW) (5.25)

We note that the results in Lemma[5.1]and Theorem [B.1]indicate that the FFP

in (5.5)) achieves a long term average utility that is within a constant multiplicative

gap from the optimal solution that is equal to % This result is proved in [54] for
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u(x) = 3log(1 + ). Here, we are generalizing it to work for any concave increasing

function u with «(0) = 0.

Next, we state the additive gap results. We first define

ho(x) = u(fz) — u(x) (5.26)

for some 0 < # < 1, and define the following two classes of utility functions.

Definition 5.1 (Utility Classes) A utility function u belongs to class (A) if hg(x)

does not converge to 0 as x — 0o, and belongs to class (B) if lim,_o ho(z) = 0.

Now let us define the following function for 0 < 6 < 1

h(0) = inf hy(z) (5.27)

whenever the infimum exists. Note that the infimum exists for class (B) utility
functions since hy(z) < 0 for z > 0 by monotonicity of u, and hy(0) = 0. We state

some properties of the function A in the next lemma.

Lemma 5.3 h(0) is non-positive, concave, and non-decreasing in 6.

Proof: Since u is increasing and 0 < 6 < 1, then hy(x) < 0 for all z, and hence the
infimum is non-positive. Concavity follows by the concavity of u and the fact that
the infimum of concave functions is also concave [77]. Finally, A is non-decreasing

since u is monotonically increasing. W
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The next two theorems summarize the additive gap results for utility functions

in classes (A) and (B) in Definition [5.1]

Theorem 5.2 If h(0) exists, and if

201 lim 1—limy 7, u (1 —q)"'z) Ju(z)
=) i e (= ) Ju()

<1 (5.28)

where Ty € arginf, h(i_q)(x); then the achieved long term average utility under the

FFP in satisfies

u(p)+a<p(g) <u(p) (5.29)

where a = 372 q(1—q)'h (1 — q)!) is finite.
Proof: By Lemma [5.1] and Lemma [5.2] it is sufficient to study the lower bound in
the case of Bernoulli arrivals. By (5.22)) we have

lim U,(g) =

n—oo

p(l . p)tflu ((1 o p)tfllu)

Ve
gL

NE

p(1=p)"" (u(w) +h (1 -p)"))

t

= u(p) +>_p(1—p)'h((1-p)")

1

>
=

(1) + (5.30)

where (c) follows since h(f) exists, and is by definition no larger than hy(z), Vz, 6.

Now to check whether « is finite, we apply the ratio test to check the convergence
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of the series > ,7(1 — p)*h ((1 — p)*). That is, we compute

o2 | —p)"*h((1=p)")
t=oo| (1 —=p)th((1—p)?)

o figy L= u (1= p)e) Ju(a)
=) e T = ) Ju(a)

(5.31)

where the second equality follows by definition of 4. Next, we replace inf, by lim,_,z,
since 7; € arginf h_,)(x), and take the limit inside (after the 1). Finally, if r < 1
then « is finite; if 7 > 1 then o = —oo; and if r = 1 then the test is inconclusive

and one has to compute limy . 3, p(1 —p)th (1 — p)') to get the value of o. W

Theorem 5.3 For class (B) utility functions, the achieved long term average utility

under the FFP in satisfies

lim p () = p° (5.32)

U—00

Proof: For utility functions of class (B), we have lim,_,,, u(fz) — u(z) = 0. Thus,

Ve > 0 there exists i large enough such that

w((L=p)"'u) >u(p) —€, Yu=p (5.33)

whence, for Bernoulli energy arrivals we have

Tim U,(g) = > p(1—p)'u (1 =p)"'n)
>u(p)—e Yu>ip (5.34)

129



It then follows by Lemma 5.1 and Lemma [5.2] that

pr=p(@) zu(p)—e=>p"—e VYu=>p (5.35)

and we can take ¢ down to 0 by taking p infinitely large. W

We note that the results in Lemma [5.I] and Theorem [(£.2] indicate that the
FFP in achieves a long term average utility, under some sufficient conditions,
that is within a constant additive gap from the optimal solution that is equal to
1> a1l —¢)'h((1 —¢)")]. One can further make this gap independent of ¢ by
minimizing it over 0 < ¢ < 1. We discuss examples of the above results in Sec-
tion [5.4] where we also comment on FFP performance under utility functions that

do not satisfy the sufficient conditions in Theorem

5.3 Specific Scenario: Distortion Minimization

We now focus on a specific scenario of a sensor node collecting i.i.d. Gaussian source

2

2, over a sequence of time slots. Samples are

samples, with zero-mean and variance o
compressed and sent over an additive white Gaussian noise channel, with variance
02, to an intended destination. We consider a strict delay scenario where samples
need to be sent during the same time slot in which they are collected. With a mean

squared error distortion criterion, the average distortion of the source samples in

time slot ¢, Dy, is given by [49]

Dy = o2 exp (—2ry) (5.36)
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where r; denotes the sampling rate at time slot ¢.

The sensor uses energy harvested from nature to send its samples over the
channel, with minimal distortion, and consumes energy in sampling and transmis-
sion. Depending on the physical settings, sampling energy can be a significant
system aspect and needs to be taken into consideration [35]. We formulate two
different problems for that matter: one without, and the other with sampling costs
as follows.

We first consider the case of no sampling cost, where energy is consumed only
in transmission. By allocating power g, at time slot ¢ to the Gaussian channel, the

sensor achieves an instantaneous communication rate of [49]
1 2
=g log (1 + g+/0?) (5.37)

Given a feasible policy g, and using (5.36) and (5.37), we define the n-horizon

average distortion as follows

D,(g) 2 %E [Z #t/o_?] (5.38)

t=1

Our goal is to minimize the long term average distortion, subject to (online) energy

causality constraints. That is, to characterize the following

d* £ min lim D,(g) (5.39)

geEF n—oo

where F is as defined in (5.1)).
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. . . 2 . . .
We note that the distortion function H‘;W is convex and decreasing in x.

o?

_ 2 : o o oy
.72 +05 Is concave and increasing in x with u(0) = 0.

Hence, the function u(z) =
One can therefore apply the results of Section to problem (|5.39) after changing
the minimization to maximization and the distortion function to the function u
above. We will, however, proceed with the minimization problem as is for two
main reasons. First, this will allow us to use a different analysis approach to find
an additive gap that is relatively easier to compute than computing the term « in
Theorem [5.2] Second, we will use this approach later when we consider the case
with sampling costs since, as we will discuss, we cannot directly use the analysis in
Section to solve the problem in the case with sampling costs.

Now let us consider the case where sampling the source incurs an energy cost
€ per unit time, that is a constant independent of the sampling rate. Due to the
sampling cost, collecting all the source samples might not be optimal. Hence, we
allow the sensor to be on during a 6, < 1 portion of time slot ¢, and turn off for the

remainder of the time slot. The expected distortion achieved in time slot ¢ under

this setting is now given by
Dt = (1 —0,)0? + 0,02 exp (—2ry) (5.40)

and the feasible set F¢ is now given by the sequence of mappings {(6;,¢g:) : &' —

[0,1] x R} satisfying

Ht(ﬁ + gt) S bt £ min{bt,l — 91571(6 + gtfl) + Et, B}, Vit (541)
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with b; £ B; compare the feasible set in (5.41)) with cost to the feasible set in
with no additional cost. We note that the problem with sampling costs is formulated
slightly different in [35]. In our formulation, the expected distortion is interpreted
by time sharing between not transmitting (and hence achieving ¢2) and transmitting
with rate r; (and hence achieving o2 exp(—2r;)). Given a feasible policy (0, g), and
using and , we define the n-horizon average distortion with sampling

costs as

n 2

1 o
D: (0,g9) = —E 1—0,)02 +60,——— 5.42
n( 7g> n ;( t)gs+ t1+gt/0_g ( )
whence our goal is to characterize
d* £ min_lim D¢ (0,g) (5.43)

(0,g)€Fc n—o0

Observe that in the case of sampling costs we optimize over two sequences
of variables {0;} and {g;}. Hence, the analysis in Section cannot be directly
applied to this case, unlike the case with no sampling costs. Thus, we proceed with
a different approach to find an additive gap for this case. We note that online FFP

analysis for two variables has been considered previously in [59460].

5.3.1 Bernoulli Energy Arrivals

In this section, we discuss the optimal solution of problems (5.39) and ([5.43]) under

a Bernoulli energy arrival process as defined in (5.6)). We first note that problem
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(5.39) can be solved using the same analysis in Section after replacing the

2
Js

14z /02

objective function by u(z) = — + 02. Hence, in this section we only focus on
the case of sampling costs in problem (|5.43)). Following the analysis in Section |5.2.1]

and applying the change of variables g; £ 6,¢;, problem |D can be rewritten as

oo 2
min - (1=6)02+6,—T5
SEDSIEN (( )07 + 02

2
0102

s.t. th + 0156 S B

t=1

Gg=>0,0<6, <1, W (5.44)

which is a convex optimization problem since IL is the perspective function of
+x/6

the convex function = and is therefore jointly convex in (6, z) [77]. We introduce

the following Lagrangian for this problem

0 o2 ) 0
L :Zp(l _p)t—l ((1 — Ht)ag + etl n l) + A (th + gtE — B> — ngt
t=1

t=1 0102 t=1
- Z Ve + Zwt(et —1) (5.45)
t=1 t=1

where A, {n;}, {11}, and {w;} are non-negative Lagrange multipliers. Taking deriva-

tive with respect to g; and equating to 0 we get

t—1

2
1 —
Tt ) . (5.46)
7 (14 0,/60?)
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which can be rewritten as follows using complementary slackness

Jr
A 2 1— t—1
g_z — o2 ( ol — )77 02)\p> — 1) (5.47)

where (2)* = max{x,0}. This shows that the optimal power g; is monotonically
decreasing over time, and that there exists a time slot N after which there is no
transmission and all powers are 0. Now let us take the derivative of the Lagrangian

with respect to 6;, equate it to 0, and use (5.46)) to get

gt o [ A€ — Y+ wy
L N 5.48
0, a2(A—n) ( )

We now have the following result.

Lemma 5.4 In problem , let N be the last time slot of transmission according
to . Then, the optimal {0} satisfies: 0f =1 fort < N; 0 <0y <1;0; =0

fort> N.

Proof: First, we note that g, = 0 if and only if §; = 0. Clearly 6, = 0 implies
i = 0,9, = 0. To see the other direction, assume g, = 0 for some time slot ¢. Then,
the achieved distortion in this time slot is given by o2 regardless of the value of ;.
Therefore, setting 6, = 0 saves € energy per unit time in this time slot that can be
used in another time slot ¢ to increase its transmission energy g; and achieve lower
distortion. Hence, after time slot N, we see that g, = 0 according to , and

hence 0; =0 for t > N.
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Next, let us assume that 0 < 67 < 1 for some time slot j. By the above
argument we have g; > 0. By complementary slackness, we also have w; = v; = 0.
Hence, by we have g;/0; = o2 \/W. Thus, whenever the transmission is
bursty, the transmission power is constant. This constant can be equal to at
only one time slot since transmission power is decreasing. Moreover, after time slot
j, the power can only decrease by increasing the value of 7, in , which means
by complementary slackness that 6; = 0 for ¢ > j, which further implies that g; = 0
for t > j. Therefore, j = N.

Finally, for t < N, the power increases going backwards only by increasing
the value of w; in , which means by complementary slackness that 67 = 1 for
t<N. I

The previous lemma shows that transmission can be bursty, i.e., 0 < 6, < 1,
only in the last time slot of transmission, N. This is similar to the optimal policy
under Bernoulli energy arrivals found in [59] in the case of single-user channels with
processing costs. We now proceed to find the optimal solution as follows. Note that
the problem reduces to finding the optimal N, A, and 5. We fix N and x5 € (0, 1],

and solve the following equation for A

N-1 2 -1
§ 2 O'Sp<1 _p)

t=1
2 1 _ N-1
+ Oy <ag <\/“Sp( 2;’) - 1) —l—e) ~-B (5.49)
UC
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which has a unique solution since the left hand side is monotonically decreasing in

A. After that, we check if the solution satisfies the following two inequalities

o2p(1 —p)N-!
o2

> A (5.50)

o?p(1 —p) 4 (62 — )X =202/ Ap(1 —p)t=1 >0, t<N (5.51)

where the first inequality ensures the positivity of powers, and the second one ensures
the existence of non-negative Lagrange multipliers {w;}¥,. If the two inequalities
are satisfied, then this KKT point is the optimal solution by the convexity of the
problem. Otherwise, we perform a one-dimensional search over 0y € (0, 1] if any
of the two inequalities is violated. If they cannot be simultaneously satisfied for all
choices of 0y, we change the value of N and repeat. The convergence to the optimal
solution is guaranteed. This concludes the discussion of the optimal solution under

Bernoulli energy arrivals.

5.3.2 General i.i.d. Energy Arrivals

We now discuss how the FFP performs in problems ([5.39)) and ([5.43]) under general
i.i.d. energy arrivals. For problem (5.39)), we define the power control policy as

follows [54]

Je = qby (5.52)
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and for problem ([5.43)), we define it as

Ht(E + gt) = th (553)

That is, for either problem, in each time slot, the sensor uses a fixed fraction of its
available energy in the battery. We note that using ([5.54)) in problem ([5.43) decou-
ples the problem into multiple single-slot problems where the energy consumption

in time slot ¢ is ¢gb;. In the sequel, we show that solving that single-slot problem for

(1,3) e
< b
Qt:min{L,l}, f]t:max{qbt—e,\/eag} (5.54)
€+ eo?

Observe that in the above assignment, for a single energy arrival, either the trans-
mission power or the on time decreases over slots in a fractional manner, i.e., while

one decreases the other one is fixed. Let d(g) and d. (é, g) denote the long term

average distortion under {g;} in (5.52) and {(ét,gt)} in (5.54), respectively. We

now characterize the performance of FFP in the case of general i.i.d. arrivals in the

following two theorems.

Theorem 5.4 For all i.i.d. energy arrivals with mean p, the optimal solution of

problem satisfies

&> f) s (5.55)
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and the FFP in satisfies

® N

(5.56)

g

DN —

flu) <d(g) < f(u) +

for all values of i and o>.

Proof: Lower Bounding d*: First, we derive the lower bound in ([5.55) by means of
the offline solution along the same lines as in the proof of Lemma Applying the
same (0,n) argument using the strong law of large numbers, the objective function

is given by

n n

1 az B 1
" Th g~ 02 @) (5.47)

t=1 t=1

It is direct to see that f is convex. Therefore, the optimal power allocation mini-
mizing the objective function is g, = p+ 0, 1 <t < n [77] (see also [1]). Whence,
the optimal offline solution is given by f(u+d). We then have d* > f(u+6). Since
this is true Vo > 0, we can take 6 down to 0 by taking n infinitely large. Therefore,
holds.

Upper Bounding d*: Bernoulli Energy Arrivals: Next, we derive an upper
on d*. Towards that, we first the study a special energy harvesting i.i.d. process:
the Bernoulli process. Let {Et} be a Bernoulli energy arrival process as defined in
. Under such specific energy arrival setting, whenever an energy packet arrives,
it completely fills the battery, and resets the system. This constitutes a renewal.

Then, by [83, Theorem 3.6.1] (see also [54]), the following holds for any power control
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policy g

L 2
g
—K E —_— 5.58

where D, (g) is the n-horizon average distortion under Bernoulli arrivals, and L is
a random variable denoting the inter-arrival time between energy arrivals, which is
geometric with parameter p, and E[L] = 1/p.

Now, substituting by the FFP (5.52)) gives an upper bound on d*. Note that
by , the fraction ¢ in is now equal to p. Also note that in between energy

arrivals, the battery state decays exponentially, and the FFP in ([5.52)) gives

Ggi=p(l—p''B=(1-p"'p (5.59)

for all time slots ¢, where the second equality follows since pB = u. Therefore, using

(5.58) and (5.59)), we bound the distortion under the FFP as follows

L
N 1 o?
lim Dy () = ——F :
Jim D (g) E[L] [;1+(1—p)t_1u/ag]
(@ 1 Lo o2
< B> T (1-(1-p))o?
SE | e OO

= f(n) + % (Fﬁlﬁi

da —p)HD

_ s p(1—p)
—f(u)+asm
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(®) 2
< f(p) + % (5.60)

where (a) follows since ﬁ < H_Lm +(1—=A) for 0 < A < 1andz > 0; and (b) follows

p(1-p)
1—(1-p)2

since has a maximum value of 1/2 for 0 < p < 1. Next, we use the above
result for Bernoulli arrivals to bound the distortion for general i.i.d. arrivals under

the FFP in the following lemma; the proof follows by convexity and monotonicity

of f, along the same lines of [54, Section VII-C], and is omitted for brevity.

Lemma 5.5 Let {Et} be a Bernoulli energy arrival process as in (@ with param-
eter q as in and mean qB = p. Then, the long term average distortion under
the FFP for any general i.i.d. energy arrivals, d(g), satisfies

d(g) < lim D,(g) (5.61)

n—o0

Using (5.57)), (5.60), and Lemma 5.5, we have

(5.62)

fl < < d(@) < fn)+ 5

Theorem 5.5 For all i.i.d. energy arrivals with mean p, the optimal solution of

problem satisfies

2

* A . 2 Us
dezfﬁ(:u):ng}gn (1_0)08+91+ g

2
0o?
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st. fet+tg<p 0<0<1 (5.63)

and the FFP in satisfies

« N

flw) < d (6.9) < flw) +

g

(5.64)

for all values of €, i, and o?.

Proof: Lower Bounding d’: First, we derive the lower bound in (5.63|) by means of
the offline solution as done in the proof of Theorem [5.4] We first apply the change

of variables: g; £ ,g, Vt. The feasible set F¢ now becomes
 bet+g <D E, Vn; 0<6,<1, Wt (5.65)
t=1 t=1

Applying the same (§,n) argument using the strong law of large numbers, as in the

proofs of Theorem [5.4] and Lemma [5.1] the objective function is given by

n

1 & 0,02 1
=~ (=000 + —=5- =~ H(60,.4) (5.66)

n 1
t=1 + Oto2 t=1

It is direct to see that H is jointly convex in (6, g,) since the second added term
is the perspective of the convex function f(g;) |77]. Therefore, the optimal power
allocation minimizing the objective function is e + g, = p+ 6, 1 <t < n [77] (see
also [1]). We denote this optimal offline solution by f.(y + &) as defined in (5.63).

We then have df > f(u + d); we take 6 down to 0 by taking n infinitely large.
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Therefore, ([5.63)) holds.

Upper Bounding d’: Bernoulli Energy Arrivals: Next, we derive an upper
bound on df. Following the same steps as in the proof of Theorem [5.4 we first

consider Bernoulli energy arrivals as in ((5.6)). In this case we have

L
. 1 0,02
lim D (0,9) = ——E | Y (1—0)o2 + ——— .
i P,.(0.9) E[L] t:l( t)03+1+gt/0§ (5:67)

where D¢ (0, g) is the n-horizon average distortion under Bernoulli arrivals. Next,

we upper bound the long term average distortion in this case by substituting the

FFP in (5.54) setting

Ou(e+ ) =p(1—p)'B=(1-p)' ' (5.68)

for all time slots t. Note that the average minimal distortion in time slot ¢ is given

by fe (1 —p)'u). We have the following lemma regarding f.

Lemma 5.6 The function f. is convex and non-increasing.

Proof: f,. is non-increasing since allocating more power can only decrease the dis-
tortion. To show convexity, let (61, g1) and (62, go) be the solutions achieving f.(z1)
and f.(z2), respectively, for some zi,z5 > 0. Now choose A € [0,1], and let
£

rx = Arp + (1 — N)ag. It is direct to see that the convex combination (6y, gy)

(A01 + (1 — X\)ba, Agr + (1 — X\)go) is feasible for x,. Therefore,

fe(xx) < H (01, 9))
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< AH (01,01) + (1 = A\ H (62, 2)

= AMe (1) + (L= A) fe (22) (5.69)

where H is as defined in ([5.66)), and the second inequality follows by convexity of

H. 1

Next, following the same steps used in showing (5.60)), by (5.67) and (5.68]),

we have

lim D (é,g) < felw) + % (5.70)

n—oo 2

where step (a) in (5.60) follows by Lemma [5.6] Finally, we use the above result to
bound the distortion for general i.i.d. arrivals under the FFP. We basically extend
the statement of Lemma to the case with sampling costs since f, is convex and

monotone. We then have

d, (é,g) < lim D (é,g) (5.71)

)<t +% (5.72)

P
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It now remains to show that the FFP corresponds to ([5.54]). Towards that

end, we solve f. (gb;) for § and g. We first make the substitution g = ¢b; — fe into
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the objective function. The problem now becomes

0
min ——0 0 (5.73)
0<6<min{1,qb:/€} 1— % + E%Tg

where the constraint < ¢b;/e ensures non-negativity of g. One can show that the
objective function above is convex in 6. Hence, we take the derivative, equate to 0,
solve for @, and then project the solution onto the feasible set to get the optimal

solution of this problem [77]. This gives 6, in (5.54); while g, in (5.54) is directly

derived by substituting g = 4* —¢. W

Note that the results in the two theorems above directly imply that the average
long term distortion under the FFP proposed for both problems (5.43) and (/5.39)
lies within a constant additive gap from the optimal solution. We also observe that

the additive gap indicated in Theorem does not depend on the sampling cost e.

5.4 Examples and Discussion

In this section we present some examples to illustrate the results of this work. We

first show that the utility function u(z) = 1log(1 + z) considered in [54] belongs to

class (A). Indeed we have hjy(z) = 9;%

T which is negative for all 0 < 0 < 1,

and therefore hy(z) is decreasing in = and does not converge to 0. We then show

that the sufficient conditions of Theorem [5.2] are satisfied. We have the function

h(f) = lim —log s —log(#) (5.74)
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exists, and the ratio

—(1-q) hm — limg 00 log(1 + (1 — ¢)*'z)/log(1 + z)

=1- 5.7
t=oo 1 —lim, o log(1l + (1 —¢)tx)/log(1l + x) 1 (5.75)

is less than 1, and hence the gap « is finite. Furthermore, [54] showed that mini-
mizing « over all ¢ gives a constant additive gap, independent of ¢, that is equal to
0.72.

Next, we note that all bounded utility functions belong to class (B). These
are functions u where there exists some constant M < oo such that u(z) < M, Vz.
Examples for these include: u(x) =1 — e=#? for some § > 0, u(x) = x/(1 + z), and

the negative distortion function u(z) = ——%— 4 o2. To see that these functions

1+x/o
belong to class (B), observe that lim,_,., u(x) = M by monotonicity of u, and hence

lim, 00 u(fz)—u(x) = 0. We also note that class (B) is not only inclusive of bounded

utility functions. For example, the unbounded function u(x) = /log(1 4 z) satisfies

log(0)

=0
lim, 00 v/log(1 + 02) + y/log(1 + z)

lim +/log(1 + 6z) — \/log(1 + x) =
T—00

(5.76)

and therefore belongs to class (B). For such unbounded functions in class (B), the
FFP is not only within a constant additive gap of the optimal solution, but it is
asymptotically optimal as well, as indicated by Theorem [5.3|

Note that one can find a (strict) lower bound on h(#) for some utility functions

if it allows more plausible computation of «, or if h(0) itself is not direct to compute.
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For instance, for any bounded utility function u, the following holds: h(f) > (0 —
1)M, where M is the upper bound on u. To see this, observe that by concavity of
u and the fact that u(0) = 0 we have

infu(fz) —u(z) > (60 — 1) sgp u(z) (5.77)

xT

This gives
a>Y ql-q (1-9¢'=1) M
t=0
— Ll M
2—q
1
> _§M (5.78)
where the second inequality follows since % is minimized at ¢ = 0. Another

example is u(z) = 3 log (1 + /x), which belongs to class (4). We observe that h(6)
in this case is lower bounded by %log(G). Hence, this function admits an additive
gap no larger than 0.72 calculated in [54] for u(z) = Llog(1 + z).

Finally, we note that the conditions of Theorem [5.2] are only sufficient for
the FFP defined in to be within an additive gap from optimal. For instance,
consider u(z) = y/z. This function belongs to class (A) as hg(z) = VBz — /2 does
not converge to 0. In fact, hy(x) is unbounded below and h(f) does not exist. This
means that any FFP of the form g, = 0b,, for any choice of 0 < 6 < 1, is not within

a constant additive gap from the upper bound ,/u. However, there exists another

FFP (with a different fraction than ¢ in (5.4])) that is optimal in the case of Bernoulli
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Figure 5.2: Performance of the FFP with no sampling costs.

arrivals. Since u'(0) = oo, we use to find the optimal A\, where v(z) = 1/(42?),
and substitute in to get that the optimal transmission scheme is fractional:
g =p(1—p) (=) B Vt, where the transmitted fraction p 2 1—(1—p)2. This shows
that one can pursue near optimality results under an FFP by further optimizing the
fraction of power used in each time slot, and comparing the performance directly to
the optimal solution instead of an upper bound. While in this work, we compared
the lower bound achieved by the FFP to a universal upper bound that works for all
i.i.d. energy arrivals.

Next, we present some examples regarding the distortion minimization setting.
We set both 02 and o2 to unity, and consider a system with Bernoulli energy arrivals
with probability p = 0.5. In Fig. |5.2] we plot the lower bound on the long term
average distortion for the problem without sampling costs along with the FFP,
against the battery size B. We also plot the optimal solution in this scenario. We

see that the FFP performs very close to the optimal policy. We note that the
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Figure 5.3: Performance of the FFP with sampling costs.

empirical gap between the optimal policy and the FFP is no larger than 0.03, while
the empirical gap between the lower bound and the FFP is no larger than 0.15,
which is lower than the theoretical gap of 0.5 in Theorem [5.4]

In Fig. [5.3] we plot the same curves for the problem with sampling costs. We
set the sampling cost e = 1.5. We notice that the distortion levels are higher in
general when compared to the case without sampling costs, which is mainly due to
having some energy spent in sampling instead of reducing distortion. The empirical
gap in this case is 0.22, which is lower than the theoretical gap of 0.5 in Theorem [5.5]

In Fig. |5.4] we show the FFP (left hand side in blue) versus the optimal
policy (right hand side in red) for B = 40 during only one renewal period, i.e.,
for one energy arrival. We plot the power and the transmit duration (burstiness)
during the first 10 time slots, with the height representing power and the width
representing burstiness. We see that in the FFP on the left, for time slots 1 through

3, the transmission power §; decreases fractionally while the value of 6, is constant
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Figure 5.4: FFP (left) vs. optimal policy (right) with sampling costs and one energy
arrival with B = 40.

at unity. Starting from time slot 4 onwards, the opposite occurs; the value of
0, decreases fractionally while the transmission power §; is constant at 1.225. As
indicated by , either the power or the transmit duration decreases fractionally
while the other is constant over time. On the other hand, in the optimal policy on
the right, we see that the transmission power g; is decreasing all the way to the end.
In this example, the last time slot of transmission is N = 6, and the transmission is

bursty only in that time slot, as indicated by Lemma with 65 = 0.78.

5.5 Conclusion

In this chapter, we considered online power scheduling policies in single-user energy
harvesting channels, where the goal is to maximize the long term average utility for
a general concave increasing utility function. We showed that fixed fraction policies
achieve a long term average utility that lies within a constant multiplicative gap from

the optimal solution for all i.i.d. energy arrivals and battery sizes. We then derived
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sufficient conditions on the utility function to guarantee that fixed fraction policies
are within a constant additive gap from the optimal solution as well. We then
considered a specific scenario where a source is aiming at sending Gaussian samples
over a Gaussian channel with minimal long term average distortion. We studied this
problem with and without sampling costs, and showed that fixed fraction policies

are within a constant additive gap from the optimal solution.
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CHAPTER 6

Mobile Energy Harvesting Nodes: Offline and Online Opti-

mal Policies

6.1 Introduction

In this chapter, we consider a mobile energy harvesting transmitter where movement
is motivated by trying to find better energy harvesting locations. Movement comes
with an energy cost expenditure, and hence there exists a tradeoff between staying
at the same location and moving to a new one. On one hand, the transmitter may
opt not to move and use all its available energy for transmission; on the other hand,
it can choose to move to a potentially better location, spending some of its available
energy during the movement process, and yet harvest larger amounts of energy at
the new location and achieve higher throughput. In this chapter, we characterize
this tradeoff by designing throughput optimal power allocation policies subject to
energy causality constraints and moving costs. In our setup, the transmitter moves
along a straight line, where two energy sources are located at the opposite ends
of the line. We first study the offline version of this problem where the goal is to

maximize the throughput by a given deadline. Although our problem formulation
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is non-convex, we characterize the optimal solution in closed form in the case of a
single energy arrival at each source. Then, we use this solution to characterize local
optimal solutions in the case of multiple energy arrivals at each source. Next, we
study the online version of this problem with i.i.d. energy arrivals at each source, and
the goal is to maximize the long term average throughput. We propose an optimal
move-then-transmit scheme where the transmitter first moves towards the source
with higher mean energy arrival, stays at that source, and then starts transmission.
If the transmitter has an infinite battery, it uses the optimal best effort transmission
policy, where it transmits with the mean harvesting rate whenever feasible and stays
silent otherwise. If the transmitter has a finite battery, it uses the fized fraction
policy, where it uses a fixed fraction of the amount of energy available in its battery
for transmission in every time slot, to achieve a near optimal rate that provably lies
within constant additive and multiplicative gaps from the optimal solution for all

energy arrival patterns and battery sizes.

6.2 System Model and Problem Formulation

We consider a single-user AWGN channel with an energy harvesting transmitter
with moving abilities. The transmitter has the ability to relocate itself to different
positions in search for better energy harvesting spots. Movement is along a straight
line, and energy is harvested from two energy sources located at the two opposite
ends of the line, see Fig. [6.1, The transmitter’s position determines how much

energy is harvested from each source: the closer the transmitter is to one source, the
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Figure 6.1: Mobile energy harvesting node moving along a straight line between two
energy sources. The position of the node determines how much energy it harvests
from each source.

larger the amounts of energy it harvests from that source compared to the other.
In our setting, the transmitter-receiver distance is much larger than the distance
between the two energy sources so as to ensure that the transmitter-receiver channel
characteristics are not affected by the transmitter’s movement.

We consider a time-slotted model, where the transmitter is allowed to move
during a fixed portion of time at the beginning of each slot, and then starts commu-
nicating. Without loss of generality, we assume that the remaining portion of the
time slot where the transmitter communicates is normalized to one time unit, so that
we may use energy and power interchangeably. Throughout most of this chapter, we
will consider the case where the transmitter is equipped with an infinite-sized bat-
tery to save its harvested energy. However, in some cases we will extend our analysis
to the finite battery case as well. Energy arrives in packets of amounts E7; and E»;
in slot 7 at the first and the second energy source, respectively. At the beginning of

slot 2, the transmitter relocates itself to some position z;, and harvests energy from
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both sources simultaneously according to the following relationship [84-86]

Ey; n Ey;
(l’i + g)a (L — T + g)a

E(i,x;) = (6.1)

where « is the path loss factor, L is the distance between the two energy sources,
and ¢ > 0 is a parameter added to adjust the Friis’ free space equation for short
distance communication, that is, to keep the harvested energy bounded when the
transmitter lies at either ends of the line. Note that F(i,z;) is the actual amount
of harvested energy that enters into the battery of the transmitter.

The transmitter incurs moving costs whenever it relocates itself to a different

position. We model the total moving cost up to slot k£ as follows

k
Cn (k) 2 € > | — i1 (6.2)
=1

where g is the initial position of the transmitter, Zle |z; —x;_1| represents the total
distance moved by the transmitter up to slot k, and ¢, is the cost of movement in
energy per unit distance. Since movement is not cost-free, a tradeoff arises between
spending energy to move into better spots (in the sense of energy availability), and
staying at the same location and spending all the available energy in communicating.
We design power and movement policies that capture the optimal tradeoff of this

setting.
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6.2.1 Offline Problem

We first consider an offline scenario, where energy amounts are known to the trans-
mitter prior to the start of communication. Our goal in this setting is to maximize
the total number of bits delivered to the receiver by a given deadline N, subject to
energy causality constraints and moving costs. The physical layer is Gaussian with
unit noise power, and the transmitter uses power p; for transmission in time slot <.

We formulate the problem as follows

N

1
max Z 3 log(1+ p;)

p7w
=1

k k
en(k+1)+ ) pi<Ey+ > Eli,z;), 1<k<N
=1 =1
0<az <L, p;>0, Vi (6.3)

where ¢, (N +1) £ ¢,,(N), and Ej is the initial energy available at the transmitter.
This initial energy enables the transmitter to relocate itself during the first slot (if
needed). Note that if the transmitter needs to move in slot k£ + 1, then it needs to
save some energy by the end of slot &k for that purpose. In other words, it should not
consume all its energy in transmission by the end of slot k. That is why the energy

incurred for moving up to slot £ + 1 is bounded by the residual energy remaining

after slot k: Ey + Zle E(i,x;) — p;. We solve problem 1} in Section .
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6.2.2 Online Problem

We then consider an online scenario, where energy amounts are only revealed to
the transmitter causally over time; the amount of energy harvested at time slot
t is only known after moving to position x;. We assume that energy harvesting
processes at the two sources {Ey;} and {Ey;} follow two independent i.i.d. distri-
butions with means p; and pus, respectively. Only the means of the two processes
are known to the transmitter prior to the start of communication. Let b; represent
the amount of energy in the battery at time slot ¢, and let £ 2 {E}, E,, ..., E;}. A
feasible online power control and movement policy {p, x} is a sequence of mappings

{zy: EY1 = [0,L]} and {p; : &' — R} satisfying

Emll‘l - ZEO| S E() (64)

€m|T — i1 | +pr < by 2 b1 — €m|Ti1 — Tio| — pro1 + E(t, x1) (6.5)

Let us denote the above feasible set by F. Our goal is to maximize the long term

average throughput

(6.6)

A .
r* = max lim =E
{p,x}eF T—o0 T

1
Z 51055 (1+pt)

t=1

We solve problem in Section , where we also discuss the case where the

transmitter is equipped with a finite battery of size B.
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6.3 Offline Setting: Problem (/6.3

In this section, we characterize the optimal solution of problem (6.3)). We first note

the following necessary optimality conditions.

Lemma 6.1 In the optimal solution of , powers are non-decreasing over time.

Proof: We show this by contradiction. Assume that at the optimal policy {p*, z*},
there exists a time slot k such that p; > p;, ;. Keeping the movement policy * the
same, we define another power policy p where only the kth and (k + 1)st powers
change to Py = Pry1 = %. It is direct to see that {p,x*} is a feasible policy.

By concavity of the log, this new policy strictly increases the objective function,

and hence the original policy {p*, *} cannot be optimal. B

Lemma 6.2 In the optimal solution of , the transmitter consumes all its har-

vested energy by the end of communication.

Proof: We show this by contradiction. If the statement of the lemma were not
true, then we can increase the value of py until all energy is consumed. This strictly

increases the objective function. Wl

6.3.1 Single Energy Arrival

In this section we study the case where each energy source has only one energy

packet arrival. That is, we have only one pair of variables (p,z) to optimize. By
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Lemma (6.2, we have

E; N F,
(x+0)> (L—x+10)

p(z) = Ey + — — €m|T — T0| (6.7)

and therefore, by monotonicity of the log, problem (6.3)) becomes

RN o —
max —€p|T — X
v (x40 (L—z+0)e 0

st em|r — 20| < Ey

0<z<L (6.8)

Therefore, the problem now reduces to finding the optimal position x*.

Note that there are two possible movement strategies the transmitter can
make: move forward to some = > xy, or move backward to some x < zy. The trans-
mitter chooses the movement strategy that gives the maximum objective function
(and hence power/rate). To that end, we next solve the case of moving forward.

The problem in this case becomes

E; L FEs
max — €T
. (x40~ (L—z+0)~
E
s.t. x9p <z <min {—0 + xO,L} 2 o ax (6.9)
€m

Now observe that the objective function is a convex function in z that is maximized

over an interval. It then follows that the optimal solution z* has to be at the
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boundary of the feasible set [77], i.e.,

" € {Zo, Tmax } (6.10)

Hence, we pick x* that gives the higher value after substituting in (6.7)), i.e., after
comparing p (xg) and p (Tmax)-

Similarly, the problem in the case of moving backward is given by

ma; = + =k +
X EmT
e (z+0)> (L—xz+0)~
A Ey
S.t.  Tpin = mMax {xo - —, 0} <z <z (6.11)

which again, by convexity of the objective function, yields a solution at the boundary.

That is

" € {Tmin, To} (6.12)

Hence, we pick z* that gives the higher value after substituting in , i.e., after
comparing p (7o) and p (Tmin)-

Based on the previous analysis, the optimal position in the single energy arrival
scenario can only have three possible values: z* € {Zpin, o, Tmax }. This means that
if the transmitter decides to move, it moves to the furthest possible distance (forward

or backward) allowed by its available initial energy FEjy and the physical length of
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the straight line L. Therefore, the optimal power is given by

p* = max {p (Tmin) , P (20) , P (Tmax) } (6.13)

and x* is the corresponding maximizing argument.

6.3.2 Multiple Energy Arrivals

In this section we study the multiple energy arrivals setting. We note that problem
(6.3]) is not a convex optimization problem due to the convexity of the energy har-
vesting function E(i,z;) in (6.1). We therefore follow a majorization maximization
argument to find a local optimal solution for this problem via successive convex
optimization. Namely, we approximate E(i,z;) around some feasible point to get
a convex problem, whose solution is then used to (better) approximate E(i,x;) in
the next iteration. Approximate functions should be chosen carefully such that it-
erations converge to a local optimal solution of the original problem [47,|48]. In

particular, in the (7 + 1)st iteration, we solve the following problem

N
1
max Z 5 log(1 + p;)

p7z
i=1

s.t. Cm<1) S E()
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where fU)(i, z;) is the first order Taylor series approximation of F(i, ;) around xgj ),

the solution of the approximate problem in the jth iteration. That is, we have

93, 2;) 209 +mPz; (6.15)

where

() a Ey; Es; ok _ aly; )
b= 5 + 0) 0) 0 i
(wz'j +0)~  (L— xi] + £)~ (xij + )t (L - xi] + £)ott
(6.16)
and

m? a2 b (6.17)

(4) a+1+ N E)) a+1
(z;” + 1) (L =27 + 1)

By convexity of E (i, z;), it is direct to see that f\9) (i, x;) satisfies the conditions
stated in [47] that guarantee convergence of the iterative solution of problem (|6.14])

to a local optimal point of problem ([6.3]). Namely, it holds that

f90G, ;) < E(i,2), Va (6.18)
£ (i,xz(j)> _E <i,x§j)> (6.19)
dfo) (3,29 dE (i,2"

et _area?) 620

We focus on problem (6.14) in the remainder of this section. In particular, we

introduce some auxiliary variables {d;} to denote the amount of energy used for
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movement in the ith slot. That is, we have

Em|T; — LUZ',1| = (Sl', Vi (621)

This allows us to rewrite the optimization problem as follows

N
1
“loe(1 4
max ;2 og(1+ p;)
k k ' ' k+1
st Y pi< B+ Y b +mPa, =Y 6, Wk
=1 =1 =1
0 < Ey
emlri —xii1| < 05 Vi

where the relaxation of the equality in to an inequality in the above problem
does not change the solution. To see this, note that if there exists some slot k such
that 6; > €,|x; — x;_,|, then one can simply decrease the value of §; until equality
holds while keeping the values of x} and xj_; the same. This strictly increases the
feasible set and thereby potentially increases the objective function. Also note that

we set o1 = 0. We now have the following lemma.

Lemma 6.3 In the optimal solution of problem , if 0F > 0 then the trans-
mitter should move forward (resp. backward) during slot i if mgj) is positive (resp.

)

negative). Conversely, if ml(j = 0, then there exists an optimal policy with §; = 0.

Proof: We show this by contradiction. Assume that we have §7 > 0 and mgj >0
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but the transmitter moves backward during time slot ¢, i.e., 7 < z7_;. Now consider
the following alternative policy. Let 6; = 0, i.e., x; = x]_;, and let ;41 = 6] + 97, ;.
Since the cost to move is linear with distance, this new policy reaches the position
xj,, from zj_; with the same cost. At the same time, since mgj) > 0, this new
policy harvests higher energy at slot i, and thereby achieves higher rates. Thus,

()

the transmitter should move forward. The case where m,;”” < 0 implies that the
transmitter should move backward can be shown using similar arguments. This
proves the first part of the lemma.

G

To show the second part, note that since m, ) = 0, moving during slot ¢ does
not make the transmitter gain any energy. Hence, by linearity of the moving cost,
given any optimal policy with 6; > 0, setting J; = 0 and 6;11 = d; + J;,; in that
case makes the transmitter harvest the same amount of energy, and reach zj,; with
the same moving cost. W

Lemma [6.3] indicates that given the optimal amount of movement energy, the
optimal movement policy is greedy. That is, if the transmitter moves during some
time slot 7, it moves towards the higher energy location in slot ¢« without considering

upcoming slots’ energies. Next, we find the optimal greedy policy by decomposing

problem (6.22)) into inner and outer problems as follows.

6.3.2.1 Inner Problem

We first fix a feasible choice for {¢;} and solve an inner problem for the pair {p;, z;}.

We denote the solution of the inner problem by R(4). By Lemma once 4 is
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fixed, the position x is determined according to the sign of m(). Whence, the
power p is found via directional water-filling [3]. Note that the choice of ¢; should
be such that it is equal to 0 if mgj ) = 0, according to Lemma m In addition, we
note that if we have some ¢; > 0 while the greedy movement is not feasible, i.e.,
moving forward /backward with §; energy gets the transmitter outside the straight
line boundaries, then surely this §; choice is not optimal and needs to change. How

to optimally find {§;} is handled next.

6.3.2.2 Outer Problem

After we solve the inner problem, we find the optimal {§;} by solving an outer
problem by maximizing R(d) over the feasible choices of §;. We have the following

lemma regarding this problem

Lemma 6.4 R(d) is a concave function in 9.

Proof: Let us pick two feasible points (1) and 6® and denote the solutions of the
inner problem for these two choices by {p™®, ™} and {p®, £}, respectively. Now
let 6 £ 06V + (1 — 0)6® for some 0 < # < 1. Next, observe that by linearity of
the feasible set, the pair p@ = 0pM) + (1 — 0)p®? and @ £ 9z + (1 — 0)z? is
feasible in the inner problem for the choice of 8. Therefore, we have

N

R(67)>> ~lo

=1

>

(1 +p(9))

1 _
(1 +p§1)> +

l\DI»—

v

7
log <1 + p§2)>

l\DIQJ
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=0R (6") + (1 - 0)R (6?) (6.23)

where the second inequality follows by concavity of the log. This concludes the
proof. W

We now solve the following outer problem

max R(6)
S.t. 51 S E()
k+1 k

Sb < Byt 30+ [mPL] L vk

i=1 i=1

5 >0, Vi (6.24)

with 641 2 0, and [y]™ = max(y,0). Note that the term [m,ﬁ”L] " ensures that all
the feasible range of {8} is covered in the outer problem, and that the inner problem
is energy-feasible. By Lemma[6.4] the outer problem is a convex optimization prob-
lem [77). However, not all the available energy should be used in movement, or else
we achieve zero throughput. Hence, we follow an iterative water-filling algorithm
to solve the outer problem similar to the one proposed in [21] that we summarize
next. We add an extra (N + 1)st slot where unused energy can be discarded. Ini-
tially, each slot is filled up by its own energy arrival and the extra (N + 1)st slot
is left empty. We allow energy/water to move to the right only if this increases

the objective function. Meters are put in between slots to measure the amount of

water moving forward. This allows us to pull water back to their sources if this
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Algorithm 3
1: repeat
2: Approximate E(i,x;) around the (j — 1)st iteration’s location solution x
using ([6.15))-(6.17)), Vi.
Fix a feasible movement energy allocation 4.
repeat
Solve inner problem for R(§) as in Section [6.3.2.1]
Solve outer problem for §* as in Section [6.3.2.2]
until Convergence of movement energy water levels.
until || (2@, p?) — (xU~Y, pl=D)|| is small enough.

(-1

%

increases the objective function. Eventually, all the water in the (N + 1)st slot will
be discarded but can be pulled back also during the iterations if necessary. Since
the objective function increases with each water flow, problem feasibility is main-
tained during iterations, and by convexity of the problem, iterations converge to the

optimal solution. We summarize the multiple energy arrivals solution approach in

Algorithm [3]

6.4 Online Setting: Problem (/6.6

In this section we discuss the solution of problem . Note that the transmitter
needs to decide on both the movement and the transmission energy for each time slot
during the course of communication given only causal knowledge of the harvested
energy. In particular, since the energy at time slot t is revealed after the transmitter
relocates itself to position x;, this means that the transmitter decides on where to
relocate blindly, i.e., before knowing what amount of energy it will harvest. We now
derive an upper bound on the optimal long term average throughput under such

conditions in the following lemma.
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Lemma 6.5 The optimal solution, r*, of problem satisfies

1
r* < 5 log (1 + max {fi1, fia}) (6.25)
where iy = 2 + i and i = i + -

Proof: First, let us take ¢,, = 0. This enlarges the feasible set F since now the trans-
mitter can move without energy cost. Since E(i,x;) is convex in z;, the movement
policy in this case should be extremal; the transmitter should only be positioned at
either ends of the line to harvest maximal energy. Let us assume that the trans-
mitter chooses to be at the first source’s position, i.e., at x = 0, for 6 fraction of
the time. This allows us to construct a set of time slot indices J;(n) C {1,...,n}
with z; = 0 for ¢ € Jy(n), and lim,,_, |J1(n)| /n = 6. Similarly, we can define J,(n)
to be the time slot indices where the transmitter is located at the second source’s
position, x; = L, with lim, ., |J2(n)| /n =1 — 0. Using Jensen’s inequality [77] we

have

% ipt] ) (6.26)

< lim %log <1+E ! > E(t,0)+% > E(tL) (6.27)

T—o00 T
teJi(T) teJ2(T)
" J1(T)| Jo(T)]| _
:%gr;oilog (1+| 1; )|/L1+| 2; >|,u2> (6.28)
1
=3 log (1 + 61 + (1 —0)faz) (6.29)
1
< 5 log (1 4+ max {1, fi2}) (6.30)
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where follows by definitions of the feasible set 7. W

Next, we propose an online feasible energy management policy and show that it
achieves the upper bound in the previous lemma, and thereby proving its optimality.
Let j £ arg max;e(1,2} ili, 1.., j denotes the energy source with higher average
arrival rate p;. Then, starting from its original position xj, the transmitter uses
all its harvested energy to move towards source j, and does not use any energy in
transmission. Let us denote by ng the time slot at which the transmitter arrives at
source 7. Then, starting from time slot ng + 1 onwards, the transmitter uses all its
energy in transmission, and does not use any energy in movement, i.e., it stays at
source j till the end. We coin the above scheme as the mowve-then-transmit scheme.

We now have the following result regarding how ng behaves asymptotically.

Lemma 6.6 For all values of €¢,, > 0, 0 < L < o0, and Ey > 0, it holds that

limg 00 72 =0 a.s.

Proof: Let us assume without loss of generality that pus > uy. By definition, one

can write ng as follows

k
ny = min {k: : Z E(i,z;) > Ley, — Eg} (6.31)
i=1

k
i=1

where ((6.32)) follows by considering the worst case (smallest) amount of energy
harvested from both sources simultaneously, i.e., assuming the transmitter is at

distance L away from both sources. Now since {Ey; + Eo;} is an i.i.d. process with
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mean [, + p2, by the strong law of large numbers, we have that for fixed v,v > 0,

there exists a number kq such that Vk > kg the following holds

k
Z By + Eoi > k(1 + po — v) (6.33)

=1

with probability larger than 1 —~. Whence, a further upper bound on ng, that holds

with probability larger than 1 — « is given by

no <min{k > ko: k(1 +pe —v) > (L+0)* (Ley,, — Ep)} (6.34)
~ max (L4 0)*(Ley — Ep)
]

Therefore, it holds that

1 L *(Ley, — E
lim 0 < lim — max (L+ 0" (Lem 0) Jkop =0 (6.36)
k—oo k k—oo k 1+ po — v

with probability larger than 1 — . Since v > 0 was arbitrary, the above is true as
v — 0 as well. This concludes the proof. B

Note that while staying at source j, the transmitter is harvesting i.i.d. amount
of energy with an average of fi;. Hence, the transmitter can use, e.g., the best
effort transmission scheme introduced and analyzed in [66] to optimally manage
the amounts of its harvested energy for transmission. This best effort transmission
scheme achieves the capacity of an AWGN channel with an average power constraint

equal to the average energy harvesting rate by basically allowing the transmitter to
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send with energy equal to the average harvesting rate as long as it is feasible, and
stay silent otherwise [66].

Next, we state the two main results of this section. Throughout, we assume
that the amounts of energy generated at the two source are bounded, i.e., there
exist some M; > 0 and My > 0 such that Ey; < M; a.s. Vi and Ey < My a.s.
Vi. It is worth noting that this boundedness assumption is satisfied naturally if
the transmitter is equipped with a finite battery B, since any excess energy received
above the battery capacity overflows and cannot be used. We now have the following

result for the infinite battery case.

Theorem 6.1 The move-then-transmit scheme along with best effort transmission

strateqy is optimal, for all values of €,, >0, 0 < L < oo, and Ey > 0.

Proof: Without loss of generality let use assume that pus > w3, and hence the
transmitter initially moves towards the second source and reaches there after some ng

time slots. We then have the following energy causality constraints for transmission

k k
1 1
& E Pi < z E E(i,L), Vk>ng (6.37)

Now let us examine the amounts of energy not used in transmission, i.e., during the
first ng time slots, if the transmitter was initially located at 2o = L. By Lemma
and the boundedness assumption, this amount behaves asymptotically as follows
1 & n M M.
lim —Y E(i,L) < lim —> (—1 + —2) =0 as. (6.38)

k—o0 - k—o0 (L + 7’)0‘ ro

=1
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Therefore, for fixed v, > 0 we have

k
1 1
o> n< o) EL) - % Vk > ng (6.39)

i=ng+1 =1

with probability larger than 1 — v, and k large enough. Thus, as k& grows infinitely
large, one can take v and v down to 0, which means that the energy used in move-
ment does not have a long term average effect on the energy causality constraint
set. Therefore, transmitting by the average harvesting rate at the second source
E[E(i, L)] = fio using the best effort strategy one achieves the following rate for T’

large enough [66]

T—ngl
- 05 log (1 + jip) — Kt (6.40)

where kp — 0 as T' — oo. Hence, taking the limit as 7" — oo, and using Lemma [6.6]
one achieves a long term average throughput of 1 log (1 4 fip), which is equal to the
upper bound stated in Lemma [6.5, Therefore, the proposed scheme is optimal. W

Next, we discuss the case where the transmitter is equipped with a finite
battery of size B. Under a finite battery capacity B, reference [54] introduced
a near-optimal online policy for single-user energy harvesting channels coined the
fized fraction policy (FFP). Under this policy, in each time slot, the transmitter uses
a fixed fraction of the amount of energy available in its battery for transmission.
Such fraction is given by the average harvesting rate divided by the battery capacity.

It is shown in [54] that such policy achieves a long term average throughput that
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lies within constant multiplicative and additive gaps from the optimal solution, for
all i.i.d. energy arrival patterns and battery sizes. In our setting let us define the
following fraction

s Max{fy, i} (6.41)

9 B

and define the transmission power at time slot ¢ to be given by

07 t<n0

pe= (6.42)

qby, t>mng

Since ¢ < 1, the FFP policy above is always feasible. We now state the following

result for the finite battery case.

Theorem 6.2 The move-then-transmit scheme along with the FFP in achieve
a long term average throughput that lies within an additive gap 0.72 and a multi-
plicative gap of 0.5 from the optimal solution, for all values of €,, > 0, 0 < L < 00,

and Ey > 0; and for all i.i.d. energy patterns and battery sizes.

Proof: The proof follows the same lines as in the proof of Theorem basically,
the fact that the effect of the movement strategy on the energy causality constraint
set vanishes in the long term does not depend on the battery capacity, and hence it
still holds. Once this is established, one can treat the problem as a single-user online
problem with an energy harvesting average rate of fi;, and use the same techniques
as in [54, Theorem 2| to show that the achieved rate lies within the constant gaps
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Figure 6.2: Convergence of throughput over time.

mentioned in the theorem from the upper bound stated in Lemma 6.5, and hence,

the same constant gap results hold with respect to the optimal solution. W

6.5 Numerical Results

6.5.1 Deterministic Arrivals

In this section, we present some numerical examples to further illustrate our results
in the offline setting. We consider a system of four time slots. The transmitter has
an initial amount of energy of Ey = 0.1 energy units. The length of the straight line
between the energy sources is L = 7 distance units, and the transmitter is initially
positioned at zy = 2.5. Energies arrive at the two energy sources with amounts
E, = [0,1,7,5] and E; = [8,5,1,1], at the first and the second energy source,
respectively. The path loss factor a = 2.5, £ = 0.3, and the movement energy cost

per distance €,, = 0.5.
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Figure 6.3: Optimal transmitter location in a four-slot system.

We solve problem ([6.14)) by initially approximating the energy-position func-

tion at each time slot around xy. We then do the problem decomposition to solve

for {07} and {p}, x;} as discussed in Sections|6.3.2.1|and [6.3.2.2] Finally, we substi-

tute by {zf} in problem (6.14) and re-iterate until convergence. For this example,
it takes 5 iterations to converge to a local optimal solution of problem (6.3]). In
Fig. 6.2 we show the convergence of the throughput with iterations.

In Fig. [6.3] we plot the results of this example. We show the transmitter’s
position at different slots in between the two energy sources. Arrows at the sources
represent the amounts of energy arriving (emitted) by each source at a given time
slot. From the figure, we see that the transmitter stays at its initial position in
the first time slot, i.e., 7 = 2.5. This is mainly because the initial position of
the transmitter is inclined towards the first source, and the fact that the energy
amount at the second source is higher than that of the first source in the first time

slot. One more reason for this movement behavior is that the first source receives
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Figure 6.4: Transmit power and movement energy consumptions.

higher amounts of energy in later slots. Therefore, we see that the transmitter
moves towards the first source during slots 2 and 3 until it reaches the end of the
line in slot 4. The optimal position is given by x* = [2.5,1.98,1.58, 0], with powers
p* =0,0,0.68,101.44], and movement energy consumption of [0,0.25,0.2,0.67].

We plot the optimal transmit power and movement energy consumptions over
the four time slots in Fig.[6.4 The height in blue and green represents the transmit
power and the movement energy costs, respectively. We see that the transmitter
neither moves nor transmits during the first time slot and saves all its harvested
energy for later slots” movements and transmission. It starts spending some energy
in movement during the second time slot while still not transmitting, and then
finally during the third and fourth time slots it both moves and transmits to the
receiver, achieving a throughput of 2.57.

Next, we show the effect of the movement energy cost per unit distance, €,,, on
the throughput. We shift the initial position to zo = 3.5 and use the same parameter

values from the previous example except that we decrease €,, to 0.01. The solution
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Figure 6.5: Effect of moving cost on optimal location.

in this case is z* = [7,7,0,0] with a throughput equal to 9.7. Due to the small
movement energy cost, the transmitter in this case rides the energy peaks from the
two sources, i.e., it harvests E; = E%maX{Eli,Egi}, Vi. The optimal location is
shown by the green transmitter in Fig. We then increase €, to 3 and re-solve.
In this case, we get z* = [3.5,3.5, 3.5, 3.5] with a throughput equal to 0.484. Due to
the large movement energy cost, the transmitter does not move during the course
of communication and uses all of its available energy only for transmission. The

optimal location in this case is shown by the brown transmitter in Fig. [6.5

6.5.2 Stochastic Arrivals

In this section, we present some numerical results for the online setting. We consider
a system where the energy arrivals at the first source follows a uniform distribution
and that at the second source follows an exponential distribution. The system

parameters are the same as in the previous offline examples except that we set
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Figure 6.6: Long term average rate achieved by the proposed move-then-transmit
and best effort policy, and the theoretical upper bound, versus the average harvesting
rate of the first source. In this example we set o = 2.

L = 10 distance units and €,, = 10 energy units per unit distance. In Fig. we
plot the long term average rate achieved by the proposed move-then-transmit and
best effort policy against . We set ps = 2u4 in this example. We also plot the
theoretical upper bound obtained in Lemma [6.5] We see that the proposed policy
achieves the theoretical upper bound and that the two curves are almost identical
as stated in Theorem [6.11

Finally, we consider a transmitter with finite battery capacity B. Energy
arrivals follow Bernoulli distribution with parameters 0.5 and 0.3 at the first and
the second source, respectively. In Fig.[6.7] we plot the long term average throughput
achieved by the proposed move-then-transmit and FFP against p1. We set ps =

2 x %ug = 1.2y in this example. We also scale the battery with p; and set it

to B = max{Bi, By} where B, = 05’% + (%i—*g)?a and By £ (gi—%a + 0'5’;‘2. We see

that the rate achieved lies within a constant gap from the upper bound as stated in
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Figure 6.7: Long term average rate achieved by the proposed move-then-transmit
and fixed fraction policy, and the theoretical upper bound, versus the average har-
vesting rate of the first source. In this example we set o = 1.2p,.

Theorem [6.2]

6.6 Discussion and Possible Extensions

In this section, we discuss some extensions to the problems and the model of this
chapter. Regarding the movement path, we considered a one-dimensional straight
line movement profile in this chapter as a first step to characterize the movement-
throughput tradeoff. It would be of interest to extend the movement path to
other two-dimensional or three-dimensional geometric shapes and understand the
movement-throughput tradeoff in more general settings.

Regarding the energy sources, we considered the case where the sources emit
energy in each time slot according to some random phenomenon. One way to extend

this model is to optimize the amounts of the sources’ emitted energy by introducing
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storage devices at the energy source side, i.e., transform the random energy source
to a controlled energy sharing entity. In this case, the energy harvested at the

transmitter at time slot ¢ is given by

/Bli 52i
@t 0 L=mtor

B(i,z;) = (6.43)

where {(1;} and {f;;} satisfy the usual energy causality constraints

k k
> Bu< > Eu, Vk (6.44)
i=1 i=1

k k
> B <Y By, Vk (6.45)
=1 =1

In other words, the two sources now generate energy with amounts { £y;} and {Ey;}
but only share {fy;} and {fs;} portion of them with the transmitter. We note
that in this case, procrastinating policies [19] need not be optimal since the energy
sharing efficiency is changing with the position of the transmitter. We also note
that even with a single energy arrival at the two sources the problem now does not
admit a closed form solution as shown in Section [6.3.1] This is only the case if we
consider only one time slot N = 1. Thus, even with a single energy arrival, one has

to optimize the amounts of shared energy over multiple time slots.

6.7 Conclusion

In this chapter, we considered mobility effects on energy harvesting nodes. Energy

arrivals at a node depend on the node’s relative position to energy emitting sources,
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and therefore movement is motivated by finding better energy harvesting locations.
However, nodes incur a moving cost per unit distance travelled. We considered
movement along a straight line, where two energy sources are located towards the
opposite ends of the line. We characterized the optimal tradeoff between staying
at the same spot so as to spend all available energy in transmission, and spending
some energy to move to a potentially better energy location so as to achieve higher
throughput. We studied this problem in both offline and online settings. In the
offline setting, we designed movement and transmission policies that maximize the
sum throughput by a given deadline. We first solved the case with a single energy
arrival at each source, and then generalized that to the case of multiple energy
arrivals. In the online setting, we proposed an optimal move-then-transmit scheme
that maximizes the long term average throughput, where the transmitter first moves
towards the energy source with higher energy harvesting mean, and then starts
transmission. We analyzed the performance of this scheme under both infinite and

finite battery capacities at the transmitter.
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CHAPTER 7

Delay Minimal Policies in Energy Harvesting Communica-

tion Systems

7.1 Introduction

In this chapter, we characterize delay minimal power scheduling policies in energy
harvesting communication systems. We consider a continuous time system where
the delay experienced by each bit is given by the time spent by the bit in the queue
waiting to be transmitted to its receiver. We first consider a single-user channel
where the transmitter has a finite-sized battery to save its harvested energy. Data
arrives during the course of communication and is saved in a finite data buffer as
well. We find the optimal power policy that minimizes the average delay experi-
enced by the bits subject to energy and data causality constraints. We characterize
the optimal solution in terms of Lagrange multipliers, and calculate their values in
a recursive manner. We show that, different from the existing literature, the opti-
mum transmission power is not constant between the energy harvesting and data
arrival events; the transmission power starts high, decreases linearly, and potentially

reaches zero between energy harvests and data arrivals. Intuitively, untransmitted
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bits experience cumulative delay due to the bits to be transmitted ahead of them,
and hence the reason for transmission power starting high and decreasing over time
between energy harvests and data arrivals. Next, we study a multiuser version of
this problem, namely a two-user broadcast channel, and characterize the optimal
transmission policies that minimize the sum delay. For this setting, we consider the
case where the transmitter has an infinite-sized battery, and that all data packets in-
tended for the receivers are available at the beginning of the communication session.
We characterize the optimal solution in terms of Lagrange multipliers, and present
an iterative solution that optimally calculates their values. Our results show that in
the optimal policy, both users may not be served simultaneously all the time; there
may be times where only the strong user or only the weak user is served alone. We
also show that the optimal policy may have gaps in transmission in between en-
ergy arrivals where none of the users is served, echoing the results of the single-user

setting.

7.2 Single-User Channel

In this section we consider a single-user AWGN channel, see Fig. [7.1], where at arrival
time t,,, m = 0,1,..., M — 1, with t; = 0, energy is harvested at the transmitter
with amount F,, and data intended for the receiver arrives with amount B,,. The
transmitter saves energy and data in a battery with finite capacity E.. and in
a data buffer with finite capacity Bunax, respectively. We denote the cumulative

harvested energy and the total amounts of received data at time ¢ by
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Figure 7.1: Single-user energy harvesting channel with finite-sized battery and data
buffer.

m—1

Ey(t) =Y Ei, tmq<t<t,, m=1..M (7.1)
=0
m—1

Ba(t) = Bi, tmo1 <t<tp,, m=1,... ,M (72)
=0

where we define ), = oo. For a power policy p(t) at time ¢, the cumulative consumed

energy and the total departed data to the receiver at time ¢ are given by

E(t):/o p(T)dr (7.3)
B(t) = /0 " log(1 +p(r))dr (7.4)

where log is the natural logarithm throughout this chapter. We call a policy feasible

if the following is satisfied

Ea(t) - Emax < E(t) < Ea(t): vt (75)

B,(t) — Buax < B(t) < By(t), WVt (7.6)
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The above conditions assure that the policy conforms to energy and data causality
constraints, and that energy and data buffers are not overflown.
The delay experienced by each bit is the time interval from its arrival time to

its actual transmission time. The total average delay for the system is given by

D = /D ootdB(t)— /0 N tdB,(t) (7.7)

Our objective is to characterize the optimal power policy that minimizes the total
average delay in ((7.7)) subject to feasibility conditions in ([7.5)) and . For a given
data arrival profile, the second term in is constant, and therefore minimizing
D is equivalent to minimizing the gross delay defined as
o0
0

D:/OotdB(t):/ %10g(1+p(t))dt (7.8)

We note that the maximum data buffer constraint in this setting can model strict

delay requirements for data packets. The optimization problem is formulated as

min / tlog(1 + p(t))dt
0

p

tm
st Eu(tm) — Emax < / p(t)dt < E(tn), m=1,....M
0

p(t) >0, WVt (7.9)

185



where for convenience we dropped the half term of the rate-power functionE]. We

solve problem ([7.9)) in the remainder of this section.

7.2.1 Properties of the Optimal Solution

We note that problem (7.9) is not a convex optimization problem. However, our
analysis will show that the KKT optimality conditions admit a unique, and therefore

the optimal, solution. We introduce the following Lagrangian

L= /Oootlog(l + p(t))dt — /OOO n(t)p(t)dt

+ mf o ([ eyt = Eue)) + mf o (Bultn) = B — [t
+ ]:Zum ([ ost+ pionas - )

T Ag o (Ba<tm> ~ B | " log(1 + p(t)>dt)

o ([ o+ ) - ) (7.10)

where { A1, Aom, fam, fom }, V, and n(t) are Lagrange multipliers. Taking the deriva-
tive with respect to p(t) and equating to 0 we get the following KKT optimality

conditions

p(t) = (M;)(t;t - 1) (7.11)

!This is indeed without loss of optimality as the objective function and the data constraints
can both be multiplied by 2.
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where we have defined

Aty =D Aim— Aom (7.12)
{m: tm>t}
pt)=v—"> " pam— fiom (7.13)
{m: tm>t}

along with the complementary slackness conditions

o ([ w01t = Eu)) <0, v (7.14)

Mo <Ea<tm> — P — /0 " p(t)dt> —0, Vm (7.15)

o ([ 0800+ p(0)d1 — Buft) ) =0, m=1 M -1 (119

i (Bult) ~ B — [ ol +p(0)d) =0, m=1. M =1 (ra)

We now state the following lemma

Lemma 7.1 The optimal \(t) (resp. wu(t)) is a piece wise constant function, with

possible changes only if the energy (resp. data) buffer is either depleted or full.

Proof: By the complementary slackness conditions we have

M = Ao =0, if Ey(ty) — Enax < E(tn) < Eo(tn) (7.18)
E(ty) = Ey(ty), if Aypm >0 (7.19)
E(tm) = Eu(tm) — Fmax, if Ao >0 (7.20)
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Therefore, A(t) stays constant between arrival times, and can only change when
Am > 0 or Ay, > 0 for some m, which occurs only if the energy buffer is either
depleted or full at t,,. Similar arguments follow for p(¢). W

By Lemmal[7.1] both A(t) and p(t) are sequences rather than continuous func-
tions of time. We denote by {s1, $2,...,s} C {to,t1,...,ty—1} the change times of

A(t) and p(t), with s; = 0. Therefore we have

NG, €[Sk, Skt1) L, €[Sk, Skt1)
A(t) = ;)= (7.21)

¢, te€lsy,00) ug, telsy,00)

Therefore, by definition of {s;}, at least one constraint is met with equality at
Sk, Vk, and no constraint is met with equality during the interval (sx_1,si). The
following lemma provides the necessary conditions for the two sequences {\{} and

{u5} to increase/decrease.

Lemma 7.2 In the optimal policy: 1) X} is larger (resp. smaller) than X;_, only if
the battery is full (resp. depleted) at time sp_1; and 2) ug, is larger (resp. smaller)

than u$_, only if the data buffer is depleted (resp. full) at time sp_q.

Proof: By definition of A(t) in (7.12)), the function can only increase (resp. decrease)
after time sp_q if Ay, > 0 (resp. Ay, > 0) for m such that ¢,, = s,_1. By
complementary slackness, the battery must be full (resp. depleted) at time sj_;.
The second statement of the lemma follows using similar arguments. B

We conclude the optimality conditions by the following lemma
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Lemma 7.3 Whenever the optimal power p(t) > 0, it is monotonically decreasing

with time.

Proof: Let us have p(t) > 0 Vt € (Iy,l3) where (I1,[3) lies in between arrival times.
By Lemma [7.1] we know that both A(f) and yu(t) are constants during that inter-
val (say \; and 4y). Hence, from (7.11)), p(t) is either monotonically increasing or
decreasing (depending on the sign of );). Now assume it is increasing during this
interval, i.e., \; < 0, and denote \j = —\;, and p; =l — p; + ;. Now define a new
power policy p'(t) = (u; —t)/A; — 1, for t € (I3,15). It is direct to see that both p(t)
and p/(t) use the same energy and deliver the same data amount during (ly,15), as
what we did is merely flipping the curve of p(t) in (11, () around % However, the
(now decreasing) new policy p/(t) does so with a strictly less delay. This is due to
the multiplicative term ¢ in the objective function; it is strictly better to use higher
powers at the beginning and lower powers at the end, so that data arriving earlier
in time are delivered faster. W

By Lemma , we conclude that the optimal A(¢) is non-negative for all ¢, and
that it is necessary, from (7.11]), to have p(t) > ¢ for all ¢ before the total amount of
data is delivered. Lemma[7.3|also shows that power can reach 0 in between arrivals,

where the communication stops until the next energy or data arrival instant.

7.2.2 Recursive Formulas

In this section, we show how to find Af, pf, and s; in a recursive manner. We will

use these recursive formulas to construct the optimal solution in the next section.
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First, assume si, E(sy), B(sk), and pf are known, and define the following values

for all {m: t,, > s}

tm c _ +
A B(sy) + / ("“’;wt - 1) dt = E,(t) (7.22)
Sk m
tm ’uc —t +
Au B(sy) +/ log [ 1+ < ’i\bu - 1> dt = By(tm) (7.23)
Sk m
A, = max{ A, A0 (7.24)
tm Iuc —t +
ML E(sy) +/ ( ’;el - 1) dt = Ey(ty) — Fax (7.25)
Sk m

tm ¢ _y +
MU B(sy) + / log [ 1+ (“k)\bl — 1) ) dt = Ba(tm) — Bmax (7.26)
Sk

AL = min{ A% N1 (7.27)

Therefore, A\? is the minimum value of A such that either the energy or the data
buffer is depleted by time t,,, i.e., an upper bound is met with equality. On the
other hand, A is the maximum value of A such that either the energy or the data
buffer is full by time t,,, i.e., a lower bound is met with equality. Let us denote
A(m) = [A%,AL]. Hence, to maintain feasibility, we need to have \{ € A(m) if

Sg+1 > tm. Now define the following integers

m* (k) = max {m : ﬂ A(i) # (D} (7.28)

i ty>sg

mi (k) = max {m C Ay € ﬁ A(z)} (7.29)

it ti>Sg

m} (k) = max {m AL e ﬁ A(z)} (7.30)

i t;>Sg
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We now have the following lemma.

Lemma 7.4 Assume that one has the optimal solution up to time sg, along with

pg. Then, A and si11 are found as follows:

my* (k)
IfA(mP™(k)+1)> [ AG) = o= Ay k1 = b 1)
i t;>Sg
minex (k)
Else, if N(my™ (k) +1) < [ AG) = X =M Skr1 = b

i t; >SSk
where the comparisons of the intervals above are pointwise.

Proof: Let us assume that A (mP*(k) +1) > ﬂm?m(k) A(7) and consider two dif-

1 £ >Sg

ferent possibilities. First, if A\j > )\l , then a lower bound will be met before
tmiry- By Lemma , we know that A(t) can only increase if a lower bound is
met with equality. This means that eventually the lower bound at ¢, ;) will be
breached. On the other hand, if \j < )\l , then by definition of m! (k), we know

that AL > M for all m : s < t,, < mll(k) This means that only an upper

l(k

bound can be met before or at ¢, . By Lemma , we know that A(¢) can only
decrease if an upper bound is met with equality. Therefore, A(t) will not increase to

have a value inside A (m®*(k) + 1) (which lies above ﬂ A(z) by assumption)

IS t>5k

at fpmax(r)11, 1.6., the upper bound at f,maxz);1 will be breached. Thus, we must

have A\ = )\in Ly SEH1 = tmt (k) in this case. Similar arguments follow for the other

case when A (m(k) +1) < ., N A(i). B

1 1, >Sg

Similarly to what we did above, we can define the quantities { um,um,uﬁl}

and {pe, b pt b as we did in (7.22)-(7.27) with fixed (known) A{. Further, we can
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also define the set U(m) = [ul , u% ], which gives rise to the following integers

my* (k) = max {m : ﬂ Uli) # (Z)} (7.31)

i ti>Sg

my(k) = max {m Dy € ﬂ U(z)} (7.32)

i t;>Sg

mb(k) = max {m T ﬁ U(z)} (7.33)

i ti>sg

We now have the following lemma. The proof follows using similar arguments as in

that of Lemma[7.4] and is therefore omitted for brevity.

Lemma 7.5 Assume that one has the optimal solution up to time s, along with

.. Then, pf, and siyq1 are found as follows

g ()
IfU (my™ (k) +1) > ﬂ U(i) = W= Mgy Sk+1 = tmg (k)

i 1 >8g

myp (k)

FElse, if U (my™ (k) + 1) < ﬂ Uiy = pg= ,ufﬂé(k), Skt1 = Ll (1)

i ti>Sg
where the comparisons of the intervals above are pointwise.

Lemmas and show how to optimally construct Af and xS, along with
Sk+1, given pf and Aj, respectively, along with the optimal solution up to s;. In
solving our problem, we neither know the optimal value of A{ or u{ in order to
apply those lemmas, and hence, we need to assume some initialization values for
either of them in order to start computing the remaining ones recursively. It then

remains to find out if such initializations were erroneous, and how to adjust them if
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this were the case. In addition to that issue, we also note that Lemmas and
only give the value of s;y;. One needs either \j , or ug_ , along the way in order
to reapply the results of the lemmas and move forward to find si,o. We address
these issues formally through the next series of lemmas. Throughout the lemmas,
we first assume a value for pf, and find the corresponding values of A{ and sj44
by Lemma [7.4 We then assess the optimality of the assumed pf according to the

constraints met at sxy1. The next lemma will help in that assessment.

Lemma 7.6 Given a time interval [t,,ty], and a power policy po(t), if we define
another power policy py(t) that consumes the same amount of enerqy during [t,,tp),
and has a slower decline, then the policy p1(t) departs more data during that interval.
Similarly, if we define another power policy ps(t) that departs the same amount of
data during [ta,ts], and has a slower decline, then the policy po(t) consumes less

enerqy during that interval.

Proof: Assume without loss of generality that E;(t,) = B;(t,) = 0, for i = 0,1, 2.
Since we have E\(t,) = Ey(tp), and that pi(t) declines slower than py(t), therefore
it must hold that Ey(t ft po(T)dr > ft p1(7)dT = Ey(t) Vt € [ta,ty], 1.€., po(t)
majorizes p;(t) in the interval [t,,ty]. By concavity of the log, it then follows that
Bi(ty) = ftib +log(1 + py(t))dt > ftb Llog(1 + po(t))dt = By(t,) by the theory of
continuous majorization [87]. This proves the first part of the lemma.

We prove the second part by contradiction. Assume Fs(ty) > Ey(p). Since
po(t) declines slower than py(t), therefore there must exist some point ' € (t,, 1] at

which FEy(t') = Eo(t') with Eg(t) > Es(t) Vt € [t,,t']. Using the first assertion of
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the lemma, we have

By(t') > Bo(t) (7.34)

Since Ey(ty) > Eo(tp), then we must have

By (ty) — Ba(t') > Bo(ty) — Bo(t') (7.35)

From and (7.35)), we get Bs(ty) > By(ty), which contradicts the assumption
that both policies depart the same amount of data. Therefore we must have Es(t)) <
Ey(ty). W

Next, we use the results in Lemmal7.6]to prove the statements in the following

lemmas.

Lemma 7.7 If an energy constraint is binding at sgyq, while data constraints are
not, and if pg, > Spy1, then we have pj , = pg. Otherwise, pj, is not optimal, and
needs to increase. Similarly, if a data constraint is binding at sy, while energy
constraints are not, and if sp41 < tpr = 00, then we have Aj | = Xi,. Otherwise, pj

1s not optimal, and needs to decrease.

Proof: By complementary slackness, we know that we must have puj,, = pj, since
the data constraints are not binding at s;;;. However, if uj, < si11, then by ,
p(t) = 0 Vt > spy1, and the transmitter will not be able to deliver the required
amount of data to the receiver. Hence, pj needs to increase in order to maintain
feasibility of the problem. This proves the first part of the lemma. To show the
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second part, we also note that by complementary slackness, we must have A\j ;| = Af
since the energy constraints are not binding at sx,;. However, if s51; = 00, i.e., we
reached the end of the communication session, then we can use some extra amounts
of energy to decrease the delay as follows: decrease the value of pf and decrease
that of A{ such that the amounts of departed bits in (si,00) stays the same. This
makes the power in the interval (s, 00) be of a faster decline, i.e., finish transmission
faster, and in turn by Lemma will consume more energy, which is feasible since

the energy constraints are not binding. W

Lemma 7.8 If the battery is empty at sp.1, and the data buffer is overflown, then
pg is not optimal and needs to increase. Similarly, if the data buffer is empty at

Sk+1, and the battery is overflown, then ug is not optimal and needs to decrease.

Proof: To show the first part, let us increase the value of pf and increase that of Af
such that the consumed energy in the interval (s, sx11] stays the same. This means
that the power in the interval (s, sy+1] will have a slower decline. By Lemma [7.6]
this new policy departs more bits, and prevents the overflow of the data buffer.
Similarly, for the second part, let us decrease the value of uf and decrease that
of A{ such that the data delivered in the interval (s, sgi1] stays the same. This
means that the power in the interval (s, sg11] will have a faster decline, i.e., finish
transmission faster, and in turn by Lemma |7.6| will consume more energy and prevent
the overflow of the battery. W

The next two lemmas deal with the cases where both data and energy con-

straints are binding at sg,;. In such cases, we re-solve a shifted problem starting
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at spiq recursively using the above analysis, with initial conditions as indicated by
the binding constraints at sj,1, e.g., a full/empty data/energy buffer, and denote
the optimal Lagrange multipliers of this shifted problem by {\;, i;}},.,. We then
compare the values of those Lagrange multipliers obtained from the shifted problem

to A and pj, and examine their optimality as follows.

Lemma 7.9 If the battery is empty (resp. full) and the data buffer is full (resp.
empty) at sy, and the solution of the shifted problem satisfies: A1 < A and
frir < p$ (resp. Aps1 > ¢ and figy1 > p$), then the solution of the shifted
problem, as well as the pair (A5, 1), is optimal. Otherwise, uf, is not optimal and

needs to increase (resp. decrease).

Proof: We first note that the conditions of optimality stated in the lemma are those
stated in Lemma [7.2] If these are not satisfied, and the battery is empty while the
data buffer is full at s;;q, then we can increase the value of pf and increase that of
A¢ such that the consumed energy in (s, Sg11] stays the same. This means that the
power in the interval (s, sg+1] will have a slower decline. By Lemma , this new
policy departs more bits, which is feasible since the data buffer is full at sz, and
eventually achieves less delay. The proof of the other scenario stated in the lemma
where the battery is full and the data buffer is empty at s;,; follows using similar

arguments as in the proof of the second part of Lemma [ |

Lemma 7.10 If both the battery and the data buffer are empty (resp. full) at sy 1,
and the solution of the shifted problem satisfies: Agy1 < A& and Jigr1 > ps (resp.
Mer1 > A and Jigy1 < u$), then the solution of the shifted problem, as well as the
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pair (N, 1$), is optimal. Otherwise, if \ji1 > A (resp. figi1 > j15), then u§ is not
optimal and needs to increase. On the other hand, if fixy1 < 5 (Tesp. Mp1 < AS),

then ug is not optimal and needs to decrease.

Proof: We first note that the conditions of optimality stated in the lemma are those
stated in Lemma [7.2] If both the battery and the data buffer are empty at sji1,
and A\gy1 > Af, then we can increase the value of p§ and increase that of A§ such
that the amount of data delivered in (s, Sg11] stays the same. This means that
the power in the interval (s, si.1] will have a slower decline. By Lemma [7.6] this
new policy consumes a smaller amount of energy, i.e., energy constraints will not
be binding at sj,i, and therefore we will have A7, ; = A{. On the other hand if
flk+1 < pf, then we decrease the value of pj, and decrease that of Aj such that the
amount of energy consumed in (s, s;41] stays the same. This means that the power
in the interval (sg, si+1] will have a faster decline. By Lemma this new policy
delivers a smaller amount of data, i.e., data constraints will not be binding at sz,
and therefore we will have uf ; = pj. The proof of the other scenario stated in
the lemma where both the battery and the data buffer are full follows using similar
arguments. W

It is clear from the above recursive formulas that the optimal Lagrange multi-
pliers can only have one unique set of values. This shows that the KKT conditions

have a unique solution for this problem, as mentioned in the beginning of the analysis

in Section [7.2.1]
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7.2.3 Constructing the Optimal Solution

In this section, we summarize the solution of the single-user problem. We first
initialize by setting s; = 0, and choosing a value for pu{. We then find the value
of A{ and s; by Lemma . Next, we check the constraints at s; and use Lem-
mas 7.7}, [7.8 [7.9, and to assess the optimality of the initialized p$. This results
into one of the following cases: 1) the value of u§ or A§ is given because S is opti-
mal; 2) p§ is not optimal and needs to increase or decrease; 3) the optimal solution
of the problem is obtained according to Lemmas and In case 3, we need
to solve a shifted problem starting at so; we do so by initializing a value of ©§ and
continue as discussed above. In case 2, one can find the optimal u§ by using, e.g.,
a bisection search. In case 1, we either use Lemma to find A§ and s3 if pu§ was
given, or use Lemma [7.5 to find p§ and s3 if A§ was given; we then repeat the above
constraints’ checks at s3, and so on. We stop when all data is transmitted under

the above conditions.

7.3 Broadcast Channel

In this section, we consider an energy harvesting two-user broadcast channel, see
Fig. [7.2) where at time t,,, m = 0,1,..., M — 1, with ¢, = 0, energy is harvested
with amount E,,. Unlike the single-user problem, the data packets in this broadcast
setting are available before the communication starts, in amounts B; and B,, for

the first and the second user, respectively.
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Figure 7.2: Two-user energy harvesting broadcast channel.

RQ

The physical layer is a degraded broadcast channel,
Y, =X+2;, j=1,2 (7.36)

where X is the transmitted signal, Y; is the received signal of user j, and Z; is the
Gaussian noise at receiver j with variance 0’ . We assume 02 = 1 < 02 2 02, ie.,
the first user is stronger. The capacity region for this channel is

1 1 (1-a)P
< =1 1 P —1 1+ —— .
r1_20g( +aP), rmn< 2og( aP+a2) (7.37)

where « is the fraction of the total power assigned to the first (stronger) user, and
log is the natural logarithm. Working on the boundary of the capacity region we

have,
P = Xntra) o (0> =1) ™™ —0* 2 g(r1,m2) (7.38)

which is the minimum power needed to achieve rates r; and 75, at the first and the
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second user, respectively. Note that g(ry, ) is strictly convex in (ry,re) [77]. We

call a policy feasible if the following are satisfied:

/0 g (ri(7),ro(7))dr < Eu(t), Wt (7.39)
/ T (dt = By (7.40)
/ ()t = B (7.41)

where the first constraint is the energy causality constraint with F,(t) as defined in
(7.1]), and the remaining two are to ensure data delivery to both users.
As discussed in the single-user scenario, the average gross delay experienced

by each user is given by

D, = / (1) bt (7.42)

Dy = / " (1) tat (7.43)

Note that, unlike the single-user scenario, in this two-user setting, there is a tradeoff
between the delays experienced by the two users. This tradeoff can be characterized
by developing the delay region, similar to departure region in [7], where all achievable
(D1, Dy) can be plotted. It can be shown that this region is strictly convex, and
in order to achieve pareto-optimum delay points, one needs to solve weighted sum
delay minimization problems in the form of min 1 Dy + ps Dy subject to energy
causality constraints. We focus on the sum delay minimization problem by taking

1 = po = 1. Therefore, in this section, we consider the following optimization
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problem:

ri(t) >0, ra(t) >0, Vi (7.44)

7.3.1 Minimum Sum Delay Policy

We note that (7.44]) is a convex optimization problem [77]. We solve using a La-

grangian approach:

z:/ooorl (T)Td7+/0mr2 (T)wai:l% (/Otmg(Tl(T),Tg(T))dT—Ea(tm))

([T ) <o ([t - )

- /0 () (r)dr — /0 o )ra(r)dr (7.45)

where {A,,}, 11, v, 71(t), and ~»(t) are Lagrange multipliers. KKT optimality

conditions are:

t+ a0 “(;Q;?“” =) =0 (7.46)
VoL (Téfa?(%;?(t)) vyt =0 (7.47)
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where we have:

> (7.48)

{mitm>t}
g (ri(t), r2(t)) — 9p2(ri(B)+r2(t) (7.49)
8’1"1 (t) '
dg (r1(t),ra(t)) 2(r1 (£)
) — 2 r1 +T2(t)) 2 2 1 279 (t) .
X0 e +2 (o )e (7.50)

along with the complementary slackness conditions:

tm

A (/ g (ri(7),ro(1)) dr — Ea(tm)) =0, VYm (7.51)

0
12 (/ ri(7)dr — Bl) =0, m)r(t)=0 Vvt (7.52)

0
Uy (/ TQ(T)dT — BQ) = 0, ’YQ(t)Tg(t) =0 VWVt (753)

0
From the above KKT conditions, we can write the rates and total power

expressions in terms of the Lagrange multipliers. First, we write the rate expressions

as:

1 ()@
7“1(t)—21g(72(t) 71(75)+1/2—1/1) (7.54)

ra(t) = %log (7 2 (¢ ))\ 0 (f;) i :; — Vl) (7.55)

We now state the following result.
Lemma 7.11 The optimal Lagrange multipliers (v, v3) satisfy: vi < vi < o?v}.

Proof: We show this by contradiction. Assume v < vj. Then, by (7.55)), the
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value of 75(t) is well-defined only if 45(¢) > 0 V¢, which means by complementary
slackness that r9(t) = 0 Vt. Therefore, assuming By > 0, the weak user will never
get to receive any of its data. This proves the first inequality.

To show the second inequality, assume o?v; < v3. Thus,

(62 —1) (v — 1)

<1, Vt(t) >0 7.56
72(1/_)_’_]/2_”1 = 72() ( )

Therefore, the right hand side of can only be positive if v;(¢) > 0, but this
means, by complementary slackness, that r;(¢) = 0, which is a contradiction. Hence,
r1(t) = 0 Vt, and, assuming B; > 0, the strong user will never get to receive any of
its data. W

Next, we characterize the optimal total transmit power g (r1(t),r2(t)) by the

following lemma.

Lemma 7.12 In the optimal policy, the total transmit power g (r1(t),r2(t)) is given

by

g(r(t), 7a(t)) = max { ” (;)t -t % J _ 1} (7.57)

Proof: From (7.47) and (7.50)), we have

l/2+’72(t)—t_ 2

T (7.58)

g(ri(t), ra(t)) =

203



Since from ((7.49) and ([7.50) we always have

Ag(ri(t),r2(t)) o _ 9g(ri(t),r2(t))
ol 0= omuy (7.59)

with equality iff ro(¢) = 0, from (7.46)) and (7.47)), we have

vtplt) -t 5 ntmnl) -t

) o° > ) —1 (7.60)

Thus, if ro(t) > 0, by complementary slackness 75(¢) = 0, and the total power is

given by

g(ri(t),ra(t)) = W -0 (7.61)
Wrzz—i)t)_t —1 (7.62)
> ”;(;)t 1 (7.63)

g(ri(t),ma(t)) = T -0 (7.64)
vV — t
-Sa ! (7.65)
Vy — t 9
> O o (7.66)

Finally, if both rates are zero, then the total power is zero. Combining this with the

above gives (7.57). W



The above lemma shows that the optimal power decreases with time between
energy harvests, and can reach zero before increasing again with the next energy

harvest. The following lemmas characterize the structure of the optimal policy.

Lemma 7.13 In the optimal policy, the transmission starts by sending data to the

strong user, and finishes by sending data to the weak user.

Proof: We show this by contradiction. Assume that the transmission starts by
sending data to the weak user only, i.e., 75(0) > r1(0) = 0F] By complementary

slackness, we have 7,(0) = 0. By Lemma [7.11] since 0?v; > vy, we have

(0® = 1) (m1(0) + 11)
Vy — V1 — ’71(0)

>1, Vy(0)>0 (7.67)

which implies, by (7.54)), that r1(0) > 0, which is a contradiction. For the second
part of the lemma, assume that the transmission ends at some time ¢ with r(¢;) >
ro(ty) = 0. By Lemma , we know that this can only occur if A(t) > 274 £ ).
Since A(t) is non-increasing, we have A(t) > A(ty), V¢t < t;. This means that \(¢)
does not fall below )\, throughout the transmission, which is equivalent to saying,
again by Lemma that the weak user does not receive any of its data, which is

a contradiction. W

Lemma 7.14 Fort <ty = %, if the transmitter is sending data, then it is

sending to the strong user.

2Extension of the contradiction arguments in this lemma to an e-length interval, e > 0, follows
directly.
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Proof: We show this by contradiction. Assume that for some ¢ < t;, data is sent
only to the weak user, i.e., we have ri(t) = 0 and ro(t) > 0. By complementary
slackness, we have ~,(t) = 0. Since t < t, it follows by simple manipulations
that the numerator of the term inside the log in is strictly larger than its
denominator Vv, (t) > 0, i.e., m1(t) > 0, which is a contradiction. The only case
where 71 (t) = 0 for some ¢ < t;;, is when 2(t) > 0, which means by complementary

slackness that ro(t) = 0. W

7.3.1.1 Modes of Operation

There can be four different modes of operation at a given time, depending on which
user is receiving data. The first mode is when only the strong user is receiving
data, i.e., r1(f) > 0 and ro(f) = 0. By Lemma [7.12] this can be the case only if
A(t) > An = %74 In this mode, we have the total power and the strong user’s rate

given by

g(r(t),0) —1 (7.68)

() = %log (”; (;)t) (7.69)

The second mode of operation is when both users are receiving data, i.e.,

ri(t) > 0 and 79(t) > 0. Again by Lemma this can be the case only if

A(t) < M. Moreover, by ((7.54), we also need t < ty, = % In this mode, the
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total power and the users’ rates are given by

Vy — t 2
g(ri(t),ma(t)) = O o (7.70)
ri(t) = %log (<J ;21)_(2 — t>) (7.71)
ra(t) = %log (—A(Sz(;y_l 1)) (7.72)

The third mode of operation is when only the weak user is receiving data, i.e.,
r1(t) = 0 and ro(t) > 0. For this to occur we need both A(t) < Ay, and ¢t > t;,. The

total power and the weak user’s rate are then given by

9(0, (1)) = 2 (;)t _ 52 (7.73)
ro(t) = %log (;?J{;;) (7.74)

The fourth mode is when both rates (and the power) are zero. We denote
this mode as a communication gap. These gaps may occur, for instance, if there is
a small amount of energy in the battery that is insufficient to deliver all the data,
and a large amount of energy arrives later. The transmitter may then finish up this
small amount of energy to send some bits out and wait for additional energy to send

the remaining bits.
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7.3.1.2 Finding the value of A(t)

We next characterize the rates and powers. The following lemma shows that A(¢) is

a piecewise constant function.

Lemma 7.15 In the optimal policy, the Lagrange multiplier function \(t) is piece-

wise constant, with possible changes only when energy is depleted.

Proof: By the complementary slackness conditions on A(t),

N =0, if B*(t,) < Ealt) (7.75)

E*(ty) = Eo(tw), if A%, >0 (7.76)

Therefore, A\(¢) remains constant between energy harvests, and can only decrease
when A, > 0 for some m, which happens only when energy is depleted. W

By Lemma[7.15] A(¢) is a sequence rather than a continuous function of time.
We denote the times of change of A(t) by {s1, s2,...,s.} with s; = 0, and the values

of A(t) between such times by

A, t €[Sk, Skt1)
A(t) = (7.77)

A, t€[sp,00)

Next, we characterize the optimal {\{} sequentially. Determining the value
of A requires the knowledge of v{ and v;, and also which mode of operation is

active during the interval s, si+1). Let us define B;(t) as the total amount of bits
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transmitted to user j by time ¢. The next lemma shows how to compute A{ given
the mode of operation. The proof uses similar steps as in the proof of Lemma [7.4]

in the single-user setting and is omitted for brevity.

Lemma 7.16 Given a mode of operation, with the optimal vi, vy, Aj, s;, VI < k,

define the following quantities Ym: t,, > si

At E*(sg) + / " g(ri(7),ro(7)) T dr = E,(t) (7.78)
A Bi(sp) + /OO ri(r) dr = By (7.79)
Xo: Bj(sp) + /OO ro(7) dT = By (7.80)

where r1, 19, and g(r1,79) are defined by the mode of operation in Section|7.3.1.1
with the convention that 5\]- = 0 whenever a mode of operation has r; =0, j =1,2.

Then, the optimal X;, for this mode of operation is given by

¢ — max{\m, \i, Ao},  Vm oty > s (7.81)

The results in Lemma [7.16] imply that one has to know the mode of operation
before computing the optimal values of the Lagrange multipliers. Note that com-
munication gaps occur naturally due to the (-)* operation in these expressions. In
the next section, we develop an iterative solution that computes {\{} based on an
initial assignment of the mode of operation and the values of vy, 5. The solution is

based on the necessary conditions stated in the previous lemmas. By Lemma [7.11]
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we know that the optimal values of vy, 15 lie in a cone in R% . We also know, by

Lemmas and that the communication stops if ¢ > v,. Therefore, we find

an upper bound on the value of v as follows. First, we move all of the energy to

ty—1, the arrival time of the last energy packet, and start the communication from

there. Second, we solve this single energy arrival problem and find its optimal v
single

which we denote by v;°". Therefore, an upper bound on v of the multiple energy

arrival problem is

vy < Vgingle +tyg 2 (7.82)

Once this upper bound is found, one can perform a two-dimensional grid search over

the feasible region of vy, vs:

Ry = {1, 12: 0 <1y <1 < o’ vy <V} (7.83)

Next, we analyze the single energy arrival case to characterize the upper bound on

*

7.3.1.3 Single Energy Arrival

For the single energy arrival case, we first note that there can be no communication
gaps, as this can only increase the delay. We also note that since there is only one
value of A, corresponding to only one energy arrival constraint, the optimal power

is given by the first term in (7.57). If not, then the weak user will never receive
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its data. Hence, the first mode of operation where only the strong user is receiving

data never occurs. Thus, the optimal total power is given by

-t
ps(t) = 1/2)\ — 0% Vt<t; £ — Ao’ (7.84)

where the subscript s denotes single arrival, and ¢ is such that p,(t) is non-negative.
From the above, we also note that A cannot be 0, or else the power is infinitely large.
Since A > 0, by complementary slackness, the transmitter has to consume all of its
energy by the end of transmission. This simplifies the single energy arrival problem,
as in this case, we have all the three constraints, both users’ data and transmitter’s
energy, met with equality. Therefore, we can solve for the optimal values of the

Lagrange multipliers satisfying the following:

/Otth L og <(‘72 — D - t>) dt = B, (7.85)

2 V9 — 11

tth Vo — 17 by 1 Vg—t
—1 _— —1 dt=B 7.86
2 Og()\(02—1)>+/tth20g()\02) ’ (7.86)

/ oty = E (7.87)

The above three equations are direct consequences of the modes of operation analysis

in Section [7.3.1.1] These can be further simplified into:

iz (0% — iy
Mioe (Y — 271\ _ g .
5 108 ( —— > 1 (7.88)
120} Vo — 11
2 =T ) = .
5 log (/\(02 — 1)> By (7.89)
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(vs — Ao2)?

= F (7.90)

Note that - have three equations in three unknowns, and can be solved
numerically for the values of \*, v{, and v. Note from the above analysis that,
since we always start with the second mode of operation, where both users receive
data, in this setting, we have A < \y,. This implies that ¢y > ¢4, and enables the

following stronger version of Lemma [7.13]

Lemma 7.17 In the optimal policy solving , transmission always ends by

sending data only to the weak user.

Proof: In the single energy arrival case, since ty > t;,, we always end transmission
by sending data only to the weak user. In the multiple arrival case, the last energy
arrival can be viewed as a single energy arrival problem with the remaining data
in the data buffers as modified constraints. Then the single energy arrival result
applies, yielding the stated result. Wl

We have now characterized how to get the upper bound »"" in . In the

next section we present an iterative method to find the optimal Lagrange multipliers

solving problem ([7.44]).

7.3.2 Iterative Solution

The analysis presented in Lemma describes an optimal method of finding {A{}
given v and v3. To find the latter two, we perform a grid search over the region
Ry, Which is fully characterized by the single arrival analysis. We perform the

212



search as follows. We fix (v1,15) € R,,.,, and solve for { ¢} to acquire a transmission
policy accordingly. We denote by Mode 1, Mode 2, and Mode 3, the mode of
operation where data is sent only to the strong user, both users, and only to the
weak user, respectively. Since Mode 1 can only occur at the beginning, we assume
that the transmission starts according to that mode, and compute the corresponding
As by Lemma [7.16] If these As are all less than A, then they are correct. We move
to Mode 2 once we get a value of A larger than A\y,. We stay at Mode 2 until the time
passes t,, then move to Mode 3 till the end of communication. By Lemma [7.17] we
know that Mode 3 always exists. The transmission then ends whenever the weak
user’s data or the transmission energy is finished.

After we find the transmission policy, we check whether the data buffers of
both users are empty. If this is the case, then by the convexity of the problem,
this policy is optimal as we have thus found a feasible policy satisfying the KKT
conditions [77]. Note that we might end up with a policy that either does not finish
up all the users’ data, or even transmits more than the available. If either is the
case, we re-solve using another (v, v5) point. We summarize how to find the optimal
(11, 19) iteratively as follows. We initialize by setting 11 = € and vy = 11 + € for
some € > 0 small enough. We then solve for {\} as described above. If we do not
reach a feasible KKT point, we increase v, by another € and repeat. We keep doing
this until we reach a feasible KKT point, or v, becomes larger than min{o?vy, v""}.
In the latter case, we increase v; by € and repeat the whole procedure again. Since

the region R,,,, is bounded, iterations are guaranteed to find the optimal solution.
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Figure 7.3: Optimal solution for a single-user system with 3 energy arrivals and 2
data arrivals.

7.4 Numerical Results

In this section, we present some numerical examples to further illustrate the results
in this chapter. We begin by considering a single use channel with Ey,x = Bpax = 10
units. Energy arrives with amounts of [8,12,20] at times ¢ = [0, 10, 30], while data
arrives with amounts of [10, 15] at times ¢t = [0, 10]. In Fig. we show the delay
minimal solution in this setting. We see that the power is monotonically decreasing
between arrival times, and actually drops to 0 before the last energy arrival. The
optimal energy and data profiles are also shown in the figure. The upper and lower

dotted lines represent the upper and lower constraints, respectively, as dictated by
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Figure 7.4: Effects of having a finite-sized battery and data buffer in a single-user
system.

the arrival profile and the value of the finite-sized battery or data buffer.

In Fig. we see that the size of the buffers is not a bottleneck to the sys-
tem. We therefore consider another example where energy arrives with amounts
of [10,15,20,25] at times ¢t = [0, 15,20,40], while data arrives with amounts of
[10, 18, 22] at times ¢ = [0,20, 40], and plot the optimal solution in Fig. [7.4, We see
that the power in this case does not drop down to 0 until at the end of communi-
cation, and that its slope changes when the optimal energy or data profiles hit the
lower bounds indicated by the size of the buffers.

Next, we present a numerical example to illustrate the results of the broadcast

setting. We consider a system where energy arrives with values [6, 10,4, 5] at times
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Figure 7.5: Optimal power and rates for a system with four energy arrivals.

t = [0,70,100, 150], with amounts of data B; = 8 and By = 4.25 intended for the
strong and the weak user, respectively. We first find the upper bound on v} by
solving the single energy arrival case by setting £ = 25 in and finding the
value of V5", Adding ty_1 = 150, we get ™ ~ 170. We then apply the iterative
solution described in Section to find the optimal total power allocation for the
multiple arrival case and the corresponding users’ rates. These are shown in Fig.
as a function of time. We see that all four modes of operation are present in this
example: the transmitter begins by sending data only to the strong user (Mode 1)

until it consumes the initial energy arrival, and stays silent until the next energy

arrival, then it sends data to both users simultaneously (Mode 2) until all strong
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Figure 7.6: Optimal energy and data consumption.

user’s data is finished, which occurs at t;;, ~ 79.4. Then, it starts sending data only
to the weak user (Mode 3), before keeping silent until the third energy arrival, and
then finishes up the weak user’s data. Note that the fourth energy arrival is not
used in this example. In Fig. [7.6] we show the corresponding optimal total energy
and data consumption for this policy as a function of time.

Finally, we compare this to the transmission completion time minimization
problem in with the same data values and energy arrival profile. The optimal
transmission completion time is equal to T* = 90. Calculating the delay achieved
by such policy gives D ~ 717.2. On the other hand, our delay minimizing policy

achieves a smaller delay of D* ~ 593.3, however, it takes a larger amount of time to
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finish T" ~ 101.5. This shows that there exists a tradeoff between delay minimization
and transmission completion time minimization, and that the two problems are
different, even when all data is available before the start of communication. That is,
finishing data delivery by a minimum time, and having data experience minimum

overall delay yield different optimum policies.

7.5 Conclusion

In this chapter, we considered delay minimization in energy harvesting communica-
tion channels. First, we studied the single-user channel where the transmitter has a
finite-sized battery and data buffer, and energy and data packets become available at
the transmitter during the course of communication. We determined the optimum
power control policy in terms of the Lagrange multiplier functions. We identified the
properties of these functions and gave a method that evaluates them recursively. We
proposed a solution which iteratively updates the initial value of a Lagrange multi-
plier, and obtains the optimum power allocation policy. The optimal power values
start high, decrease linearly, potentially reaching zero between energy harvests and
data arrivals. This policy is different from the piecewise constant power policies of
the existing literature which focus on minimizing a deadline by which all packets
are transmitted or maximizing the throughput before a fixed deadline. Initial high
powers in our case make sure that the delay does not accumulate by transmitting
data at faster rates first, then decreasing the rate gradually.

Next, we considered a two-user energy harvesting broadcast channel and char-
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acterized the minimal sum delay policy subject to energy harvesting constraints,
when the transmitter has an infinite-sized battery, and all data intended for both
users is available before transmission. We showed that the optimal power is decreas-
ing between energy harvests, and that there can be times when data is sent only to
the strong user, both users, or only to the weak user. We also showed that there
can be communication gaps where the transmitter is silent between energy arrivals.

We presented a method to find the optimal policy iteratively.
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CHAPTER 8

Age-Minimal Transmission in Energy Harvesting Two-hop

Networks

8.1 Introduction

In this chapter, we consider an energy harvesting two-hop network where a source
is communicating to a destination through a relay. During a given communication
session time, the source collects measurement updates from a physical phenomenon
and sends them to the relay, which then forwards them to the destination, see
Fig. B The objective is to send these updates to the destination as timely as
possible; namely, such that the total age of information is minimized by the end
of the communication session, subject to energy causality constraints at the source
and the relay, and data causality constraints at the relay. Both the source and the
relay use fixed, yet possibly different, transmission rates. Hence, each update packet
incurs fixed non-zero transmission delays. We first solve the single-hop version of this
problem, and then show that the two-hop problem is solved by treating the source
and relay nodes as one combined node, with some parameter transformations, and

solving a single-hop problem between that combined node and the destination.
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Figure 8.1: Energy harvesting two-hop network. The source collects measurements
and sends them to the destination through the relay.

8.2 System Model and Problem Formulation

A source node acquires measurement updates from some physical phenomenon and
sends them to a destination, through the help of a half-duplex relay, during a com-
munication session of duration 7" time units. Updates need to be sent as timely as
possible; namely, such that the total age of information is minimized by time 7.

The age of information metric is defined as
a(t) 2t —U(t), Wt (8.1)

where U (t) is the time stamp of the latest received update packet at the destination,
i.e., the time at which it was acquired at the source. Without loss of generality, we

assume a(0) = 0. The objective is to minimize the following quantity

Ap = /T a(t)dt (8.2)

Both the source and the relay depend on energy harvested from nature to

transmit their data, and are equipped with infinite-sized batteries to save their
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incoming energy. Energy arrives in packets of amounts E and E at the source and
the relay, respectively. Update packets are of equal length, and are transmitted using
fized rates at the source and the relay. We assume that one update transmission
consumes one energy packet at a given node, and hence the number of updates is
equal to the minimum of the number of energy arrivals at the source and the relay.
Under a fixed rate policy, each update takes d and d amount of time to get through
the source-relay channel and the relay-destination channel, respectivelyﬂ

Source energy packets arrive at times {sy, s2,...,Sn} = s, and relay energy
packets arrive at times {51, 5,,...,5x} = 8, where without loss of generality we
assume that both the source and the relay receive N energy packets, since each
update consumes one energy packet in transmission from either node, and hence
any extra energy arrivals at either the source or the relay cannot be used. Let t;
and t; denote the transmission time of the 7th update at the source and the relay,

respectively. We first impose the following constraints

ti 2 8iy ti = S, 1<i<N (8.3)

representing the energy causality constraints [1] at the source and the relay, which

mean that no energy packet can be used before being harvested. Next, we must

Ld can be considered, for instance, equal to B/r where B is the update packet length in bits
and 7 = g(F) is the transmission rate in bits/time units, where ¢ is some increasing function
representing the rate-energy relationship.
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have

ti+d<t, 1<i<N (8.4)

to ensure that the relay does not forward an update before receiving it from the
source, which represents the data causality constraints [1]. We also have the service

time constraints

ti+d<tiy, ti+d<ti, 1<i<N-1 (8.5)

which ensure that there can only be one transmission at a time at the source and
the relay. Hence, d and d represent the service (busy) time of the source and relay
servers, respectively.

Transmission times at the source and the relay should also be related according
to the half-duplex nature of the relay operation. For that, we must have the half-

duplex constraints

(titi +d) N (t;,t;+d) =0, Vi, j (8.6)

where () denotes the empty set, since the relay cannot receive and transmit simul-
taneously. These constraints enforce that either the source transmits a new update
after the relay finishes forwarding the prior one, i.e., t;y1 > t; + d for some i; or
that the source delivers a new update before the relay starts transmitting the prior

one, i.e., t; + d < t; for some 7 and k. The latter case means that there are k + 1
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update packets waiting in the relay’s data buffer just before time ;. We prove that
this case is not age-optimal. To see this, consider the example of having k + 1 = 2
updates packets in the relay’s data buffer waiting for service. The relay in this
case has two choices at its upcoming transmission time: 1) forward the first update
followed by the second one sometime later, or 2) forward the second update only
and ignore the first one. These two choices yield different age evolution curves. We
observe, geometrically, that A7 under choice 2 is strictly less than that under choice
1. Since the source under choice 2 consumes an extra energy packet to send the first
update unnecessarily, it should instead save this energy packet to send a new update
after the first one is forwarded by the relay. Therefore, it is optimal to replace the

half-duplex constraints in by the following reduced ones

ti+d<ty, 1<i<N-1 (8.7)

Next, observe that (8.5)) can be removed from the constraints since it is implied

by (8.4) and (8.7). In conclusion, the constraints are now those in (8.3)), (8.4), and
(8.7

Finally, we add the following constraint to ensure reception of all updates by

time T'

tn+d<T (8.8)

In Fig. [8.2] we present an example of the age of information in a system with
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age 4

Figure 8.2: Age evolution in a two-hop network with three updates.

3 updates. The area under curve representing Ar is given by the sum of the areas
of the trapezoids @)1, 2, and ()3, in addition to the area of the triangle L. The
area of (), for instance is given by % (fg +d— t1)2 — % (fg +d— t2)2. The objective
is to choose feasible transmission times for the source and the relay such that Ap
is minimized. Computing the area under the age curve for general N arrivals, we

formulate the problem as follows

N
ng’lfn ; (tl +d— tl_l)z — (15z +d— t1)2 + (T — tN)2

ti+d<tiy, 1<i<N (8.9)

with ¢p 2 0 and ty4 2 7.
We note that the energy arrival times s and s, the transmission delays d and

d, the session time T', and the number of energy arrivals N, are such that problem
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has a feasible solution. This is true only if

T>5+(N—i+1)d, Vi (8.10)

T>si+(N—i+1)(d+d), Vi (8.11)

where (8.10) (resp. (8.11])) ensures that the ith energy arrival time at the relay

(resp. source) is small enough to allow the reception of the upcoming N — i updates

within time 7.

8.3 Solution Building Block: The Single-User Channel

In this section, we solve the single-user version of problem ; namely, when the
source is communicating directly with the destination. We use the solution to the
single-user problem in this section as a building block to solve problem in the
next section. In Fig. [8.3] we show an example of the age evolution in a single-user
setting. The area of ()5 is now given by % (to+d— t1)2 — %dz. We compute the area
under the age curve for general N arrivals and formulate the single-user problem as

follows

N
mtin Z(ti—i‘d—ti_l)Q—i‘ (T—tN)2

i=1

ti+d<ti, 1<i<N (8.12)
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Figure 8.3: Age evolution using in a single-user channel with three updates.

where the second constraints are the service time constraints.

We note that reference considered problem when the transmission
delay d = 0. We extend their results for a positive delay (and hence a finite trans-
mission rate) in this section. We first introduce the following change of variables:
nE2th+d o E2ti—tig+d 2<i<N;and TN+1 £ T — ty. These variables

+

must satisfy Zij\ill x; = T 4+ Nd, which reflects the dependent relationship between

the new variables {z;}. This can also be seen from Fig. [8.3] Substituting by {z;}

in problem (8.12), we get the following equivalent problem

N+1
. 2
min sz
i=1
k
s.t. inZsk—i—k;d, 1<E<N
i=1
2;>2d, 2<i<N

TNp > d

N+1

> a;=T+Nd (8.13)

i=1
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Observe that problem (8.13]) is a convex problem that can be solved by standard

techniques [77]. For instance, we introduce the following Lagrangian

N+1 N

k N
Esz?—Z)\k< xi—sk—kd)—Zm(xi—Qd)
i=1 k=1 1 =2

1=

N+1
— NN+1 (xN+1_d)+V<sz_T_Nd> (814)

i=1

where {A1,...,An,72...,n41, v} are Lagrange multipliers, with A;,7; > 0 and
v € R. Differentiating with respect to z; and equating to 0 we get the following

KKT conditions

N
xr = Z A —V (8.15)
k=1
N
xi:Z)\k—l—m—l/, 2<i<N (8.16)
k=i
IN41 =Nyl — V (8.17)

along with complementary slackness conditions

k
M\ (in—sk—kd>:0, 1<k<N (8.18)
=1

Nn+1(@n41 —d) =0 (8:20)

We now have the following lemmas characterizing the optimal solution of

problem (8.13): {z*}. Lemmas and show that the sequence {z}}N3' is
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non-increasing, and derive necessary conditions for it to strictly decrease. On the
other hand, Lemma shows that z] can be smaller or larger than 3, and derives

necessary conditions for the two cases.

Lemma 8.1 For 2 < i < N — 1, z7 > xj,,. Furthermore, i > xj,, only if

¥ ri = s; +id.

J=1

Proof: We show this by contradiction. Assume that for some i € {2,..., N —1} we
have x] < zj,,. By , this is equivalent to having \; + n; < n;41, i.e., i1 > 0,
which implies by complementary slackness in that zj,, = 2d. This means
that o7 < 2d, i.e., infeasible. Therefore x; > x;, ; holds. This proves the first part
of the lemma.

To show the second part, observe that since z7 > x7,, if and only if \; +n; >
Nit+1, then either A; > 0 or n; > 0. If ; > 0, then by we must have =] = 2d,
which renders zj,; < 2d, i.e., infeasible. Therefore, 7; cannot be positive and
we must have \; > 0. By complementary slackness in , this implies that

i ox :
Y =si+id. W

Lemma 8.2 z7 > x5 only if 7 = s1 + d; while x7 < x5 only iof x7 = 2d, for

2<i<N.

Proof: The necessary condition for ] to be larger than x3 can be shown using the

same arguments as in the proof of the second part of Lemma [8.1} and is omitted
for brevity. Let us now assume that 7 is smaller than z5. By (8.15) and (8.16)),

this occurs if and only if 7o > Ay, which implies that 25 = 2d by complementary
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slackness in (8.19). Finally, by Lemma [8.1} we know that {27}, is non-increasing;
since they are all bounded below by 2d, and z} = 2d, then they must all be equal

to2d. A

Lemma 8.3 =}y > x}y,,. Furthermore, x3y > x}y,, only if at least: 1) SN =

sy + Nd, or 2) xy = 2d occurs.

The proof of Lemma is along the same lines of the proofs of the previous
two lemmas and is omitted for brevity.

We will use the results of Lemmas B.2] and to derive the optimal
solution of problem . To do so, one has to consider the relationship between
the parameters of the problem: T, d, and N. For instance, one expects that if
the session time 7' is much larger than the minimum inter-update time d, then
the energy causality constraints will be binding while the constraints enforcing one
update at a time will not be, and vice versa. We formalize this idea by considering

two different cases as follows.

831 NA<T< (N+1)d

We first note that Nd is the least value that T can have for problem to admit a
feasible solution. In this case, the following theorem shows that the optimal solution
is achieved by sending all updates back to back with the minimal inter-update time
possible to allow the reception of all of them by the end of the relatively small session

time 7.
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Theorem 8.1 Let Nd < T < (N + 1)d. Then, the optimal solution of problem

is given by

T—(N-2
x] = max {%, 51+ d} (8.21)
vi=2d, 2<i<N (8.22)
Tty =T —(N—-2)d— ] (8.23)

Proof: We first argue that if 3 > 3, then SN 2* > (2N 4 1)d. The last
constraint in problem (8.13) then implies that 7" > (N + 1)d, which is infeasible
in this case. Therefore, we must have z} < z3. By Lemma [8.2] this occurs only if

xf = 2d for 2 <i < N. Hence, we set xyy1 =T — (N — 2)d — x1, and observe that

problem (8.13)) in this case reduces to a problem in only one variable x; as follows

min 22 + (T — (N — 2)d — ;)"
1

st. s1+d<z <T—-(N-1)d (8.24)

whose solution is given by projecting the critical point of the objective function onto

the feasible interval since the problem is convex [77]. This directly gives (8.21]). H

832 T>(N+1)d

In this case, we propose an algorithmic solution that is based on the necessary op-
timality conditions in Lemmas , and . We first solves problem (|8.13)
without considering the service time constraints, i.e., assuming that the set of con-
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straints {z; > 2d, 2 < i < N; xx;1 > d} is not active. We then check if any

of these abandoned constraints is not satisfied, and optimally alter the solution to

make it feasible.

Let us denote by (P°¢) problem (8.13) without the set of constraints {z; >

2d, 2 <i < N; xyy > d}, ie., considering only the energy causality constraints.

We then introduce the following algorithm to solve problem (P°)

Definition 8.1 (Inter-Update Balancing Algorithm) Start by computing

S92 SN T—d}

. A
zlzargmax{sl,?,... _—,

where the set is indexed as {1,..., N + 1}, and then set

S9 SN T—d
1= =2, =ma e d
o P mx{sl’z’ ’N’N+1}+
If iy = N + 1 stop, else compute
A Siy+2 — Siy SN —8; T'—d—s;
ip = argmax-s S;, 41 — Si;, ey — ,
2= alg e 2 N—iy " N+1—4

where the set is indexed as {i; + 1,..., N + 1}, and then set

(8.25)

(8.26)

Y

* _ T ) e
le+1 R :L‘ZQ = max {821+1 8117
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If is = N + 1 stop, else continue with computing i3 as above. The algorithm is
guaranteed to stop since it will at most compute 1y1 which is equal to N + 1 by

construction.

Note that while computing 7, if the arg max is not unique, we pick the largest
maximizer. Observe that the algorithm equalizes the x;’s as much as allowed by
the energy causality constraints. Let {Z;}Y, be the output of the Inter-Update
Balancing algorithm and let {z¢}¥ , denote the optimal solution of problem (P¢).

We now have the following results

Lemma 8.4 {Z;}Y | is a non-increasing sequence, and T; > T;11 only if > 1_, T; =

Sj ‘f‘ jd

Proof: We show this by induction. Clearly, we have 1 = Zy = -+ = Z;, = %1 +d

. — i . . . . —_ 1
by construction. Now assume that {Z;}:*, is non-increasing, and consider {z;},*".

Sip 1~ S

—=—=% 4 d by construction. We now
k41K

We know that T, 11 = Tj 0=+ =Ty, =
proceed by contradiction; assume that 7;_, > ;. This means that the following

holds

Sikt1

— Si Siy — Sip
: > ke (8.29)
1 — U e — U1
or equivalently
Tkt1 — U ik — k-1
T T > s, (8.30)
41 — -1 Ue+1 — U1
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Next, observe that the following holds by construction when choosing x;,

Siy, — Sip_y > Sipp1 — Sig_ (8 31>
Uy — k=1 g1 — Tg—1
which is equivalent to
lkt1 — g U — Tp—1
i, T T Si 1 S Si (8.32)
Y41 — k-1 41 — k-1

This contradicts (8.30), and proves the first part of the lemma.
Now let us show the second part. Assume that z;;; < Z;. Then necessarily
we must have j = i, for some i, or else they should be equal. Therefore, by

construction, we have

Ve—1 — k-2

Zii = (ix — ik-1) (M + d) + (g1 — tk—2) (—.kl —*2 4 d>

e tind (8:33)

This concludes the proof. W
Lemma 8.5 z{ =7;, 1 <i < N.

Proof: Let {7;}Y | be the output of the Inter-Update Balancing algorithm and let

2N denote the optimal solution of problem (P¢). We first show that {z;}V, is
1 Ji=1 =1
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feasible. Let j be such that ip < j < igyq. Then

ik

J J
=1 =1

i=ip+1
. d . . Sigr1 — Sip d
= iy +ind + (J = ix) F— (8.34)
S . d . Sj — Siy,
> s, +gd+(j —ip) | —F (8.35)
J —
= s; + jd (8.36)

where (8.34)) follows by ([8.33]), and (8.35)) follows since, by construction, we have

O W < f <t (8.37)

Finally, note that the stopping criterion of the algorithm is when ¢, = N + 1 for

some i7,. Whence, we have

2 — 1

Z@:fh(%—l—d)—l—(ig—il)(m “+d)
i=1 !
T—d-—s;
N+1—4,_ el N |
+--+ (N + Z“)(N+1—z'“+>

—(N+1)d+ (T —d) =T+ Nd (8.38)

This shows that that {7;}Y | is feasible.
Next, we show that z§ = z;, Vi. We show this by contradiction. Let z{ = z;
for 1 <i¢<m—1 and let x5, # Z,,, i.e., m is the first time index at which the two

sequences are different. We now consider two cases as follows.
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First, assume x{, < Z,,. Note that it must be the case that ix, < m < ¢ for
some iy. Therefore, z; = z,,, Vm < i < i, by construction. By (8.16)), we have that
{z¢} is non-increasing since 7; = 0 and A\; > 0. Therefore, ¢ < z;, Ym < i < iy,
and hence Z;’;l x§ < ZZ’;I Z; = 8, + ixd, i.e., the allegedly-optimal policy is not
feasible. Therefore z¢ > 7,,

Second, assume z¢, > Z,,. Since Zf\f{l xf = 25\21 Z;, therefore there must
exist some time index [ > m such that x{ < 7;. Now let € = min{z¢, — Z,,, Z; — 2},
and consider a new policy {Z;} which is equal to {zf} except at time indices m and

l, with z,, = zf, — € and 2; = 27 + €. Since Z,, > Z,, the new policy is feasible. In

addition, by convexity of the square function, the following holds [77]

(@) + (2)" < (27,)" + (af)° (8.39)

which means that the new policy achieves a lower age, rendering {x¢} suboptimal.
The above arguments show that we must have z{ = z;, Vi. This completes
the proof. W
We note that Lemma is similar to 76, Theorem 1]. In fact, the Inter-
Update Balancing algorithm reduces to the optimal offline algorithm proposed in |76]
when d = 0. When d > 0, some change of parameters can still show the equivalence.

The next corollary now follows.

Corollary 8.1 Consider problem (P¢) with the additional constraint that 25:1 T =
s; +jd holds for some j < N. Then, the optimal solution of the problem, under this
condition, for time indices not larger than j is given by {x¢ g:r
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Proof: This direct by setting 7" £ s; +d and N’ £ 45— 1, and applying the Inter-
Update Balancing algorithm on the problem with a reduced number of variables
{z1,...,2n41}. N

The following theorem shows that the optimal solution of problem (8.13)), {z}},
is found by equalizing the inter-update times as much as allowed by the energy
causality constraints. If such equalization does not satisfy the minimal inter-update
time constraints, we force it to be exactly equal to such minimum and adjust the

last variable x 1 accordingly.

Theorem 8.2 Let T > (N + 1)d. If xf > 2d, 2 < i < N and x5, > d, then
xf = xf, Yi. FElse, let ng be the first time index at which {x$} is not feasible in

7 I

problem . Then, we have ng < N. If ng > 2, we have

x;=uaf, 1<i<nyg—1 (8.40)
x; =2d, ny<i<N (8.41)
N
o =T+ Nd=) a7 (8.42)
i=1

Otherwise, for ng = 2, {x}} is given by the above if 5 = s1 + d, else {x}} is given

by (20)-(E23).

Proof: The first part of the theorem follows directly since the solution of the less
constrained problem (P¢) is optimal if feasible in problem (8.13). Next, we prove
the second part.

We first show that ng < N by contradiction. Assume that ng = N + 1, i.e.,
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Ty < dand % > 2d > 2%,,. By Lemma, this means that Zfil x{ = sy+Nd.
Hence, 2%, = T + Nd — sy — Nd = T — sy, which cannot be less than d by the
feasibility assumption in (8.10)). Thus, nog < N.

Now let ng > 2 and observe that x5, < 2d < x,, 1. Thus, by Lemma [8.4} we
must have Z?:"Il x§ = Spy—1 + (ng — 1)d. Now let us show that the proposed policy

is feasible; we only need to check whether %, ; > d. Towards that, we have

ng—1
oy =T+Nd— > aj— (N —ng+1)2d

i=1

=T — Snog—1 — (N —ng + ].)d Z d (843)

where the last inequality follows by the feasibility assumption in . Therefore,
the proposed policy is feasible.

We now show that it is optimal as follows. Assume that there exists another
policy {Z;} that achieves a lower age than {z}}. We now have two cases. First,
assume that 377" #; = s,,_1 + (ng — 1)d. then by Corollary we must have
T, =z for 1 <i <mg—1. Now for ng <¢ < N, if 7; > xf = 2d, this means that
Tnp1 < Ty, tosatisfy the last constraint in (8.13). Since ), H i = SN g then

i=ng

by convexity of the square function, S0 (7,)* > STV ()% [77], and hence {Z;}

i=ng i=ng

cannot be optimal. Second, assume that 77! & > s, 1 + (ng — 1)d = S0, " af.
Since #; > at = 2d for ng < i < N, and S0t % = .0t a*, then we must
have Ty41 < o3,;. Thus, SV (F:)7 > SN (22)? by convexity of the square
function 77|, and {Z;} cannot be optimal.

Finally, let ng = 2. If 2§ = s; + d, then the proof follows by the arguments
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for the ng > 2 case. Else if 2§ > s; 4 d, then 2§ = 2§ > 2%, by Lemma 8.4 Since
{25}, have to increase to at least 2d, then z§ + 25, has to decrease to satisfy
the last constraint in (8.13)). However, one cannot increase z§ to 2d or more and

compensate that by decreasing x4, by convexity of the square function. Thus,

xr; < 3, and Lemma shows that the results of Theorem follow to give

E20)-E29). m

8.4 Two-Hop Network: Solution of Problem (8.9

We now discuss how to use the results of the single-user problem to solve problem

. We have the following theorem.

Theorem 8.3 The optimal solution of problem 15 given by the optimal solution
of problem after replacing s; by max{s;,s; + d}, Vi; d by d+ d; and T by

T +d.

Proof: Let f denote the objective function of problem (8.9)). Differentiating f with
respect to t;, 1 < N — 1, we get g—g: =2 (t_i +d— ti) -2 (fiﬂ +d— ti), which is
negative since ;.1 > t;. We also have % =2 (EN +d— tN) — 2(T — ty), which is
non-positive since fy +d < T. Thus, f is decreasing in {t;}}*;' and non-increasing

in tx. Therefore, the optimal {t!} satisfies the data causality constraints in ({8.4)

with equality for all updates so as to be the largest possible and achieve the smallest
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Arp. Setting t; = t; — d, Vi in problem we get

N
F= (f+d+d—ti1)’ —N(d+d)’+(T+d—iy) (8.44)

i=1

with the constraints now being

ti+d+d<ty,, 1<i<N-1 (8.46)
tN+d<T (8.47)

We now see that minimizing f subject to the above constraints is exactly the same
as solving problem after applying the change of parameters mentioned in the
theorem. W

Theorem shows that the source should send its updates just in time as
the relay is ready to forward, and no update should wait for service in the relay’s
data buffer. Thus, the source and the relay act as one combined node that can send
updates whenever it receives combined energy packets at times {max{s;,s; + d}}.
This fundamental observation can be generalized to multi-hop networks as well.
Given M > 1 relays, each node should send updates just in time as the following

node is ready to forward, until reaching destination.
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8.5 Numerical Results

We now present some numerical examples to further illustrate our results. A two-
hop network has energy arriving at times s = [2,6,7,11,13] at the source, and
s = [1,4,9,10,15] at the relay. A source transmission takes d = 1 time unit to
reach the relay; a relay transmission takes d = 2 time units to reach the destination.
Session time is T = 19. We apply the change of parameters in Theorem to
get new energy arrival times s = [3,7,9,12, 15|, new transmission delay d = 3, and
new session time 7' = 20. Then, we solve problem to get the optimal inter-
update times, using the new parameters. Note that T'> (N + 1)d = 18, whence the
optimal solution is given by Theorem 8.2l We apply the Inter-Update Balancing
algorithm to get ¢ = [6.5,6.5,5.67,5.67,5.67,5]. Hence, the first infeasible inter-
update time occurs at ng = 3 (z§ < 2d = 6). Thus, we set: x7 = z{ and x5 = z§;
wh = a} =2 = 2d; and a5 = T+ Nd—>_, x;. We sce that =* = [6.5,6.5,6,6,6,4]
satisfies the conditions stated in Lemmas B.2] and 8.3

We consider another example where energy arrives at times s = [0, 4,4, 9, 13]
and § = [1,3,6,10,12], with 7" = 16. Applying the change of parameters in The-
orem 8.3/ we get 7' = 17 < (N + 1)d = 18, and hence we use the results of Theo-
rem to get «* = [5,6,6,6,6,3]. We then increase T' to 18. This is effectively
19 according to Theorem [8.3, and therefore we apply Theorem results. The
Inter-Update Balancing algorithm gives ¢ = [5.8,5.8,5.8,5.8,5.8,5], and hence
ng = 2. Since z{ > s; + d = 4, then the optimal solution is given by —

as * = [5,6,6,6,6,5].
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8.6 Conclusion

In this chapter, we proposed age-minimal policies in energy harvesting two-hop
networks with fixed transmission delays. The optimal policy is such that the relay’s
data buffer should not contain any packets waiting for service; the source should
send an update to the relay just in time as the relay is ready to forward. This let
us treat the source and relay nodes as one combined node communicating with the
destination node, and reduce the two-hop problem to a single hop one. We solved
the single hop problem by balancing inter-update times to the extent allowed by

energy arrival times and transmission delays.
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CHAPTER 9

Conclusions

In this dissertation, we characterized optimal energy management policies in energy
harvesting communication networks while taking into account various system costs.

In Chapter [2, we considered receiver decoding costs, where energy harvesting
receivers spend an amount of energy to decode their intended messages. We modeled
the decoding energy as a convex increasing function of the incoming data rate. This
introduced a further coupling between transmitters and receivers of the network.
We characterized throughput-optimal policies in single-user and multi-user settings
by treating decoding costs as generalized data arrivals and moving all constraints
to the transmitter side.

In Chapter [3, we studied the impact of decoding costs on energy harvesting
cooperative multiple access channels, where users cooperate in the physical layer
to achieve higher rates. We showed that, depending on the relative values of the
decoding costs, data cooperation between the users might achieve lower rates than
directly sending to the receiver. In the case when cooperation is beneficial, we

determined the optimal distribution of harvested energy to decoding and cooperative
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forwarding.

In Chapter [} we investigated the addition of processing costs on top of de-
coding costs in two-way energy harvesting channels, where users incur a processing
energy cost whenever they are operating. Due to processing costs, transmission can
be bursty; the users communicate only during a portion of the time. We designed
throughput-optimal schemes under both decoding and processing costs in a single
setting.

In Chapter |5 we focused on online settings. We characterized online power
control policies that maximize the long term average utility of single-user energy
harvesting channels with finite batteries, for some concave increasing utility function.
We showed that fixed fraction policies perform within constant multiplicative and
additive gaps from the optimal solution for all energy arrivals and battery sizes.
We also considered a specific scenario of distortion minimization with and without
sampling costs.

In Chapter [, we considered another aspect of system costs in energy harvest-
ing single-user channels, that is, the cost of movement in search of better energy
harvesting locations. We characterized the optimal throughput-movement tradeoft,
in offline and online settings, for a transmitter moving along a straight line and
communicating with a receiver.

We then considered different performance metrics, other than the throughput
metric considered in previous chapters. In particular, in Chapter [7], we studied the
issue of transmission delay. We defined the delay as the time elapsed from arrival
to departure of data units, and characterized delay minimal transmission policies in
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single-user and broadcast energy harvesting channels. Different from conventional
throughput-optimal policies, delay minimal policies give higher priorities to earlier
arriving data units compared to later arriving ones, and may have communication
gaps in between energy or data arrivals.

Finally, in Chapter [8 we considered the metric of age of information in energy
harvesting two-hop networks, where a transmitter is sending status updates of a
physical phenomenon to a receiver through the help of a relay. With the age of
information defined as the time elapsed since the freshest update has reached the
destination, we showed that age minimal policies are such that the transmitter
should send updates to the relay just in time as the relay is ready to forward them
to the destination.

The contents of Chapter 2] are published in [79/88], Chapter [3]in [89], Chapter [4]
in [81/8290], Chapter [5in [9192], Chapter[6)in [93], Chapter[7]in [94], and Chapter[§

in [95].
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