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In energy harvesting communications, users transmit messages using energy
harvested from nature. In such systems, transmission policies of the users need
to be carefully designed according to the energy arrival profiles. When the energy
management policies are optimized, the resulting performance of the system depends
only on the energy arrival profiles. In this dissertation, we introduce and analyze the
notion of energy cooperation in energy harvesting communications where users can
share a portion of their harvested energy with the other users via wireless energy
transfer. This energy cooperation enables us to control and optimize the energy
arrivals at users to the extent possible. In the classical setting of cooperation, users
help each other in the transmission of their data by exploiting the broadcast nature
of wireless communications and the resulting overheard information. In contrast to
the usual notion of cooperation, which is at the signal level, energy cooperation we
introduce here is at the battery energy level. In a multi-user setting, energy may be
abundant in one user in which case the loss incurred by transferring it to another

user may be less than the gain it yields for the other user. It is this cooperation that



we explore in this dissertation for several multi-user scenarios, where energy can be
transferred from one user to another through a separate wireless energy transfer
unit.

We first consider the offline optimal energy management problem for several
basic multi-user network structures with energy harvesting transmitters and one-way
wireless energy transfer. In energy harvesting transmitters, energy arrivals in time
impose energy causality constraints on the transmission policies of the users. In the
presence of wireless energy transfer, energy causality constraints take a new form:
energy can flow in time from the past to the future for each user, and from one user
to the other at each time. This requires a careful joint management of energy flow in
two separate dimensions, and different management policies are required depending
on how users share the common wireless medium and interact over it. In this
context, we analyze several basic multi-user energy harvesting network structures
with wireless energy transfer. To capture the main trade-offs and insights that arise
due to wireless energy transfer, we focus our attention on simple two- and three-user
communication systems, such as the relay channel, multiple access channel and the
two-way channel.

Next, we focus on the delay minimization problem for networks. We consider
a general network topology of energy harvesting and energy cooperating nodes.
Each node harvests energy from nature and all nodes may share a portion of their
harvested energies with neighboring nodes through energy cooperation. We consider
the joint data routing and capacity assignment problem for this setting under fixed

data and energy routing topologies. We determine the joint routing of energy and



data in a general multi-user scenario with data and energy transfer.

Next, we consider the cooperative energy harvesting diamond channel, where
the source and two relays harvest energy from nature and the physical layer is
modeled as a concatenation of a broadcast and a multiple access channel. Since the
broadcast channel is degraded, one of the relays has the message of the other relay.
Therefore, the multiple access channel is an extended multiple access channel with
common data. We determine the optimum power and rate allocation policies of the
users in order to maximize the end-to-end throughput of this system.

Finally, we consider the two-user cooperative multiple access channel with
energy harvesting users. The users cooperate at the physical layer (data cooperation)
by establishing common messages through overheard signals and then cooperatively
sending them. For this channel model, we investigate the effect of intermittent
data arrivals to the users. We find the optimal offline transmit power and rate
allocation policy that maximize the departure region. When the users can further
cooperate at the battery level (energy cooperation), we find the jointly optimal
offline transmit power and rate allocation policy together with the energy transfer

policy that maximize the departure region.
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CHAPTER 1

Introduction

1.1 Overview

In energy harvesting communications, users transmit messages using energy har-
vested from nature [1-3]. In such systems, transmission policies of the users need to
be carefully designed according to the energy arrival profiles. Energy management
problem for various energy harvesting commmunication setting has been adressed
in different works [4-19]. When the energy management policies are optimized as in
[4-19], the resulting performance of the system depends only on the energy arrival
profiles. In this dissertation, we introduce and analyze the notion of energy cooper-
ation in energy harvesting communications where users can share a portion of their
harvested energy with the other users via wireless energy transfer [20-22]. This
energy cooperation enables us to control and optimize the energy arrivals at users
to the extent possible. In the classical setting of cooperation [23], users help each
other in the transmission of their data by exploiting the broadcast nature of wireless
communications and the resulting overheard information. In contrast to the usual

notion of cooperation, which is at the signal level, energy cooperation we introduce



here is at the battery energy level. In a multi-user setting, energy may be abundant
in one user in which case the loss incurred by transferring it to another user may be
less than the gain it yields for the other user. It is this cooperation that we explore
in this dissertation for several multi-user scenarios, where energy can be transferred
from one user to another through a separate wireless energy transfer unit.
Wireless energy transfer has been recently proposed as a promising technique
for a wide variety of wireless networking applications [24-29]. In future wireless net-
works, nodes are envisioned to be capable of harvesting energy from the environment
and transferring energy to other nodes, rendering the network energy self-sufficient
and self-sustaining with a significantly prolonged lifetime. Wireless energy trans-
fer is a relatively new concept for wireless communications; however, it has been
considered in other contexts earlier: Wireless powering of engineering systems by
microwave power transfer technology has been used in many applications [30-32]
for a long time, such as space missions [31] and optical communications [32]. While
microwave power transfer is viewed as the key technology for large-scale cellular net-
works [24], recent advances in wireless energy transfer technology supports feasibility
of wireless network design in smaller scales. In [33, 34|, wireless energy transfer with
strong inductive coupling has been demonstrated with relatively high efficiency over
relatively long distances with small device sizes. Another related line of research in
medical implanting applications has been presented in [27-29] where wireless nodes
are powered by wireless energy transfer, which also use the wirelessly transferred
energy for communications. RFID technology is another prominent example along

this direction, where nodes harvest received energy and use the harvested energy



(via reflection) for communication [35]. Relying on the possibility of efficient wire-
less energy transfer, in this dissertation, we investigate the optimum communication
schemes in multi-user systems with nodes that have energy harvesting and energy
transfer capabilities.

In communication systems with wireless energy transfer, energy and informa-
tion flow simultaneously. Motivated by this nature of such systems, the trade-off
between energy and information transmission has been addressed in several recent
works [36-42]. Among these works, the one that is most pertinent to our work
is [41], where multi-user communication systems with simultaneous energy and in-
formation transmission are studied. Our problem formulations capture different
trade-offs than those studied in [36-42] since in our model wireless energy transfer
is maintained by a separate wireless energy transfer unit, and the harvested energy
source is independent of the received signal energy.

We first consider the offline optimal energy management problem for several
basic multi-user network structures with energy harvesting transmitters and one-way
wireless energy transfer. As extensively emphasized in [4-19], in energy harvesting
transmitters, energy arrivals in time impose energy causality constraints on the
transmission policies of the users. In the optimal policy, due to the concavity of
the throughput in powers, energy needs to be allocated as constant as possible over
time subject to energy causality constraints. In the presence of wireless energy
transfer, energy causality constraints take a new form: energy can flow in time from
the past to the future for each user, and from one user to the other at each time.

This requires a careful joint management of energy flow in two separate dimensions,



and different management policies are required depending on how users share the
common wireless medium and interact over it. In this context, we analyze several
basic multi-user energy harvesting network structures with wireless energy transfer.
To capture the main trade-offs and insights that arise due to wireless energy transfer,
we focus our attention on simple two- and three-user communication systems.
Next, we focus on the delay minimization problem for networks. We consider a
general network topology of energy harvesting and energy cooperating nodes. Each
node harvests energy from nature and all nodes may share a portion of their har-
vested energies with neighboring nodes through energy cooperation. The delay on
each link depends on the information carrying capacity of the link, and in partic-
ular, it decreases monotonically with the capacity of the link for a fixed data flow
through it; see e.g., [43, eqn. (5.30)]. The capacity, in turn, is a function of the
power allocated to the link, and in particular, it is a monotonically increasing func-
tion of the power, for instance, through a logarithmic Shannon type capacity-power
relationship; see e.g., [44, eqns. (9.60) and (9.62)]. In addition, the delay on a link
is a monotonically increasing function of the data flow through it, for a fixed link
capacity [43, eqn. (5.30)]. We consider the joint data routing and capacity assign-
ment problem for this setting under fixed data and energy routing topologies [43,
Section 5.4.2]. Our work is related to and builds upon classical and recent works
on data routing and capacity assignment in communication networks [43, 45-53],
and recent works on energy harvesting communications [4-6, 9, 54] and energy co-
operation [24, 26, 36-38, 55—67] in wireless networks. Inspired by joint routing and
resource allocation problems in the classical works such as [45-48, 51, 53|, we study
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joint routing of energy and data in a general multi-user scenario with data and en-
ergy transfer. We specialize in the objective of minimizing the total delay in the
system, which has not been addressed in the context of energy harvesting wireless
networks with energy cooperation.

Next, we consider the energy harvesting diamond channel [68], where the
source and two relays harvest energy from nature and the physical layer is mod-
eled as a concatenation of a broadcast and a multiple access channel. Since the
broadcast channel is degraded, one of the relays has the message of the other relay.
Therefore, the multiple access channel is an extended multiple access channel with
common data [69]. We determine the optimum power and rate allocation policies
of the users in order to maximize the end-to-end throughput of this system.

Finally, we consider the two-user cooperative multiple access channel where
both of the users harvest energy from nature. The users cooperate at the physical
layer (data cooperation) by establishing common messages through overheard signals
and then cooperatively sending them. For this channel model, we investigate the
effect of intermittent data arrivals to the users. We find the optimal offline transmit
power and rate allocation policy that maximize the departure region. When the
users can further cooperate at the battery level (energy cooperation), we find the
jointly optimal offline transmit power and rate allocation policy together with the

energy transfer policy that maximize the departure region.



1.2  Outline

In Chapter 2, we investigate three channel models with energy harvesting and en-
ergy cooperation. First, we examine additive Gaussian two-hop relay channel with
one-way energy transfer from the source node to the relay node where the objective
is to maximize the end-to-end throughput. Next, we consider the Gaussian two-way
channel with one-way energy transfer, and the two-user Gaussian multiple access
channel with one-way energy transfer. For these two channel models, we determine
the two-dimensional simultaneously achievable throughput regions. For all three
cases, we use a Lagrangian approach and determine the optimum transmit powers
and energy transfer policies via the KK'T optimality conditions. In particular, we
develop a two-dimensional directional water-filling algorithm which optimally con-
trols the energy flow in time and among users. As observed in [6], energy harvesting
setting gives rise to a directional water-filling algorithm, where energy can flow only
from the past to the future due to the energy causality constraints. In addition, with
wireless energy transfer, at any give time, energy can flow from one user to the other
depending on the direction of wireless energy transfer. Therefore, the directionality
of energy flow in two separate dimensions requires careful management of energy
over time and users. Solutions obtained in each setting yield new insights on energy
cooperation at the battery energy level in the presence of wireless energy transfer.
In Chapter 3, we consider the delay minimization problem in an energy har-
vesting communication network with energy cooperation. For fixed data and energy

routing topologies, we determine the optimum data rates, transmit powers and



energy transfers, subject to flow and energy conservation constraints, in order to
minimize the network delay. We start with a simplified problem where data flows
are fixed and optimize energy management at each node for the case of a single
energy harvest per node. This is tantamount to distributing each node’s available
energy over its outgoing data links and energy transfers to neighboring nodes. For
this case, with no energy cooperation, we show that each node should allocate more
power to links with more noise and/or more data flow. In addition, when there is
energy cooperation, our numerical results indicate that, energy is routed from nodes
with lower data loads to nodes with higher data loads. We then extend this setting
to the case of multiple energy harvests per node over time. In this case, we optimize
each node’s energy management over its outgoing data links and its energy transfers
to neighboring nodes, over multiple time slots. For this case, with no energy coop-
eration, we show that, for any given node, the sum of powers on the outgoing links
over time is equal to the single-link optimal power over time. Then, we consider the
problem of joint flow control and energy management for the entire network. We
determine the necessary conditions for joint optimality of a power control, energy
transfer and routing policy. We provide an iterative algorithm that updates the data
flows, energy flows and power distribution over outgoing data links sequentially. We
show that this algorithm converges to a Pareto-optimal operating point.

In Chapter 4, we consider the energy harvesting diamond channel, where the
source and two relays harvest energy from nature and the physical layer is modeled
as a concatenation of a broadcast and a multiple access channel. Since the broadcast

channel is degraded, one of the relays has the message of the other relay and the
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multiple access channel can be modeled as an extended multiple access channel with
common data. We find the optimal offline transmit power and rate allocations that
maximize the end-to-end throughput. For the broadcast side, we show that there
exists an optimal source power allocation which is equal to the single-user optimal
power allocation for the source energy arrivals. We then show that the fraction
of the power spent on each broadcast link depends on the energy arrivals for the
relays. For the multiple access side with no cooperation, with fixed source rates,
we show that the problem can be cast as a multiple access channel with both data
and energy arrivals and can be formulated in terms of data transmission rates only.
We use a dual decomposition method to solve the overall problem efficiently. Then,
we focus on the diamond channel with cooperative multiple access capacity region
and find the optimal rates and powers using a decomposition into inner and outer
maximization problems.

In Chapter 5, we consider an energy harvesting two-user cooperative Gaussian
multiple access channel. The users cooperate at the physical layer (data cooperation)
by establishing common messages through overheard signals and then cooperatively
sending them. We study two scenarios within this model. In the first scenario, the
data packets arrive intermittently over time. We find the optimal offline transmit
power and rate allocation policy that maximizes the departure region. We first show
that there exists an optimal policy, in which the single-user rate constraints in each
time slot are tight, yielding a one-to-one relation between the powers and rates.
Then, we formulate the departure region maximization problem as a weighted sum

rate maximization in terms of rates only. Next, we propose a sequential convex



approximation method to approximate the problem at each step and show that it
converges to the optimal solution. Then, we solve the approximate problems using
an inner outer decomposition method. In the second scenario, the users cooperate
at the battery level (energy cooperation) by wirelessly transferring energy to each
other in addition to the data cooperation. We find the jointly optimal offline trans-
mit power and rate allocation policy together with the energy transfer policy that
maximize the departure region. We provide necessary conditions for energy transfer,
and prove some properties of the optimal transmit policy, thereby shedding some
light on the interplay between energy and data cooperation.

In Chapter 6, we provide conclusions to this dissertation.



CHAPTER 2

Energy Cooperation in Energy Harvesting Communications

2.1 Introduction

In this chapter, we study the offline optimal energy management problem for sev-
eral basic multi-user network structures with energy harvesting transmitters and
one-way wireless energy transfer. First, we examine additive Gaussian two-hop re-
lay channel with one-way energy transfer from the source node to the relay node
where the objective is to maximize the end-to-end throughput. Next, we consider
the Gaussian two-way channel with one-way energy transfer, and the two-user Gaus-
sian multiple access channel with one-way energy transfer. For these two channel
models, we determine the two-dimensional simultaneously achievable throughput re-
gions. For all three cases, we use a Lagrangian approach and determine the optimum
transmit powers and energy transfer policies via the KK'T optimality conditions. In
particular, we develop a two-dimensional directional water-filling algorithm which
optimally controls the energy flow in time and among users. As observed in [6],
energy harvesting setting gives rise to a directional water-filling algorithm, where

energy can flow only from the past to the future due to the energy causality con-
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straints. In addition, with wireless energy transfer, at any give time, energy can flow
from one user to the other depending on the direction of wireless energy transfer.
Therefore, the directionality of energy flow in two separate dimensions requires care-
ful management of energy over time and users. Solutions obtained in each setting
yield new insights on energy cooperation at the battery energy level in the presence

of wireless energy transfer.

2.2 Two-Hop Relay Channel with One-Way Energy Transfer

In this section, we consider a two-hop relay channel consisting of a source node,
a relay node and a destination node as shown in Fig. 2.1. The two queues at the
source and the relay nodes are the data and energy queues. The energies that arrive
at the source and the relay nodes are saved in the corresponding energy queues. The
data queue of the source always carries some data packets to be delivered to the
destination. The data packets sent from the source node cause a depletion of energy
from the source energy queue and an increase in the relay data queue. These data
packets are then served out of the relay data queue with a cost of energy depletion
from the relay energy queue. The relay operates in a full-duplex mode, i.e., it can
receive and send data within a single slot; in addition, the relay can receive energy as
well in the same slot. Therefore, the data and energy queues of the relay are updated
simultaneously in every slot. We assume that the data and energy buffer sizes are
unlimited. In addition, energy expenditure is only due to data transmissions; any

other energy costs, e.g., processing, circuitry, are not considered in this chapter.
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Figure 2.1: Two-hop relay channel with energy harvesting source and relay nodes,
and one-way energy transfer from the source node to the relay node.

There is a separate wireless energy transfer unit at the source node. Information
and energy transfer channels are orthogonal to each other. In this setting, the source
node may wish to share a portion of its energy with the relay node so that the relay
can forward more data.

The channels from the source to the relay and from the relay to the destination
are additive white Gaussian noise (AWGN) channels. The received signals y, and
yq at the relay and the destination, respectively, are given by 4, = /hszs + n, and
Ya = Vhezy +n,, where h, and h, are the channel coefficients for the source-to-relay
and relay-to-destination channels, respectively. n, and n, are Gaussian noises each
with zero-mean and unit-variance. We assume that h, = h, = 1 without loss of
generality as otherwise the energy arrivals can be properly scaled.

Time is slotted and there are a total of T" equal length slots. Without loss of
generality, we assume that the slots are of unit length. At times ¢ = 1,...,T, the
source harvests energy with amounts Ei, Es, ..., Er and the relay harvests energy
with amounts £y, Es, ..., Er. Without loss of generality, we assume E; > 0, E; > 0.

The normalized energy transfer efficiency is o where a@ = o/ % and o/ is the actual
S

12



energy transfer efficiency. We assume 0 < o < 1. This means that when the source
transfers §; amount of energy to the relay through the wireless energy transfer unit
in slot 7, ad; amount of energy enters the energy queue of the relay in the next slot.
Similarly, when the source uses power P; for data transmission, the data queue of
the relay is increased by %log (1 + P;) bits in the next slot. The source and relay
slots are indexed by one slot delay, so that, the slot subscripts are aligned at the
source and the relay; see Fig. 2.2. Power policy of the source is the sequences P,
and §;, and the power policy of the relay is the sequence P,.

As the energy that has not arrived yet cannot be used for data transmission
or energy transfer, the power policies of the source and the relay are constrained by

the causality of energy in time. These constraints yield the following feasible set:

k k k k
F={@.PP): Y R<>(B-d). DR (Eitad)
=1 =1 =1 =1

Py, Py, 6, > 0, Vk} (2.1)

where vectors P, P and & denote sequences P;, P; and §;, respectively. F is the
feasible set due to energy causality in harvested and transferred energies and is
valid for the two-way and multiple access system models as well. For the two-hop
relay channel model, we have an additional constraint: The relay transmits data

that arrives from the source. Therefore, the power policies of the source and the

13
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Figure 2.2: Slotted system model: The queues of the relay are updated with one slot
delay with respect to the queues of the source so that the slot indices are aligned

relay need to satisfy the following data causality constraints at the relay

—log (1+ P)

51
M -~

s(1+P), k=1,

l\DI»—

..T (2.2)

=1

We formulate the end-to-end throughput maximization problem in the next section

2.3 End-to-end Throughput Maximization for the Relay Channel

The optimal offline end-to-end throughput maximization problem with wireless en-

ergy transfer subject to energy causality at both nodes and data causality at the

relay node is:

o]l

=
jav)
>
]~
N |
o
03
—
+
o

N

s.t.
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It can be shown that (2.3) is equivalent to a convex optimization problem (see [20]),
by a change of variables from P;, P;, 6; to 7; = %log (1 + ]51) ST = %log (1+ P),9;.
Thus, (2.3) can be solved using standard techniques [70]. The Lagrangian function

for the problem in (2.3) is

_Zlog(l—l—Pi)vLZuk(ZPi—( >+an<z E+a5))

T

T k k
+Z)\k (Zlog(l—i—ﬁi)—Zlog(l—i-P ) Zakpk—zwkpk—zpk&c
k=1 i=1 i=1 k=1

(2.4)

We first argue that P, and P, are non-zero in an optimal policy since E; > 0
and E; > 0. As (2.3) reduces to the problem in [12, 13] for fixed §;, the pow-
ers P, and P, are positive and non-decreasing for positive initial energy. Hence,
it suffices to show that 6; < Fj; in an optimal policy. Assume 6; = FE;. Then,
P, = 0 and from (2.2) P, = 0. For now, assume that P > 0. Then, we must
also have P, > 0. For some 0 < ¢ < 1, define a new energy transfer sequence
5, = Fy—¢, 8, = do+¢, and new source and relay power allocations P, = ¢, Py = Py—e¢
and P, = ¢, P, = P, — ¢ while keeping the source and relay power levels and energy
transfer values in the remaining slots unchanged. Note that this power allocation
is feasible: For the source energy causality constraint over the first slot we have,
P, =¢=E, — (B —¢) = E, — §,. Together with the fact that ¢ P/ =% P,
and S 6 = S8 6, Vk > 2, we have S5 P/ < Y2F | E; — 6, Vk, since the
original source power allocation and energy transfer profile are feasible. Similarly

for the relay energy causality constraint over the first slot we have, P, = ¢ <

15



E\ + a(FE) — ) for small enough e. Together with the fact that S P/ =% | P,
and Y | 6 = ZZ 00, VEk > 2, we have S8 | Pl < S°F | E;+ad;, Vk, since the orig-
inal relay power allocation and energy transfer profile are feasible. The data causal-
ity constraint trivially holds for the first slot since, 2log (14 P;) = $log (1 + P)).
Similarly, 2log(1+ P;) = Slog(1+ P, —¢€) < Llog(1+ P, —¢) since P, < Py
due to data causality of the original allocation in the second slot. Therefore,
ZZ Lslog(1+P) <4 ZZ log (1+ P)),Vk, and data causality is satisfied in all
slots. Hence, this new allocation satisfies the energy and data causality constraints
in (2.3) and achieves higher end-to-end throughput due to the concavity of the ob-
jective function with respect to P;. Therefore this contradicts optimality. On the
other hand, if P, = 0, then P, = 0 also. We then go until the first slot k& where
P, > 0. For that slot, we have P, > 0 and we use the above construction with P,
and P, replaced with P, and Py, respectively. This discussion implies, P, and P; are

non-zero for all ¢ in an optimal policy, and we have o; = ¢; = 0, Vi.

The KKT conditions for this problem are:

Zuk—aan—pi:O, Vi (2.7)
k=i k=i
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with the additional complementary slackness conditions as:

(Zlog (1+ P) Zlog (1+P) | =0,
=
(ZR =0,

1

<Z — (B +ad;) | =0,

=1

pr0 = 0,

From (2.5), (2.6) and (2.7) we get:

1-S7 A
i UL
Zk:ink
i M
Ek 'Lluk

Zﬂk—aan, Vi

7

P = —1, Vi

Next, we obtain necessary optimality conditions for (2.3).

2.3.1 Necessary Optimality Conditions

vk

vk

vk

vk

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

The first necessary optimality condition for (2.3) is that the source has to send as

many bits as the relay can send and the relay has to finish up all the data in its

data buffer. In other words, in the optimal policy, no data should be left in the data

queue of the relay at the end.

Lemma 2.1 The optimal power sequences P*, P* must satisfy the constraint

(2 3
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Z?:l % log(1 + P;) = Z?ﬁ %log(l + ).

Proof: Suppose the stated constraint is satisfied with strict inequality. Then, we can
increase dp, increase Pr and decrease Pp without violating the energy constraints
and improve the overall throughput which contradicts the optimality of P, P, d7.

We note that if the relay energy profile is sufficient to forward all the bits in
the optimal source data stream with respect to the source energy profile, that is, if
the separable policy in [12, 13] yields a policy that satisfies the necessary condition
in Lemma 2.1, then it is the optimal solution for (2.3) and no energy transfer is
needed.

The second observation about the optimal policy is that the source has to ex-
haust the energies that have been harvested throughout the communication session

either for data transmission or in the form of wireless energy transfer.

Lemma 2.2 The optimal power profiles P}, P} and energy transfers §; must satisfy

Zz‘Tzl Pz* - Zz‘T:1(Ei - 51*)

Proof: Suppose this constraint is satisfied with strict inequality. Then, we can
increase 67 and Pp then decrease Pr to achieve a larger throughput and satisfy the

constraints of (2.3). This contradicts the optimality of P}, P¥,6;. W

(2

Next, we observe that if there is a non-zero energy transfer from the source to

the relay, then the relay has to exhaust all of its energy in the optimal policy.

18



Lemma 2.3 For the optimal power sequences Py, P} and energy transfer sequence

0f, if 0 # 0 for some i, then Z;il Pr = Z;F:l(E_’i + ad}).

Proof: Suppose this constraint is satisfied with strict inequality. Using a similar
argument as in Lemma 2.2, we can decrease dp and increase Pr to achieve a larger
throughput and satisfy the constraints of problem (2.3). This contradicts the opti-

mality of P’, P, 6. W

Finally, we note that, in the optimal policy, the total energy expenditure at

the relay must be higher than the total energy expenditure at the source.

Lemma 2.4 The optimal power sequences P and P must satisfy Zg‘r_l Pr <

(2 3 = —

Z?zl Py, and with equality if and only if P = Py for all i.

Proof: We will give a proof based on majorization theory and Schur convexity [71].

We denote the optimal source and relay rate allocation vectors as r* = [r],...,r}]

and ™ = [F},..., 7], where r} = Lflog(1+ P;) and 77 = 1log(1+ P;), for i =
1,...,T. First, we note that the optimal rate allocations of both the source and the
relay are monotone non-decreasing sequences by [4, Lemmas 1 and 4], i.e., 7} <7f
and 77 < 7;, for i = 1,...,T. Second, we note the data causality constraint at
the relay Zle < Zle r¥, for all k < T, and the equality 3., 7 = S ¥ by

*

Lemma 2.1. These imply that r* is majorized by r*, which is denoted by r* < r*;
see [71, Definition 1.A.1]. Since P} = 2% — 1 and g(z) = 2% — 1 is strictly convex,

ZiT:1 Pr = Zszl 22" — 1 is a strictly Schur convex function of r* [71, Proposition

3.C.1]. Then, since r* < ¥*, we have that 3" Pr = S7 227 1 <1 927 1=

19



ST, P [71, Proposition 4.B.1]. Moreover, due to the strict convexity of g(z), and
the resulting strict Schur convexity, equality is possible only when r} = 7} for all 7.

An immediate application of Lemma 2.4 is that if Zszl E; < ZiT:1 E; ie., if
the total energy of the relay is less than the total energy of the source, then the
relay cannot forward the source data stream only with its own energy. In this case,
we must have 7 # 0 for some i, i.e., some energy transfer is strictly needed. We

state this in the following lemma.

Lemma 2.5 If the data buffer of the relay is empty at some slot k, k < T, then

Zle Pr< Zle P¥, and with equality only when P = P7 for alli=1,... k.

Proof: If the data buffer of the relay is empty at some slot k, & < T, then we
must have Zle ri o= Zle r7. 'Together with the data causality constraints at
the relay 25:1 < ZL r¥, for k =1,...,k — 1, we conclude that the subvector
r; = [r},..., 7] is majorized by the subvector tj = [r],...,75], i.e., ri = ;. Then,

S Pr=S0 22 1< 9% 1 =% P and with equality iff r} =

due to the strict Schur convexity. W

Necessary conditions in Lemmas 2.1 through 2.5 do not provide detailed struc-
tural properties for the optimal policy for an algorithmic solution. In the next
sections, we consider specific scenarios to gain insight on the optimal policy. In par-
ticular, we examine cases that correspond to practically interesting settings, such as

the case of only one of the nodes harvesting energy.
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2.3.2 Specific Scenario: Relay Energy Higher at the Beginning Lower

at the End

We consider the scenario where the relay energy arrival profile is higher at the
beginning, intersects the energy arrival profile of the source once, and remains lower
until the end of the communication, as shown in Fig. 2.3. In particular, we assume
that there exists 7 € [0,7] such that 2221 E, > 22:1 Ey, forall i = 1,....1, and
22:1 E, < 22:1 Ey, foralli=1:+1,...,7. In Fig. 2.3, 1 = 3. We note that this
case also covers the setting where the relay is not energy harvesting, and only the
source harvests energy during the communication session.

For this case, we propose the following solution. Form a new energy arrival

Ek+01Ek

e} S By} as shown in Fig. 2.3, and maximize the

profile as: min{> ! _,

throughput with respect to this profile. In particular, use 22:1 E,fori=1,....1,

and 22:1 E’“j—f‘IE’“ for i =44 1,...,T; and perform energy transfer only at slots
i+1,...,T. The resulting power sequences are matched for the source and the

relay. More specifically, we propose

™  Ei4aFE; .
_ min {%’ Z?;”i—1 EJ}
Pr=Pr= (2.15)
n; —Ni—1

where

n; = arg 1min
n;—1<k<T

2.16
—— (2.16)

. k E;+aFE; k
{ mln{Zj:m‘—l jafl : ) Z]':7%'—1 E]} }
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Figure 2.3: Optimal power sequence and energy transfer when the relay energy
profile is higher at the beginning and lower at the end with crossing only once.

We next show that there exist A, u;, mi, pi > 0 that satisfy (2.5)-(2.11) and
yield the solution in (2.15)-(2.16) via (2.12)-(2.14). In particular, p; = 0 and n; = &
fori=1i+1,...,T. Since aZfzmk = Z;;F:i/ik foralli =i+1...,T, we have from

(2.12) and (2.13)

_ 1 ~
P'taP'=———-(1+a), i=i+1,....,T (2.17)
k=i "k
D% 1 i . . . _ 1 o .
Hence, P’ = ETS 1, which implies that Ay = - and A\; = 0 for ¢ =
i+1,...,T — 1. Moreover, n; = £ > 0 whenever Ezzl E’“J—ff’“ is active for some

i=141,...,T. Asin [6, 7], we can show that such 7; = i that yield the power
sequence in (2.15)-(2.16) are uniquely found for i =7 +1,...,T.

It remains to find the Lagrange multipliers for i = 1,...,7. We observe that
7; = 0 and p; = Zzzz we for i = 1,...,7. That is, the relay power constraint is

not active in the first 7 slots, i.e., 22:1 Py < Zzzl Ey, i=1,...,i. To justify this
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claim, we note that since P = P¥ fori = i+1,...,T, we have Zle tlog(1+ Py) =

ZZ 15 Llog (1 + P;). By Lemma 2.5, selecting P; = P; fori = 1,... 4 is the minimum
energy consuming policy at the relay. Since by assumption 22:1 P, < 22:1 P, for
i =1,...,1, P, = P; is feasible and hence optimal, which in turn implies that
ZZ=1 Py < 22:1 Ey for i =1,...,1. As a consequence, ZZZI e = Zz:ﬂl Mg, 1.€.,
constant for all i = 1,...,7. As Pr < Pr_, we can specify 0 < )\ < 115 recursively,

1

with \; > 0 only when 2221 E), constraint is active, as follows

T T
N=1=F Y m— > N (2.18)

k=i+1 k=i+1

Zg:i Ak _

Moreover, u; > 0 for slots where 2221 E} constraint is active and p; = =551

ZZ:Z. 41 M- Note that if 67 # 0 for some ¢, the optimal source and relay power
sequences are unique while there may exist infinitely many 07 that yield the same
optimal power levels.

A particular case covered is when only the source has energy replenishments
and the relay has all its energy available initially, i.e., £y > 0 and E; = 0 for
i>1. If B > Z?zl E;, the relay can forward all the bits sent from the source and
the optimal policy is trivial. If By < ZiT:1 E;, the optimal policy is obtained by
forming a common energy profile via energy transfer and matching the power and

rate sequences. Another special case is when ¢ = 0, i.e., when E; < E; for all i. In

this case, min{> ! _, E’“;flE’“,Zzzl B} =30, aE’“*E’“ for all 4 and matching the

relay and source power sequences is optimal with 6* = E; — ZeEi  When 4 = T
) a+1 )

we have E; > E;, Vi. The source optimizes the throughput according to {E;}~,
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Figure 2.4: Optimal power sequences and energy transfer when the source energy is
available at the beginning.

and the relay power is matched with the source.

2.3.3 Specific Scenario: Source Energy Available at the Beginning

We consider the scenario where the source has all of its energy available at the
beginning (i.e., F; > 0 only), and the relay harvests energy throughout the com-
munication. Let the relay energy profile not be satisfactory to forward the optimal
source data stream which has constant rate 1 log (1 + %) Assume ¢; # 0 for some
1. Since the source is not energy harvesting, the total energy of the source will then
be F; — §; yielding an optimal transmission power of ElT_(Si. Hence, the throughput
of the source is independent of the slot index i the energy is transferred. However,
transferring the energy at slot j < ¢ can only increase the relay transmit powers
after that slot; therefore, energy transfer has to be performed as early as possible,
i.e., at the first slot. Hence, the jointly optimal policy is 67 # 0 and d; = 0 for the
remaining slots as shown in Fig. 2.4. Note that the power sequences of the source
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and the relay are not matched. 47 is found by solving a fixed point equation as:

. 7 Ey -6
f(By+ 6, By, Br) = 7 log (1+ 1T 1) (2.19)
where f(FEy, Ey, ..., Er) is the maximum number of bits corresponding to the energy

arrival sequence Fq, E», ..., Er.

2.4 Gaussian Two-Way Channel with One-Way Energy Transfer

In this section, we consider a two-way channel as shown in Fig. 2.5. The two queues
at the nodes are the data and energy queues. The energies that arrive at the nodes
are saved in the corresponding energy queues. The data queues of both users always
carry some data packets. The physical layer is a memoryless Gaussian two-way
channel [72] where the channel inputs and outputs are 1, xo and y;, ys, respectively.
The input-output relations are y; = x1+x9 +nq and yo = x1 + 2 +ny where ny and
no are independent Gaussian noises with zero-mean and unit-variance. In slot ¢, the
first and second users harvest energy in amounts F; and E}, respectively. There is
a separate wireless energy transfer unit at the first user, that transfers energy from
the first user to the second user with efficiency 0 < o < 1. The power policy of
user 1 is composed of the sequences P; and ¢;, and the power policy of user 2 is the
sequence P;.

For the Gaussian two-way channel with individual power constraints P, and
Py, rate pairs (R, Ry) with Ry < log(1+ Pp), Ry < +log(1+ P») are achievable

[72]. For a fixed energy transfer vector 8, and feasible power control policies P and
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Figure 2.5: Two-way channel with one-way energy transfer.

P, the set of achievable rates is:

g(1+P) } (2.20)

l\')l»—t

T
g(1+P), Z

l\’)l»—t

Cs(P,P) = {(Rl,Rz Z

The notation shows the dependence of the region on the energy transfer vector 4.
This region is shown in Fig. 2.6 for different values of §. Each of these regions are
rectangles of the form R; < C; where C; is the maximum throughput achieved for
user ¢ found by maximizing (2.20) constrained to the feasibility constraints F. As
4 is increased, energy is transferred from user 1 to user 2 therefore C; decreases
while C5 increases. By taking the union of the regions over all possible energy
transfer vectors and power policies for the users, we obtain the capacity region of

the Gaussian two-way channel as:

CEE)= |[J csP.P) (2.21)

(6,P,P)eF

We determine the capacity region of the Gaussian two-way channel in the next

section, by solving weighted rate maximization problems which trace the boundary
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Figure 2.6: Capacity region of the Gaussian two-way channel.

of the capacity region.

2.5 Capacity Region of the Gaussian Two-Way Channel

In this section, we characterize the capacity region as well as the optimal power
allocation and energy transfer policies. We start by noting that the capacity re-
gion is convex in the following lemma. The proof of this lemma is provided in

Appendix 2.10.1.
Lemma 2.6 C(E, E) is a convex region.

Since C(E, E) is convex, each boundary point can be found by solving the

following weighted rate maximization problem:

T
1 1
> 0= log (1+ P) + 6= log (1+ P
nax 11120g(+ ) +0:5log (1+ 1)

st.  (0,P,P)eF (2.22)
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The problem in (2.22) is a convex optimization problem as the objective function is
concave and the feasible set is a convex set [70]. We write the Lagrangian function

for (2.22) as

L==) [0ilog(1+ P)+6;log(1+ P)] Z (ZP )
+Z77k:

i=1
T k

(Z P, — (E; + a@-)) - Z ox Py — Zkak - Zpk5k (2.23)
k= i=1 k=1 k=1 k=1
We note that P; are always non-zero in the optimal policy as E; > 0. Therefore,
we have ¢, = 0,Vk. However, P, = 0 may be optimal at some slots k& and for some
values of 6,60, in which case Zle 0 = Zle E; as energy should not be wasted
in an optimal policy. In the particular case of #; = 65, Zle 0; < Zle E;,Vk and

P, > 0,Vi [22]. The KKT conditions for this problem are:

—0;=0, Vi (2.24)

1+ P

=0, Vi (2.25)

T T
> m—ad m—pi=0, Vi (2.26)
k=i k=i

with the additional complementary slackness conditions as:

o($n-m-5) -0 .
(Z . — (B +a5)> =0, Vk (2.28)
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Pl =0, Yk (2.29)

From (2.24), (2.25) and (2.26) we get:

+
P = (f—l - 1) , Vi (2.31)
Zk:i Mk
0

ZZ:@' Nk
T

T
pi = Zuk - aan, Vi (2.33)
k=i k=i

—1, Vi (2.32)

i

We will give the solution for general 67,05 > 0 in the sequel. Before that, we
note that in the extreme case when 6y = 0, the problem reduces to maximizing the
first user’s throughput only and hence any energy transfer is strictly sub-optimal,
i.e., d = 0isoptimal. This corresponds to point 1 in Fig. 2.6. Similarly, when 6; = 0,
the problem reduces to maximizing the second user’s throughput only and the first
user must transfer all of its energy to the second user, i.e., 8 = E is optimal. This
corresponds to point 3 in Fig. 2.6. When 6,6, > 0, we obtain the points between
points 1 and 3 in Fig. 2.6. In this case, for a given energy transfer profile 4, ..., dr,
the optimization problem can be separated into two optimization problems, each
only in terms of the power control policy of the corresponding user. For fixed é, the
optimal power policies of the two users can be found by [4].

Next, we provide the necessary optimality condition for a non-zero energy

transfer.
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P¥ and energy transfer sequence

)

Lemma 2.7 For the optimal power sequences P},
(2.34)

0f, if 67 # 0 and PF # 0 for a slot i, then
L+ P 0
1+pz* _02(1

(2.35)

Proof: From (2.31), (2.32) and (2.33), we have
01 ZZ:Z Tk

14+ P
1+ Fr 92(@2521- Nk + pi — ;)

Qs

If there is a non-zero energy transfer, §; # 0, we have from (2.29), p; = 0 and if

P # 0 we have from (2.30), o; = 0. Therefore, (2.34) must be satisfied if o] # 0

and PF#0. W

In order to devise an algorithmic solution, we apply a change of variable P, =
and re-write the optimization problem in terms of P;, P;, d; as follows:

1 1 -
Z@l§log(1 + P;) + 025 log (1 + aP)
=1

T
max
P;, P;, 6
k k
st. Y P <Y (Ei—6), Vk
z:l zzl E
Sred(Tra)
=1
Wk

Pkapk75k20>

30

(2.36)



The optimal power allocation for this transformed problem is:

Pr= 0w — 17", Vi (2.37)
- ~ 1 _
Pi = 9214- — a, A4 (238)

where v; and 7; in slot ¢ are defined by

1 1
and 7; = T

= — _— (2.39)
Zz:i 23 Zk:i Nk

Vv

The power level expressions in (2.37)-(2.38) lead to a directional water-filling
interpretation [6]. In particular, we note that energy has to be jointly allocated
in time and user dimensions together. This calls for a two-dimensional directional
water-filling algorithm where energy is allowed to flow in two dimensions, from left
to right (in time) and from up to down (among users). We, next, explain this

algorithm.

2.5.1 Two-Dimensional Directional Water-filling Algorithm

We utilize right permeable taps for users to account for the energy which is saved
in their individual batteries to be used in the future and down permeable taps to
account for energy that is transferred from user 1 to user 2; see Figs. 2.7 and 2.8.
The base levels for users 1 and 2 are 1 and é, respectively, as shown in Fig. 2.7.
Moreover, to facilitate the water flow interpretation, we scale the energy arrivals

of user 2 by é as in the transformed problem (2.36). Then, we fill the scaled
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Figure 2.7: The proper scaling of the energy arrivals for a two slot system.

energies into slots to get the initial water levels. If the resulting water levels are
not monotonically increasing in time for both users, then water has to flow through
the horizontal taps until the levels are balanced. However, the water flow through
the vertical taps follow a different rule: If water level of user 1, v; is higher than Z—;
times the water level of user 2, 7; at some slot, then water flows through the vertical
taps till % = z—; is satisfied. If user 1’s energy is run out before this proportionality
is satisfied, then the water flow stops. This follows from Lemma 2.7. Once the
balanced water levels are found, P} will be found from (2.37) and P from (2.38).
Then, P = aﬁi* will give the optimal relay power allocation.

While finding the balanced water levels, the two dimensions of the water flow

(i.e., in time and among users) are coupled and therefore it is not easy to determine
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Figure 2.8: Two-dimensional directional water-filling with right/down permeable
meter taps for #; = 6, and a = 1.

beforehand which taps will be open or closed in the optimal solution. In particular,
the water flow of user 2 from time slot ¢ to time slot ¢ + j, 7 > 0, may become
redundant if some energy is transferred from user 1 in time slot ¢+ j. To circumvent
this difficulty, we let each tap (right/down permeable) have a meter measuring the
water that has already passed through it and we allow that tap to let the water
flow back if an update in the allocation necessitates it. This way, we keep track of
the source of the energy and whether it is transferred to future time slots or to the
other user.

One can possibly propose many different procedures to obtain a solution for
the balanced water levels and hence an optimal policy. For instance, the following

particular procedure could be followed to obtain a solution: First, we fill energy
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into the slots with all taps closed. Then, we open only the right permeable taps and
perform directional water-filling (over time) for both users individually [6]. Then,
we open the down taps one by one in a backward fashion. Water is allowed to flow
from user 1 to user 2 only and only if the ratio of the water levels of user 1 and user
2 is higher than z—;. If water flows down through a tap, the amount is measured
by the meter. Water levels in the slots connected by the bi-directional horizontal
taps need to be equal. Whenever water flows down through a down permeable tap,
the water levels must equalize in the transformed setting, or equivalently, they must
satisfy the proportionality relationship in (2.34) in the original setting. When the
water levels are properly balanced, the optimal solution is obtained. This procedure
is depicted in Fig. 2.8 for the case of §; = 0, and o = 1. The advantage of this
particular algorithm is that the initial temporal directional water-filling is simple
and follows from [6].

The balanced water levels in the two-dimensional directional water-filling al-
gorithm can alternatively be obtained by iteratively allowing the water to flow from
a single tap at a time provided that all taps are visited infinitely often. In particular,
we open only one of the horizontal and vertical taps at a time and we keep track
of transferred energy in each tap by means of meters. Whenever a horizontal tap
is opened, the two water levels are equalized if the directionality of the tap allows
water to flow; otherwise, they are equalized to the extent possible according to the
meter readings. Similarly, if a vertical tap is opened, water flows till the ratio of
user 1’s water level to user 2’s water level equals Z—; if this ratio is higher than g—;;

otherwise, this ratio is made closer to Z—; to the extent possible according to the
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meter readings. This iterative algorithm is given in Algorithm 1. We note that
if we go through all the possible taps sufficiently many times, our algorithm will
converge to the balanced water levels and hence to an optimal solution. This is due
to the fact that each iteration strictly increases the objective function in view of the
strict concavity of log(.) function and that bounded real monotone sequences always
converge.

An example run of the first algorithm proposed above (non-iterative) is given
in Fig. 2.8 for 6; = 6, and o = 1. Initially, we open the right permeable taps and
the water levels are equalized for the first user. Then, we open the down permeable
taps. In the second slot there is no need for energy transfer because % < FE,. In
the first slot there will be some non-zero energy transfer since % > F, and some
water flows through the first down permeable tap. Since user 1’s right permeable
tap has a positive meter at that point, some water is allowed to flow from right to
left thereby equalizing the water levels of user 1’s first and second slots and user 2’s

first slot.

2.5.2 A Specific Run of the Algorithm

In order to show more specifically how the algorithm runs, further explain the partic-
ular sequence of steps followed in the first two-dimensional water-filling algorithm
proposed above (non-iterative), and justify the need to use metered taps to keep
track of the water flow, we next provide a numerical example where E = [0, 12, 0]

mJ, E = [6,6,0] mJ and o = 1. Let T;, Ty denote the horizontal taps of the
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Algorithm 1 Two dimensional directional water-filling (iterative algorithm)

Initialize
1: fori=1:N do )
U'li] =1+ E;, U[i) = 25 > Fill energy into slots
3: end for

10:

11:
12:

13:

14:
15:
16:

Define procedure
procedure WF (i, j, K, L) > Water-filling from slot i to slot j, from user K to
user L
if K =L then Tap = TX[i],c=1
> If among the same user, the horizontal tap
else Tap = QJi], c = g—;
end if
if UX[i] > cU*[j] then > If higher water level
t = min (%, UXi] — 1), Tap = Tap + ¢ > Find water flow,
update tap
UR[i] = U] —t, UL[j] = U [j] + ¢
> Equalize water levels
else if Tap > 0 then > If meter is positive

t = min (UL[j] — §7Tap, %J:CUW)
> Find amount of water that can flow
UR[] = UX[i] +t, UH[j] = U[5] — t
> Equalize as meter allows
Tap = Tap — ¢
end if
end procedure

> Otherwise the vertical tap

17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:

Main Algorithm
while diff < € do
fort:=1: N—-1do
WF(,i+1,1,1) > User 1 horizontal tap
end for
for:=N:2do
WF(i,i,1,2) > Vertical tap
WEF (i —1,i,2,2) > User 2 horizontal tap
end for
P, = (U] —1)" and P, = aU?[i] — 1
thry, = 327 611 log (1 + P;) + 651 log (1 + P)
diff = thrk — thl”k_l
k=k+1
end while
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first and second users connecting the ¢th and ¢ 4+ 1st slots, and let (); denote the
ith vertical tap. The optimal solution is P = [0,4.8,4.8] and P = [4.8,4.8,4.8],
which is obtained by spreading the energy as equally as possible in two dimensions
among the users and time slots, subject to energy causality. We next consider two
sub-optimal orderings of tap openings.

Assume that we open the horizontal taps first and keep the vertical taps closed.
This yields the transient water levels P = [0,6,6] and P = [4,4,4]. Now, if we open
the vertical taps, water is transferred in the second and third slots and the balanced
final levels are P = [0,5,5] and P = [4,5,5]. This profile is not optimal since the
second user changes its power level when the battery is non-empty, violating [4,
Lemma 2].

Now, assume that we open the vertical taps first and keep the horizontal taps
closed. Emergy is transferred in the second slot and the new transient water levels
will be P = [0,9,0] and P = [6,9,0]. Then, when we open the horizontal taps, we
will have P = [0,4.5,4.5] and P = [5, 5, 5]. This profile is not optimal either, as after
energy transfer, the source power level is less than the relay power level, violating
Lemma 2.7.

We now show how the first proposed (non-iterative) two-dimensional direc-
tional water-filling algorithm works. First, we open the horizontal taps to get
P =[0,6,6] and P = [4, 4, 4] with the water meters reading [0, 6] and [2,2]. Recall
that the taps with positive meter readings allow bi-directional energy transfer. Next,
we open the vertical taps in a backward fashion. Once ()3 is opened, water flows to

the second user and since Ty, T5o are bi-directional it starts to fill all the slots of the
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second user. A balance is established when P = [0,4.8,4.8] and P = [4.8,4.8,4.8],

which is the optimal solution.

2.6 Multiple Access Channel with One-Way Energy Transfer

In this section, we consider the multiple access channel scenario shown in Fig. 2.9. In
the multiple access channel, the received signal is y = x1+x2+n where z; and x5 are
signals of user 1 and user 2, respectively, and n is a Gaussian noise with zero-mean
and unit-variance. For the Gaussian two-user multiple access channel with individual
power constraints P; and P,, rate pairs (R;, Re) with Ry < %log (1+P),Ry <
%log (1+P), Ri+ Ry < %log (1 4+ P, + P) are achievable [44]. For a fixed energy
transfer vector &, and feasible power control policies P and P, the set of achievable

rates is a pentagon defined as [10]:

T
_ 1
Cs(P.P) = { (R1, ) : <Y S log (1+ P),
i=1
T )
Ry <) slog(1+F),
i=1

T
1 _
R1+R2§Z§log(1—l—Pi+P¢)} (2.40)

=1

For each feasible (P, P, §), the region is a pentagon. We obtain the capacity region
by taking the union of these regions over all feasible power allocations and energy

transfer profiles:

CEE) = [J csP,P) (2.41)
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We determine the capacity region of the Gaussian multiple access channel in the

next section.

energy energy
queue queue
@ [[[[ —

User 1 User 2 data queue

e

Receiver

data queue

Figure 2.9: Multiple access channel with one-way energy transfer.

2.7 Capacity Region of the Gaussian Multiple Access Channel

In this section, we characterize the capacity region as well as the optimal power
allocation and energy transfer policies. First, we note in the following lemma that

the capacity region is convex. We prove this lemma in Appendix 2.10.2.

Lemma 2.8 C(E, E) is a convex region.

Since the region is convex, each boundary point is a solution to maxgccm OR

[73] for some @ = [0, 05]. We examine two cases separately, 1 > 05 and 6; < 6.
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271 601> 060,

In this case, the boundary points between 1, 2 and 3 in Fig. 2.10 are found by solving

the following problem:

T
0 —02)=log (1 + P, 9—1 1+ P+ P,
A, 2 )5lo8(1+ P) + 63 log (14 P, + P)
st. (6,P,P) e F (2.42)

The problem in (2.42) is a convex optimization problem as the objective function is
concave and the feasible set is a convex set [70]. We write the Lagrangian function

for (2.42) as

L==> [(61 —6:)log (1+ P,) + bylog (1 + P; + P,)] Z (ZP )

=1
T

k T
Z (Z (E; + ad;) ) - Zakpk - Z%Pk - Z’O’f(sk (2.43)
k=1 k=1 k=1

The KKT conditions are:

91—92 .
_ 0, =0, V 2.44
1+ P, 1+P+P Z“’“ 7 ' (244)
__ 6 +Z —; =0, Vi (2.45)
1+R+R k:ink ) ) .
T T
Zuk — aan —pi=0, Vi (2.46)
k=i k=i
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Rik

Figure 2.10: Capacity region of the Gaussian multiple access channel for « = 1 and

a < 1.

We claim that in this case, §; = 0, Vi is optimal. Therefore, the first user
should not transfer any energy. To prove this claim, we first note that the first
term in the objective function in (2.42) is a monotone concave function of P; and
the second term is a monotone concave function of P, + P,. Assume &, > 0 for
some slot k and let P;, P, d; satisfy the constraints in (2.1). We first consider the
case « = 1. Now for some 0 < € < 1, define a new energy transfer value in
slot k as 0, = 0y — ¢, while keeping the energy transfer levels in the remaining
slots unchanged. Also define new source and relay power allocations in slot k as
P,; = P + ¢, ]5,; = P, — ¢, while keeping the source and relay power levels in the
remaining slots unchanged. It can be verified that this new allocation satisfies the
constraints in (2.1) and P, + P, = P + Py together with P, > P,. This implies
that by giving any transferred energy back to user 1, we can increase the objective

function in (2.42). Therefore, in an optimal policy, energy transfer is not needed
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for a = 1. We note that if B, = 0, we can set §, = 0 and §,, = &, + 9, where
m > k is the first slot after k such that P, > 0. As the transferred energy at
slot k is not used at slots k,...,m — 1, the change in the energy transfer does not
violate energy constraints. We can now use our construction on this modified energy
transfer sequence and conclude that 05 = 0. Finally, if £ = T this allocation cannot
be optimal since transferred energy is wasted. We conclude that if energy transfer
is not needed for a = 1, then it is also not needed for the general case of o < 1
due to the inefficiency of wireless energy transfer. We also remark that for 5 = 6,
and a = 1, transferring no energy is sufficient but not necessary; there may exist
multiple different optimal energy transfer profiles, including the one with no energy
transfer.

Since energy transfer is not needed, optimal power control policies for the two
users are the same as those in the energy harvesting multiple access channel with
no energy transfer and can be found by the generalized backward directional water-
filling algorithm described in [10]. That is, the capacity region boundary from point
1 to point 3 in Fig. 2.10 is found by the algorithm in [10]. Specifically, for 6; = 65,
we have 1, = pu for all £ and the sum-rate optimal power policies are obtained
by applying single-user directional water-filling algorithm to the sum of the energy

profiles of the two users [10].
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Here, we consider the remaining parts of the boundary, namely the points from point
3 to point 4 in Fig. 2.10. In this case, we need to solve the following optimization

problem:

T
max 2(92 —01)1log (1 + B) + 6, log (1 + P, + P)
P;, P, 6 i1

st. (6,P,P)eF (2.47)

which is a convex optimization problem and the corresponding KK'T conditions are:

1+P+P Zuk—al_o Vi (2.48)

0 — 0, 01

0 _ =0, Vi 2.49
1+ P 1+PZ~+PZ»+,;W v Z (249)

T T
=) me—pi=0, Vi (2.50)
o h=i

We do not have an analytical closed form solution for (2.48)-(2.50). Since (2.47) is a
convex optimization problem, standard numerical methods for convex optimization
may be employed. We find that the solution of (2.47) has a simple form in some
special cases, which we investigate next.

When a = 1, we find that the optimal solution of (2.47) requires all the energy
of user 1 transferred to user 2. To verify this fact, we use contradiction. Assume
that P, > 0 for some slot k. Then o3, = 0 due to the slackness condition. Note from
(2.48)-(2.49) that S27 n; — b > SO i, as 6y > 0;. Combining this with (2.50),
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we get Y + pr < 0, which is a contradiction. Thus, in the optimal solution, we must
have P, = 0, Vk. Therefore, user 1 should not transmit any data, and instead should
transfer all of its energy to user 2 by the end of T slots. This policy corresponds to
point 4 in Fig. 2.10. On the other hand, sum-rate optimal point, point 3, achieves
the same throughput as point 4. This implies that when o = 1, points 2, 3 and
4 in Fig. 2.10 lie on the 45° line. In particular, the optimal throughput of user
2, which is obtained by single-user throughput maximization subject to harvested
energies of user 2 plus the harvested energies of user 1, coincides with the optimal
sum-throughput.

When o < 1, points 3 and 4 in Fig. 2.10 are not on the same line. We observe
that when g—f is sufficiently large, user 1 transfers all of its energy to user 2. In order
to verify this claim, we note that, if user 1 transfers some but not all of its energy

at the end of T slots, then Pr > 0 and or = 0. In this case, from (2.48)-(2.50) and

as pr > 0, we have

1+PT Oé(02_‘91>
1+Ppr+Pp~ (1—a)h

(2.51)

1+Pr

T o201 > 1 then (2.51) cannot be satisfied

< 1, we conclude that if —a0, =

Since

which forces all of the energy of user 1 to be transferred to user 2 so that op > 0.

a(f2—61)

Note that (—a)0;

> 1 is equivalent to g—f > 1. Hence, if z—j > L. in the optimal
solution, user 1 transfers all of its energy to user 2. This implies that the capacity

region boundary intersects the horizontal line in Fig. 2.10 with slope less than or

equal to +.
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2.8 Numerical Results

In this section, we provide numerical examples for studied multi-user settings and
illustrate the resulting optimal policies. In all examples, we assume that the slot
length is 1 second, noise spectral density is Ny = 1071 W/Hz and the available

bandwidth is 1 MHz.

2.8.1 Numerical Example for the Gaussian Two-Hop Relay Channel

We first consider the two-hop relay channel with energy harvesting and energy trans-
fer in Section 2.2. In our first numerical study, the source and the relay have the
energy arrival profiles E = [2;3;5;4] mJ and E = [5;1;2;1] mJ, respectively, and
the wireless energy transfer efficiency is a = 0.5. We note that for these energy
harvesting profiles the relay energy profile is higher at the beginning and lower at
the end with crossing only once in the third slot. Therefore, the resulting optimal
rate profiles are matched in the optimal policy. An optimal energy transfer vector
is & = [0;0;1.33;3.33] mJ and the resulting optimal power allocation vectors after
the energy transfer are P = P = [2;3;4;6.33] mW. We note that while the optimal
energy transfer profile is not unique, resulting optimal powers are unique.

Next, we change the energy arrival profiles for the source and the relay as E =
[12;0;0;0] mJ and E = [5;1;0;2] mJ, respectively, with energy transfer efficiency
a = 0.5. Note that the source node is not energy harvesting. In this case, we find
the optimal energy transfer vector as § = [2.67;0;0;0] mJ and the resulting optimal

power vectors are P = P = [2.33;2.33;2.33; 2.33] mW. Note that the optimal power
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sequences for the source and the relay match in this specific example, which does

not hold in general.

2.8.2 Numerical Example for the Gaussian Two-Way Channel

In this section, we consider the Gaussian two-way channel model in Section 2.4. The
energy arrival profiles of user 1 and user 2 are E = [5;10;5] mJ and E = [2;1;1]
mJ, respectively, and the wireless energy transfer efficiency is set to o = 0.7. Path
loss of each link is set to 10 dB. We found the capacity region by running the
two-dimensional directional water-filling algorithm for all 61,6, > 0. We plot the
resulting capacity region in Fig. 2.11, where we also plot the capacity region when
energy transfer is not allowed. Note that when energy transfer is not allowed, the
capacity region is the rectangle with single-user optimal rates subject to the indi-
vidual energy arrivals. We observe that the availability of wireless energy transfer

significantly improves the capacity region.
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Figure 2.11: Capacity region of the two-way channel with energy transfer.

2.8.3 Numerical Example for the Gaussian Multiple Access Channel

In this section, we consider the Gaussian multiple access channel model in Sec-
tion 2.6. The energy arrival profiles of user 1 and user 2 are E = [5;2;5] mJ and
E = [1;3; 1] mJ, respectively, and wireless energy transfer efficiency is o = 0.5. The
path loss in user 1 to user 2 channel is set to 10dB, while user 1 to receiver and user
2 to receiver links have 100dB path losses. We plot the resulting capacity region
in Fig. 2.12 and we compare it with the region when no energy transfer is allowed.
Note that when no energy transfer is allowed, the region is found by the backward
directional water-filling algorithm in [10]. We observe in Fig. 2.12 that the boundary

of the capacity regions when energy transfer is allowed and not allowed match when
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Figure 2.12: Capacity region of the multiple access channel with energy transfer.

the priority of user 1 is higher than the priority of user 2. However, the availability
of wireless energy transfer significantly improves the capacity region when priority

of user 2 is higher than the priority of user 1.

2.9 Concluding Remarks

Energy cooperation made possible by wireless energy transfer is a fundamental shift
in terms of the energy dynamics of a wireless network, yielding new performance
limits. In this chapter, we studied the communication performance of simple two-
and three-node wireless networks in a deterministic setting where nodes harvest
energy from the environment and wireless energy transfer is possible from one user

to another in one-way and with efficiency . We first considered the Gaussian two-
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hop relay channel and studied the end-to-end throughput maximization problem.
We showed that if the relay energy profile is higher first and then lower, the rates of
the source and the relay nodes need to be matched in the optimal policy. We also
showed that if the source is not energy harvesting, then transferring energy in the
first slot is optimal. Next, we studied the capacity region of the Gaussian two-way
channel. We showed that the boundary of the capacity region is achieved by policies
that are given by a generalized version of two-dimensional directional water-filling
algorithm. Finally, we studied the Gaussian multiple access channel. We showed
that no energy transfer is needed if the priority of the first user is higher, and all of
the energy needs to be transferred to the second user if the priority of the second
user is sufficiently high. These results reveal new insights on how energy is optimally
allocated in multi-user scenarios when wireless energy transfer is available as a new
degree of freedom in network design. We remark that the analysis for finding the
optimal policies in each multi-user setting can be extended for the cases when bi-
directional energy transfer is allowed. In the two-hop relay setting, if bi-directional
energy transfer is allowed, perfectly matching the energy profiles of the source and
the relay nodes would be feasible and hence optimal: In this case, we collect energy
arrivals of the source and the relay in a single energy queue and perform a single-user
optimization. We then divide resulting power allocation equally for the source and
the relay. Similarly, [56] recently presented the extension of the analysis for two-way

and multiple access channels when bi-directional energy transfer is allowed.
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2.10 Appendices

2.10.1 Proof of Lemma 2.6

Consider two feasible power policies and energy transfer profiles (P, Py, d;) and
(P, P,, d3). Let us consider a new policy as a convex combination of these two
policies, i.e., (P3,P3, 83) = A(P1,P1,81) + (1 — \)(Py, Py, 8,) for 0 < A < 1. First

we show that this new policy is feasible:

k k
> Py=> APi+(1- )Py (2.52)
< )\Z(Ei —61) + (1= A) Z(Ez — 02;) (2.53)
=N (Bi—6y), k=1,....T (2.54)

We use similar arguments for Ps;, §5; and show that the policy (Ps, Ps, d3) is feasible.
Now, consider the upper corner points of the achievable rate regions for (P, Py, &)

and (Py, Py, d5). Since log(1 + p) is concave in p, we have

Z log(1 + Ps;) > Z AMog(1 + Py) + (1= A) Z log(1 + P;) (2.55)
Z log(1 + Py;) > Z Mog(1+ Py;) + (1 —X) Z log(1 + Py;) (2.56)

=1 =1 =1

This means that the new policy (Ps, Ps,d3) achieves a higher throughput for both
users than the line connecting the two upper corner points under policies (P, Py, ;)

and (P, Py, 8,). Therefore, the region C(E, E) is a convex region.
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2.10.2 Proof of Lemma 2.8

Consider two feasible power policies and energy transfer profiles (P, Py, ;) and

(Po, P, d2). Let us consider a new policy as a convex combination of these two

policies, i.e., (P3,133,53) = )\(Pl,f’l,51) + (1 — /\)(PQ,PQ,(SQ) for 0 < A < 1. Since

the constraints in set F are linear in the power vectors, it can be shown as in the

proof of Lemma 2.6 in Appendix 2.10.1 that this new policy is feasible.

Now, let S; be the pentagon created by the policy (P;, P;, d;), for i = 1,2, 3.

Choose t; € S; and ty € Sy to form t3 = Aty + (1 — A)ts for 0 < A < 1. We need to

show that t3 € S3. We proceed as follows:

t31 - )\tll + (1 - )\>t21
T T
<A log(1+Py)+ (1= A)) log(1 + Py)
i=1 i=1

-

=1

-

=1

Similarly, we show ts, < 3.7 log(1 + Pj;). Finally

ts1 4 tsa = A(t11 + ta1) + (1 — N)(f21 + ta2)

T T
< )\Zlog(1+P1i+P1i)+(1—)\)Zlog(1+P2i+P2i)

=1 i=1

< Zlog (1+ APy + Pui) + (1 = X)(Pyi + Pai))

i=1

o1

(2.57)

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

(2.63)



T
= "log(1+ Py + Py) (2.64)

=1

These inequalities show that t3 € S3 since it satisfies the boundary conditions of Sj.

Therefore, the region C(E, E) is a convex region.
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CHAPTER 3

Optimal Energy and Data Routing in Networks with Energy

Cooperation

3.1 Introduction

In this chapter, we consider an energy harvesting communication network with en-
ergy cooperation as shown in Fig. 3.1. We focus on the delay minimization problem
for this network. We consider the joint data routing and capacity assignment prob-
lem for this setting under fixed data and energy routing topologies [43, Section 5.4.2].
We divide our development in this chapter into three parts. In the first part, we as-
sume that the data flows through the links are fixed, and each node harvests energy
only once. In this setting, we determine the optimum energies allocated to outgoing
data links of the nodes and the optimum amounts of energies transferred between
the nodes. In the second part, we extend this setting to the case of multiple energy
harvests for each node. In the last part, we optimize both data flows on the links
and energy management at the nodes. We determine the jointly optimal routing of
data and energy in the network as well as distribution of power over the outgoing

data links at each node.
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Figure 3.1: System model.

In the first part of the chapter, in Section 3.3, we focus on the optimal energy
management problem at the nodes with a single energy harvest at each node. First,
we consider the case without energy cooperation. We show that this problem can be
decomposed into individual problems, each one to be solved for a single node. We
show that more power should be allocated to links with more noise and /or more data
flow, resembling channel inversion type of power control [74]. Next, we consider the
case with energy cooperation, where nodes transfer a portion of their own energies
to neighboring nodes. In this case, we have the joint problem of energy routing
among the network nodes and energy allocation among the outgoing data links at
each node. For this problem, we develop an iterative algorithm that visits all energy
links sufficiently many times and decreases the network delay monotonically. We
numerically observe that energy flows from nodes with lightly loaded data links to

nodes with heavily loaded data links.



In the second part of the chapter, in Section 3.4, we extend our setting to
the case of multiple energy harvests at each node, by allowing time-varying energy
harvesting rates over large time frames. We incorporate the time variation in the en-
ergy harvests and solve for the optimal energy management at each node and energy
routing among the nodes. First, we focus on the case without energy cooperation.
We show that the sum powers on the outgoing data links of a node over time slots
is equal to the single-link optimal transmit power of that node over time and can
be found using [4-6]. When the optimal sum powers are known, we show that the
problem reduces to a problem with a single energy arrival and can be solved using
our method. Next, we focus on the case with energy cooperation. We show that
this problem can be mapped to the original problem with no energy cooperation by
constructing an equivalent directed graph.

In the last part of the chapter, in Section 3.5, we consider the problem of
determining the jointly optimal data and energy flows in the network and the power
distribution over the outgoing data links at all nodes. We determine a set of neces-
sary conditions for the joint optimality of a power control, energy transfer and data
routing policy. We then develop an iterative algorithm that updates the data flows,
energy flows and distribution of power over the outgoing data links at each node in
a sequential manner. We show that this algorithm converges to a Pareto-optimal

operating point.
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3.2 Network Flow and Energy Model

We use directed graphs to represent the network topology, and data and energy
flows through the network. All nodes are energy harvesting, and are equipped with
separate wireless energy transfer units. Information and energy transfer channels

are orthogonal to each other.

3.2.1 Network Data Topology

We represent the data topology of the network by a directed graph. In this model,
a collection of nodes, labeled n = 1,..., N, can send and receive data across com-
munication links.In particular, a node can be either a source node, a destination
node or a relay node. A data communication link is represented as an ordered pair
(1, 7) of distinct nodes. The presence of a link (7, j) means that the network is able
to send data from the start node i to the end node j. We label the data links as
l=1,...,L. The network data topology can be represented by an N x L matrix,

A, in which every entry A,; is associated with node n and link [ via

(

1, if n is the start node of data link [

Anp = S —1, if n is the end node of data link [ (3.1)

0, otherwise
\

We define O4(n) as the set of outgoing data links from node n, and Z,;(n) as the

set of incoming data links to node n. We define N-dimensional vector s whose
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nth entry s, denotes the non-negative amount of exogenous data flow injected into
the network at node n. On each data link [, we let ¢; denote the amount of flow
and we call the L-dimensional vector t the flow vector. At each node n, the flow

conservation implies:

Z tl — Z tl = Snp, Vn (32)

lEOd(n) lEId(Tl)

The flow conservation law over all the network can be compactly written as:

At =s (3.3)

We define ¢; as the information carrying capacity of link [. Then, we require t; <

cr, Vi.

3.2.2 Network Energy Topology

All nodes are equipped with energy harvesting units. In this section, we describe
the energy model for the case of a single energy harvest per node. We present the
extension to the case of multiple energy harvests in Section 3.4. Here, each node
n harvests energy in the amount of E,,. We use N-dimensional vector E to denote
the energy arrival vector for the system. In the energy cooperation setting, there
are energy links similar to data links. An energy link is represented as an ordered
pair (i,7) of distinct nodes where the presence of an energy link means that it is

possible to send energy from the start node to the end node. Energy links are
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labeled as ¢ = 1,...,Q. Energy transfer efficiency on each energy link is denoted
with 0 < oy <1 which means that when 6 amount of energy is transferred on link
¢ from node 7 to node j, node j receives a,0 amount of energy. We assume that the
directionality and the position of energy transfer links are fixed whereas the amount
of energy transferred on these links are unknown. The network energy topology can
be represented by an N x () matrix, B, in which every entry B, is associated with

node n and energy link ¢ via

.
1, if n is the start node of energy link ¢
Bng = —ayg, if nis the end node of energy link ¢ (3.4)
0, otherwise
\

On each energy link ¢, we let y, be the amount of energy transferred. We call the
L-dimensional vector y the energy flow vector. We denote by O.(n) and Z.(n),

respectively, the sets of outgoing and incoming energy links at node n.

3.2.3 Communication Model and Delay Assumptions

Following the M/M/1 queueing model in [43], we represent the delay on data link !

as:
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where ¢; is the flow and ¢; is the information carrying capacity of link [, with #; <
¢, VI. This delay expression is a good approximation for systems with Poisson
arrivals at the entry points, exponential packet lengths and moderate-to-heavy traffic
loads [43]. In view of energy scarcity in the network, moderate-to-heavy traffic load
assumption generally holds. The packet arrival and packet length assumptions are
made for convenience of analysis. Moreover, we assume that the slot length is
sufficiently large to enable convergence to stationary distributions. In particular,
we assume that the slot length is sufficiently longer than the average delay yielded
by the M/M/1 approximation. Each node n, on the transmitting edge of data link [,
with channel noise o;, enables a capacity ¢; by expanding power p;. These quantities

are related by the Shannon formula [44, eqn. (9.60)] as:

2 (o)}

1
o = =log (1 + &) (3.6)

where all logs in this chapter are with respect to base e. At each node n, the total
power expanded on data and energy links are constrained by the available energy,

ie.,

Z Pt Z Yg < Ep + Z QgYqs YN (3.7)

1€O04(n) q€Oc(n) q€Zc(n)
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Using L-dimensional vector p = (py, ..., pr) and F = AT where (A"),; = max{A,,,0},

the energy availability constraints can be compactly written as:

Fp+By <E (3.8)

We note that we use power and energy interchangeably in (3.8) and in the rest of

the chapter by assuming slot lengths of 1 unit.

3.3 Capacity Assignment Problem for Single Time Slot

In this section, we consider the capacity assignment problem for the case of a single
energy harvest per node. We assume that the flow assignments, ¢;, on all links are
fixed and are serviceable by the harvested energies and energy transfers. The total

delay in the network is:

7]
D= .

The capacity assignment problem, with the goal of minimizing the total delay in

the network is:

. Z t
min
C1,P1,Yq ] C — tl

s.t. Fp+By <E

tl S c, Vi (310)
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By using the capacities ¢ in (3.6), we write the problem in terms of the link powers

pi and energy transfers y, only as:

) t
min
PLYq ) %log <1 + i—i) -1

s.t. Fp+By <E

p>o (¥ —1), VI (3.11)

We solve the problem in (3.11) in the rest of this section. We first identify some
structural properties of the optimal solution in the next sub-section. The following
analysis relies on the standing assumption that this problem has at least one feasible
solution. To see if this problem is feasible, one can replace the objective function
of (3.11) with a constant and solve a feasibility problem, which turns out to be a

linear program.

3.3.1 Properties of the Optimal Solution

First, we note that the objective function can be written in the form ), fi(g(x;))

where f;(z;) = mtj - and g(z;) = +log (1 + z;). Since f is convex and non-increasing
and g is concave, the resulting composition function is convex [70]. The constraint

set is affine. Therefore, (3.11) is a convex optimization problem. The Lagrangian

function is:




=D Bl (@ =1)] = by, (3.12)

where A\, and f; are Lagrange multipliers corresponding to the energy constraints
of the nodes in (3.8) and the feasibility constraints ¢; < ¢;, respectively. The KKT

optimality conditions are:

b)) + Ay — B =0, VI (3.13)

Am(q) = QqAi(q) —0g = 0, Vg (3.14)

-1
where hy(p;) = t; (% log (1 + %) — tl) , n(l) is the beginning node of data link [,

m(q) and k(q) are the beginning and end nodes of energy link ¢, respectively. The

additional complementary slackness conditions are:

An Z p+ Z Yg — Z ay, | =0, Vn (3.15)

leOqg(n) q€0,(n) q€Ze(n
B lp— o (2 —1)] =0, W (3.16)
equ = 07 vq (317)

We now identify some properties of the optimal power allocation in the fol-

lowing three lemmas.

Lemma 3.1 If the problem in (3.11) is feasible, then f; = 0, VI.

Proof: If the problem in (3.11) is feasible, its objective function must be bounded.
Equality in the second set of constraints in (3.11) for any [ implies that the objective

62



function is unbounded. Therefore, we must have strict inequality in those constraints

for all [, and from (3.16), we conclude that 5, = 0,Vl. B

Lemma 3.2 At every node n, the optimal power allocation amongst outgoing data

links satisfies

Proof: From (3.13) and Lemma 3.1 we have,

W) = =A@y, VI (3.19)

For outgoing data links [ and m that belong to the same node n,

h(p) = = = 1, (D) (3.20)

which gives the desired result. W

Lemma 3.3 If some energy is transferred through energy link q across nodes (i, j),

then,

hi(p) = aghs,(pm), VI € Oq(i), Ym € Oa(j) (3.21)

Proof: If some energy is transferred through energy link ¢, then y, > 0, and from
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(3.17), 6, = 0. From (3.14), we have,

)\i = Oéq/\j (322)

Writing (3.13) for nodes ¢ and j, we have,

b (pm) = —Aj, Vm € Oq(j) (3.24)

and the result follows from combining (3.22), (3.23) and (3.24). H

In the following two sub-sections, we separately solve the problem for the cases

of no energy transfer and with energy transfer.

3.3.2  Solution for the Case of No Energy Transfer

In the case of no energy transfer, we have y, = 0, Vg, and the problem becomes only

in terms of p; as stated below:

: b
min
P . %log<1+%’l)—tl
s.t. Z m < E, Vn
leOd(n)
p>o (e —1), W (3.25)
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This problem can be decomposed into /N sub-problems as:

min Z Z L

P n 1coyn) 3 log (1 + ﬁ—ll) -1
Y B v
le(’)d(n)
p > o(e —1), VI (3.26)

Since the constraint set depends only on the powers of node n, there is no interaction
between the nodes. Every node will independently solve the following optimization

problem:

. 2]
min
P 1€0a(n) 3 108 (1 + %) —1U
S.t. Z P S En
leOd(n)
p>o (e —1), VieOyn) (3.27)

The feasibility of (3.27) requires Ey, > 37, o1(e*' — 1) which we assume holds.
Similar to (3.11), (3.27) is a convex optimization problem with the KKT optimality

conditions:

W) +A=0, Vi€ Oyn) (3.28)
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with the complementary slackness condition:

M DY m—E.| =0 (3.29)
lEOd(n)

The Lagrange multipliers for the second set of constraints in (3.27) are not included,

because similar to Lemma 3.1, they will always be satisfied with strict inequality.

From (3.28), we have

—A= h;(Pz) (3.30)
—t 1 -2 —1
= U ltog (142 | (142 (3.31)
20’1 2 o] o]

After some algebraic manipulations shown in Appendix 3.8.1, we have

p(N) = oy (2WEH) ) (3.32)

where z; = % and W(-) is the Lambert W function defined as the inverse of

the function w — we" [75]. Next, we prove some monotonicity properties for the
optimal solution, as a function of the qualities of the channels and the amounts of

data flows through the channels.

Lemma 3.4 For fized t;, p; ©s monotone increasing in oy.
Proof: By differentiating (3.32) and using the following property [75]

dW(xz)  W(x)
21+ W) (3:33)
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it can be verified as shown in Appendix 3.8.2 that

apl 21, €2W(Zl)

— = ———1>0 3.34
801 ¢ 1+ W(Zl) o ( )

622

where the inequality follows from e*' > 1, V¢, > 0, and =

> 1, Vz > 0, proving

the lemma. W

This lemma shows that, for fixed data flows, more power should be allocated

to channels with more noise power, similar to channel inversion power control [74].
Lemma 3.5 For fized o;, p; is monotone increasing in t;.
Proof: By differentiating (3.32), it can be verified as shown in Appendix 3.8.3 that

% — a(W(z) +2t)) e2(W (z1)+t1)
8751 N tl(1+W(Zl))

>0 (3.35)

proving the lemma. W

This lemma shows that, for fixed channel qualities (i.e., fixed noise powers),
more power should be allocated to links with more data flow.

Finally, we solve (3.27) as follows: From the total energy constraint, we have
> pi(N) = E,. We perform a one dimensional search on A to find A* that satisfies
Yo (X)) = E,, where pi(\*) is given in (3.32). Once \* is obtained, the optimal

power allocations are found from (3.32).
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3.3.3 Solution for the Case with Energy Transfer

Now, we consider the case with energy transfer, i.e., y, > 0 for some ¢g. Assume that

some energy y, > 0 is transferred from node ¢ to node j on energy link g. Writing

(3.32) for the outgoing data links of node ¢ and node j, we have,

pi(N) = oy (2WEDTD 1) vl e 0,(i)

pi(Aj) = oy (GZ(W(Zﬂ)Hl) —1), Vie04)

(3.36)

(3.37)

where z; = \/% and zj; = e Fyom (3.22), we have \; = a,A;. The energy

201

causality constraints on node 7 and node j are:

> nN) = Ei—y,

lE(’)d(z)

Z pl()\;) = Ej + agy,
1€0q4(5)

Equations (3.22), (3.38) and (3.39) imply

Qq Z pl(aq/\;) + Z pl()\;) = a b + E;
1€0q(i) 1€0q(j)

which can be solved by a one-dimensional search on A}.

(3.38)

(3.39)

(3.40)

We solve (3.11) by iteratively allowing energy to flow through a single link at

a time provided all links are visited infinitely often. Since we do not know which

energy links will be active in the optimal solution, we may need to call back any
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Algorithm 2 Algorithm to solve capacity assignment problem for single time slot

Initialize > No energy transfer

1: fori=1:N do

10:
11:

Find A; such that Y2, pi(N) = Ei, pris (3.32)
end for

Main Algorithm

forq=1:0Q do > All energy links
Set (i,7) < (origin,destination) of energy link ¢
if \; < ayA; then > Perform energy transfer

Find /\; such that

Qg ZleOd(i) pilogA}) + Zle@d(j) pi(A}) = agEi + Ej
Set Tap, = E; — 3 1o, ) Pi(agA]) > Update tap level
> Update battery levels
Set Ei = ) icoq0) P@gAT) B = D ico,) (A7)
else if \; > o,)\; then > Recall some energy
while Tapq >0, A > Oéq>\j, Ej >0do
> Recall € energy
Set E; = E; + ¢, Ej = E; — ay¢, Tap, = Tap, — ¢
Find A;, A; such that
Ei =3 ico,0PAi), Ej = 3 ico,5)i(Ag)
end while
end if
end for
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transferred energy in the previous iterations. To perform this, we keep track of
transferred energy over each energy link by means of meters as in [55]. Initially,
we start from the no energy transfer solution and compute A\, for every node n
as described in the previous section. At every iteration, we open only one energy
link ¢ at a time, and whenever energy flows through link ¢, (3.40) must be satisfied
with E; and Ej; in (3.40) replaced with the battery levels of nodes i and j at the
current iteration. In particular, if A; < ayA;, we search for A that satisfies (3.40).
If no solution to (3.40) can be found, this means A\; > «,A;, and then previously
transferred energy must be called back to the extent possible according to the meter
readings. The algorithmic description is given above as Algorithm 2. From the
strict convexity of the objective function, we note that each iteration decreases
the objective function as described similarly in [55, Section V.A]. Our algorithm
converges since bounded real monotone sequences always converge, and the limit
point is a local minimum because, the iterations can only stop when A; = o, ; for
the energy links where y, > 0 which are the KKT optimality conditions from (3.22).
This local minimum is also the unique global minimum due to the convexity of the

problem.

3.4 Capacity Assignment Problem for Multiple Time Slots

In this section, we consider the capacity assignment problem for the scenario where
the energy arrival rates to the nodes can change over time. We assume that the time

is slotted and there are a total of T" equal-length slots. In slots ¢+ = 1,...,T, each
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node n harvests energy with amounts F,, E,», ..., E,r, and the arriving energies
can be saved in a battery for use in future time slots. The subscript ¢ denotes the
time slot, and the quantities ¢y, ¢, pi;, o1 and y,; denote the flow, capacity, power,
noise power, and energy transfer in slot . We assume that the flow allocation and
channel noises do not change over time, i.e., t;; = t; and oy; = oy, Vi, VI. We further
assume that the slots are long enough so that the M/M/1 approximation is valid at
every slot ¢. In particular, slot length is sufficiently larger than the average delay
resulting from the M/M/1 approximation. Then, the average delay on link [ at time
slot ¢ is given as,

t

Dy; =
ci — 1

(3.41)

where ¢;; = % log (1 + ’;—l;) . As the energy that has not arrived yet cannot be used for
data transmission or energy transfer, the power policies of the nodes are constrained

by causality of energy in time. These constraints are written as:

Z( Z pii + Z qu> <Z<Em+ Z quyqz>, vn, Vk (3.42)

1€04(n) q€0¢(n) 9€Ze(n)

The capacity assignment problem with fixed link flows to minimize the total delay

over all links and all time slots can be formulated as:

T

min Y "

Pii Yqi i—1 . %log <1 + Z;_llz) _ tl
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5.t Z( S it Y qu> Si(Em+ > aqui), ¥, Vk

i=1 \1€0q4(n) q€0¢(n) i=1 q€Ze(n)

Dui Z Ul(e2tl - 1)) VZ, VZ (343)

The problem in (3.43) is convex and the Lagrangian function can be written as:

k

L= Zthph +ZZ>\nk Z Z P + Z Ygi — Eni — Z *qYqi

n k=1 i=1 \1€0q4(n) q€0c(n) q€Ze(n)

= Z B (3.44)
q =1

-1
where h;(py;) 2 [% log (1 p“) tl} The Lagrange multipliers for the second
set of constraints for (3.43) are not included here because similar to before, they

will always be satisfied with strict inequality. The KKT optimality conditions are:

T
hy (i) + Z Ak =0, VI, Vi (3.45)
k=i
T T
Z Am(q)k — O Z Mgk — 0qi =0, Vg, Vi (3.46)
h=i e

where n(l) is the beginning node of data link [, m(q) and r(q) are the beginning and

end nodes of energy link ¢q. The additional complementary slackness conditions as:

Am[Z( Z i + Z Ygi — Eni Z ozquz)] = Vn, Yk (3.47)

i=1 \1€0y4(n) q€0c(n) q€ZLe(n)

quyqi = 0, Vq, A4 (348)
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Now, we extend Lemmas 3.2 and 3.3 to the case of multiple energy arrivals

over time.

Lemma 3.6 At every node n, the optimal power allocation amongst outgoing data

links satisfies

Proof: From (3.45), we have,

hy(pu) = ZAn(l)k (3.50)

For outgoing data links [ and m that belong to the same node n,

hy(pii) = ZAnk— (D), Vi (3.51)

from which the result follows. W

Lemma 3.7 If some energy is transferred through energy link q across nodes (a,b)

at time slot 1,

h(pu) = aghy, (Pmi), V1€ Oqla), Ym € Oy(b) (3.52)

Proof: If some energy is transferred through energy link ¢ at time slot ¢, then
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Ygi > 0, and from (3.48), 6,; = 0. From (3.46), we have,

T T
Z )\ak = Oy Z )\bk (353)
k=t k=i

Then, we have,

hy(pui) = ZM —an)\bk " (pmi), VL€ Ogla), Ym € Oy(b) (3.54)

where the first equality follows from writing (3.45) for node a, the second equality

follows from (3.53), and the third equality follows from writing (3.45) for node b. W

In the following two sub-sections, we separately solve the problem for the cases

of no energy transfer and with energy transfer.

3.4.1 Solution for the Case of No Energy Transfer

In this case, we have y, = 0,V%,Vq. The problem becomes only in terms of p;; as

follows:

T
. t
min
SIS Sog (1+2) —4
k k
st Y pi <Y En, n, Vk
=1 lEOd(Tb) =1
pu > o(e* — 1), VI, Vi (3.55)
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The problem can be decomposed into N sub-problems as:

) 7]
mn D),

pi > o€t = 1), VI, Vi (3.56)

Since the constraint set depends only on the powers of node n, there is no interaction

between the nodes. Every node will independently solve the following optimization

problem:

min g g
Pui

i=1 1€04(n log( +p“>—tl

S.t. Z Z D < ZEnzv

=1 ZGOd

i > o(e® — 1), Vi€ Oy(n), Vi (3.57)

Solving (3.57) entails finding the optimal energy management policy for each link [,
over all time slots i. We define by; = p; —o;(e* — 1) and G,,; = E,; — |Og4(n)|o;(e* —

1). Then, (3.57) becomes:

T

min > ) -

i=1 1cOn) 3 108 <€2“ + %> —U

s.t. Z Z blz < Zan

i=1 lEOd )
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bi >0, Vi€ Oyn), Vi (3.58)

For feasibility of (3.58) we need G,,; > 0 which we assume holds. Now, we state an

important property of the optimal policy which is proved in Appendix 3.8.4.

Lemma 3.8 The optimal total power allocated to outgoing data links at each slot
1, Zleod(n) by, is the same as the single-link optimal transmit power with energy

arrivals G ;.

From Lemma 3.8 we have that the sum powers in outgoing data links are given
by the single-link optimal transmit powers which can be found by the geometric
method in [4] or by the directional water-filling method in [6]. Once the sum powers
are obtained, individual link powers are found by solving z(s;) which is defined in
(3.92) in Appendix 3.8.4. The problem in z(s;) includes a single energy harvest and
is in the form of (3.27), therefore, we use the method proposed in Section 3.3.2 to

find the individual link powers.

3.4.2  Solution for the Case with Energy Transfer

From (3.45) and some algebraic manipulations we have

P = 0y (62(W(Zil)+tl) _ 1) (359)

te=2h

0T anen and W(-) is the Lambert W function. The Lagrangian

where z;; =

structure of this problem is more complicated compared to the previous case since
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the power allocation at time ¢ depends on {)\n(l)k};{:i. Therefore, here, we offer an
alternative solution.

In the scenario described above, the nodes have the capability to save their
energies to use in future slots. We note that saving energy for use in future slots
is equivalent to transferring energy to future slots with energy transfer efficiency of
a = 1. In light of this observation, an equivalent representation of (3.43) can be
obtained by modifying the network graph where each time slot is treated as a new
node with a single energy arrival and saving energy for future slots is represented
by energy transfer links of efficiency 1. The modification to the network graph is
performed in the following way. First, we make T replicas of the network graph
including all the nodes and the existing data and energy transfer links. Each replica
will denote the network at one time slot. We let each replica node receive one
energy harvest which amounts to the energy harvested by that node in that time
slot. We keep the existing energy and data links but we add new energy links
between different replicas of the same node. For every node n, we add energy links
of efficiency 1 between replicas k and k£ + 1, where £ =1,...,T — 1. Relabeling the
nodes, we obtain a new graph where all nodes have one energy harvest. Essentially,
we have reduced this problem to the case in Section 3.3.3 and we use the solution
provided in that section.

We finally remark that our framework can easily be extended to address vari-
ations in channel fading coefficients and energy transfer efficiencies by allowing the

noise powers o; and energy transfer efficiencies «o; to vary from slot to slot, i.e.,
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defining ¢;; = %log (1 + g—?) and replacing o; with «y;.

3.5 Joint Capacity and Flow Optimization

In this section, we consider the joint optimization of capacity and flow assignments,
in contrast to capacity assignment only with fixed flows, as considered in the previous
sections. We focus on the case with a single energy harvest per node as in Section 3.3.
The delay minimization problem with joint capacity and flow allocation can be

formulated as:

. 7]
min
D1sYq5ti ; %log (1 + g_ll) —

s.t. Fp+By <E
p> (e —1), VI

At =s (3.60)

where we optimize not only the powers p; and energy transfers y,, but also the data
flows t;. In (3.60), the first set of constraints are the energy constraints, the second
set of constraints are the capacity constraints on individual links, and the last set
of constraints are the flow conservation constraints at all nodes.

We assume that the exogenous arrivals s is serviceable by the energy harvests
and energy transfers. This means that problem (3.60) has a bounded solution and
furthermore no data link is operating at the capacity, i.e., the capacity constraints

are never satisfied with equality unless t; = p;, = 0. We solve the problem in (3.60)
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in the remainder of this section. Here, the constraint set is convex, however, the
objective function is not jointly convex in p; and ¢; [43], therefore, (3.60) is not
a convex optimization problem. We study the necessary optimality conditions by

writing the Lagrangian function as follows:

L=y )tl+;)\n[ St Y w-E- Y aqu]

I 3 log (1 + ﬁ—’l 1€04(n) q€0c(n) q€Ze(n)
—Zﬁz[pz—m<e%—1>1+2”n[ PIEDY “‘S"]
l n 1leOg4(n) leZy(n
= Oy — > it (3.61)
q l

The KKT optimality conditions are:!

—t; |1 D -2 D -1
— | =1 1+—) -t 14+ — Ay — =0, VI 3.62
20, {2 o8 ( + 01) l} ( + oy T+ An) & ( )
1 1 -2
—log 1+ Py iz log {1+ — Py _ t + Un@) = Vm@) — W+ 2B00e* =0, VI
2 (o)} 2 (o)}

(3.63)
Ak(q) = QgAa(q) =, =0, Vg (3.64)

where n(l) and m(l) are the source and destination nodes of data link [, k(q) and

z(q) are the source and destination nodes of energy link ¢, respectively. The com-

'With the objective function of (3.60), there is an uncertainty when t; = p; = 0. Nonetheless,

we argue as in [43, page 441] that the objective function of (3.60) is differentiable over the set
of all p; with log (1 + %) > t; and aﬁ =0, gf =0 and gq f = 0 are necessary conditions for
optimality.
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plementary slackness conditions are:

An Z L+ Z Y, — En — Z agyy | =0, Vn (3.65)

1€0g(n) q€0c(n) q€Ze(n)
va| D ti— > ti—sy| =0, Vn (3.66)
1€O4(n) l€Zy(n)
0,y = vti =0, Vg, Vi (3.67)
Bilp— (e —1)] =0, W (3.68)
Ay Biy 04,7 >0, VI, Vg, Vn (3.69)

We note that v, < 0 is allowed since the Lagrange multiplier v corresponds to an
equality constraint. Lemma 3.9, proved in Appendix 3.8.5, states the necessary

optimality conditions.

Lemma 3.9 For a feasible set of flow variables {t;}~,, transmission power alloca-
tions {p }1—, and energy transfers {yq}gz1 to be the solution to the problem in (3.60),

the following conditions are necessary.

1) For every node n, there exists a constant A\, > 0 such that

7]

1 D _2 AN
— | =1 1+—) — 1+ = < .
%, {2 og ( + 01) tl] ( + Uz> < Ay V€ Oy(n) (3.70)

and with equality if p; > 0.
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2) For every node n, there exists a constant v, > 0 such that

1 1 .
S oslog (14 2) [Clog(1+2) —4| =i Wd=1,....D (371
2 (o)} 2 o

lG]‘-n’d

where F, q 1s a data path that starts from node n and ends at destination node d
and for which p; > 0,Vl € F,, 4. The condition in (3.71) is valid for all such data
paths that start from node n and end at any destination node.

3) For all energy transfer links q, and ¥Vl € O4(n),Vk € O4(m) such that p; > 0 and

pr > 0 where n and m are the origin and destination nodes of energy transfer link q

P -2 -1
g (14 21) — 1+ 2
20’[ 2 o] g

_— —2 -1
> aq—k —log 1+ Py 78 1+ (3.72)
20k 2 O O

where (3.72) is satisfied with equality if y, > 0.

From Lemma 3.9, the structure of the optimal solution is as follows: We define
hi(pi,t;) as the objective function of the problem in (3.60),
-1
hi(p,t) = [% log (1 + %) — tl} . We see from (3.70) that nodes should allo-

is large and less power on links

cate more power on links where the quantity ‘g_;f

where this quantity is small. Similarly, from (3.71), we see that less flow should be

allocated on paths where the quantity > 9h is Jarge and more flow on paths where

oty
lE}‘n’d

this quantity is small. Finally, (3.72) tells us the necessary conditions for energy

transfer. We describe our solution to the problem in (3.60) in the next section.
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3.5.1 Algorithmic Solution for the Joint Capacity and Flow Opti-

mization Problem

In this section, we propose an iterative algorithm. There are three steps to each

iteration as summarized below. We start from a feasible point (tg, po).

1. Energy Management Step: We fix a stepsize §, > 0. Each node computes

g—g for their own outgoing data links where p; > 0. Every node performs the

following iteration:

py

+1 _

;

\

P+ &, il =argmaxeo,m) g_]’;”ll
p;f - 5}77 if | = arg minleod(n) g—g; (373)

pr, otherwise

where k denotes the iteration number, and the derivatives are computed at

the current iteration, i.e., for (t*, p*).

2. Data Routing Step: We fix a stepsize & > 0. Each node n computes

on

oty
lG./—'n’d

for the data paths originating from source node n and ending at any desti-

nation. Assume the path F maximizes )

ohy

ot and the path G minimizes

lE]'—n,d
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> %—Z for each n. Every node performs the following iteration:
lE.Fn,d

k
W =qre, itieg (3.74)

tr, otherwise

3. Energy Routing Step: This step is the same as described in Section 3.3.3.

Specifically, every node goes through its energy transfer links and makes the

Ohy

comparison ‘8—121’ 2 oy gﬁﬁ‘ where m is the receiving node of energy link

Ohy

dpy

9hm | then some energy is transferred through link ¢. If

q. 1If o

< a

o
o > Oy

Oh

2=, then some energy must be called back, as explained in Section
Pm

3.3.3.

4. Go back to step 1, or terminate if sufficiently many iterations are performed.

We describe our Algorithm in tabular form as Algorithm 3 below. We note

that our algorithm reduces to the one in [53] in the case of no energy harvesting or

energy transfer. Next, we discuss the convergence and optimality properties of our

algorithm.

3.5.2 Convergence and Optimality Properties of the Proposed Algo-

rithm

Every iteration of the algorithm decreases the objective function and the iterations

are bounded. Using the fact that real monotone bounded sequences converge, we
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Algorithm 3 Algorithm to solve joint capacity and flow assignment problem for
single time slot

10:
11:

12:
13:
14:

15:

Initialize

. Generate initial point

Energy management step

forn=1:N do > All nodes
Find arg max;co, () g—gf, perform (3.73) as long as p; > o;(e* —1) is still satisfied
end for

Data routing step

forn=1:N do > All Nodes
Find path F that maximizes and G that minimizes %—Zl where d € O4(n)
lE]:n’d )
for | € F: do t/™ =tF — ¢
end for
for [ € G do ty*! = tF + & as long as p; > oy(e? — 1) is still satisfied
end for
end for
Energy routing step
forg=1:0 do > All energy links

Set (i,7) < (origin,destination) of energy link ¢
oh, _ ohy

Set \; = ‘B_Zi‘ and \; = e

Use steps 6 : 10 of Algorithm 2

end for

Repeat until convergence
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conclude that the algorithm converges. Assume (t*, p*, y*) is a convergence point of
the algorithm. Next, we show that this point satisfies the KKT optimality conditions

stated in Lemma 3.9.

Lemma 3.10 (t*,p*,y*) satisfies the conditions stated in Lemma 3.9.

Proof: When the algorithm converges, we must have pf“ = pf. From (3.73), this

is only possible when g—zll is constant for [ € Oy(n) which is equivalent to (3.70).

ony

Similarly, we must have ¢y 7! = ¢ and from (3.74), this is only possible when > It

lE]'—md
is constant over all paths, which is equivalent to (3.71). Using a similar argument we

conclude that energy transfers satisfy (3.72). This means that (t*, p*,y*) satisfies

Lemma 3.9. R
Now, we remark that even though we cannot claim global optimality of the

solution, we have the following Pareto-optimality condition.

Remark 3.1 Assume that (t*,p*,y*) satisfies the conditions stated in Lemma 3.9,
then the vector of link delays is Pareto-optimal, i.e., there does not exist another

pair of feasible allocations (t,p,y) such that

h(pr,t) < lu(py, 1), v (3.75)

with at least one inequality being strict.

This remark means that at the Pareto-optimal point, the average delay cannot

be strictly reduced on one link without it being increased on another. The proof of
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this remark follows similar lines as the proof in [53, Thm. 4] and is omitted here for
brevity. We note that, in particular, any local optimal point is Pareto-optimal due

to the fact that local optimal points satisfy KKT conditions in Lemma 3.9.

3.6 Numerical Results

In this section, we give simple numerical results to illustrate the resulting optimal
policies. We study three network topologies shown in Figs. 3.2, 3.3 and 3.4. For all
examples, we assume o; = 0.1 units VI. The slot length is of 1 unit for convenience,

so that we use power and energy; rate and data interchangeably.

3.6.1 Network Topology 1

We first consider the network topology in Fig. 3.2 with one source, one destination
and three relays in between. The data and energy links are shown and labeled as

in Fig. 3.2, where [;s represent data links and y,s represent energy links. The fixed
data flows are t = [t1,...,t7] = [2,1,0.5,0.125,2.125,0.375,0.5] units. We con-
sider two time slots. The energy arrival vector is E = [(E11, F2),. .., (En, Egp)] =
[(15,10), (8,6),(5,9), (1,6)] units and energy transfer efficiencies are o = [y, a9, 3] =
0.6,0.5,0.5].

The optimal energy transfer vector is found as y = [(y11, y12), (Y21, ¥22), (Y31, Y32)] =

[(0,3.75), (3.93,9.52), (2.35,9.81)] units and power allocation vector after energy
transfer is p = [(pi1,p12),---, (P11, pr2)] = [(7.5,7.5), (3.13,3.13), (0.62,1),

(0.13,0.22), (9.17,11), (0.45,0.74), (0.48,0.73)] units. Lemmas 3.6 and 3.7 can be
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Figure 3.2: Network topology 1.

verified numerically: hj(p;;) equalizes for different outgoing links of the same node,
for example, on links /; and l; (Lemma 3.6); and where some energy is transferred,
hj(pi;) is proportional to the energy transfer efficiency of that energy transfer link, for
example, hl(pea)/h5(ps2) = a1 (Lemma 3.7). Lemma 3.8 can also be verified numer-
ically: after the energy transfers, the sum powers of the links are the optimal single-
link powers. For example, node 1 has harvested (15,10) energies and transferred
(0,3.75) of them. Equivalently node 1 has harvested (15,6.25) and the single-link
optimal powers for these harvests are (10.625,10.625) which is (p11 + p21, P12 + Pa2)-
It is interesting to note that node 4 has transferred more energy than it initially
had, which means that most of the transferred energy has been routed from other
nodes. This is due to the high data flow on link /5 which leads to a higher energy

demand at node 2.
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3.6.2 Network Topology 2

We next consider the star topology in Fig. 3.3 where five sources are communicating
with one destination similar to a multiple access scenario. The data flows are t =
[0.5,2,0.5,0.5, 2] units. We consider a single time slot. The energy arrivals to all the
nodes are the same, i.e., F, = 15 units, Vn. The wireless energy transfer efficiencies
are oy = 0.5, Vq.

The optimal energy transfer vector is found as y = [11.92,0,9.66,16.29, 0]
units and the power vector after energy transfer is p = [3.07,20.96, 5.33, 3.53, 23.15]
units. This system is symmetric in terms of energy arrivals, channel noises and
energy transfer efficiencies, and furthermore ¢, = t3 = t4 and t5 = t5. In this
scenario, one might expect p; = p3 = ps and p, = p;. However, in the optimal
solution ps > py. The reason for this asymmetry is as follows. Due to the high data
loads on links /5 and [5, there is no incentive for these nodes to share their energy.
Then, in the optimal solution, ¥y = y5 = 0 and nodes 2 and 5 act as energy sink
nodes where energy is collected and not sent out. We see that node 5 has two nodes

transferring energy to it while node 2 has only one node transferring energy. Then,

D5 > P2.

3.6.3 Network Topology 3

In this last numerical example, we demonstrate the joint optimization of flow allo-
cation and capacity assignment. We consider the diamond network topology shown

in Fig. 3.4 where one source is communicating with one destination with two re-
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Figure 3.3: Network topology 2.

lays in between. The only exogenous data arrival to the network occurs at node
1 with the amount ¢ = 2 units. The energy arrivals are [Fy, Ey, E3] = [2,0.5,1.5].
Energy transfer efficiencies are given as a; = as = 0.8. In this topology, there are
six unknowns to be determined, i.e., p1,po,t1,%t2,y1,y2. By exhaustively searching
over these parameters, we can obtain the minimum achievable delay region as shown
in Fig. 3.5(top). In the diamond network, there are two paths of data flow. One
is the top path which includes links [; and I3 and the other is the bottom path
which includes links I and I;. In Fig. 3.5(top), we plot the delay on bottom path
versus the delay on top path. Any delay which is to the interior of this curve is
achievable whereas other delays are not. All points on this boundary are Pareto-
optimal points. We observe that energy cooperation enhances the achievable delay

region. In Fig. 3.5(bottom), we demonstrate the convergence of our algorithm to a
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Figure 3.4: Network topology 3.

Pareto-optimal point. We start our algorithm from two different initial points and
observe that they converge to a point which is on the boundary of the achievable

delay region, demonstrating Remark 3.1.
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(bottom) Convergence of our algorithm.
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3.7 Concluding Remarks

In this chapter, we considered the energy management and energy routing problems
for delay minimization in energy harvesting networks with energy cooperation. In
this network, there are data links where data flows and energy links where energy
flows. We determined the jointly optimal data and energy flows in the network and
the energy distribution over outgoing data links at all nodes. We established neces-
sary conditions for the solution, and proposed an iterative algorithm that updates
powers, data routing and energy routing sequentially and converges to a Pareto-
optimal operating point. In the special case of fixed data flows and no energy
cooperation, we showed that each link should allocate more power to links with
more noise and/or more data flow. In the case with multiple energy harvests, and
no energy cooperation, we showed that the optimal sum powers on the outgoing
data links of each node at every slot must be equal to the optimal single-link trans-
mit powers. Our numerical results indicate that when data flows are fixed, energy
is routed from nodes with lower data loads to nodes with higher data loads; while
in the more general problem, where data flows are optimized also, allocation of data

and energy flows are performed in a balanced fashion.
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3.8 Appendix

3.8.1 Derivation of (3.32)

Starting from (3.31), we have

|1 DI - )
A= L |Z10g (1 - B .
%) [2 og ( + 01) tl] (1 + 01> (3.76)

We let 7, £ Llog (1 + %) — U, then 14+ 2 = e2(rtt) - With these definitions, we

rewrite (3.76):

\ = ;;l rp 220t (3.77)

Or equivalently,
re’t = tl;)\;tl (3.78)
From here, r, = W (z) where 2z = tl;/\al and W (-) is the Lambert W function

defined as the inverse function of w — we® [75]. From the definition of ry,

1
—log <1 + &) —ty=r=W(z) (3.79)
2 o]

and

p = oy (2T 1) (3.80)



which is (3.32).

3.8.2  Derivation of (3.34)

From (3.32), we have
P = 0y (QQ(W(ZI)'HI) _ 1) (3.81)

with z; = \/%. Our aim is to find g—ill. To this end, define v; & e2WE)+0) _ 1,

Now we have,

apl 2W (2))+1) E)vl 821
- = 2 —1) + .82
50, = (¢ ) (3.82)

The first partial derivative on the right hand side of (3.82) is,

U yw(z)+t) W)
— = AT 3.83
82'1 ¢ Zl(l + W(Zl>) ( )

where we have used (3.33). The second partial derivative in (3.82) is,

(’“)25 1 tle_Qtl 1 1z
=——y/ —=_= 3.84
(90'[ 2 2)\0’[ o 2 )] ( )

Using (3.83) and (3.84) in (3.82), we have

apl 21, €2W(Zl)
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which is (3.34).

3.8.3 Derivation of (3.35)

Starting from (3.32), we have

i+ oy = W ET (3.86)

t‘;/\i. Our aim is to find 22, Taking logarithm of (3.86), and differen-
oy

with z; = Bt

tiating both sides with respect to ¢;, we have

1 1 % o 8W(Zl) %
2 o]+ yYi 875; a 8zl 8151

+1 (3.87)

OW (=)
0z

is evaluated from (3.33) and % is
l

6zl 1 tl€_2tl 1 tle_ztl 1
= = - = — -1 3.88
875; 2 2 g tl 2)\0’[ A 2tl ( )

Using (3.33) and (3.88) in (3.87), we obtain

o =2 [ty (1) + o

s+ W (a) + 24

A+ W) (3.90)

= o€

which is (3.35).
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3.8.4 Proof of Lemma 3.8

Assume that sum powers at each slot s; = > bii is given for each i. Consider the
inner optimization in (3.58) for a fixed slot, say slot i. For convenience, we drop
the slot index 4, and denote s; by s, and b; by b,. We define a function z(s) as the

minimization over b; for fixed s as follows:

(5) = mi h
(s —Hé}n 1 o w\
L glog e+ L) =1
st Y b=s, b >0, VI (3.91)
l

which is the inner optimization in (3.58) for fixed i, and is also equivalent to:

4]
z(s) = min
b T Llog (eztl + b’) t
st Y b<s, b >0, Vi (3.92)

Now, we claim that z(s) is non-increasing and convex in s. Since increasing s
can only expand the feasible set, x(s) is non-increasing in s. To prove the convexity:
Let 51,50 € RT. Let 0 < A < 1and A = 1—\. Let by be the solution of the problem
with s;, and by be the solution of the problem with s;. Note that b; and by exist

and are unique due to convexity. The vector Ab; + Ab, is feasible for the problem
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with As; + Ass since the constraints are linear. Then,

b
z(As1 + Asg) < _ (3.93)
S —
At \t
<> : + l (3.94)
l %log <€2tl + z;“) -1 %log (eZtl + %) — 4
= Az(s1) + Az (s9) (3.95)

where (3.93) follows because the minimum value of the problem can be no larger
than the objective value of any feasible point, (3.94) follows from the convexity of
m, and (3.95) follows from the fact that by solves the problem with s; and by
solves the problem with s,. Now, the optimization problem in (3.58) can be written
as:

min
i

[M] =

z(si)

1

)

s.t.

]~

k
si< > Gi, Vi, Vk (3.96)
=1

1

]

The problem in (3.96) is in the same form as the problems in [5, eqn. (2)], [6,
equs. (6)-(8)] and [9, eqn. (15)] and is equivalent to the problem in [4, eqn. (3)],
where a concave non-decreasing function of powers is maximized subject to energy
harvesting constraints. In addition, [5, 6, 9] have additional finite battery constraints
which we do not have here. References [4, 5] showed that the solution to this
problem is invariant to the specific form of the function as long as it is convex (in

minimization problems) or concave (in maximization problems). We follow the proof
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in [9, Appendix B] and conclude that s, the optimal solution of (3.96), is given by

the single-link optimal transmit powers.

3.8.5 Proof of Lemma 3.9

We show that the conditions in (3.70)-(3.72) are equivalent to (3.62)-(3.64) therefore
proving the necessity statement of the lemma.

1) Writing (3.62) for node n and the data links [ € O4(n) connected to it

4 [1 -2 !
—t {— log (1 + ﬁ) — tl] (1 + "1) =M — B < M (3.97)
gl

20’[ 2 (o]

Now, we claim that when p; > 0, 5; = 0. Assume p; > 0 and f; > 0. From (3.68),
this means that p; = 0;(e*" —1) and the delay at link [ becomes ¢ which is unbounded
for t; > 0. Then, we must have t; = 0, but this means p; = 0, as otherwise power
has been consumed on a link with zero flow. This is a contradiction to p; > 0. Thus,
B =0 when p; > 0 and (3.70) is satisfied with equality.

2) We choose any origin destination pair (n,d) and identify a path starting from
node n and ending at destination node d, and in which all link powers and therefore
flows are strictly positive. We denote this path by F,, ;. We write the conditions
(3.63) on links on this path and sum them to get

1 1 -
Z—log 1—1-]1 —log 1—1—& — 1
2 (o} 2 (o]

le]:nyd

= Z Vin(t) = V(1) — 26100€*" + (3.98)
lE}—n,d
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== Z Vm(l) - Vn(l) (399)

lE]'—n,d
=vy— Uy (3.100)
— v, (3.101)

where (3.99) follows from 5, = 7, = 0 since p; > 0, t; > 0, (3.100) follows from
telescoping the sum Zlefw Un@t) — Vm(@), and (3.101) follows from setting vy = 0
since it is a destination node and there are no flow conservation constraints at that
node. We let 7, = —v,, and get (3.71).

3) For energy link ¢ between nodes n and m, k(q) = n and z(¢) = m in (3.64). From

(3.64), we have A\, = ay\, + 0, > ay\, since 6, > 0. Then,

t 1 -2 -1
2 eg (14 B21) — g 1+ 2
20l 2 o] o))

=\, (3.102)
> Qg (3.103)
e |1 Dk B Dk -

=g | log (1+25) —¢ 14+ 2
“20, {2 0 ( +0k) k} ( +0k>
(3.104)

where (3.102) and (3.104) are from using part 1 of Lemma 3.9 for node n and m,

respectively. Equality is achieved when y, > 0, since in this case 6, = 0 from (3.67).

99



CHAPTER 4

Cooperative Diamond Channel with Energy Harvesting Nodes

4.1 Introduction

In this chapter, we consider the cooperative energy harvesting diamond channel [68],
see Fig. 4.1. We model the physical layer as a concatenation of a Gaussian broadcast
channel and a Gaussian multiple access channel. Since the broadcast channel iss
degraded, one of the relays has the message of the other relay. Therefore, the
multiple access channel is an extended multiple access channel with common data
[69], which we also call the cooperative multiple access channel. Our aim is to
determine the optimum power and rate allocation policies of the users in order to
maximize the end-to-end throughput of this system.

Prior work of particular relevance to our work in this chapter are [12-15, 76],
where two-hop communication is considered with energy harvesting nodes for half-
or full-duplex relay settings. Recently, in [61, 77], two-hop communication systems
with two parallel relays are studied. In [77], two parallel half-duplex relays with
various combinations of different transmission modes are considered. Due to the

half-duplex nature of the relays, broadcast and multiple access operations are not
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simultaneously possible. In [61], all four links of the broadcast and multiple access
channels are restricted to be orthogonal, and no storage of data is allowed at the
relays due to strict delay constraints. The setting in this chapter can be viewed as a
generalization of [61] to general broadcast and multiple access channels, and general
data storage at the relays.

In the setting of the diamond channel, see Fig. 4.1, when the transmission
rates of the source in the broadcast side are fixed, the problem can be viewed as
an energy harvesting multiple access channel where data packets as well as the
harvested energies arrive at the transmitters intermittently over time. Of particular
relevance to this specific problem, are references [10, 78, 79] where optimal scheduling
problems on a multiple access channel are investigated. In [78], minimum energy
scheduling problem over a multiple access channel where data packets arrive over
time is solved. In [10], a multiple access channel with energy arrivals is considered
but it is assumed that the users are infinitely backlogged, i.e., the data packets do
not arrive over time. In [79], an energy harvesting multiple access channel with
additional maximum power constraints on each user is considered. These previous
works either consider data arrivals or energy arrivals but not both; in our current
work, we need to consider both constraints due to the two-hop nature of the diamond
channel.

In the first part of the chapter, in Section 4.3, we focus on the broadcast
half of the diamond network. We first show that there exists an optimal source
power allocation policy which is equal to the single-user optimal power policy for
the source energy arrivals and does not depend on the relay energy arrivals. This
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Figure 4.1: Cooperative diamond network with energy harvesting nodes.

is a generalization of [7, 9], which proved the optimality of a single-user power
allocation for the capacity region of a broadcast channel; our work shows that the
result remains the same even when the broadcast channel is concatenated with a
multiple access channel. Our result is also a generalization of the separation result
proved in [12, 13], which showed that, in a single relay channel, the source can
optimize its transmit power irrespective of the relay’s energy arrivals; our work
shows that this result remains the same for the case of two relays forming a multiple
access second hop. Next, we show that even though the total power can be selected
as the single-user optimal power, the fraction of the power spent on each broadcast
link depends on the energy arrivals of the relays. Specifically, we show that the
optimal source rate allocation can be found by solving an optimal broadcasting
problem with slot-dependent user priorities and these priorities can change only at

instants when one of the relay data buffers is empty.
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In the second part of the chapter, in Section 4.4, we turn our attention to
the multiple access side of the diamond network. As mentioned before, this is a
cooperative multiple access channel with common data. To take the full advantage
of cooperation arising from common data, the relays need to use commonly gener-
ated codebooks. For simplicity of operation, the relays may choose to ignore the
constructed common data, and operate the second hop as a regular multiple access
channel. Therefore, we first consider a regular Gaussian multiple access channel for
the second hop of the diamond channel. In this setting, first we note that when the
transmission rates of the source in the broadcast side are fixed, the overall prob-
lem becomes a multiple access channel with both data and energy arrivals. Then,
we show that this problem can be formulated in terms of data transmission rates
only, instead of formulating over both transmission powers and data rates. In the
multiple access channel with only energy arrivals, it was observed in [10], that the
optimal sum rate is equal to the single-user optimal rate with both user energies
merged. This may naturally suggest that, with the presence of the data causality
constraints, the optimal sum rate is given by the single-user optimal rate with both
data and energy causality constraints merged. In Section 4.4.1, we show that this
suggestion is not entirely valid, but a majorization relationship exists between these
two solutions. In Section 4.4.2; we solve the overall diamond channel problem with
non-cooperative multiple access channel, using a dual decomposition method.

In the third part of the chapter, in Section 4.5, we recover the original setting
of the diamond channel by focusing on the cooperative (extended) multiple access

capacity region. With the extended multiple access capacity region, we find the
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overall solution using a decomposition into inner and outer maximization problems.
The outer problem consists of finding the optimal source transmission rates in the
broadcast side. The inner problem consists of finding the optimal relay rate and
power allocations when the transmission rates of the source in the broadcast side

are fixed. We solve the overall problem by iterating between the two sides.

4.2 System Model

We consider the energy harvesting diamond channel shown in Fig. 4.1. The har-
vested energies are saved in the corresponding batteries. The physical layer is mod-
eled as a concatenation of a broadcast channel and a multiple access channel. In the
broadcast channel, relay 1 is the stronger receiver: the channel noises have variances
0? < 2. The Gaussian broadcast channel capacity region with transmitter power

p is given by [44]

Cre(p) = {7“1 < f(j—?) ry < f(gp_—f(jg)} (4.1)

where « is the fraction of power spent for the message of user 1, and f(z) £ % log(1+
x). The function g(r1,72) is the minimum energy required to transmit at rates

(r1,m2):

o(r1,72) 2 G2 1 (g — g2 o3 (12)
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and is strictly convex in (ry,ry). Since relay 2 is degraded with respect to relay 1,

relay 1 can decode the messages intended for relay 2. Therefore, the second hop is

an extended multiple access channel with common data. The capacity region for
2

this channel with transmitter powers (py, p2) and Gaussian noise power o3 is given

as [68, 69, 80]:

Cemac(p1,p2) = {7‘1 < f((1=B)pi/o3),

i1 < f <(p1 +pa + 2y 52712?2)/032,) } (4.3)

If the presence of common data is ignored, the second hop becomes a regular Gaus-

sian multiple access channel whose capacity region is given as [44]:

Crrac(pr,p2) = {7“1 < f(p1/a3), r2 < f(p2/o3),

1 < F(n +p2>/a§>} (4.4)

There are N equal length slots of duration 7 seconds and 7 = 1 is assumed
without loss of generality. We refer to relay 1 as the top and relay 2 as the bottom
relay and use subscripts ¢t and b to denote their parameters; subscript s denotes the
source node’s parameters. In slot ¢, the source, top and bottom relays harvest energy
with amounts FE;, Ey;, Ey;, respectively. We denote the transmission power of the
source as py; and source rates to the top (bottom) relay as ry; (r3;), the transmission
power of the top (bottom) relay to the destination as py; (py;) and data rates of the

top (bottom) relays to the destination as 7 (7). We denote these power and rate
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sequences with the vectors ps, Pt, Py, I't, v, T't, Tp. The energy that has not yet been
harvested cannot be used, leading to the following energy causality constraints at

all transmitters:

i:l izl
> i <> By, Yk (4.6)
z:l i:l
i=1 =1

The relays cannot forward data that has not yet arrived, leading to the following

data causality constraints at the relays:

k k
Z Tei < Zrm‘, vk (4.8)
z:l z:l
Zﬁn’ < Zrbi: vk (4.9)
i—1 i—1

The rate allocations must be achievable for each channel:

(T4, 70:) € Cpe(psi), Vi (4.10)

(T4 i) € Crnmrac(Pri Pvi), Vi (4.11)

where we will use Carac(Pri, Ppi) in (4.11), if we operate the second hop as a regular

multiple access channel.
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We aim to maximize the end-to-end throughput:

N N
ma. Ty + Tbi
sz_)hf’b»rtvI}';thbya ; ! ; ’
st (4.5)-(4.11) (4.12)

In this chapter we will solve the problem in (4.12). We will separately focus on

the broadcast and the multiple access sides of the problem in the following sections.

4.3 Broadcast Channel Side

First, we will focus on the broadcast side of the problem. We consider the source
which is broadcasting data to the two relays, and focus on the source power (pg;)
and rate (ry;, rp;) allocations. We first prove some properties of the optimal solution

which hold regardless of the existence of the multiple access link.

Lemma 4.1 Fither the source energy or both of the relay energies must be consumed

fully.

Proof: The proof follows by contradiction. If any excess energy is left, then we can

increase the rates, which contradicts optimality. H

Lemma 4.2 There exists an optimal source profile (p,r;,r;) that is on the bound-

ary of the broadcast capacity region in each slot, i.e.,

T = f(%) Th = f(m) Vi. (4.13)

* 2
apg; + 05
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Proof: In slots where the constraints r}; < f <al—]§’> and ry; < f (%) are satis-
91 si T2
fied with strict inequality, we can increase r}; or r;; without violating any feasibility

constraints as we can always increase the right hand sides of the data feasibility

constraints in (4.8) and (4.9). W

Using Lemma 4.2 we can remove the broadcast capacity region constraints
from the problem and let py; = g(ry, ;). The corresponding energy causality con-

straints for the source node can now be written as:

k

k
> glrire) <> By, Yk (4.14)
=1

i=1

The optimization problem can now be written as:

N N
ﬁt,f’br}lt%'}liftjb ; Tt o+ ; "o
st (4.5)-(4.6), (4.8)-(4.9), (4.11), (4.14) (4.15)

The following theorem states a key structural property of the optimal policy,

and is proved in Appendix 4.8.1.

Theorem 4.1 There exists an optimal total source power sequence g(ry;, ;) which

15 the same as the single-user optimal transmait power sequence for the energy arrivals

E;.

Theorem 4.1 tells us that there exists a solution to the problem in (4.15) in which

g(rf, ;) = P;, where Pjs are the single-user optimal transmit powers for the en-
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ergy arrivals Eg. This constraint can always be relaxed to g(ry,ry) < P;. Using

Theorem 4.1, the optimization problem becomes:

N N
st. (4.5)-(4.6), (4.8)-(4.9), (4.11), g(ry, ) < P (4.16)

We note that the single-user optimal transmit powers P;s can be found by the
directional water filling algorithm in [6] or the staircase water filling algorithm in [54].
Theorem 4.1 generalizes the results of [7, 9] to the case of concatenated networks,
and the results of [12, 13] to the case of multiple relays. While the source power
does not depend on the energy arrival profile of the relays, the fraction of the total
power spent on each broadcast link depends on the energy arrival profile of the
relays. In the following lemmas, we show how to find the distribution of power over

the broadcast links.

Lemma 4.3 There exists a positive real vector p = {p;}¥,, ui € [0,1] such that
(rf,ry:) simultaneously solves the problem in (4.16) and the following optimization

problem:

Tti,Tbi

N N
max E MﬁtiﬂLE T'bi
i—1 i=1

st g(ry,ry) < P (4.17)

Lemma 4.4 p; can increase (decrease) only when the bottom (top) data buffer is
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empty.

The proofs of Lemma 4.3 and Lemma 4.4 are given in Appendix 4.8.2.

In a single-hop broadcasting problem as in [7-9], the capacity region can
be traced by solving the following optimization problem: max,,; ,,. 1 Zf\il T +
4o sz\il ro; for some pup, e € RT. Here, ui, us are called user priorities and are
constant throughout slots. Lemmas 4.3 and 4.4 show us that the existence of a mul-
tiple access layer affects the broadcast layer by introducing variable user priorities
in time. The user priorities can change only when one of the data buffers is empty:
the priority of the first user can increase only when the bottom data buffer is empty,
and can decrease only when the top data buffer is empty. From [7], the solution to

(4.17) is:

1
1 (Pz - Pci)+
=1 14 a7 4.19
Ty 5 0og ( + Pci + O'% ) ( )

where, if pu; > 1, all of the power is allocated to the top relay only. If u; < 1, we

define

A /LZ'O'S - O-% *
P,=——— (4.20)
I —p

In other words, given (u;, P;), the rate pairs (ry,r;) can uniquely be determined
from (4.18) and (4.19). We denote the unique rate pairs found from (4.18) and

(4.19) for fixed (s, P;) by 74 (i, P;) and 7y (s, P;). Let us define the function z(p)
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which is a maximization over (Py, Py, Ty, Tp) for fixed p:

z(p) = max Z Tt + Z Tbi

Pt,Pb,Tt,Tp

k k
s.t. thz‘ < Zrtz’(ﬂmpi): vk
1 i=1

1=

k k

Zfbi < ZTM(M,P@'), Vk
i—1

=1

(4.5)-(4.6), (4.11) (4.21)
Then, the original problem in (4.12) is equivalent to:

max_ z(w) (4.22)
pel0, 1N

4.4 Non-Cooperative Multiple Access Channel Side

In this section, we consider the regular multiple access channel by ignoring the
presence of common data. We note that the problem in (4.21) is a throughput max-
imization problem in an energy harvesting multiple access channel with data arrivals
as shown in Fig. 4.2. For notational convenience, we denote dy; = r4;(pi, B;), dpi =
roi(1i, Pi). When p is fixed, the data arrivals to the multiple access side are fixed

and the data causality constraints can be written as

k k
d <> du, (4.23)
=1 =1

k k

S i <Y dy, Yk (4.24)
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Figure 4.2: Multiple access channel with energy and data arrivals.

We start this section by reformulating the problem in terms of the rates only.

We consider the following energy causality constraints on the rates:

k

D 32— ZEn, (4.25)
=1

k
Zag(z% -1)< Z By, Vk (4.26)
] =1
k

k
Z (22Catm) — 1) <> " By + B, Yk (4.27)
=1

and the corresponding throughput maximization problem:

max E th E sz
Tti,Thi

st (4.23)-(4.27) (4.28)

The following lemma, proved in Appendix 4.8.3, shows that this is an equivalent
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representation for the problem in (4.21).
Lemma 4.5 The problems in (4.21) and (4.28) are equivalent.

We solve the problem in (4.28) in the remainder of this section. We denote

the optimal solution to (4.28) by (7};,7;). We have the following lemma.

Lemma 4.6 The optimal sum rate for relays is non-decreasing in time, i.e., 7}; +

—% —* =% :
Ty S Thipn + T, Vi

Proof: The proof follows by contradiction. Assume that there is a slot k such that
T + 7o > Tiger + 7ppp1- We will show that this policy cannot be optimal. There
can be three cases, case 1: Ty > Ty g, Ty < Tpppq, Case 20 Ty > Tppq, T <
Tirer and case 3t Ty > T, Th > Tip,. Assume that the first case happens.
Consider the modified policy 7, = 7 p+1 = W% This modified policy is feasible
and transmits the same amount of data as 7};, 7}, but due to the convexity of the
functions 22(#+7i1) and 227 consumes less energy. This additional energy can be
used to transmit more data and therefore the policy (77;, 7;;) cannot be optimal. For

% =k
TortTh k1

the second case, we set Ty, = T i1 = 5

and for the third case we modify

e e o .
both 77, 7y and 7y, 75,y to reach a similar contradiction. M

4.4.1 Relaxed Problem and Majorization

Without the data causality constraints of (4.23) and (4.24) it was observed in [10],
that the optimal sum rate is equal to the single-user optimal rate with the energies

merged as Fy; + Fy;. This may naturally suggest that, with the presence of the data
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causality constraints, the optimal sum rate is given by the single-user optimal rate
with both data and energy causality constraints. In this section, we show that this
suggestion is not entirely valid, but a majorization relationship exists between these

two solutions. Consider the following problem:

N
Z qi
i=1

k k
st Y 032 —1) <Y Ey+ By, Vk

=1

k k
> a <> di+tdy, Yk (4.29)
=1 =1

This problem can be solved using the geometric approach in [4] or the directional
waterfilling with both data and energy arrivals in [6]. We note that the problem in
(4.29) is a relaxed version of (4.28) where the energy arrivals and data arrivals are
merged to a single-user. lLe., we sum up (4.23) and (4.24) to obtain a single data
arrival constraint and remove (4.25) and (4.26). We denote the solution to (4.29)
by ¢. Now, we show two weak majorization results whose proofs are provided in

Appendix 4.8.4 and 4.8.5 respectively.
Lemma 4.7 We must have 3.5 75 + 75 < S8 g, Vk.
Lemma 4.8 If at any slot k, we have Yr_ 7547 = S°F_ ¢F, then S5 226t 75) >
S 2% If, in addition, we have o3 (Zle 2247 — 1) = Y% | By + By, then we
must have 7j; + 74 = qf fori=1,... k.

In some special instances of the problem, Lemmas 4.7 and 4.8 can be utilized,
by enforcing the constraint 7y + 7, = ¢, Vi, replacing 7,; = ¢ — 7 and solving a
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single-user problem.

4.4.2 Tterative Solution

In this section, we will solve the overall problem by utilizing a dual decomposition

method. After applying Lemma 4.5, the problem in (4.16) is equivalent to:

Tti,TbisTti,Tbi

N N
max E fti + g sz‘
=1 =1

st (4.8), (4.9), (4.25)-(4.27), g(ru, 141) < B (4.30)

Defining a new variable as w; = 7 + 73, we formulate the following equivalent

optimization problem:

Tti,Tbi Tt s Tbi s Wi

N
max sz
=1
s.t. (48)7 (49)7 (425)7 (426),9(7‘”,7“1”) < Pz
k k
> o032 —1) <> By + By, Yk
=1 i=1

w; =Ty + Ty, Vi (4.31)

which can be relaxed to:

N
max E W;
i=1

Tti,TbisTti,Tbi Wi

s.t. (4.8), (4.9), (4.25), (4.26), g(ru, 1) < P,
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> of (2 1) ZEHJFE,H, VE

w; < Ty + Ty, Vi (4.32)

since at slots where the last inequality is not satisfied with equality, 7, and 7,
can be decreased until equality is satisfied without changing the throughput. The
problem in (4.32) is convex since the objective function is linear and the constraints

are convex. Define the following sets:

R = {(rsi, i) € (RT X RY) 2 g(rss, i) < Py, Vi) (4.33)
k k

Ry = {fy € RT : Z 03(2°7 = 1) <> By, kY (4.34)
i =1

k
= {Fy € R Z (2°7 —1) <) By, Vk} (4.35)
=1

k
= {w; eR" : Z 03(2°" —1) <Y Ey; + Ey;, Vk} (4.36)
=1 =1

Now, we write the partial Lagrangian function for the problem in (4.32) correspond-

ing to the constraints (4.8), (4.9) and w; < 7y + 7; as follows:

N N k k
L :Zwi + Z)\lk <Zm — Zrm)
z:lN k=1 ) i=1 ) =1 /

+ Z Aoj; (Z Thi — Z sz-) + Z vi (T + Toi — wy;) (4.37)
k=1 i=1 i=1 i=1
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Now, the dual function is [70]:

K(Al,Az,l/) = max E(rt,rb,ﬁjb,w) (438)

(r¢s,rpi)ER s, T ERe fbiERb wi€Rw

T Cim)eR, [Z " Z Atk + 22: Tbi Z )\%]
N
+ max [Z i (vz Z /\1k>]
N
TR, [Z " (Vi - Z )‘2k>]
N
+ max 3 (1 - v)w (4.39)

Denote the collection of Lagrange multiplier vectors as v = (A1, Ay, v). For fixed

~, we define the following subproblems:

]Cl( = thr%?}éRs Zl Tt Z Ak + ZZ Thi Z Aok (440)
N
IC (7) = rglg]}?i . T (1/1 Z Alk) (441)
N N
3(7) Fglg%b - Tb <V ; 2k> ( )

K4(v) = max (1 —v)w; (4.43)

Slater’s condition holds for the problem in (4.30) [70]. Therefore, there is no

duality gap and the optimal values of the dual problem and the primal problem are
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the same. This implies that (4.30) is equivalent to the following problem:

min - K(7) (4.44)
or equivalently:
min - H(7) (4.45)

where H 2 Ky + Ko + K3 + K4. We observe that for fixed 4 we can solve the
subproblems independently. We solve the problem in (4.45) by separately solving

the outer minimization and inner maximization problems.

4.4.2.1 Inner Maximization

Here, we focus on the inner problems (4.40)-(4.43). We start by analyzing (4.40).

We define a; = Zf{v:z A and b; = Ziv:@ Aog. Then (4.40) becomes:

N N
max E ;T + E bﬂ'bi
=1 i=1

Tti,Tbi

st g(ru,me) < B (4.46)

Since the constraint set depends only on index 4, (4.46) is solved individually for

each 7 as follows:

max  a;7y + biryi

Tti5Tbi
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st. g(ru,me) < B (4.47)

The problem in (4.47) is a single-user throughphut maximization problem in a broad-
cast channel setting as in [7] with user priorities as a; and b;. Therefore, the solution
to (4.47) is given by ry(a;/b;, P;) and ry;(a;/b;, P;) with the definitions as given in
(4.18)-(4.20).

Now, we examine (4.41). We define ¢; = v; — Zﬁ:z A and with this definition

(4.41) becomes:

N

max g CiTti

Tt -
i=1

k k
st > o327 —1) <Y By Vk (4.48)
=1 i=1

We reformulate the problem in (4.48) in terms of powers as:

k k
st Y <> Eu Yk (4.49)

The problem in (4.48) is a convex optimization problem and by a Lagrangian analysis

similar to [6] we obtain:

+ ) . +
C;
Di=|—=x——1 =C| =———— (4.50)
(Zgz Tk > (chvz Tk Ci)

where 7, is the Lagrange multiplier corresponding to the energy causality constraint
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at slot k in (4.49). The solution to (4.50) is given by directional waterfilling on
rectangles of width ¢; and base level 1/¢; as explained in [81, Fig. 2]. In slots where
¢; < 0, no power should be allocated and those slots can be treated as if they are
not there.

The problems in (4.42) and (4.43) have the same structure and are solved
similarly. In (4.42), the fading levels are d; = v; — fo:l A9 and energy arrivals are
Ey; and in (4.43), the fading levels are (1 — v;) and energy arrivals are Ey; + Ey;. If
the fading levels are negative in any slot, those slots can be skipped. Denote the
solutions to Kqi(7y) by (r5;(7y), (7)) and the solutions to KCo(7), Ks(v), Ku(y) by

75 (), 7 () and w; (), respectively.

4.4.2.2 Outer Minimiziation

The outer minimization problem is the problem of finding optimal + in (4.45). For

this problem we will use the normalized subgradient method, which is defined as

l

.
A Y . 4.51
0 ('7 QW”) (4.51)

where 4'*1 is the [th iterate, v’ is any subgradient of h at 4! and (; > 0 is the
Ith step size. The (+) operator is used to enforce the constraints that 4 > 0. For
completeness, first we define the subgradient of a function: v is a subgradient of H

at x if [70, Eq. (6.20)]

H(y) > H(z) +v'(y —x), Yy (4.52)
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Now, we show that a subgradient for H(y) is readily available once the inner max-
imization problems are solved. The following lemma is proved in Appendix 4.8.6.
Lemma 4.9, The wector | (SL4 (') = £ 7i0) (S ri)-
N
S (W), (P (YY) + (v — wi (v ) } is a subgradient for H(~y) at ~'.
k=1
We note that the subgradient method is not a descent method, i.e., the itera-

tions at every step do not necessarily decrease the objective value. Therefore, it is

necessary to keep track of the best point found so far. At each step, we set:
Hlloest - min{Hi)_eslm H(’Yl)} (453)

We denote 7}, as the argument of H! . It can be shown that for appropriately
selected ¢;, H! . — H* [82, Section 6.3]. Furthermore, if the step size (; is chosen
such that D2, ¢ = oo, d.°,¢F < oo, then ~ , — ~* [83, Proposition 5.1].
Once the optimal v* is found, w}(y*) is the optimal sum rate and we can find
(%), ri;(v*) as the optimal source rates and 77;(v*), 7 (") as the optimal relay
rates. If 7 (v*) + 7 (7*) > wi(y*) for some slot k then we can decrease first or

second user rates until equality is achieved.

4.5 Cooperative (Extended) Multiple Access Region

In this section, consider an extended multiple access capacity region for the second
hop of the diamond channel. We note that the statement of Theorem 4.1 still

holds when the multiple access region of (4.3) is used instead of (4.4). However,

121



the statement of Lemma 4.5 and the discussions in Section 4.4 do not hold and it
is not clear how to formulate the multiple access side using rate expressions only.
Therefore, here we keep the expressions in terms of both power and rate allocations.
Using the approach followed before, we have that the original problem in (4.12) is

equivalent to:

max_ z(w) (4.54)

pefo 1N

where z(p) is defined as in (4.21). We solve the problem in (4.54) in this section.

4.5.1 Inner Maximization

In this section, we focus on the inner problem in (4.21) for fixed p. We define the

new variables py; = (1 — 5;)py and pay; = Bipy and rewrite (4.21) as

N N
max E ’Fti + E 771)7;
i=1 i=1

Mw

Tyi (i, Py)

k

s.t. Zrm<z7’m iy Z’Z zg
i=1
k

Zpltz +p2tz < ZEtw Zpbz =

Ty < f(ﬁm-/ag)

1

I
|| ElE
SH

T + Toi < f ((Pri + Pavi + Doi + 20/ D2ilui) /03) (4.55)
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We denote the vector triple P = (P1, P2, P») and define the function y(P) as
maximization over (t;,T,) for fixed P:

N N
y(P) £ max thi + Zfbi

(F¢,Tp)

k k

Zrtz < Zrn ,uz; i Z bi Z bl(,uzaP'L)
=1 i=1

i < f(Pri/o3)

7o + Toi < f ((Pui + Dati + Doi + 27/ Potiboi) /03 (4.56)

For fixed P, (4.56) is a linear program, and y(P) can be determined efficiently. We

next note the following fact.

Lemma 4.10 y(P) is non-decreasing and concave in P.

Proof: Since increasing the powers can only expand the feasible region, y is non-
decreasing in its arguments. To prove the concavity: Let P = (P, P2, Pp) and
Q = (Qu, Gor, Gp) be two power vectors. Let A = 1 — X € [0,1]. Let (¥,,T;) solve
y(P) and (5,,8;) solve y(Q). Now, we show that (AT, + A§;, AT, + AS;) is feasible
for the problem y(AP + AQ). The first two constraints in (4.56) are linear, thus,
their linear combinations are feasible. The third constraint is convex because f is
concave. The last constraint is convex because f is concave, non-decreasing, and

/P2l is concave. Thus, (AF, + A8;, AT, + A\§y) is feasible for y(AP + AQ). Now,

N
YAP +XQ) = Y " Ay + Sy + ATy + Asy; (4.57)
=1
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= Ay(P) + 2y(Q) (4.58)

where (4.57) follows because the maximum value of the problem can be no smaller
than the objective value of any feasible point, and (4.58) follows from the fact that

(T4, Tp) solves y(P) and (S, Sp) solves y(Q). W

The problem in (4.55) can equivalently be written as:

max y(P1t, Pat, D)

P1t,P2t,Pb

k k
s.t. Zﬁm’ + Doy < ZE&? Vk
i1 i=1

k k
> <Y By Vk (4.59)
i=1 =1

The problem in (4.59) is convex as it involves maximizing a concave function over
a feasible set with linear constraints. This can be performed efficiently by iterating
over feasible (P1¢, P2t, Pp) such that every iteration increases the objective function,
for example, using the method described in [61, Section II1.B]. Due to convexity,

the convergence to an optimal solution is guaranteed. Once (pj;, 5, ;) is found,

Z(IJ’) = y(I_)Tb I—);m I_)Z>

4.5.2 Outer Maximization

The outer maximization problem is the problem of finding the optimal p in (4.54).

For this purpose, we use the block coordinate descent method on the vector p. First,
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we fix (u1, ..., uy—1) and solve the following problem

max ([, oy -« s UN—1, UN) (4.60)
,U,NE[O,].]

which can be done using a one-dimensional search on uy € [0, 1]. Then, using this
newly found py, we fix (g, ..., un—2, i) and maximize over py_1. We cyclically
iterate through each p;, one at a time, maximizing the objective function with
respect to that j;. By construction, the iterations z(u®)) is a monotone increasing
sequence and is bounded because the optimal value of problem (4.12) is bounded,
which guarantees convergence. The iterations converge to an optimal point due to
the convexity of the original problem. We can utilize Lemma 4.4 to search over p
space more efficiently. Using this procedure, we reduced an N dimensional search
for p to N one dimensional searches for each individual p;. For large N, this
search can be computationally demanding, however numerically we observed quick

convergemnce.

4.6 Numerical Results

In this section, we provide numerical examples and illustrate the resulting optimal
policies. We consider band-limited AWGN broadcast and multiple-access channels.
The bandwidth is By, = 1 MHz and the noise power spectral density is Ny = 107
W /Hz. We assume that the path loss between the source and relay 1 (hg) is 123dB,
source and relay 2 (hgq0) is 127dB and the path loss between relays and destination

are assumed to be same (h,1q4 = hyoq) and 130dB. With these definitions, equations
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(4.1) and (4.2) become:

aPhg, aP
r1 < By log, (1 + NOBWI) = log, (1 + 0—2> Mbps (4.61)

(1 — @) Phgpo (1—a)P
—log, (14 ——2—
Oéphsrg + NQBW aP + 0.6

ro < By log, (1 + ) Mbps (4.62)

g(r1,m5) = 0.2% 201472 1 (0.6 — 0.2) % 2" — 0.6 W (4.63)

The extended multiple access capacity region described in (4.3) becomes:

— B)hrals

1
r1 < Bwlog, [ 1+ ( = log, (14 (1 — B)P1) Mbps (4.64)
NoBw

r1 4+ 19 < By log, [1 + (NoBw) ™! <hr1dP1 + hpoaPo + 2\/5hr1dplhr2dpz> }

— log, (1 P+ Pt 2\/5131132) Mbps (4.65)

Similarly the non-cooperative multiple access capacity region described in (4.4) be-

comes

h1a P,
r1 < By log, (1 4 e 1) = log, (1 + P;) Mbps (4.66)
NoBw
hrgaPa\
ro < By logy | 1+ = log, (1 + P») Mbps (4.67)
NoBw
hiiaPy + hpoa P
r 475 < By log, (14— T hala]) log, (1 + P, + P») Mbps (4.68)
NoBw

4.6.1 Deterministic Energy Arrivals

In this subsection, we consider deterministic energy arrivals, and focus on the offline

problem studied in this chapter. We study a 3 slot scenario with the following energy
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arrivals, E; = [5,20,9]J,E; = [4,6,5] J, E, = [6, 10, 4] J.

First, we investigate the non-cooperative Gaussian multiple access scenario,
disregarding the possible cooperation between the top and bottom relays. The evo-
lution of our subgradient descent based algorithm is shown in Fig. 4.3. The step
size is taken as (; = % and the initial points are taken as A = [3.4,1,1], A =
[2.8,1.1,1.4],° = [10,4,3]. The plot shows the percentage error between the
best iteration so far and the optimal value of the problem in (4.12). The al-
gorithm converges after around 10* steps to reasonable accuracy. The resulting
Lagrange multipliers are found as A; = [3.04,0.04,0.4] x 1073, Ay = [4.29,0,0] x
1073, v = [4.51,4.29,4.26] x 1073. The optimal rates are then found as r; =
[1.55,1.18,1.14] Mbits, r, = [0.69,1.7,1.72] Mbits, ¥, = [1.16, 1.34,1.35] Mbits, T, =
[1.4,1.73,0] Mbits,w = [1.72,1.87,1.87] Mbits. We observe that by setting T, =
w — T, = [0.56,0.53,0.52] Mbits we can get w; = 7 + T4, Vi and this set of rates
is the optimal solution. The feasibility of this solution can be verified. Due to the
non-uniqueness of the solution, there may exist multiple 77;, 7}, pairs that yield the
optimal sum rate however the optimal sum rate 7}; 4+ 7}; is unique. The optimal
sum throughput in this case is calculated as Zf\;l Tes + Zf;l Ty = 5.46 Mbits. The
optimal user priorities for the source are calculated as p; = [0.81,0.72,0.71].

Second, we investigate the extended multiple access scenario. The optimal
user priorities for the source are found as ps = [0.83,0.43,0.43]. The optimal
rates are then found as r; = [0.74,0.07,0.07] Mbits, r, = [1.27,2.3,2.3] Mbits,T; =
[0.74,0.07,0.07] Mbits, ¥, = [1.27,2.3,2.3] Mbits, py; = [1.8,0.1,0.1] W,

P2 = [2.2,5.39,5.39] W, p, = [4.82,7.58,7.58] W. We note that py, is much larger
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Figure 4.3: Percentage error between the best iteration so far and the optimal value
vs iteration number k.

than py; which means that relay 1 has spent a significant portion of its power on
the cooperative communication rather than forwarding its own data. The optimal
sum throughput in this case is calculated as vazl T+ Zfil 7y = 6.76 Mbits which
is higher than in the non-cooperative case.

Finally, we examine the maximum departure region and the optimal trajec-
tories for the broadcast side of this diamond channel for the non-cooperative and
cooperative Gaussian multiple access channel second hops. Without the existence
of relays, for the two user Gaussian broadcast channel, to maximize the sum rate we
need to set u = [1,1, 1] and r,; = 0, Vi, i.e., all the power must be allocated to the
stronger user[7]. The existence of the multiple access layer changes this structure.
We sketch the maximum departure region and trajectories to reach the optimal

point in Fig. 4.4. When there is no multiple access layer, all the power is allocated
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Figure 4.4: Maximum departure region and trajectories to reach the optimal point
for BC with no MAC, BC with non-cooperative MAC and BC with cooperative
MAC.

to the first user. In the case of non-cooperative multiple access layer, the rates to
both of the relays follow a balanced pattern. In the case of cooperative multiple
access layer, the weaker relay gets more data than the stronger relay due to the

possibility of cooperation.

4.6.2 Stochastic Energy Arrivals

In this subsection, we consider stochastic energy arrivals and we compare the per-
formance of the offline optimal policy with that of a suboptimal online policy. These
policies are inspired by the optimal offline policy while they require partial or no
offline knowledge of the energy arrivals. We have shown that a partial separation
holds between the broadcast and the multiple access parts of the problem, therefore
the online policies we consider will be of separation based. We denote the amount

of energy in the batteries of the source, top relay and bottom relay as B,, By, By, and
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the data buffers of the top and bottom relays as D;, D,. The presented online algo-
rithms are of best-effort type [6, 84], where the transmitters aim to keep a constant

power if feasible, or transmit with the currently available power otherwise.

4.6.2.1 Source Power and Rate Allocation

This policy determines the source power pg; and rate (1, 75;) allocations. We choose
a policy that transmits with constant power equal to the average recharge rate of
the source battery, if there is enough energy, otherwise it uses all of the battery
energy, i.e., ps = min{E[E;], B;}. First, we define a constant C' which depends only
on the average recharge rates of the top and bottom relays, as follows:

logy (1+E[Ex]) .
biimw, if regular MAC

C = (4.69)

logy (1+E[Ep])
log, (1+E[Ep]+E[Ey])’

if cooperative MAC

The reasoning behind the choice of C' is as follows. For the regular MAC, the top
relay can transmit at most an average rate of log,(1 + E[FE}]), considering its own

energy arrivals. Similarly, the bottom relay can transmit at most an average rate

of logy(1 + E[E}]). Therefore, we have ;—z ~ %. We choose the source

rate division to be exactly equal to this quantity. For the cooperative MAC, we
use a constant § policy and set § = 1 — %. Then, from (4.64) we have 7, ~

logy(1 4+ E[Ey]) and from (4.65) 7, ~ logy(1 + E[E,] + E[E;]). We choose the source

rate division to be exactly equal to the ratio of two rates. From (4.61) and (4.62),
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we choose the power share a* to satisfy the following equation:

aE[E,]
o log, (1 + =5 )

N (1-a)E[E,]
log, <1 + aIE[ES]—f—O.G)

(4.70)

4.6.2.2 Top and Bottom Relay Power and Rate Allocation

This policy determines the top and bottom relay power (py, ppi) and rate (7, 7p;)
allocations. We note that the policy for the relays must depend on the data ar-
rivals from the source. For the regular MAC, the online policy is determined as
follows. We set the top relay power allocation as the average recharge rate of the
top relay battery if there is enough energy and data, otherwise it uses either all
of the battery energy or transmits at a rate that transmits all of the available
data. We set p; = min{E[FE], B, 2”7}, r, = log, (1 + p;). Similarly we set p, =
min{E[E}], By, 2P¢71}, 7y, = log, (1 + py). If the constraint r; + ry, < logy(1 + ps + pp)
is not satisfied, then we decrease ry, p, until equality is satisfied.

For the cooperative MAC, additional to p;, p, we need to determine 3 given in

(4.65). We set p; = min{E[FE], B, 2P~} r; = log, (1 + p;). We use a constant (3

E[Eb]

policy and set g =1— BB

. Now, we set p, = min{E[E}], By} and r, = log,(1+p; +

o+ 27/ Bpeps) — 1. If 1y > Dy, then 1y, p, are decreased until equality is satisfied.

4.6.2.3 Simulations

In the simulations, we consider Bernoulli energy arrival processes. The source energy

arrivals are F,; = 0 with probability 0.5 and E; = 2 with probability 0.5 where £ is
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Figure 4.5: Average sum throughput versus average recharge rate for offline and
online policies.

the average recharge rate, and we denote this process by Ber(0.5,&). We assume that
Ey; ~ Ber(0.5,0.5¢) and Ej; ~ Ber(0.5,0.3¢). We perform simulations for a deadline
of 10 slots. The performance metric of the policies is the average sum throughput
over 100 realizations of the stochastic energy arrival process. We plot our results
in Fig. 4.5. We observe that the sum throughput increases with increasing energy

recharge rate.

4.7 Concluding Remarks

In this chapter, we considered the energy harvesting diamond channel where the
physical layer is modeled as a concatenation of a broadcast channel and a multiple
access channel. In the first part of the chapter, we focused on the broadcast half of

the diamond network. We first showed that there exists an optimal source power
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allocation policy which is equal to the single-user optimal power policy for the
source energy arrivals and does not depend on the relay energy arrivals. Next, we
showed that even though the total power can be selected as the single-user optimal
power, the fraction of the power spent on each broadcast link depends on the energy
arrivals of the relays. In the second part of the chapter, we turned our attention
to the multiple access side of the diamond network. This is a cooperative multiple
access channel with common data. Initially, we ignored the possible cooperation
between the relays and assumed a regular Gaussian multiple access channel with
non-cooperating users. In this setting, first we showed that when the transmission
rates of the source in the broadcast side are fixed, the overall problem becomes
a multiple access channel with both data and energy arrivals. We showed that
this problem can be formulated in terms of data transmission rates only, instead of
formulating over both transmission powers and data rates. We solved the overall
diamond channel problem with non-cooperative multiple access channel using a dual
decomposition method. In the last part of the chapter, we considered the cooperative
(extended) multiple access capacity region for the second hop. With the extended
multiple access capacity region, we found the overall solution using a decomposition

into inner and outer maximization problems.
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4.8 Appendix

4.8.1 Proof of Theorem 4.1

In this proof, we are only interested in (r7;,7;;). Therefore, to find the necessary

optimality conditions, we write the Lagrangian function of the problem in (4.15) as:

+
WE
=
M
&
~
E
|
™
o
~__
|

(4.71)

where other terms include the Lagrange multipliers for the other constraints but
they are not needed in the proof and are omitted for the sake of brevity. The

complementary slackness conditions for these Lagrange multipliers are:

Ak (Z Tti — Z Tti) = Aok (Z i — Y sz') = (4.72)
Vi (Z 9(Tti, Thi) — ZE32> = (4.73)

01i74i = O = 0, ks Aok, Ve => 0 (4.74)

Taking the derivatives of £ with respect to ry; and ry;:

N N
S (L)oo
k=1 k=i
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N N
— Z )\Qk + <Z ’}/k> (g(T’ti, Tbi) + 0'5) - QQZ' =0 (476)
k=i k=1

From (4.75) and (4.76), we get:

O2i + Zi\f:z A2k 2

(T, i) = ZN N o5 (4.77)
k=i 'k
N
92(reitry) _ 0ri + Zk‘=i Al (4.78)
— = ]
01 Zk;:i V&

Lemma 4.11 When the optimal total source power g(r3;,15;) increases, the energy

buffer must be empty.

Proof: We will show that if (74, rs) < g(reiv1,7pi+1) then v > 0. First, assume
Tpi+1 > 0 which implies from (4.74) that 65;.; = 0. Then, from (4.77), g(r4, r6:) <
9(Tti41,7pi4+1) is only possible if v; > 0. Next, assume ry ;41 = 0 which implies that
reiv1 > 0 otherwise g(7¢41,7pi+1) = 0 which cannot be optimal. When 7,11 = 0,
9(74i,m51) < g(Teiv1; Toir1) is equivalent to 22(tre:) < 92reititroi1) and from (4.78)

and 6, ;41 = 0, we must have v, > 0.

Next, we show that the total source power cannot strictly decrease over the

slots.

Lemma 4.12 The total source power must be non-decreasing, i.e., g(rf, ;) <

Q(T‘Ziﬂ» rl;k,iJrl)a Vi.

Proof: We will prove this statement by contradiction. Specifically, we assume a

policy in which there is a slot &k such that g(rj,, 75.) > g(r7 1,75 1) We will show
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that this policy cannot be optimal.

We first show that if g(ry, 7ek) > g(rest1, Tor+1) then Ay = Agp = 0 cannot
happen. First, assume 7, > 0 which implies from (4.74) that 6o = 0. Then, from
(4.77), g(rek, ror) > g(rext1, Tor+1) s only possible if Agp > 0. Next, assume 7y, = 0
which implies that ry > 0 otherwise g(r, rpx) = 0 which cannot be optimal. When
ok = 0, g(Teks Tok) > g(Te ka1, Tops1) is equivalent to 22(+mor) > 22(rer1+mk41) and
from (4.78) and 61, = 0, we have Ay, > 0.

Now, for g(rfy, ) > 9(7f ki1, T5x41) to happen, we need to have either rj; >
ikt Tok < Thpgn OF Top > Thpqs Tk < Tigqn O Ti > Tipyns Thp > Tpppr- We will
examine these cases separately.

Case 1: 7y > 1,70 < Thryr: We must have rj > 0 which implies
01x = 0. In this case, for g(rfy, 73.) > 9(rf 1,75 p11), We must also have rj, + 7 >
Tigs1 T Thpe1- This implies from (4.78) that A > 0 and S = S
From the data causality constraints at the (k — 1)st slot and Y% 7 = S35 77,
we must have 7y, > ry. Similarly, from data causality at the (k + 1)st slot and
S =0 %, we must have 7y < 7441, This implies that we must have
Tik > Tik > Tigy1 = Teg+1, thus 7y > 7 py1. Now, consider the following modified
policy for some § > 0, P, = 1), — 0,7t k1 = 1 gy 0, Ptk = Tpy, — 0, Te g1 = T gy q 0.
Data causality constraints are trivially satisfied. Energy causality at the top node
can be satisfied by letting Ptk = Py —€ and Pt,k+1 = D¢ x+1-+€ because there exists € >
0 such that 7 < f (P — €)/03) and 7y, < f (k41 + €)/03). Energy causality
at the source node is satisfied since at slot k we have g(rj, — 0, 75.) < g(rf,5.) and
at slot k+1 we have g(ryy, —0,75) +9(rf )0 + 0,75 401) < 9T Tok) T 90 ki1 Thri1)
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due to joint convexity of g(-,-) and ryy, + 15 > r{,,y +75,,. This means that the
modified policy is feasible, forwards the same amount of data, and consumes strictly
less energy than the original one. This additional energy can be used to increase
ry. and 3, which causes the data buffers at the top and bottom relays to be non-
empty. This modified policy cannot be optimal because it does not satisfy the fact
that if g(ru, rpr) strictly decreases in time, then both Aj; and Ay, cannot be zero,
as proved at the beginning above. This also means the original policy cannot be
optimal because its throughput is equal to the throughput of a sub-optimal policy.

Case 2: 15 > 1p 00,71 < Tigyr: We must have rj > 0, therefore 0y = 0.
From Ayr > 0, we must have that the bottom data buffer is empty, which implies
S 7 =% %, From this point on, the proof follows exactly as in Case 1 but
with modifications to r}, 7}, Dex instead of to 7}, 7}y, Pk, and we conclude that this
case cannot happen.

Case 3: 1y, > 75,41, 71k > Tipy1: This case follows the same line of reasoning
as the previous cases and by modifying both r};, 7}, we reach the same conclusion.

To summarize, since none of the above cases can be true, we have g(r};, ;) <
Q(T’Zi+1a7”1f,i+1)aw‘ L

We can always impose the constraint ZZN:1 g(ri, ) = ZZ]L E; on the prob-
lem in (4.15) because this does not change the optimal value. From Lemma 4.12,
the total source power must be non-decreasing, and from Lemma 4.11, the total
source power can only increase when the energy buffer is empty. The source power

policy that satisfies these properties is the unique single-user optimal power policy

137



4, 6].

4.8.2 Proof of Lemma 4.3

Assume (r};, 7)) solves the problem in (4.16). Carrying out a similar analysis as in

Appendix 4.8.1, the KKT conditions are

N

- Z At + Y0220 — 9y = 0 (4.79)
k=i
N

—Z/\2k+7k(9(7“tu7”bi)+03) — 05 =0 (4.80)

k=i

where 7 is the Lagrange multiplier for the constraint g(ry, ) < P;. Now, we

examine the following optimization problem for some p;, o € RY.

N N
max ; p1irei + ; [2i i (4.81)
st g(ru,re) < B (4.82)

Since the constraint set depends only on the current slot ¢, this problem is separable

into N local optimization problems which are given as

ma)é H1iT¢i + H2iTbi (483)
Tty Tbi >
st. g(ru,me) < B (4.84)
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The problem in (4.84) is convex and is solved in [7]. Following [7, Eqn. (13)] the

KKT conditions are

— 1+ o 222t) (4.85)

— M2 + 7’]k(9<7“ti, sz') + Ug) — Wy; = 0 (486)
with the complementary slackness conditions as
Wit = WaiTyg = 1) (Q(Ttia Tbi) - Pz') =0, W (4~87)

We require the same (r};,7;;) pair to solve both of these problems. When 7}, =
0 we set py; = 0, otherwise from (4.79), (4.85) we have uy; = (Zszz A )Tk / Ve
Similarly, when 7}, = 0 we set ug; = 0 otherwise from (4.80), (4.86) we have g =
(Z,]CV:Z Aok )Mk /Vk- Note that ng, v, > 0 because the energy causality constraints will
always be satisfied with equality at every slot. Now we define

N
Miémin{&,l} :min{%,l} (4'88)

i i A2k

With this definition, the problems (4.82) and (4.17) are equivalent and have the
same solution as (4.16). This proves Lemma 4.3. We observe from (4.88) that if
Wi > pie1 then Ay > 0 which implies the top data buffer is empty. Similarly, if
Wi < piv1 then g, > 0 which implies the bottom data buffer is empty. This proves

Lemma 4.4.
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4.8.3 Proof of Lemma 4.5

Denote the feasible set and the optimal value of the problem in (4.21) by (Fy,T})

and that of the problem in (4.28) by (F3,T3). First, we show T; < T,. For any

(ﬁti,ﬁbi,ﬁi, fbi) c .Fl, from (411) we have

P> o3 (277

1) ) pbi > 032, (22FM - 1) )

Dri + Doi > 0 (QQ(F”JFFZ”) — 1)

These constraints imply

k
Zpti + Ppi > 03
i—1

k
D o~ 1) . Vk

=1
k
» 2 1) . Vk
=1
k
222(77ti+?b¢) _ 1) ’ vk
=1

Together with (4.5) and (4.6), (4.91)-(4.93) imply

k

i=1

k
032) <Z 92bi _

=1

k
0§ <Z 92(TritTbi) _
=1

k
1 S Z Eti7 VEk
=1
k
1 S Z Ebi7 vk
i=1
k
1| <Y Eu+Ey, Vk
i=1

This means (7, 7p;) € Fo and therefore T} < Ts.
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Now, we show Ty < Tj. For any (7, 7y;) € Fa, we will find py;, pp; such that

(P, Dbiy Tti, Thi) € F1. To accomplish this, we solve the feasibility problem

max 1

PtisPbi

st Py > o3 (227 —1), Vi
P> 0d (2 —1), Vi

Do + Py 2 03 (2275570 1) Vi

k k K K
> <Y Ei > pu<Y By Vk (4.97)
=1 i=1 i—1 =1

We can let py; + Py = o (2207) — 1) Vi without changing the optimal
value of the feasibility problem. Now, we have the following set of inequalities to be

satisfied:

pu > o3 (27 —1), Vi (4.98)

P < o3 (220t 92y 1y (4.99)

k k
Zpti < ZEt vk (4.100)

Z Py > Z (22tm) — 1) — By], Yk (4.101)

We note that this set of inequalities is consistent by showing every lower bound is no
larger than every upper bound. (4.98) is consistent with (4.99) since 22(*+¥) — 22v >
222 — 1, Vx,y > 0. (4.98) is consistent with (4.100) since 7; satisfies (4.94). (4.99) is

consistent with (4.101) since 7; satisfies (4.95) and finally (4.100) is consistent with
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(4.101) since 7y, 7p; satisfy (4.96). We also have p;; > 0 which is consistent with
both (4.99) and (4.100) since these lower bounds are non-negative. This feasibility
problem then has a solution and there exists py;, pp; that solve (4.97). This means

there exists (P, Dui, i, Toi) € F1 and therefore Ty < T, proving the lemma.

4.8.4 Proof of Lemma 4.7

The statement is true for & = N because the optimal value of problem (4.29) is
at least as large as that of (4.28) since any profile that is feasible for (4.28) is
also feasible for (4.29). We will show that if the statement holds for slot k, i.e.,
S 4 < SOF g, then it also holds for slot k& — 1. By induction this will
imply that it is true for all k. Assume on the contrary that Z;:ll Th ATy > Zf;ll q;.
Together with S5 7 + 7, < S°F | ¢, this implies 75, + 75 < ¢

Now, we claim that we must have 327! 22054750 > S 1920 Thig is true
because otherwise, up to slot & — 1, the profile 7}; 4+ 7}, sends more data than g
and in view of the energy constraints in (4.29) leads to a more relaxed feasible set.
This means that the profile ¢/ can be replaced with 77; 4 7, for slots 1 to k — 1
and for the remaining slots k,..., N more data can be transmitted because there
is more energy left. This contradicts the optimality of ¢}, therefore we must have
DIy 2T > 3 0%

Note that this also means o2 <Zf:_11 2247 — 1) < Zfz_ll E,; + Ej,; because other-

e . . b=1 i |
wise 7;47; cannot be energy feasible. From the assumption, we have Y ;| 7 +77; >

k=1 x f g : k-1 k-1 N e
Y i1 ¢, which implies Y 7 qF < > | dy; + dp; because otherwise 7}; + 7;; can-
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not be data feasible. These collectively mean that slot £ — 1 cannot be an en-
ergy or data exhausting slot for ¢ and therefore ¢;_, = ¢;. From this fact and
Ty + Ty is non-decreasing, we have 7y, | + 75, | < Ty + Tpy < g = gj_; which
implies 7, , + 754, < qi_y. Together with Y07 + 75, > Si_ | g7, this implies
Zi:lz Th T > Zf;f q;. Following the same reasoning as before, we have that
k — 2 is a non energy and data exhausting slot for ¢ and therefore ¢;_, = q;_;.
We apply the same argument to reach the conclusion that ¢f = ¢35 = --- = ¢} and

7+ 7 < ¢, Vi < k. This contradicts the assumption S5 7 + 7 > S0 g,

4.8.5 Proof of Lemma 4.8

The proof follows from majorization theory. We know that 7}; 4+ 7; and ¢/ are non-
decreasing in ¢, so they are ordered vectors. From Lemma 4.7, we have 25:1 T+
o< S gr VI < k and if in addition we have S™F 7 4+ 7 = S°F ¢F, then
the vector ¢ is majorized by the vector 7; 4 7. This means &, (7 + 75) >
Zle g(qF) for any convex, increasing ¢ and in particular for g = 2% [71, Sec-
tion 1.3.C1B]. Furthermore, if we have o3 (Zle 2% — 1) = 3% | Byt By, then we
have o2 <Zf:1 22T+ T) 1) > S°F | Ey+ Ey. From energy feasibility of 7 +77, we
also have o2 (Zle 22T t7) — 1) < Zle E,; + Ep;. These two constraints are fea-
sible if and only if o2 (Zle 2Pty — 1) =S Eu+ By = o} (Zle 224 _ 1),
From the strict convexity of 2% and therefore strict Schur-convexity of » 2% we must

have 7}; + 75, = ¢;, Vi < k.
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4.8.6 Proof of Lemma 4.9

Similar to the discussion that follows [82, Section 6.1, Eq. (1.1)] we have:

= = \S pu

- kZN; Aok (2: (") Z:: Thi (7@)

- i” (w; (V) = (") = F(v) (4.102)
= i w;(v?) é M (é (') é 7‘22(#))

- é Aok (2; (') — zi;rZi(7l))

- é%l (w;(vO) =75 (v") = 73:(v")

+ é(m k) (i () = inﬁ(ﬂ)

+ kZN;O‘% Aak) (2: i (7") gr;(vl))

+ i@z —vi) (wf(Y") = (v = () (4.103)
=H(Y) +v" (v =) (4.104)

where the inequality follows from the fact that (r};(v'), 75 (7')) € Rs so feasible for
K1(7) but may not solve Ki(v), 75;(v!) € R: but may not solve Ko(7), 75;(v!) €
R, but may not solve K3(v), and w}(y") € R, but may not solve K4(v). The

T

expression for v’ is given in the statement of the lemma.
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CHAPTER 5

Energy and Data Cooperative Multiple Access Channel with

Data Arrivals

5.1 Introduction

In this chapter, we consider the two-user cooperative Gaussian multiple access chan-
nel, see Fig. 5.1.In the first part of this chapter, we consider a cooperative MAC
with both energy and data arrivals as shown in Fig. 5.1(a). In the second part of this
chapter, we consider a cooperative MAC with both energy and data cooperation as
shown in Fig. 5.1(b). We use this system model to investigate interactions of data
and energy cooperation, and study their joint optimization.

In the first part of the chapter, in Section 5.3, we consider the data arrival sce-
nario. While most of the offline optimization literature so far has focused on through-
put maximization under the assumption of infinitely back-logged data queues, in
many applications, data may arrive intermittently at the nodes just like energy.
Two prominent examples of such scenarios are: multi-hop networks and sensor net-
works. In multi-hop networks, each hop forwards the data that has arrived from

the previous hop, therefore, data is not always available and arrives intermittently
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Figure 5.1: Cooperative MAC system models.

depending on the energy arrivals and achievable rates of the previous hops; an ex-
ample of such scenario is investigated in a diamond network in Chapter 4. In sensor
networks, sensor nodes make measurements of an event of interest, therefore, data to
send becomes available as the event occurs intermittently. We first show that there
exists an optimal rate and power allocation which is on the achievable rate region
boundary of the cooperative MAC at every slot, instead of being strictly inside the
achievable rate region. Then, we formulate the problem in terms of data rates only,
rather than both transmission powers and data rates. Although this new problem
is non-convex, we show that strong duality holds. As a result, we are able to em-
ploy a successive convex approximation technique in which non-convex constraints
are approximated by suitable convex functions. Using this approximation, we solve

the problem using an iterative algorithm which iterates between inner and outer
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maximization problems.

In the second part of the chapter, in Section 5.4, we consider the energy co-
operative scenario. In this case, in addition to data cooperation being implemented
at the physical layer by decoding and forwarding the overhead data, energy coop-
eration is implemented at the battery level by forwarding energy between users by
using wireless energy transfer. By such a formulation, we investigate the interaction
between data and energy cooperation, their relative effectiveness, and the direction,
timing and amount of energy exchange in coordination with data cooperation. We
first show that in this scenario, the cooperative powers in all slots must be non-
zero for both users. Then, we derive a one-to-one relation between the optimal
transmission rates and the optimal transmission powers. Next, we show that data
cooperation always precedes energy cooperation. In other words, excess energy must
first be used to increase cooperative powers and then to further assist the other user
by means of direct energy transfer. We determine necessary conditions for energy
transfer to take place. We then propose an algorithm which solves the offline energy

transfer and power allocation problem iteratively based on these conditions.

5.2 System Model and Problem Formulation

We consider an energy harvesting cooperative MAC with intermittent data arrivals,
as shown in Fig. 5.1(a) and bidirectional energy cooperation as shown in Fig 5.1(b).
The harvested energies are saved in the corresponding batteries. There are N equal

length slots. We use subscripts 1 and 2 to denote the parameters of users 1 and
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2. In slot 4, there are energy and data arrivals to both users with amounts Fy;, Fs;
and dy;, do;, respectively. Energy transfers from user 1 (2) to user 2 (1) are denoted
by 61; (09;). Energy transfer efficiency is 0 < o < 1: when user 1 (2) transfers dy;
(02;) Joules of energy to user 2 (1), ady; (ads;) Joules of energy enters the energy
queue of user 2 (1). We denote the transmission powers, energy transfers and data
rates of users 1 and 2 as pi9, puii, dii, 71 and Poig, Pu2i, dog, 25, respectively. We
use boldface letters to denote vectors of these variables. When there is wireless
energy transfer, this is done by two separate orthogonal energy transfer units whose
coupling frequencies are set differently [33]. Finally, data transmission and energy
transfer channels are orthogonal, i.e., energy transfer does not create interference to
data communication.

The physical layer is a cooperative Gaussian MAC with unit-variance Gaussian
noises at the users and o? > 1 variance Gaussian noise at the receiver. We employ
the delay constrained cooperation model proposed in [85]. The users cooperate in a
slot by slot basis, by first exchanging information and then beamforming, to send the
established common information, in each given slot. The specifics of the encoding
and decoding policy can be found in [85, Section II]. The achievable rate region with

transmitter sub-powers p1a;, P21i, Pu1i, Pu2i at each slot 7 is given as [85, 86]:

C(p12is P21is PUtis PU2i) = {ﬁi < f(14+p12i), i < f(1+porg), m1i + 79 < f(Si/UQ)}

(5.1)
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where f(7) = %1055(55)7 P1i = P12i + Putis P2i = Pa1i + Pu2i and

s; = 0%+ D1i + D2i + 24/DuriDu2i (5.2)

The operational meaning of the sub-powers will be important to us: pis; and poy;
denote the powers used in slot ¢ to build up common information at the cooperative
partner, while py1; and pyo; are cooperative powers used for jointly conveying the
common information to the receiver.

Energy arrivals as well as energy transfers occur at the beginning of each slot.
Hence, the net energy available for user ¢ € {1,2} in each slot k € {1,..., N} is
given by Zf:1<Egi — 0p; + dpy;) where m is the other user. The energy that has not
arrived yet cannot be used for data transmission or energy transfer, leading to the

following energy causality constraints:

k k
D pu <Y (By—du+ady), Yk (5.3)
=1 =1

k k
szi < Z(Ezz — 09 + ady;), Vk (5.4)
=1 =1

When there is no energy cooperation, these constraints simplify as:

k k

1:1 z:l
S <Y Bu, VE (5.6)
i=1 i=1

The data that has not arrived yet cannot be transmitted, leading to the following
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data causality constraints:

k k
Zhiﬁzdu, Vk (5.7)
i—1 i—1

k k

The rate allocations must be achievable for the cooperative MAC in each slot:

(114, 72:) € C(p12i, P21is PUtis PU2i)s Vi (5.9)

For notational convenience, we denote the sub-power and rate sequences and energy
transfer sequences by the vectors pis, P21, Pu1, Pu2, 1, 2, 01, 0o.

In the first half of this chapter, we investigate the data arrival scenario with
no energy transfer. The departure region maximization problem can be stated as
a weighted sum rate maximization for given priorities 0 < puy, pus < 1, due to the

convexity of the departure region:

N N

max ulzhi-l—,ugzrzi

P12,P21,PU1,PU2,r1,r2>0 - -
i=1 i=1

st (5.5)-(5.9) (5.10)

In the second half of the chapter, we investigate the energy cooperative scenario

with no data arrivals. Then, the departure region maximization problem can be
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stated as:

P12,P21,PU1,PU2,r1,r2,01,02>0

N N
max MlE 7”1¢+M2E T2
i—1 i=1

st. (5.3)-(5.4), (5.9) (5.11)

5.3 Intermittent Data Arrivals Scenario

In this section, we focus on the scenario with intermittent data arrivals. The system
model is shown in Fig. 5.1(a). We solve the problem in (5.10). First, we prove some

properties of the optimal solution.

Lemma 5.1 There exists an optimal profile that satisfies the following property,
ri = f(1+piai), 12 = f(1+po), Vi (5.12)

Proof: We will prove this lemma by showing that for any policy that does not
satisfy the above property, there exists another policy that satisfies it and achieves
the same weighted sum rate. Assume there exists an optimal policy and slot ¢
such that r; < f(1 + pio;). Now consider the modified policy, q12; = p12; — €,
qu1i = pu1; + € while keeping the remaining variables fixed. In this modified policy,
G1i = G12i +qu1i = P12i+Ppuii = P1i, therefore the new policy spends the same amount
of energy as the previous one and is energy feasible. It is easy to check that this
modification increases s; and (ry;, 79;) still belongs to the set C(qi2i, P21i, qU1is PU2i)-

Since we have not changed the rates, the data causality constraints are still feasible.
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By repeating this process we will reach a profile where r1; = f(1 + p1o;). By using
similar arguments for ro; and modifying psy; and pyo; we will reach a profile where
r9; = f(1+4 pa21;). Since we have not changed the rates, the weighted sum rate is the

same and the policy is still optimal. This proves the lemma. W

With Lemma 5.1 and enforcing the constraints in (5.12) the sum rate con-

straints in (5.1) become:

FU+prog) + F(1+ poni) < f(si/0?), Vi (5.13)

In addition to the rate-power relationships dictated by Lemma 5.1, we further
introduce the auxiliary rate variables, ryq;, ryoi, and perform the variable changes,

roii = [(1+puii), rvei = f(1+puai). Then s; = g 42271 4 2201 4 2212 4 92rvzi 4

2/(2%v1i — 1)(22v2 — 1) — 4. We formulate the problem only in terms of rates as,

N
max E P1T15 + HaT2;

ry,r2,ry1,ry2

=1
k k
sty 2 22vn <N (B +2), Y (5.14)
i=1 =1
k k
D o 4 97on <N By 4 2), VE (5.15)
=1 1=1

k k
ri < ) dy, Yk (5.16)

k k
To; S dgz‘, \V/]{Z (517)
=1

=1

ri 1y < f(si/o?), Vi (5.18)
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The problem in (5.18) is a non-convex optimization problem due to the last set of
constraints ry; + ro; < f(s;/0?), Vi. We use the successive convex approximation
technique to approximate the constraints in (5.18) as explained in [87]. We use
the first order Taylor expansion to the function f(s;/c?) around the point R™ £

(r},rh, v}y, r},) for iteration n + 1, by

f(s:/0%) ~=CF + oy (r1y — 1) + o (ra; — 75;) 4 B (rons — 1) + Bas(Tuai — 1)

(5.19)

where the values of the coefficients are given in Appendix 5.7.1 and depend only on
the solution of the previous iteration n. With this approximation the problem in

(5.18) becomes

N
max E M1T15 + MaTo;

r1,r2,ryi,ruz -
=1

st (5.14)-(5.17)

(]_ — O/fi)rli + (1 — agi)rgi — BfirUli — 5%TUQZ' S D?, VZ (520)

where D' & CP — ol — alrh — BRri,, — Burt,, and is a constant for this
optimization problem. At iteration n+ 1, we evaluate the coefficients in (5.19) using
the optimal rate allocations at iteration n, we solve the problem in (5.20) using these
coefficients and we update the initial point as R"™ = R*(n) where R*(n) denotes

the optimal values of the variables when (5.20) is solved. Now we show that this

procedure stops at an optimal solution to the problem in (5.18). To achieve this,
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we first show that strong duality holds for (5.18). The proof is given in Appendix

5.7.2.
Lemma 5.2 Strong duality holds for the problem in (5.18).

Now we show that the procedure converges to an optimal solution and the proof is

in Appendix 5.7.3.
Lemma 5.3 R" — R* where R* solves (5.18).

In the next section, we solve the problem in (5.20) for fixed n.

5.3.1 Solution for Approximate Problems

In this sub-section, we solve the approximate problems for iteration n + 1. For
notational convenience we drop the superscript n from the last constraints in (5.20)
noting that they depend only on the solution of the problem at the previous iteration
n. Therefore the coefficients af;, af;, A1, B%; are essentially constants for the problem

at step n + 1.

Lemma 5.4 There exists an optimal solution in which (1 — aq)r1; + (1 — agy)r9; —

Brirvi — Barvei = D, Vi

Proof: Assume there exists a profile where (1 — aq;)r; + (1 — ag;)re; — Brirvi —
Boiryo; < D; for some slot i. Then we can decrease, ry1; or ryo; to achieve equality.
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Invoking Lemma 5.4, the problem becomes,

N
max E H1T1i + foro;

ry,r2,ry1,ry2 -
=1

st (5.14)-(5.17)

(1 — ag)ri + (1 — a)r9i — Prirvri — Pairve = Dy, Vi (5.21)

We solve the problem in (5.21) using a primal decomposition. We add a new

optimization variable t € RY and equivalently formulate (5.21) as follows:

N

max E T 1+ [T
ri,r2,ry1,rue,;t 3
1=

s.t. (5.14)-(5.17)
(1 —aw)ri — Burv = Di + t; (5.22)

(1 - Oé2i)7“2i — Bty = —t;, Vi (5'23)

Let us define the function z(t) which is a maximization over (ry,rs,ryq,rye) for

fixed t:
N
t) = i i
0=, max 2t
st (5.14)-(5.17), (5.22), (5.23) (5.24)
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Then the original problem in (5.21) is equivalent to

max z(t)

(5.25)

We solve (5.25) by separately solving the outer and inner maximization problems.

5.3.1.1 Inner Maximization

In this section, we focus on the inner problem in (5.24) for fixed t.

Note that

when t is fixed, the variables (ry,ry1) and (rg, ryo) are decoupled and (5.24) can be

separated into two sub-problems. We define z;(t) and z(t) as

Al = e

s.t.

(0=

s.t.

N
E H1T14
i=1

k

k
2227“11 227’[]11 Z E11+2

i=1

Zrlz < Z dlla

=1

(1 — ay)ry; — Burv = Di+ ti, Vi
N

Z HaT2;

i=1
k k

Z 227‘27,’ + 227‘U2i S Z(E2Z + 2)

i=1 i=1

(1 — agi)re; — Bairvei = —t;, Vi
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and note that z(t) =

(1 — a1z)/Buis 1y = 27 2Pitt)/Bui

max
ry

s.t.

21(t) + 22(t). First we concentrate on solving z;. Let wy; =

. Using the equality constraints in (5.28) we get,

N
E H1T14
i=1

k k
ZQQru 4o 22T < Z (Ey; +2) (5.32)
=1 i=1
Zm < Zdh, (5.33)
=1

This is a single-user problem with data arrivals dy;, energy arrivals Fy; and a modified

energy consumption function m(ry;) = 2% 4 v1;2**1™i. In order to solve it: first,

we perform directional waterfilling on the data arrivals dy;.

Second, we perform

directional waterfilling on the energy arrivals F;; with the understanding that m’(ry;)

is a generalized water level and the quantity to be kept constant over the slots. Then,

we take the minimum of the two solutions ensuring that any unused data or energy

must be carried over to the future slots.

Now we solve zy. Let wy; = (1 — arg;)/Ba; and vy; = 2%/%2, Using the equality

constraints of (5.31) we get,

max
ro

s.t.

N
E HaT2;
i=1

k
E 2rg; 2waiT1;
27.2 —|—U2i2 W2ili

k
Z Eay +2) (5.34)
121 . i=1
Z ro; < Z dai, (5.35)
i=1 i=1

This problem is solved similarly as in the case of z;.
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5.3.1.2 Outer Maximization

The outer maximization problem is that of finding optimal t in (5.25). The equality
constraints in (5.22) and (5.23) impose some feasibility constraints on t. Then the

problem is equivalent to

max z(t)

s.t. 21(t), z2(t) are feasible (5.36)

It can be shown that z(t) is concave in t. Solving this problem can be performed
efficiently by iterating over feasible t such that every iteration increases the objective
function, for example, using the method described in [61, Section III.B]. Due to
convexity, the convergence to an optimal solution is guaranteed. The overall solution
algorithm is given in Algorithm 4. The solution to outer maximization problem is

in lines 2 to 16.

5.4 Energy Cooperation Scenario

In this section, we focus on the scenario with energy cooperation as well as data
cooperation. The system model is shown in Fig. 5.1(b). We solve the problem in
(5.11). First, we state the necessary conditions for the optimal profile. These con-
ditions lead to interesting interpretations regarding the nature of energy exchange,

including its direction, timing and physical relation to data cooperation. We relax

158



Algorithm 4 Algorithm to solve (5.18)

1:
2:
3
4:
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:

17:
18:
19:
20:
21:
22:

Initialize

T init - 04 (10 0 L0 0
Find initial feasible R” = (r{, 19, r{yy, 1{)5)

Define function to find z(t)

function SOLVEZ (oY, ob;, BT, B, DY) > Solves z
Set u < 0,t; < u,ty < u
Solve z1(u), 22(u) as explained after (5.33) and (5.35)
z(u) < z1(u) + 23(u)
forv=1: N do
t1; = U; + €,19; < u; — €
Solve z1(t1), za(t1), 21(t2), z2(t2)
2(t1) < 21(t1) + 22(t1), 2(t2)  21(t2) + 22(t2)
if [2(t1) > 2(u)] then u + t;
else if [z(t2) > z(u)] then u « t,
end if
end for
Go to (6) until convergence
return last found optimal (ry, o, ryy, ry2)
end function

Main Algorithm

repeat
Find A?, oY, ob;, B, 55, CI from (5.75) - (5.80)
D« CF — aqyry; — agry; — BLirtns — ByiTla
Rn+1 — SOLVEZ(O[Z‘? ag@" /87111,7 5917 Dzn)
n<—n+1

until convergence
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the equality in (5.2) to reformulate (5.10) as follows.

N N
max /ME 7“1H‘M2§ T
i—1 i=1

k k
s.t. me +puii < Z Ei; — 61 + adyy,  VE (5.37)
i=1 i=1
k k
ZPQM + pu2a < Z Ey; — 09; + dy;, VEk (5.38)
i=1 i=1
T < f(l +p12¢), \4) (539)
T14 + Tro; S f(SZ‘/O'2), Vi (541)
si < 0% + prai + puri + Pni + Puai + 2y/poiipvai, Vi (5.42)
p127p217pU17pU27d17d27r17r27S 20 (543>

The problem in (5.43) is a convex optimization problem, however it is non-differentiable
due to the term /py1ipr2; when py; = 0 or pya; = 0. Now, we show that in the
optimal solution, the cooperative powers py;, pu2; are non-zero at all slots. The

proof is given in Appendix 5.7.4.

Lemma 5.5 The cooperative powers are strictly positive at all slots, i.e., pyi; >

0,pU2i > O, V1.

Utilizing Lemma 5.5, the functions ,/py1ipu2; are now differentiable. Then, the

KKT optimality conditions are found as:

—p1 + 0“ + 931' — V5i = 0, Vi (544)
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—pg + O + 03y — 6 = 0, Vi

iAlk—L—ﬁi—W:o Vi
2N ) ’

é)\%_(lfﬁ_ﬁi_%izo’ Vi
ghk—ﬁi<l+%)—’m:0, Vi
ﬁ;AZk_ﬁi(l+%>_74i:0’ Vi

N N
Z)\lk —OZZ/\% — v =0, Vi
k=i k=i

N N
Z)\Zk _az)\lk — 8 =0, Vi
k=1 k=i

93@'

o2+ s;

+0i—70i=0, Vi
with complementary slackness conditions:

k
Ak (Z P12i + pu1i — B + 01 — 04521‘) =0,

=1

k
Aok (Z D21i + Du2i — Eai + 02 — @511') =0,

=1

O1i (r1i — f(1 +p12i)) = 0,

O (r2i — f(1 + p21i)) = 0,

O3 (Tli + Ty — f(Sz'/Uz)) =0,

Bi(si — 0 — p1ai — Pu1i — P2i — Pu2i — 2+/PrriPuai) = 0,
Y1iP12i = YeiP21i = V3iPuti = YaiPu2i = 0,

V5iT1i = YeiT2i = Y7018 = Vsi02i = Y9iSi = 0,
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From Lemma 5.5, 73, = 74 = 0,Vi. Now, we investigate the optimal Lagrange

multipliers in the following two lemmas.

Lemma 5.6 We have 5; > 0, Vi.

Proof: Assume ; = 0. From (5.52), 63; = 0, from (5.44), 61; = p1 + 75 > 0 and
from (5.45), 02; = pa + v6; > 0, which imply from (5.60) r1; = r9; = 0, which cannot

be optimal. W

We note that Lemma 5.6 further means, from (5.48) and (5.49), that S_n Ay >

0,30, Aag > 0, Vi.

Lemma 5.7 We have ~y; = 0, Vi.

Proof: Assume 7yg; > 0 for some . This implies s; = 0 and from (5.41), r1; = r9; = 0,

which cannot be optimal. W

Using the structure of the optimal Lagrange multipliers, the following lemma shows

the properties of the optimal solution.

Lemma 5.8 The optimal profile must satisfy:
1. s; = 0% + prgi + puri + Pari + Pu2i + 2v/Puribvi, Vi-
2. 11+ 1o = f(si/0?),Vi

3.1 = f(L+pr2i), r2i = f(1 4 p12;), Vi

Proof: We prove the lemma as follows:
1) Follows from Lemma 5.6 and (5.58).
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2) From Lemma 5.7 and (5.52), we have 03; = 3;(0® +s;). Since 3; > 0 from Lemma
5.6, 03; > 0 which implies ry; + 79; = f(s;/0?) from (5.57).
3) If p19; = 0, then we must have r; = 0 and ry; = f(1+pi9;) is satisfied. If p1o; > 0,

then Y1i = 0 from (559) From (546) and (548), 911' = ﬁi\/pUQi/pUli(]. +p12i) > 0.

From (5.55), r1; = f(1 + p12;). Similarly, if pa;; = 0, then we must have ry; = 0 and

ro; = f(1 4 por;). If pa1; > 0, then 79 = 0 from (5.59). From (5.47) and (5.49),

O2i = Bin/Pu1i/pu2i(1 + pa1;) > 0. From (5.56), r2; = f(1 + pa1;). W

Lemma 5.8 shows that there is a one-to-one correspondence between the transmis-
sion rates and transmission powers. Furthermore, the transmission powers should

satisfy

F(U+p1oi) + f(1+ pori) = f(s:/0%), Vi (5.61)

Now, we show that, data cooperation always precedes energy cooperation. In
other words, a user with excess energy to be invested in cooperation in a given slot,
must first invest more energy for data cooperation than its partner; only then can

it invest energy for direct energy cooperation.
Lemma 5.9 The optimal profile satisfies the following:
1. ]f 5% > 0 then Pu2i > PuUti-

2. ]f 511' > 0 then Puti > PuU2i-
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Proof: We start with the first item. If dy; > 0, then from (5.60), we have ~g; = 0.

From (5.51), we have S0 Aoy = a S Ay This implies from (5.48) and (5.49),

Bi (1 + %) = af; (1 + %) (5.62)

Since #; > 0 and o < 1, (5.62) implies:

(1 N %) < (1 N %) (5.63)

which implies pyo; > py1;- The second item is proved similarly. B

Now, we show that if, in a given slot, a user with high priority transfers
energy to a user with lower priority, the user with higher priority must already be

transmitting at a higher data rate in that slot than the user with lower priority.
Lemma 5.10 The optimal profile satisfies the following:
1. For Lo = i1, Zfagl > 0, then ro; > 11;.

2. For U1 = o, Zféh > 0, then ry; > ro;.

Proof: We start with the first item. Assume py > po and do; > 0. If p1o; = 0, then
ri; = 0 and the statement holds trivially. We will assume p19; > 0. From (5.60),

78 = 0. From (5.51), Z,iv:Z Ao < Z]kvzz A1g. From (5.46) and (5.47), this implies

91@' eli

(14 p) i (1+ p12i)

B <
(1 + pors) 72

+5; (5.64)
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where the equality follows since pis; > 0 implies v;; = 0. Then we have,

02, 01
< 5.65
(14 po1i) (14 prai) ( )
From (5.44) and (5.45) we have,
01i = p1 + Y50 — O35 = p11 — O3 (5.66)
O2i = o + Yei — O30 > p1o — 03 (5.67)

where (5.66) follows from r; > 0 = f(1 + p1;) > 0, therefore 45 = 0. Since
fo > pi1, we have 0y; > 0y;. Together with (5.65), this implies we have pa1; > pio;

and therefore r9; > 71;. The second item is proved similarly. W

5.4.1 Procrastinating Policies

In this sub-section, we show the existence of procrastinating policies that solve this
problem. Procrastinating policies are introduced in [88] and they have the property
that any energy transferred at slot 7, must be immediately consumed by the receiving

party at slot i. We formalize this definition below.

Definition 5.1 A policy is called procrastinating if it satisfies the following prop-

erty:

P12i + Duti > 02, Poti + Pu2i > ady, Vi (5.68)
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Lemma 5.11 There exists a procrastinating policy that solves the problem in (5.10).

The proof of Lemma 5.11 follows from similar arguments as in [88, Lemma 1].
We split the energy transfers dy;, d9; into two components my; > 0, m9; > 0 and

v; > 0,19 > 0 as follows:

01 = M1 + V1i, 02 = Moy + vay, Vi (5.69)

In this decomposion 7y;, 9; represent the portion of energy transfer that is consumed
in the direct transmission, i.e., to increase pi9;, po1;. Similarly, vy;, v9; represent the
portion of energy transfer that is consumed in the cooperative transmission, i.e., to

increase py;, pu2;- Any procrastinating policy can now be written as

P12i = QT2i, Pyt = QW Vi (5.70)

P21i = QTii, Py = Vi, Vi (5.71)

Lemma 5.12 The optimal profile satisfies the following properties,
1. For ps > py, if mo; > 0 then pyy; > 0.

2. For puy > ps, if my; > 0, then p1g; > 0.

Proof: We start with the first item. If 7m9; > 0 then d5; > 0 and from Lemma 5.10
we have ro; > ry; which implies po1; > p12;. From procrastinating policies, we have
that this transferred energy must be used immediately in direct power, therefore
p12; > 0, which implies po1; > 0. The second item is proved similarly. W
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Lemma 5.12 shows that if any direct energy is transferred from a user with high
priority to a user with low priority, then the sending party must be consuming at

least some amount in direct transmission.

5.4.2 Algorithmic Solution

While we have shown several important properties of the optimal solution, we still
need to solve the problem to obtain the transmit scheduling and energy transfer
policy. We do this using an algorithmic approach based on the KK'T conditions
given earlier. We determine the conditions under which energy transfer occurs.
Then, we develop an algorithm to compute the optimal energy transfer and power
allocation policy. Now, we show that energy transfers are never bidirectional, i.e.,

in any slot energy transfer happens only in a single direction.

Lemma 5.13 In the optimal profile if 61; > 0 then dy; = 0 and if d; > 0 then

511' = 0, 1.€. 511'622‘ = 0, V4.

Proof: Assume for some slot i, d; > 0,09 > 0. Then, from (5.60), v7; = vs; = 0,
and from (5.50) and (5.51), S0 A\ = a0 dox = a(a 20, Aix) which cannot

happen unless o =1. B

N
Lemma 5.14 If a < Z’ff—:\\lz < é, there is no energy transfer in either direction at
k=i "2

slot ’i, i.(i., (511' == (521' =0.

Sheide 1 . N N N
Proof: Let a < S < —,orequivalently > " Ay > ) Aopand Yo Aoy >

Oézg:i )\1k~ From (550) and (551), Yri > O,’}/gl‘ > 0 and from (560) (512' = (521' =0.
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Zi:vzi A1k
Zi\f:i )‘Zk

lec\]:i Ak

Lemma 5.15 A power allocation policy which yields <aor S > i
k=i 2

18 strictly suboptimal.
Proof: Follows from (5.50), (5.51) and 7 > 0,7s; > 0. W

Lemma 5.16 In a given sloti € 1,...,N, user { € {1,2} transfers energy to user

N . - Zszi)\ék _
m e {1,2},m#YL, ie, o; >0, if S="% =

N
k=1 Amk

Proof: If 6;; > 0 then from (5.60) we have v7; = 0. If dy; > 0 then from (5.60) we
have vg; = 0. The result then follows from (5.50) and (5.51). W

Lemmas 5.14, 5.15 and 5.16 have the following physical interpretation: the
ratio of the generalized water levels vy, = <fo:l )\gk> _1, ¢ € {1,2}, determines
whether or not there should be energy cooperation in each given slot. In particular,
for slot 7 in which the generalized water level ratio vy;/v,,; without energy transfer
is below the energy transfer efficiency «, energy should be transferred from user m
to user ¢, until the ratio is exactly equal to «. If there is not much discrepancy
between the water levels, i.e., the ratio is between o and 1/« then there should be
no energy transfer.

Note that, the KKT conditions pertaining to the energy transfer policy do
not explicitly depend on the powers, and the KKT conditions pertaining to the

optimal power distribution policy do not explicitly depend on the energy transfer

variables. Since these two sets of conditions are coupled only through the generalized
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Algorithm 5 Optimal energy and data cooperation algorithm
Initialize

:fort=1:N do

pri < Fii,pai < By

Determine subpowers pi1a;, pu1i, pa1i; Puzi

Determine water levels Eszz Aks EkN:Z Ao from (5.46), (5.47)
end for

Main Algorithm

repeat
fori=1:N do
If zgiz Ak < Z;]j:z Aok, transfer energy from user 1 to user 2
If fo:z Ao < & ij:l A1k, transfer energy from user 2 to user 1
10: Determine new subpowers pi9;, puii, P21i, PU2i
11: Determine new water levels
12: end for
13: until

Zszi Al = « lecvzz Agy, OF Ellcvzz Aok, = v Zl]fvzz Atk

water levels, it is possible to develop an iterative algorithm that iterates over power
distribution and energy transfer steps, updating the generalized water levels in each
energy transfer step based on Lemmas 5.14, 5.15 and 5.16. Such an algorithm, that

provably converges, is given in Algorithm 5.

5.5 Numerical Results

In this section, we provide numerical examples and illustrate the resulting optimal
policies. We consider band-limited AWGN broadcast and multiple-access channels.
The bandwidth is By, = 1 MHz and the noise power spectral density is Ny = 1071°
W/Hz. We assume that the path loss between user 1 to user 2 (hi2) and user 2 to
user 1 (hg;) are assumed to be same (hjs = hg;) and 130dB. The path loss between

user 1 to destination (hi4) and user 2 to destination (hgg) are assumed to be same
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(h1g = hog) and 133dB. With these definitions, equations (5.1) and (5.2) become:

h1ap12i

r1i < Bw log, (1 + b ) = log; (1 + p12;) Mbps (5.72)
NoBw
haipaii

ro; < By logy [ 1+ = log, (1 + pa1;) Mbps (5.73)
NoBw

r1i + 12 < By log, {1 + (NoBw)™! (hldpli + hoapai + 2\/h1de1ih2de2z‘> }

i + P21 + 2¢/Puribu2
— log, (1_|_P12 P21 f pUlpUZ)Mbps (5.74)

5.5.1 Intermittent Data Arrivals Scenario

We demonstrate numerically that user cooperation improves the achievable depar-
ture region of a MAC, under data and energy arrival constraints. In Fig. 5.2
we plot the achievable departure region of the proposed cooperative MAC model
with energy and data arrival constraints. The energy and data arrivals are cho-
sen as E; = [5,0,5,0,0,0,0,10,0,0] mJ, E; = [5,0,0,0,0,10,0,0,5,0] mJ, d; =
[1.4,1.4,0,1.4,0,7,14,0,14,0] x 107" Mbits, dy = [7,2.8,0,14,0,0,1.4,2.8,0,0] x
107! Mbits. The transmission deadline is chosen as 10 seconds. The existence of
data arrivals in the cooperative MAC has an impact on the departure region and
this effect is more apparent in the single user rates. We also observe that cooper-
ation has enhanced the departure region when we compare the ordinary MAC and
cooperative MAC both with data and energy arrrivals.

Additionally, we plot the data departure curves for both users in Fig. 5.3 in
the case of sum rate maximization, i.e., 3 = g = 1. We see that the possibility of

user cooperation allows for higher data rates to be sustained using the same amount
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Figure 5.2: Departure regions of cooperative MAC with and without data arrivals
vs the capacity region of regular MAC with data arrivals.

of energy.

5.5.2 Energy Cooperation Scenario

We demonstrate here that energy and data cooperation improve the achievable de-
parture region of a MAC. In Fig. 5.4 we plot the achievable departure region of the
proposed cooperative MAC model with energy and data cooperation. For compari-
son, we also plot the departure region of a cooperative MAC channel with only data
cooperation which was studied in [85]. We use the channel parameters as described
before.

The energy arrivals are E; = [5,0,5,0,0,0,0,10,0,0] mJ, E; = [5,0,0,0,

0,10,0,0,5,0] mJ, with energy transfer efficiency of @ = 0.6 and the transmission
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Figure 5.3: Data departure curves for both users in the case of p; = puy = 1.

deadline is chosen as 10 seconds. Energy cooperation together with data cooperation
has enhanced the departure region of the MAC. It is interesting that this effect is
more pronounced in single user optimal points rather than sum rate optimal point.
At the sum rate optimal point, sz\il r1; + ro; is optimized and the discrepancies in
the energy arrival patterns are negated due to the powers appearing as a summation
term.

Now, we investigate the case when user priorities are fixed at 1y = 0.6, 2 = 1.
In Figs. 5.5 and 5.6 we plot the energy usage curve, where we plot the cumulative
energy consumption for each user. We separately plot the energy used for direct
power components, pia, po; and the cooperative power components, pyi, pra. We
also compare the effect of energy cooperation. From Fig. 5.5 we see that with

energy cooperation, user 1 has transferred considerable amount of energy to user
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Figure 5.4: Departure regions of regular MAC, MAC with energy cooperation, MAC
with data cooperation and MAC with energy and data cooperation

2 and set its direct powers to zero. This means that user 1 no longer transmits
any independent data, but has become a dedicated relay for user 2. From Fig. 5.6
we see that with energy cooperation, the direct power of user 2 has exceeded the
available energy at slot 5. The cooperative powers pys did not change with energy
cooperation and therefore all the transferred energy from user 1 has been consumed

in direct transmission.

5.6 Concluding Remarks

In the first part of the chapter, we considered a cooperative MAC with intermittent
data and energy arrivals. We found the optimal offline power and rate allocation

policy that maximize the departure region. We first showed that there exists an
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Figure 5.5: Energy usage curve for user 1 with and without energy cooperation for
w1 =0.6and pp =1

optimal policy, in which the single user rate constraints in each time slot are tight.
Then, we formulated the departure region maximization problem as a weighted sum
rate maximization in terms of rates only. Next, we proposed a sequential convex
approximation method and showed that it converges to the optimal solution. Finally,
we solved the approximate problems with an inner outer decomposition method.
Numerically, we observed that higher data rates can be sustained using the same
amount of energy.

In the second part of the chapter, we considered a cooperative MAC with
data and energy cooperation. We found the optimal offline transmit power and rate
allocation policy that maximizes the departure region. We first showed that, the

cooperative powers in each slot must be non-zero for both users. Next, we showed
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Figure 5.6: Energy usage curve for user 2 with and without energy cooperation for
w1 = 0.6 and py =1

that, data cooperation always precedes energy cooperation. In other words, excess
energy must first be used to increase cooperative powers and then to assist the other
user via energy cooperation. Then, we showed that if a high priority user transfers
energy to a low priority user, the higher priority user must already be transmitting
at a higher data rate than the other user. Finally, we showed the existence of
procrastinating policies, which have the property that energy transferred in a slot

must be consumed in that slot immediately.
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5.7 Appendix

5.7.1 Coefficients of (5.19)

By differentiating f(s;/0?) the coefficients are,

A? =22 4 92701 4 927y 4 9270 2\/(22T51i — 1)(227"521' — 1) —4 (575)

dg 0.5 n
n 4 — 7 o7y 5.76
i 87"1@' r 1 -+ 14?/0'2 ( )
dg 0.5 n
n A 2rn.
L= = DT .
2 87“21' ry; 1 -+ 14?’/0'2 (5 77)
L 87”[]12' s 1+ A?/UZ 220 — 1 '
2 armi Tl 1+ A?/CT2 2202 — 1 '
1 A
Ccr =3 log, (1 + U—;) (5.80)

5.7.2 Proof of Lemma 5.2

We will prove a more general result. Assume we have two optimization problems

(P1) and (P2) as given below.

(P1): m}in fo(x)
s.t. filx)<0,i=1,....,m (5.81)
(P2 min  fhly)

st. filh(y) <0,i=1,....k
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fith(y)=0,i=k+1,....m (5.82)

Here {f;}7, are convex, differentiable functions and h(y) is a collection of one-to-
one, invertible functions. (P2) is obtained from (P1) by enforcing some inequality
constraints with equality and by a change of variables, x = h(y). Since (P1) is a
convex optimization problem, strong duality holds [70]. We denote the primal opti-
mal values of problems (P1) and (P2) as pf, p respectively. We show the following

lemma.

Lemma 5.17 If p} = p}, then strong duality also holds for (P2).

Proof: The dual function and the Lagrange dual problem for (P1) are,

g1(X) =min [fo(x +Z)\ fi(x (5.83)
q =max g1 () (5.84)

where X\ are the Lagrange multipliers corresponding to the inequality constraints in

(5.81) and ¢ denotes the optimal dual value. Similarly for (P2),

m

92(B, ) = min [fo(h(y)) + Z@fl + ) fi(h(y))] (5.85)

i=k+1

¢ = max g2(8,7) (5.86)

where f3; and ~; correspond to the inequality and equality constraints in (5.82),
respectively. We do not have the constraints v > 0 since « corresponds to equality
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constraints. Since h is invertible, we let x = h~!(y) and rewrite (5.85) as,

k m
92(B,y) = min [fo(x) + D Bifix)+ ) nfix)] (5.87)
=1 i=k+1
Now we have,
0 > fnax 92(8,7) = max g(A) = max () = gy (5.88)

where the first inequality follows from the fact that v > 0 yields to a more restricted
feasible set, the first equality is a rewriting of the problem in terms of variable A,

the second equality follows from comparing (5.85) to (5.83). Furthermore,

G > G =pl =05 ¢ <D (5.89)

where ¢f = pj follows from strong duality of (P1) and p} = p} from assumption
and ¢ < p} follows from weak duality of (P2) which always holds irrespective of

convexity of the problem. Then we have ¢; = p3 and strong duality holds. W

The problem in (5.18) is obtained from (5.10) similar to how (P2) is obtained from
(P1) without changing the primal objective value and the problem in (5.10) is a

convex problem. Therefore the problem in (5.18) has strong duality.
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5.7.3 Proof of Lemma 5.3

In [87] a non-convex problem is solved by a convex approximation method, in which
non-convex constraints g(x) are approximated around point x" by a differentiable

convex function g(x,x"). Each function g(x,x") must satisfy:

e g(x) < g(x,x™) for all feasible x,

* g(x) = g(x",x"),
o Jg(x")/0x™ = 0g(x"™,x")/0x™.

In our problem, the non-convex constraint function g is given as ry;+rq; — f(s;/0?) <
0. The last two properties are satisfied when g is taken as the Taylor expansion of
the function g. The function f(s;/c?) is a convex function since it is of the form
log(>>2%). Then, g is concave. The first property is satisfied since linear approxima-
tions are over-estimators for concave functions. By [87, Theorem 1], R™ converges
to R* where R* is a Kuhn-Tucker point of the problem in (5.18). From Lemma 2,
strong duality holds and therefore Kuhn-Tucker conditions are both necessary and

sufficient for global optimality. Therefore R* is a global optimal solution to (5.18).

5.7.4 Proof of Lemma 5.5

We discuss three cases to reach a contradiction in each case.

Case 1: Let Jk such that pyi, = 0, pyar > 0. Then, s, = 02 + prog + Paik + prae. We
define a new power allocation vector as pyor = Pyor — €1 — €2, P21k = D21k + €1, PUie =
€9, P1og, = Piok, for some €; > 0,65 > 0. Here, we have transferred e; amount of
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energy from user 2 to user 1 and consumed it in the cooperative power of user 1.
Additionally, we decreased pyor by €; and increased poyi by €;. The energy causality
constraints are satisfied for the new power allocation. Rate region constraints (5.39)

and (5.40) become:

rik < (14 prow) = f(1 + prok) (5.90)

Tor < f(1 4 Darr) = f(1 + parr + €1) (5.91)

For constraint (5.41), we have

3 = 0% + Prok + Puik + Dark + Duak + 2/ PuikPuk (5.92)

= 02+ Prop + aey + porg + €1+ puak — €1 — €2 + 2/ aea(pror — €1 — €2)  (5.93)

= sk + (@ — D)ez + 2v/aea(pyar — € — €2) > s (5.94)

where last inequality holds since 2\/ e (puor — €1 — €2) > (1 — a)ey for small €, €.

Therefore,

e+ T < f(gk/O'Q) (595)

The constraints (5.91), (5.95) are loose and we can increase 7o to get a larger
optimal value which contradicts the optimality of the original profile. Therefore,
case 1 cannot happen.

Case 2: Similar to case 1, we will reach a contradiction.
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Case 3: Let 3k such that pyix = 0, pyar = 0. Then, s, = 02+ prog + paik. We cannot
have riy, = f(1+piak), ror = f(1+paux) because f(14-piox)+f(1+pair) > f(sx/0?) s0
this is not feasible. Without loss of generality, assume ry;, < f(14p12r). We define a
new power allocation vector as piox = D1ox —€1—€2, DUk = €1, D21k = D21k, DU2k = (€.
Here, we have transferred e; amount of energy from user 1 to user 2 and consumed
it in the cooperative power of user 2. Additionally, we decreased pisr by €; and
increased pyi1x by €.

For small €y, €5 we still have 1 < f(1+ p1ox) which implies (5.39) is satisfied.

Since po1x has not been changed, (5.40) is satisfied. For constraint (5.41) we have,

Sk = 0° + Prok + Purk + Dark + Puak + 2/ PukPuz (5.96)
= 0% 4 p1ox — €1 — €2 + €1 + a€r + porg + 2\/E106; (5.97)
= s+ (a0 — 1)eg + 2\/e1eq > sy, (5.98)

where last inequality holds for ¢; > e;(1 — a)?/(4a) which we enforce. Then, ry; +
ror < f(8kx/0?). Now, we increase ri, which is a contradiction. Therefore, case 3

cannot happen.
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CHAPTER 6

Conclusion

In this dissertation, we explored the concept of energy cooperation, where energy
can be transferred from one user to another through a separate wireless energy
transfer unit, and investigated several multi-user scenarios that involve both energy
harvesting and energy cooperation.

In Chapter 2, we investigated three channel models with energy harvesting and
energy cooperation. First, we examined additive Gaussian two-hop relay channel
with one-way energy transfer from the source node to the relay node where the ob-
jective is to maximize the end-to-end throughput. Next, we considered the Gaussian
two-way channel with one-way energy transfer, and the two-user Gaussian multiple
access channel with one-way energy transfer. For these two channel models, we
determined the two-dimensional simultaneously achievable throughput regions. In
particular, we developed a two-dimensional directional water-filling algorithm which
optimally controls the energy flow in time and among users.

In Chapter 3, we considered the delay minimization problem in an energy

harvesting communication network with energy cooperation. For fixed data and
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energy routing topologies, we determined the optimum data rates, transmit powers
and energy transfers, subject to flow and energy conservation constraints, in order
to minimize the network delay. We started with a simplified problem with fixed data
flows and a single energy harvest per node. For this case, with no energy cooperation,
we showed that each node should allocate more power to links with more noise
and/or more data flow. We then extended this setting to the case of multiple energy
harvests per node over time. For this case, with no energy cooperation, we showed
that, for any given node, the sum of powers on the outgoing links over time is equal
to the single-link optimal power over time. Then, we considered the problem of
joint flow control and energy management for the entire network. We determined
the necessary conditions for joint optimality of a power control, energy transfer and
routing policy.

In Chapter 4, we considered the energy harvesting diamond channel, where the
source and two relays harvest energy from nature and the physical layer is modeled
as a concatenation of a broadcast and a multiple access channel. We found the
optimal offline transmit power and rate allocations that maximize the end-to-end
throughput. For the broadcast side, we showed that there exists an optimal source
power allocation which is equal to the single-user optimal power allocation for the
source energy arrivals. We then showed that the fraction of the power spent on each
broadcast link depends on the energy arrivals for the relays. For the multiple access
side with no cooperation, with fixed source rates, we showed that the problem can
be cast as a multiple access channel with both data and energy arrivals and can be

formulated in terms of data transmission rates only. We used a dual decomposition
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method to solve the overall problem efficiently.

In Chapter 5, we considered an energy harvesting two user cooperative Gaus-
sian multiple access channel. We studied two scenarios within this model. In the
first scenario, the data packets arrive intermittently over time. We found the opti-
mal offline transmit power and rate allocation policy that maximize the departure
region. We first showed that there exists an optimal policy, in which the single-user
rate constraints in each time slot are tight, yielding a one-to-one relation between
the powers and rates. Then, we formulated the departure region maximization
problem as a weighted sum rate maximization in terms of rates only. Next, we
proposed a sequential convex approximation method to approximate the problem at
each step and showed that it converges to the optimal solution. Then, we solved the
approximate problems using an inner outer decomposition method. In the second
scenario, the users cooperate at the battery level (energy cooperation) by wirelessly
transferring energy to each other in addition to the data cooperation. We found the
jointly optimal offline transmit power and rate allocation policy together with the
energy transfer policy that maximize the departure region. We provided necessary

conditions for energy transfer.

184



1]

Bibliography

J. Lei, R. D. Yates, and L. Greenstein. A generic framework for optimizing
single-hop transmission policy of replenishable sensors. IEEFE Trans. Wireless

Comm., 8(2):547-551, February 2009.

M. Gatzianas, L. Georgiadis, and L. Tassiulas. Control of wireless networks with
rechargeable batteries. IEEE Trans. Wireless Comm., 9(2):581-593, February

2010.

V. Sharma, U. Mukherji, V. Joseph, and S. Gupta. Optimal energy manage-
ment policies for energy harvesting sensor nodes. IEEE Trans. Wireless Comm.,

9(4):1326-1336, April 2010.

J. Yang and S. Ulukus. Optimal packet scheduling in an energy harvesting

communication system. IEEE Trans. Comm., 60(1):220-230, January 2012.

K. Tutuncuoglu and A. Yener. Optimum transmission policies for battery lim-
ited energy harvesting nodes. IEEE Trans. Wireless Comm., 11(3):1180-1189,

March 2012.

185



[6]

[10]

[11]

[12]

0. Ozel, K. Tutuncuoglu, J. Yang, S. Ulukus, and A. Yener. Transmission with
energy harvesting nodes in fading wireless channels: Optimal policies. IEEFFE

Jour. on Selected Areas in Comm., 29(8):1732-1743, September 2011.

J. Yang, O. Ozel, and S. Ulukus. Broadcasting with an energy harvesting
rechargeable transmitter. IEEE Trans. Wireless Comm., 11(2):571-583, Febru-

ary 2012.

M. A. Antepli, E. Uysal-Biyikoglu, and H. Erkal. Optimal packet scheduling on
an energy harvesting broadcast link. IEEE Jour. on Selected Areas in Comm.,

29(8):1721-1731, September 2011.

0. Ozel, J. Yang, and S. Ulukus. Optimal broadcast scheduling for an energy
harvesting rechargeable transmitter with a finite capacity battery. IEEE Trans.

Wireless Comm., 11(6):2193-2203, June 2012.

J. Yang and S. Ulukus. Optimal packet scheduling in a multiple access channel
with energy harvesting transmitters. Journal of Comm. and Netw., 14:140-150,

April 2012.

K. Tutuncuoglu and A. Yener. Sum-rate optimal power policies for energy

harvesting transmitters in an interference channel. Journal of Comm. and

Netw., 14(2):151-161, April 2012.

C. Huang, R. Zhang, and S. Cui. Throughput maximization for the Gaussian
relay channel with energy harvesting constraints. IEEFE Jour. on Selected Areas
in Comm., 31:1469-1479, August 2013.

186



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

D. Gunduz and B. Devillers. Two-hop communication with energy harvesting.

In IEEE CAMSAP, December 2011.

O. Orhan and E. Erkip. Optimal transmission policies for energy harvesting

two-hop networks. In CISS, March 2012.

Y. Luo, J. Zhang, and K. B. Letaief. Optimal scheduling and power allocation
for two-hop energy harvesting communication systems. IEEFE Trans. Wireless

Comm., 12(9):4729-4741, September 2013.

B. Devillers and D. Gunduz. A general framework for the optimization of
energy harvesting communication systems with battery imperfections. Journal

of Comm. and Netw., 14(2):130-139, April 2012.

K. Tutuncuoglu, A. Yener, and S. Ulukus. Optimum policies for an energy
harvesting transmitter under energy storage losses. [IEEE Jour. on Selected

Areas in Comm., 33(3):467-481, March 2015.

O. Orhan, D. Gunduz, and E. Erkip. Throughput maximization for an en-
ergy harvesting communication system with processing cost. In IEEE ITW,

September 2012.

J. Xu and R. Zhang. Throughput optimal policies for energy harvesting wireless
transmitters with non-ideal circuit power. IEEE Jour. on Selected Areas in

Comm., 32(2):322-332, February 2014.

B. Gurakan, O. Ozel, J. Yang, and S. Ulukus. Energy cooperation in energy
harvesting wireless communications. In IEEE ISIT, July 2012.

187



[21]

[22]

[23]

[24]

[25]

[27]

[28]

B. Gurakan, O. Ozel, J. Yang, and S. Ulukus. Two-way and multiple access
energy harvesting systems with energy cooperation. In Asilomar Conference,

November 2012.

B. Gurakan, O. Ozel, J. Yang, and S. Ulukus. Energy cooperation in energy

harvesting two-way communications. In IEEE ICC| June 2013.

A. Sendonaris, E. Erkip, and B. Aazhang. User cooperation diversity. Part I.

System description. IEEE Trans. Comm., 51(11):1927-1938, November 2003.

K. Huang and V. K. N. Lau. Enabling wireless power transfer in cellular net-
works: Architecture, modeling and deployment. IEEE Trans. Wireless Comm.,

13(2):902-912, February 2014.

Y. Shi, L. Xie, Y. T. Hou, and H. D. Sherali. On renewable sensor networks

with wireless energy transfer. In IEEE INFOCOM, April 2011.

R. Doost, K. R. Chowdhury, and M. Di Felice. Routing and link layer protocol
design for sensor networks with wireless energy transfer. In IEEFE GLOBECOM,

December 2010.

J. E. Ferguson and A. D. Redish. Wireless communication with implanted

medical devices using the conductive properties of the body. Ezxpert Review of

Medical Devices, 8(4):427-433, July 2011.

A. Yakovlev, S. Kim, and A. Poon. Implantable biomedical devices: Wireless

powering and communication. IEEE Comm. Magazine, 50:152-159, April 2012.

188



[29]

[30]

[31]

[32]

[33]

[37]

S. Kim, J. S. Ho, and A. Poon. Wireless power transfer to miniature implants:
Transmitter optimization. IEEE Trans. on Anten. and Prop., 60(10):4838—

4845, October 2012.

W. C. Brown. The history of power transmission by radio waves. I[EEE Trans.

on Microwave Theory and Tech., 32(9):1230-1242, September 1984.

J. O. McSpadden and J. C. Mankins. Space solar power programs and mi-
crowave wireless power transmission technology. IEEE Microwave Magazine,

3(4):46-57, December 2002.

A. Sahai and D. Graham. Optical wireless power transmission at long wave-

lengths. In Int. Conference on Space Opt. Systems and App., May 2011.

A. Kurs, A. Karalis, R. Moffatt, J. D. Joannopoulos, P. Fisher, and M. Soljacic.
Wireless power transfer via strongly coupled magnetic resonances. Science,

317:83-86, July 2007.

A. Karalis, J. D. Joannopoulos, and M. Soljacic. Efficient wireless non-radiative

mid-range energy transfer. Annals of Physics, 323(1):34-48, January 2008.

B. Glover and H. Bhatt. RFID FEssentials. O'Reilly Media, 2006.

P. Grover and A. Sahai. Shannon meets Tesla: wireless information and power

transfer. In IEEE ISIT, July 2010.

L. Varshney. Transporting information and energy simultaneously. In IFEE

ISIT, July 2008.

189



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

R. Zhang and C. K. Ho. MIMO broadcasting for simultaneous wireless infor-
mation and power transfer. IEEE Trans. Wireless Comm., 12(5):1989-2001,

May 2013.

L. Varshney. On energy/information cross-layer architectures. In IEEE ISIT,

July 2012.

P. Popovski and O. Simeone. Two-way communication with energy exchange.

In IEEE ITW, September 2012.

A. M. Fouladgar and O. Simeone. On transfer of information and energy in

multi-user systems. IEEE Comm. Letters, 16(11):1733-1736, November 2012.

D. W. Kwan Ng, E. S. Lo, and R. Schober. Energy efficient resource allocation
in multiuser ofdma systems with wireless information and power transfer. In

IEEE WCNC, April 2013.

D. Bertsekas and R. Gallager. Data Networks. Prentice-Hall, Inc., 1992.

T. M. Cover and J. Thomas. Elements of Information Theory. John Wiley and

Sons Inc., 2006.

R. G. Gallager. A minimum delay routing algorithm using distributed compu-

tation. IEEE Trans. Comm., 25(1):73-85, January 1977.

D. P. Bertsekas, E. M. Gafni, and R. G. Gallager. Second derivative algorithms
for minimum delay distributed routing in networks. [EEFE Trans. Comm.,

32(8):911-919, August 1984.

190



[47]

[48]

[50]

[51]

[52]

[53]

B. Gavish and I. Neuman. A system for routing and capacity assignment in
computer communication networks. IEEE Trans. Comm., 37(4):360-366, April

1989.

D. Bertsekas. Network Optimization: Continuous and Discrete Models. Athena

Scientific, 1998.

H. H. Yen and FY. S. Lin. Near-optimal delay constrained routing in virtual

circuit networks. In IEEE INFOCOM, April 2001.

R. L. Cruz and A. V. Santhanam. Optimal routing, link scheduling and power

control in multihop wireless networks. In IEEE INFOCOM, March 2003.

L. Xiao, M. Johansson, and S. Boyd. Simultaneous routing and resource al-
location via dual decomposition. IEEE Trans. Comm., 52(7):1136-1144, July

2004.

S. Cui, R. Madan, A. J. Goldsmith, and S. Lall. Cross-layer energy and delay
optimization in small-scale sensor networks. [IEEE Trans. Wireless Comm.,

6(10):3688-3699, October 2007.

Y. Xi and E. M. Yeh. Node-based optimal power control, routing, and con-
gestion control in wireless networks. IEEE Trans. Inform. Theory, 54(9):4081—

4106, September 2008.

C. K. Ho and R. Zhang. Optimal energy allocation for wireless communications
with energy harvesting constraints. IEEE Trans. Signal Proc., 60(9):4808-4818,
September 2012.

191



[55]

[57]

[58]

[59]

[60]

[61]

[62]

B. Gurakan, O. Ozel, J. Yang, and S. Ulukus. Energy cooperation in energy
harvesting communications. IEEE Trans. Comm., 61(12):4884-4898, December

2013.

K. Tutuncuoglu and A. Yener. Multiple access and two-way channels with en-
ergy harvesting and bidirectional energy cooperation. In UCSD ITA Workshop,

February 2013.

K. Tutuncuoglu and A. Yener. Cooperative energy harvesting communications

with relaying and energy sharing. In IEFEE ITW, September 2013.

L. Xie, Y. Shi, Y. T. Hou, W. Lou, H.D. Sherali, and S.F. Midkiff. On renewable
sensor networks with wireless energy transfer: The multi-node case. In IEFEFE

SECON, June 2012.

X. Zhou, R. Zhang, and C. K. Ho. Wireless information and power transfer: Ar-
chitecture design and rate-energy tradeoff. IEEE Trans. Comm., 61(11):4754—

4767, November 2013.

A. M. Fouladgar and O. Simeone. Information and energy flows in graphi-
cal networks with energy transfer and reuse. IEFEE Wireless Comm. Letters,

2(4):371-374, August 2013.

B. Gurakan and S. Ulukus. Energy harvesting diamond channel with energy

cooperation. In IEEFE ISIT, June 2014.

Z. Ding, C. Zhong, D. Wing Kwan Ng, M. Peng, H. Suraweera, R. Schober, and
H.V. Poor. Application of smart antenna technologies in simultaneous wireless

192



[63]

[64]

[65]

[66]

[68]

[69]

information and power transfer. IEEE Comm. Magazine., 53(4):86-93, April

2015.

C. Hu, X. Zhang, S. Zhou, and Z. Niu. Utility optimal scheduling in energy
cooperation networks powered by renewable energy. In IEEE APCC, August

2013.

Y. Guo, J. Xu, L. Duan, and R. Zhang. Joint energy and spectrum cooperation
for cellular communication systems. IEEE Trans. Comm., 62(10):3678-3691,

October 2014.

J. Leithon, T. J. Lim, and S. Sun. Energy exchange among base stations in a

cellular network through the smart grid. In IEEE ICC, June 2014.

Y. K. Chia, S. Sun, and R. Zhang. Energy cooperation in cellular networks with
renewable powered base stations. IEEE Trans. Wireless Comm., 13(12):6996—

7010, December 2014.

J. Xu, L. Duan, and R. Zhang. Cost-aware green cellular networks with energy

and communication cooperation. IEEE Comm. Magazine, 53(5):257-263, 2015.

B. Schein and R. Gallager. The Gaussian parallel relay network. In IEEE ISIT,

June 2000.

V. Prelov and E. van der Meulen. Asymptotic expansion for the capacity region

of the multiple-access channel with common information and almost Gaussian

noise. In IEEE ISIT, June 1991.

193



[70]

[74]

[75]

[77]

[78]

S. Boyd and L. Vandenberghe. Convex Optimization. Cambridge University

Press, 2004.

A. W. Marshall, I. Olkin, and B. C. Arnold. Inequalities: Theory of Majoriza-

tion and Its Applications. Springer Science Business Media, 2011.

T. S. Han. A general coding scheme for the two-way channel. [IEEE Trans.

Inform. Theory, 30(1):35-44, January 1984.

D. Tse and S. Hanly. Multiaccess fading channels - Part I: Polymatroid struc-
ture, optimal resource allocation and throughput capacities. IEEE Trans. In-

form. Theory, 44(7):2796-2815, November 1998.

A. J. Goldsmith and P. P. Varaiya. Capacity of fading channels with channel
side information. IEEE Trans. on Inform. Theory, 43(6):1986-1992, November

1997.

R. M. Corless, G. H. Gonnet, D. E. G. Hare, D. J. Jeffrey, and D. E. Knuth.
On the Lambert W function. Adv. in Comp. Math., 5(1):329-359, December

1996.

O. Orhan and E. Erkip. Throughput maximization for energy harvesting two-

hop networks. In IEEFE ISIT, July 2013.

O. Orhan and E. Erkip. Energy harvesting two-hop communication networks.

IEEE Jour. on Selected Areas in Comm., 33(12):2658-2670, 2015.

E. Uysal-Biyikoglu and A. El Gamal. On adaptive transmission for energy

194



[80]

[81]

efficiency in wireless data networks. IEEE Trans. Info. Theory, 50(12):3081—

3094, December 2004.

Z. Wang, V. Aggarwal, and X. Wang. [terative dynamic water-filling for fading
multiple-access channels with energy harvesting. IEEE Jour. on Selected Areas

in Comm., 33(3):382-395, March 2015.

N. Liu and S. Ulukus. Capacity region and optimum power control strategies
for fading Gaussian multiple access channels with common data. IEEE Trans.

Comm., 54(10):1815-1826, September 2006.

O. Orhan, D. Gunduz, and E. Erkip. Source-channel coding under energy, delay
and buffer constraints. IEEE Trans. Wireless Comm., 14(7):3836-3849, July

2015.

D. P. Bertsekas. Nonlinear Programming. Athena Scientific, 1995.

R. Correa and C. Lemarechal. Convergence of some algorithms for convex

minimization. Mathematical Programming, 62(1-3):261-275, February 1993.

O. Ozel and S. Ulukus. Achieving AWGN capacity under stochastic energy

harvesting. IEEE Trans. Info. Theory, 58(10):6471-6483, October 2012.

N. Su, O. Kaya, S. Ulukus, and M. Koca. Cooperative multiple access under

energy harvesting constraints. In IEEFE GLOBECOM, December 2015.

0. Kaya and S. Ulukus. Power control for fading cooperative multiple access

channels. IEEE Trans. Wireless. Comm., 6(8):2915-2923, August 2007.

195



[87] B. R. Marks and G. P. Wright. A general inner approximation algorithm for
nonconvex mathematical programs. Operations Research, 26(4):681-683, Au-

gust 1978.

[88] K. Tutuncuoglu and A. Yener. Energy harvesting networks with energy co-
operation: Procrastinating policies. IEEE Trans. Comm., 63(11):4525-4538,

November 2015.

196



