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Abstract

Energy harvesting multi-hop networks allow for perpetupk@tion of low cost, limited range
wireless devices. Compared with their battery operatedtewparts, the coupling of energy and data
causality constraints with half duplex relay operation egk challenging to operate such networks. In
this paper, a throughput maximization problem for energyésting two-hop networks with decode-and-
forward half-duplex relays is investigated. For a systerthwivo parallel relays, various combinations
of the following four transmission modes are consideredaBcast from the source, multi-access from
the relays, and successive relaying phases | and Il. Optiraabmission policies for one and two
parallel relays are studied under the assumption of nosatdunowledge of energy arrivals and finite
size relay data buffers. The problem is formulated usingraevew optimization framework, which allows
for efficient numerical solutions and helps identify img@ont properties of optimal policies. Numerical
results are presented to provide throughput comparisah$oginvestigate the impact of multiple relays,

size of relay data buffers, transmission modes, and enagekting on the throughput.
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. INTRODUCTION

Energy harvesting presents a new paradigm for continuoastpn of communication sys-
tems without the need for battery replacement. Energy k&inge technology reduces the op-
erational cost and allows off-grid deployment of sensoresoduch as the ones used within
a human body, in nature, or on various structures. As a regutleless nodes with energy
harvesting capability are able to provide long-term datgugsition and monitoring of biological
signals, environment and wildlife. An important issue ialiang energy harvesting networks is

the stochastic nature of energy arrivals with low energy @am Therefore, the main concern
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in energy harvesting wireless sensor network design is ffi@eat use and management of the
harvested energy.

Energy harvesting wireless sensor networks are typicgtigrated over multiple hops to
provide range extension and to lower power consumption lwFagors multiple short hops as
opposed to one long hop. Operation over multiple hops bringsother challenge for efficient
use of harvested energies; now multiple nodes have to balicabved to allow for energy and
data causality over each hop, necessitating the half-gugllays to switch from reception to
transmission modes as a function of the energy and buffex efahe whole network. The main
goal of this paper is to study this problem in the case of twp-hetworks involving one or two
parallel relays under theffline optimization framework, which allows for non-causal knedge
of energy arrivals at all the nodes; see [1] and referenaaeithhfor a detailed overview of offline
energy harvesting communications systems. While assumamgcausal knowledge presents a
simplified model, it allows us to uncover some of the impdrfaoperties of optimal transmission
policies, which determine when and how to use the relaysr@ily. The insights gained from our
work can be used to move towards more practical solutionsving more hops and non-causal

knowledge of energy arrivals as done [in [2].

A. Contributions

In this paper we investigate two-hop energy harvesting otsvwith half-duplex relay nodes
that have limited size data buffers. We assume the relaydognalecode-and-forwardtrategy,
which is easy to implement in practice. Our goal is to maxarilze total throughput delivered to
the destination by a deadline. We first study the single retse as shown in Figure I(a). Under
the offline optimization framework, we formulate a convexioyzation problem and using the
Karush-Kuhn-Tucker (KKT) conditions provide propertiesaptimal transmission policy that
determines source and relay schedules and energy levels.

We next consider a two-hop network with two parallel rela8k flso known as thdiamond
relay channelas shown in Figur¢ I(p). The capacity of the diamond relayncbhis not
known, and the highest achievable rates are based on var@ubinations of the following
four transmission modes$[4].][5]: i) Broadcast mode, in Whtbe source ) transmits and
relays (R, and R,) listen; ii) the multi-access mode, in whicR; and R, transmit and the

destination D) listens; iii) successive relaying phase I, in whighand R, transmit, andR; and
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D listen; iv) successive relaying phase I, in whi€hand R; transmit, andR, and D listen. We
formulate a convex optimization problem that considerdair transmission modes jointly. In
order to get insights, we investigate some important spea&ses: i) Successive relaying phases |
and 11, also known asultihop with spatial reusdi) broadcast and multihop with spatial reyse
iii) multi-access and multihop with spatial reusésing the convex optimization framework, we
show that optimal transmission policies for the paralléhyecase exhibit some characteristics
that are different their single relay counterparts. Finablving the optimization problems, we
illustrate the effect of multiple relays and energy harvesbn the throughput. We also study
the impact of the relay data buffer size on performance.

B. Related Work

In recent years, there has been a surge of interest in enarggdting communication systems
where a significant effort has been devoted to the offlinentiptition framework; seé [1] andl[6]
for a review of the recent developments. Here we summareeé#pers that are closely related
to our work. Optimal transmission policies for energy hatireg two-hop networks have been
studied in [7]{15]. In [7] two-way relay channels with eggrharvesting nodes are considered.
Gunduz and Devillers study offline throughput maximizationtwo-hop communication with a
full-duplex relay and with a half-duplex relay for singleezgy arrival at the source and multiple
energy arrivals at the relay inl[8]. Similarly, multiple &gg arrivals at the source and single
energy arrival at the half-duplex relay is studiedlin [9].r@uevious works[[10]:[111] also focus
on a half-duplex relay, and for two energy arrivals at theese@nd multiple energy arrivals at the
relay, identify necessary properties of an optimal trassion policy using heuristic arguments.
In [12] we extend our work in[[10]-[11] to include a convex opization formulation for the
case of a single relay and two relays employing multi-hofhweipatial reuse. We also provide
properties of optimal transmission policies using KKT cibioths. The impact of data buffer size
for a battery operated relay and a relay with one energyadrisvstudied in[[13]. In addition, the
throughput maximization problem with amplify and forwaedaying, and relay selection problem
are studied in[[14] and [15], respectively, with non-cawmad causal channel and energy arrival
information. In [16] Huang et. al. study the throughput nmaization problem for the energy
harvesting Gaussian relay channel and Yuyi et. all in [1vgsdtigate link-selection problem to

minimize the average outage probability. Gurakan et._a] {t®isider energy harvesting multi-
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(a) (b)

Figure 1. Two-hop communication with (a) one relay, (b) tvewgllel relays (diamond relay channel). The power gain betw

nodesk and! is ay; = |hM|2 wherehy,; is the complex channel gaik,= s, 71,72, 7 andl = r1,ra, 7, d.

hop communication with energy cooperation, where the scan transfer some of its harvested
energy to the relay. Along this line of work, the throughpuaxamization problem for two-hop
energy harvesting network with energy transfer from thers@to the relay, and with two-way
energy transfer from multiple source nodes are investibamtd19] and [20], respectively.
Compared with our conference publicatiohs![10][12], thaper introduces a more compre-
hensive framework to study the parallel relay case by intcany all four transmission modes
and by providing a detailed analysis of the optimal transiors policies. We also incorporate
the data buffer size limitation at the relays. Furthermane, numerical results are extended to
include comparisons of various combination of the transiis modes, and impact of number

of relays and relay data buffer size on performance.

C. Organization of the Paper

The paper is organized as follows. In the next section, werdes the system model and
achievable rates for one relay and two relay cases togetlterseme general properties of
optimal transmission policies. In Sectibnl lll, we provide@nvex formulation and investigate
optimal transmission policies for throughput maximizatio the one relay case. We also provide
some properties of optimal power allocation. We formulateoavex problem for the case of
two relays in Sectiof IV. We investigate optimal transrmasgpolicies for multi-hop with spatial
reuse, broadcast and multihop with spatial reuse, and facdgss and multi-hop with spatial
reuse in Sections TVIA, TV-B| 1IV-C, respectively. In Secti¥, numerical results are presented,

and Sectio_MI concludes the paper.
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[I. PRELIMINARIES
A. System Model

We consider two-hop communication with energy harvestmgse ), and one R) or two
parallel (R, and R,) energy harvesting half-duplex relays as in Figure 1. Weairassthat the
relays have finite size data buffer with capachy,,, bits. There is no direct link between the
source and the destination, and the relays cannot hear ofieeams in([5]. Each link is modeled
as having independent additive white Gaussian noise withvamiance. The complex channel
gain between nodg and! is hy; wherek = s,ry,r9, 7, andl = ry, r9, r, d, and remains constant
throughout transmission. The corresponding power gaiesogr = |hy|>. For the two relay
case, without loss of generality we assumg, > «,.,. We assume that energy arrives at the
source and relays with arbitrary and finite amounts at ayittimes until a given deadlin@
seconds. For ease of exposition, we combine all energyaésrat the nodes in a single time
seriesto = 0,...,tx < T by allowing zero energy arrivals at some time instants atctvianly
one of the nodes harvests energy. We denote harvested eavamynts at time; by E ;, E,, ;,
andE,, ; for S, Ry and Ry, respectively, £, ; for one relay); = 1, ..., K. In addition, we assume
that each node has separate infinite size battery and hedvesergies are stored in the batteries
without any energy loss. We also assume that there is no eh@sg in retrieving energy from
the batteries. The time interval between two consecutieggnarrivalst;_, andt; is denoted
by 7, £, —t;,_1, and it is called th&’th epoch.

Our goal is to maximize the total data delivered to the desin by a given deadline
t = T which is referred to ashe throughput maximizatioproblem [6]. We considebffline
optimal transmission policieghat is, we identify optimal power allocation for each naatel
the transmission schedule assuming that all energy amamdtsarrival times are known at the
nodes before transmission starts. Here, the transmissiwdsle indicates which node transmits
when, and it is necessary to coordinate the operation of lfediaplex relays. We assume that
the nodes consume energy only for transmission. Due to pragriyals over time, any feasible
transmission policy must satisgnergy causalitgonstraints. Energy causality constraints refers
to the restriction on the total consumed energy of a nodena tiwhich should be less than
or equal to the total harvested energy at that node by tha. tim addition, there arelata

causalityandfinite data bufferconstraints on the feasible transmission policy. The dateality
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Figure 2. Transmission modes with (a) one relay, (b) two lreelays (diamond relay channel).

constraint states that data transmitted by any of the relgy® timet¢ should not exceed total
data received by that relay up to that time. The finite datdebufonstraint suggests that each
relay can store at mos®,,,, bits of data in its buffer. We assume both relays have the same
size data buffer for simplicity; our results can easily béeexled to the case when each relay

buffer is of different size.

B. Achievable Rates

In this paper, we consider Shannon capacity as the raterpionetion of a given link, i.e.,
C(p) £ log(1 + ap) wherea = |h|? is the power gain of the link angd is the transmission
power.

In the single relay case, when the transmission powers afid R arep, andp,, respectively,
we have the data rates frofto R (first hop in Figurd 2(&)) andk to D (second hop in Figure
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[2(a)) respectively as
cs = log(1 + agrps), 1)

and

¢, = log(1 + agapy). (2)

In the two relay case, there are four transmission modes @srsin Figure[2 [[5]. We will
assume thai?; and R, do not beamform towards the destination, hence we will oolyu$
on independent information transmission to and from thaysel While beamforming increases
achievable rates, it also requires tighter coordinatiath smchronization among the relays|[21],
which may be difficult to achieve for energy harvesting neksatypically consisting of small
and inexpensive nodes.

« Broadcast mode: S broadcasts independent informationp and R, resulting in the rate

region [22]
c,, < log(1+nag,py) (3)

1 - ST
2 N sry Py + 1

where p, is the source power used in the broadcast mode »amsl the power sharing
parameter such that portion of the power is used to transmit data/tp. Here, ¢, is the
data rate fromS to R;, and Cb,, is the data rate frond to Rs.

Operating on the boundary of this rate region, the requirgasimission power of the source

p, can be computed as

1 1 1 1
Po =< — )e e T, 5)

Qigry Qg Qgrqy Qgry

Note thatp, is convex function ofc;, andc,,. For notational convenience, we will use
foe(cv,,, cs,,) to denote the right hand side 4l (5).

« Multi-access mode: R; and R jointly send information taD which uses joint decoding.
Denoting the transmission powers & and R, in multi-access mode gs.,,,, and p,.,,,

respectively, we obtain the following rate region for theltiraccess mode_[22]

Coym < log(1 + @y aDrym) (6)
Crom < 10g(1 + pyaDrym) (7)
Crim T Crom < log(l + Qo dPrim + a?“demm) (8)
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wherec,,,, andc,,,, refer to the data rates fromR; and R, to D, respectively.

For notational convenience, we define the following concave non-decreasing functions.

fmm(pmm) £ log(l + arldprlm)a (9)
frgm(pmm) £ log(l + argdprgm)a (10)
SrmDrims Drom) = 108(1 4 pyaPrym + QroaDrym)- (11)

« Successive relaying phase I: While S transmits toR;, R, transmits toD with transmission
powersp,; andp,,;, respectively. Accordingly, the data rates fréhto R, and fromR; to

D are given by

cs1 = log(1 + agp,psr), (12)

and

Crol = 1Og(1 + amdpml)v (13)

respectively.
« Successiverelaying phase I1: While S transmits toR,, R; transmits taD with transmission
powersp,;; andp,,;;, respectively. Accordingly, the data rates fréfrto R, and from R,

to D are given by

Csi1 = lOg(l + asrgPsII)a (14)

and

CrIT = log(]- + arldpmll)a (15)

respectively.

The following lemmas establish some properties of the ogitimansmission policies.
Lemma 1:In an epoch, constant power transmission is optimal.

Proof: The proof follows from the concavity of the rate-power fuoos and Jensen’s
inequality [22]. First, we argue this for the point-to-pblimks. Consider any transmission policy
for which the transmission power changes in an epoch. We ondrafiother transmission policy
which has constant transmission power such that the newypotinsumes the same amount of

energy as the previous one. However, due to concavity ofateegower function, the new policy
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transmits more data [23]. For the single relay cask (({))dA) successive relaying phases | and
Il (L2)-(@3)) point-to-point rate-power functions appyd hence optimality of constant power
transmission in an epoch is established. For the broadazde nhe proof follows from the strict
convexity of the transmission power as a function of the datas as given if {5) and for the
multi-access mode, it follows from the concavity of the reggion [6){8) as a function of the
transmission powers,,,,, andp,,.,. As a result, we can conclude that the constant transmission
policy is optimal for both single and two relay scenarios. [ |

Lemma 2:Given a feasible transmission policy for which a relay is amti.e., not transmit-
ting or receiving data all the time, we can find another fdasitansmission policy that ensures
the relays are always on without decreasing the throughput.

Proof: Consider a feasible transmission policy for which one of thlays (or the relay

in the case of a single relay) is not always on. We can remogeidle times by increasing
transmission duration of another node (source or the otlayy while keeping total transmitted
data the same. Due to monotonically increasing propertyhefrate-power function$](1)-(115),
the new policy delivers the same amount of data to the degtmand consumes less energy;
hence, it is feasible. [ |

Lemmall suggests that the transmission powers of the sonctcéha relays remain constant
within an epoch. In the following discussion= 1, ..., K refers to the epoch index. Accordingly,
for the single relay case we denote the transmission powefs and R by p,; andp,; with
corresponding durationg; and ,;, respectively. For the case of two relays, we denote the
transmission powers df for the broadcast mode by ; with durationl, ;. For successive relaying
phases | and Il the transmission powersSoire denoted by,;, andp,;;,; with durationsi;
andl;; ;, respectively. The transmission powersfafand R, in multi-access mode with duration
ln; are denoted by,,,,; andp,,.;, respectively. For successive relaying phases | and Il the
transmission powers aR;, and R, are denoted by,,;; andp,,;;;, respectively. As argued in
Lemmal2, without loss of generality transmission policias be restricted to the ones for which
the relaysR; and R, are always on. Therefore, we consider that the transmigsrmbetween
S and Ry, and R, and D are the same in successive relaying phase I. Similarly, wesider
the same transmission time betweg&rand R;, and R, and D in successive relaying phase II.
Accordingly, while evaluating the rates inl (1)-{15) duriag epoch, the corresponding powers in

that epoch will be used along with subscripts the rate variables to indicate the epoch index.
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. Two-HOP COMMUNICATION WITH ONE RELAY

In this section, we investigate the throughput of the sirrglay case shown in Figufe Ija),
and consider the achievable rated[ih (1) add (2). Since @oingbwer transmission in each epoch
is optimal by Lemmall, it is sufficient to consider data caitysaind buffer size constraints only
at energy arrival times.

Lemma 3:For the single relay case, in an optimal transmission pplicgnd R deplete their
batteries and transmit same amount of data until the deadlin

Proof: Suppose botlt' and R have non-zero energy in their batteries at tiieand the
transmitted data by5 is more thanR. First, we show that given any feasible transmission
policy for which the battery ofR has nonzero energy at the deadliigwe can find another
policy which delivers as much as data by depleting all theeggnen the battery. This follows
from the fact that the rate-power function [0 (2) is monobtatly increasing function of power.
Therefore, the relay can use this excess energy to incréasgeansmission powep, x in the
last epoch while reducing the transmission duratign such that the delivered data remains the
same. While keeping the consumed energy the same, incgetrammsmission duration strictly
increases transmitted data [23]. Therefore, the new palay be replaced by another policy
such that the transmission duration 8fin the last epoch/; x, is increased while the last
relay transmission is postponed towards to the deadlinetefbre, in the new policy the source
delivers more data than the previous policy. We can furthereiase the total transmitted data
by S by depleting all the energy in its battery. As a result, they pelicy depletes the batteries
of S and R with the source transmitting more data than the initial @olNow, this policy can
be replaced by another one of higher rate obtained by inagdlse duration of the last relay
transmission while decreasing duration of the precedingcgtransmission under data causality
and relay buffer size constraints. Combining these, we aah di feasible policy transmitting
higher data such that source and relay deplete their kegtand transmit same amount of data

until the deadline. [ ]
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Based on the above arguments, the throughput optimizatioblggm can be formulated as

follows, where the maximization is over.;, ps, l,;, andls;, i =1, ..., K:

K
max Z l;log(1 + cvapri) (16a)
i=1
St Y Lype <Y By Vi, (16b)
j=1 j=1
> lpe; < By, Vi, (16c)
j=1 j=1
> Ljlog(l 4 apapry) < ljlog(l+ aps ), Vi, (16d)
j=1 j=1
Z ls,j 10g<1 + asrps,j) S Z lr,j 10g<1 + ardPr,j) + Bmaxa VZ7 (166)
j=1 j=1
i+ 1 <73, VI, (16f)
0 S pr,ia 0 S ps,i> 0 S lr,ia 0 S ls,ia \V/'l, (169)

where the constraints ifi_(16b), (16c) are due to energy Gausa R and .S, respectively, and
the constraints in (16d) and (16e) are due to data causalihfinite data buffer size ak. The
half-duplex constraint appears [n (IL6f). Note that sin@etttal amount of data delivered 1o is
equal to the amount of data transmitted Rythe throughput maximization problem corresponds
to maximization of the total data transmitted Byas in [16&) which is equal t6_(1l6d) evaluated at
1 = K. The above optimization problem is not convex because ottmstraints in[(18b)-(16e).
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12
We rewrite [(16) in terms o€, ;, ¢, l.;, andl,; as follows:

K
max Zcm- (17a)
sty b <e _ 1) < ZE vi, (17b)
Zif <€ S 1) ZEW i, (17c)

=1

S, <chm i, (17d)
7j=1

Z Cs.j < Z Crj + Bma:m VZ7 (176)
=1 =1

i+ 1s; <13, VI, (171)
0 S Cri, 0 S Cs.is 0 S lr,iu 0 S ls,iu Vi. (17g)

Note thatl”em is perspective of the convex functiafi~i, hence it is a convex function of
l.; andc,; [24]. Here, we consndetmecrrf = 0 when/,; = 0. Similarly, Zecjf in (17Zd) is a
convex function ofl,; andc; ;. Therefore, the optimization problem in{17) is convex aad c
be efficiently solved[[24].

The solution of the optimization problem provides the opiitmansmission powers & and
R and their durations for each epoch, but we need to schedalérdnsmissions to obtain a
feasible policy. Within an epoch, moving transmission afiree to an earlier time by delaying
relay transmission maintains optimality provided the yetimta buffer does not overflow. This
is because postponing the transmission/ogllows the relay to store more energy and data.
Therefore, without loss of optimality, we will consider misamission policies such that in each
epoch, the source transmits until the data buffer of theyreecomes full, or the source reaches
its optimal transmit duration, which is followed by relayamismission until the data buffer of
the relay becomes empty, or the relay reaches its optimasina duration in that epoch. The
source and relay take turns in this fashion until the end efepoch.

Next, we identify properties of the optimal transmissioigousing KKT conditions which

are both necessary and sufficient due to convexity of theropdition problem in[(17). These
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properties provide the optimal structure of the transroisgiolicy and are useful in designing
online algorithms; for example se€ [2].

The Lagrangian oflL(17) is defined as follows:

K K i
L :Zcr,i - Z)\Lz (Z
p p —

b (1o i
: ri— 1) — E, ;
— Qg (e ) Z ’J>

_ Z )\21 (Z o (6?:_5 — 1) — ZES’j> — Z )\371' ( Crj — Cs,j)
sr . ; 1

j=1 Jj=1 i=1 =1 j=
i K
_ Z i (Z Csj — Z Crj — Bmax> — Z s (lri +1si — )
=1 j=1 Jj=1 i=1
K K K K
-+ Z )\6,ilr,i -+ Z )\7,1'13,2‘ + Z )\S,icr,i -+ Z )\9,ics,i7 (18)
i=1 i=1 i=1 i=1

where)\;; >0, j = 1,...,9 are KKT multipliers corresponding t¢_(1I74)-(179).

Differentiating the Lagrangian with respect ¢; andc,;, we obtain the following:

aacﬁ-_ adZAU Z)\33+Z)\4]+)\82—0 (19)

Jj=t

ac - 6“2)\23—1—2)\3] ZAMHQZ_O (20)

Using [19) and replacmgr,i with [,.; log(l + a.apri), We can obtain the optimal relay trans-

mission powerp;; as:

+
I D S Sy VY
pr,i - |: Z]K:z A1 Ord ) (21)
where[z]" = max{0, x}.
Similarly using [(20) and replacing ; with [, ; log(1+ «,ps;), the optimal source transmission

power p; ; becomes:

pro= |[Frgriion - (22)
Lemma 4:For the single relay case, whenevyer, strictly increases from epochto i + 1,
either the battery or the data buffer &f must be empty at = ¢;, and whenevep; ; strictly
decreases from epochto i + 1, the data buffer ofR must be full att = ;.
Proof: We provide a proof using the KKT conditions; alternativelgraof by contradictions

as in [10, Lemmas 4, 5, 7], is also possible. From the compi¢ang slackness conditions, we
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can argue that whenevey, ; > 0, the battery ofR must be empty at time;, and whenever
As; > 0, the data buffer ofR must be empty at time;. From [21), we observe that whenever
pri < Drit1s €itherd;; >0 or Az; > 0 or both, hence proving the lemma. Similarly, from the
complementary slackness conditions, we can argue thateveeh,, > 0, the data buffer of?
must be full at timet;. Sincep;; > p;,,, implies \,; > 0, the proof is complete. [

Lemma 5:For the single relay case the optimal transmission powet &f non-decreasing,
and whenevep; ; strictly increases from epochto i + 1, either the battery of must be empty
or the data buffer ol? must be full, or both the battery ¢f and the data buffer o must be
empty att = t,.

Proof: From the complementary slackness conditions, we can aftate\t; > 0 implies
the battery ofS must be empty at time;, A\;; > 0 implies the data buffer o must be empty
at timet;, and\,; > 0 implies the data buffer o must be full at time;. Below we investigate
different cases foi,;, A3, and \,,. Since the data buffer ak cannot be full and empty at the
same time, the casedy(; = 0, A\3; > 0, and\y; > 0) and Q2; > 0, A3; > 0, and \,; > 0)
never happen. Note thék,;, = 0, A3, = 0) and(\y; > 0, A3; = 0) were studied in[10, Lemma
5]; a simpler proof using(22) is presented here.

1) If Xy =0, Ag; =0, and\y; = 0, pl, = pls 1.

2) For the cases\¢; > 0, A\;; = 0, and\,; = 0), (\2; = 0, A3, = 0, and \,; > 0), and
(A2 >0, A3; =0, and\y; > 0), we havep;; < p ;.

3) For the cases\¢; > 0, A\3; > 0, and\,; = 0), and o, =0, A3, > 0, and \,; = 0), we
argue by contradiction that; ; < p, ;. Note that,; = 0, A3; > 0, and\,; = 0 implies
pii > pai by (22), hence the argument below also suggests that thesneagr happens.

Supposep;; > pi,,;- We can then equalize the power levels, and p;;,, such that

.. . P ls,ip;f,i
the new transmission durations and power levelsigre= (ls; + lsﬂ-ﬂ)ls’m;ﬁls’mp;iﬂ,
4t ,
Uiy =i+l — U, andpl, = pl ., =~ The new policy has the same total

consumed energy bittransmits more data due to the concavity of the rate-powestion.
Since we assume that ; > p; ;,,, the new transmission duration gf, must increase, i.e.,
I.; > ls;. For the equalized powers, we can obtain another feasitesHnission policy by
increasing total transmission duration Bfand decreasing transmission durationsoand

equalizing the transmitted data. As a result, this leads poley with higher throughput
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than the original one, which is a contradiction. Hengg, < p: ;.

IV. Two-HOP COMMUNICATION WITH TwWO PARALLEL RELAYS

In this section, we consider the two parallel relay case asvshin Figure[ 1(H). We will
formulate an optimization problem which includes all forartsmission modes given in Section
[-B] Then, to get insights we will investigate special afg restricting our attention to select
few modes.

For ease of exposition, we consider two data bufféts,and B,, to which data received by
R, and R, are stored, respectively. The amount of data stored in bife in epoch: consists
of ¢, ; bits in the broadcast mode amg ; bits in successive relaying phase I. The amount of
data removed fronB,, in epoch: consists ofc,,,,; bits in the multiple access mode and;;;
in successive relaying phase Il. Similar arguments fordyuff,, can also be made. Note that
B,, and B,, are upper bounded b#,,,,. bits.

In order to formulate a convex optimization problem for nmaizing the throughput we define
auxiliary variablese, ,,,; and e,,n,;, Wheree,,,,; = by iPrimi and €.,mi = Ly iDrym.i- These
correspond to the energies allocated®yand R,, respectively, to the multiple access phase in

epoch:. Based on the above arguments, the throughput maximizptasiem for the two relay
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case can be formulated as follows:

K
max Z CriI1i + Crolyi + Crim,i + Crom,i (23a)
i=1
Crimi )
St Crymi < lngifrim < lm) , Vi, (23b)
m,i
Crom.i )
Cromi < i from (l—m) , Vi, (23c)
m,i
erlm,i 67’2m,i .
Crlm,i + Crgm,i S lm,ifrm l ) l— 9 VZ7 (23d)
m,i m,i
o i) g (2 iy (s .
Zlb,jfbc< = 2]) + (e i — 1) + (e i — 1) <Y E.;Vi(23e)
1 lb,j lb,j gy Wsry i1
j= =
: lrr; L :
PP (e T, — 1) +enmy <Y Eng, Vi, (23f)
- arld .
Jj=1 j=1
: Ir, fraly ;
Z 4y (6 lrj — 1) + Crymy < ZETQJ’ Vi, (23g)
- ar2d -
7j=1 7j=1
i i
Z CryIl,j5 + Crim,j S Z cbrl \J + CsI,j, VZ, (23h)
j=1 j=1
i i
Z Crolj T Crom,j < Z Csi1j + Cb,, .5y Vi, (23i)
j=1 j=1
i i
Z Cb,y g T Csrj < Z Crirj + Crmyj + Bmaz, Vi, (23))
j=1 J=1
i i
Z Csir,j + Cbyy,j < Z Crolj + Crom,j + Bz, Vi, (23k)
j=1 J=1
lri+ s+l + 1l <1y Vi, (23I)
0<cp, i 0<cpyi 0<csri, 0<csri, 0<crrri, 0 < Crpriy Vi, (23m)
0 < crmis 0 < Cromy, 0 < lps, 0 <11, 0<\1173,0 < by, Vi, (23n)
0 S erlpm,i7 0 S ergpm,i7 VZ, (230)

Here the maximization is ovet, i, ¢y, iy Csiis CsiTis Crillis CraLis Crimiis Cromiis Wis Uiy Uit
lmis €ry,ym.i» @Nde,, ;. The constraints il (Z3b)-(2Bd) correspond to the rateoregf the multi-
access mode as inl(@)H(8). The constraintd in](23e)}(23y}He energy causality constraints at
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S, Ry, and R,, respectively. The constraints ih_(230)-(23i) are the daasality constraints
at data buffersB,, and B,,, respectively. The finite data buffer size constraintRatand R,
are given in[(23j)1(23k), respectively. In addition, duehalf-duplex constraints, transmission
durationsl; ;, l;7., ly;, andl,, ; must satisfy [(23).

As discussed in Sectidn 1B (cs,, i, b, 1) IS convex function ot ; andc,, ;. Therefore,

) y?

Iy.i fre (Cjb—l, Cl;b?) is the perspective of a convex function. Furthermore, asugised in Section
M0 le7 is the perspective of the convex functien In addition, the functiong,.,..., from, frm, and
their perspective functions are concave. Hence the opiioiz problem in[(2B) is convex, and
efficient numerical solutions exist [24]. However, due te targe number of variables involved,
it is difficult to get insights from the analytical solutianBelow, we focus some special cases:
(i) multi-hop with spatial reusé&n which there are two transmission modes, successiveinglay
phases | and II; (iiproadcast and multi-hop with spatial reugewhich we have the broadcast
mode as well as successive relaying phases | and linfiilti-access and multi-hop with spatial
reusein which we have the multi-access mode in addition to the esgige relaying phases.
We first focus on multi-hop with special reuse as it is knowmpéoform well in a wide range
of channel conditions and is capacity achieving in certaises [[4]. Furthermore, it is simple
to implement. However, depending on the energy arrival ler@nd power gains there can be
some unused capacity in the first or the second hiops [5]. Ih sases, we will observe that
adding the broadcast or the multiple access modes enableseagfficient use of the harvested

energy.

A. Multi-hop with Spatial Reuse

Multi-hop with spatial reuse refers to successive uses aseH and Il relaying. Our goal
in this subsection is to specialize the general formulawdn(Z3) to multihop with spatial
reuse to identify some of the optimal transmission policingsKKT optimality conditions.
Since R, initially has no data to transmit in phase I, without loss @grality, we assume
it starts transmission by delivering> 0 amount of dummy information. By keepingsmall
and scheduling phases | and Il in succession, we can ensatdhire is no further loss in
the throughput. Then, omitting for convenience, the throughput optimization problem can b
formulated by settindy;, lin.i, €rym.is €rgmiis Crimiis Crom.is Chy, i and Chyy i in (23) to zero for
i=1,..K.
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As in the single relay case of Sectibnl Ill, forming the Lagyiam and equating its derivatives

to zero we obtain:

- +
" 1- ZJK:Z )‘77j - Zj(:z )‘Q,j 1
pm[[,i = K - ’ (24)
i Zj:i As,j ®rid
- +
R D S D DD -
pTzI,i - K 9 ( )
i Ej:i )\G,j Qryd
MK K +
R 2miMy = 2miMg (26)
sl,i i Z]K:Z )\4’j asrl )
MK K +
p* R Z]:Z )\87j - Zj:i )\107j _ 1 (27)
sll,i _ ZJ]{:Z )\4’]' aSTQ )

whereAy;, Asi, Aeis Aris As.is Aosy @Nd A, @ = 1,..., K are the Lagrange multipliers for the
constraints in[(23e)-(23k), respectively.

Lemma 6:For multihop with spatial reuse whenever the optimal trassion power of a
relay py, ;r,; Or py,;; strictly increases, either the battery or the data buffethaf relay must be
empty, and whenever the power of a relay strictly decredabesdata buffer of that relay must
be full at timet = ¢,.

Proof: The proof is similar to that of Lemnid 4. We only prove B, similar arguments
can be made for?, as well. From[(2W), we have; ;;,., — p},;r; > 0, when eitheri;; > 0
or \s; > 0. Using complementary slackness conditions, we know tat> 0 implies all the
data in R; must be delivered at the end of the epaclihat is, the data buffer oR; is empty.
Similarly, whenever);, > 0, the battery ofR; must be depleted at the end of the epach
In addition, we havey; ;. — pr,r7; <0, when)g; > 0. From the complementary slackness
conditions, we can argue that whenevgr, > 0, the data buffer ofR;, must be full at time
t = t;. Hence, the lemma must be true. [ |

Lemma 7:For multihop with spatial reuse whenever the optimal trassian power ofS in
phase | (phase Il) strictly increases from one epoch to the, ne. p;;; < pi;. 1 (i <
pirris1)s €ither the battery ob must be empty, or the data buffer &f (R;) must be full at
t = t;, and whenever it decreases, i&;; > pir;.1 (P17 > Pirrisq), the data buffer of?,
(R2) must be empty at = ;.

Proof: From the complementary slackness conditions, we can arguievheneven, ; > 0,

the battery ofS is empty att = ¢;,, and whenevehy; > 0, the data buffer of?;, must be full at

October 16, 2018 DRAFT



19

time ¢ = ¢,. In addition, whenevei;; > 0, the data buffer of?, is empty att = ¢,. From [26),
we see thap;;, < pi,., implies\;; > 0 or \g; > 0 and hence the battery ¢f is empty or
the data buffer of?, is full. Similarly, p;; ; > pi; ., implies \z; > 0 and hence the data buffer
of R, is empty. The same argument can be made for phase IlRaras well. [ ]

Lemmal® suggests that the structure of the optimal relaytnéssion power for the two relay
case when multihop with spatial reuse is employed is sindidhat of a single relay established
in Lemmal4. However, comparing LemmhA 7 with Lemia 5, we olesémat unlike the single
relay case where the source power is non-decreasing, invtheetay scenario, the transmission
power of the source may decrease when the data buffer of Hpectve relay is empty.

For the single relay case, as argued in Leniiha 3 batteriestbf $@and R are depleted by
the deadline. This is accomplished by adjusting transimsdurations and powers ¢f and R
to equalize the two-hop rates until both batteries are degléHowever, for the case of multi-
hop with spatial reuse, simultaneously adjusting the trassion durations o5, R; and R, to
deplete all the batteries may not be possible. Dependingnengg profiles at the nodes, the
maximum total rate transmitted frorfi to R; and R, can sometimes be more than the total
rate R, and R, can deliver toD, resulting in excess energy atatt = 7. Similarly, there may
be remaining energy ak, and/or atR, att = 7. The following lemma discusses this excess
energy case.

Lemma 8:In the optimal transmission policy for multihop with spatiause, ifS has positive
energy in its battery at = T, then the batteries of botR; and R, must be empty.

Proof: The proof is by contradiction. Without loss of generalitgsame that in an optimal
policy both S and R, have positive energy in their batteriestat 7. Then, we can increase
the total data delivered from§ to R; and from R; to D by increasing the last transmission
powersp,; x and p,, 1.k, such that all the energies depleted. This results in a a&diation,
hence proving the lemma. [ ]

As argued above and in Lemrh 8, eittseror R, and/or R, may have positive energy in their
batteries at = 7". When there is energy left at either of the relays’ batteties broadcast mode,
used in conjunction with multihop with spatial reuse, hetlgdiver more data to the relay(s),
enabling them to use their excess energy. Similarly, wheretlis excess energy atatt =T,
the multi-access mode allows an increase in the data rateetags can deliver, thus creating

an opportunity for S to use its remaining energy.
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B. Broadcast and Multi-hop with Spatial Reuse

In this section, we consider the broadcast mode and sugeagstaying (phases | and ) jointly.
In this case S can either broadcast to the relays, or can transmit messagéferent times using
successive relaying. Similar to Section TV-A, we identifpperties of the optimal transmission
policies using KKT conditions. The throughput maximizatiproblem can be formulated by
settingli, i, €rm.ir €romiis Crym.ir aNAcr,m i (23) to zero for alli =1, ..., K.

Formulating the Lagrangian as in Section TV-A with KKT mpliers \y;, A5, Aeir A7,
As.is Aoy, @NdAjg,; corresponding to the constraints n_(P3e)-(23k), respelsti we obtain the
optimal transmission power ¢ in the successive relaying modes, ; andp;;, ; as in [26) and
(22), respectively. Similarly, we obtain the optimal tramssion powers ofR; and R, in the
successive relaying phase Il and | as[in] (24) (25), réspbc

In order to obtain the transmission power $fin the broadcast mode we take the derivative

of the Lagrangian with respect t, ; andc, ;, respectively, and set them to zero.

Cbry it Cbry i

oL e b K s s
=— Z Aaj + Z A7 — Z Ao + 5%1 i=0, (28)
j=i j=i j=i

8Cb,-1 K Qlgry

Cbry i +Cbr2 X

oL 1 1 Sroi o b K - -
— ( _ ) e i — — Z )\4,j + Z )\S,j — Z )\10,]' + Bcbrz ,2‘20(29)
Jj=t Jj=t Jj=t

8Cbr2 K Algpy Ay Algry

The KKT multipliers 5%1 i>0and ﬁ% i > 0 are due to non-negativeness®f ; andc,_ ;,
respectively.
Using (3), we compute the optimal power §fin the broadcast mode frorh (28) and](29) as

K K .
N Zj:i )‘7,j - Ej:i )‘973' + ﬁ%rl i 1 1 1 %
pb’l pr— K - —|— - 6 b1 9 (30)
Z]:Z )\4"7 aSTQ aST’Q aSTl
K K
D imi N8 — Djmi Aoy By, i 1
_ — — . (31)
Zj:i )\47j aSTQ

Without loss of generality, we can restrict the optimal smmssion policy such that the
broadcast mode occurs only whértransmits to both relays. This is because if in the broadcast
mode the source only transmits to one of the relays, Baythen this meang?, will not be
on. Using LemmdR, we can replace this with another strategyMuch R, transmits to the

destination whileS transmits toRz;, thus adding to the duration of successive relaying phase I.
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Therefore, we have; > 0, wheren, is the power sharing parameter in the broadcast mode as
in (B).

Lemma 9:For broadcast and multihop with spatial reuse, whenevepphienal transmission
power of S in broadcast mode strictly increases from one epoch to tkg nhe. p;, < p; .4,
either the battery ofS must be empty or the data buffer éf, must be full att = ¢;, and
whenever it decreases, the data bufferlafmust be empty at = ¢;.

Proof: The proof is a simple extension of the proof of Lemiha 7. [ |

Lemma 10:In the optimal transmission policy for broadcast and molilwith spatial reuse,
whenever the data rate fromto R, in the broadcast mode increases, ig,,; < ¢, i+1, Where
c,,.i 1S given in [B), either the data buffer a@t, or battery ofS must be empty, or the data
buffer of R, must be full att = ¢;. Whenever the data rate fromto 12, in the broadcast mode
decreases, i.eq,, ; > o, i+1, €ither the data buffer oR; must be empty or the data buffer of
R, must be full att = ¢,.

Proof: Combining [30) and[{31), we obtain
S dey + 2 >\9,jK— > My = i Aoy _ ( 1 1 ) e (32)
D jmi A

This follows from the fact tha}Bch1 +=0and 5%,2 i = 0 when Cby, i and Ch,,,i are positive.

Qgrqy Qgry

From complementary slackness conditions, we can arguemtet \,; > 0, the battery ofS is
empty att = ¢;, when\s; > 0 and \7; > 0, the data bufferB,, and B,, are empty at = ¢;,
respectively, and wheny; > 0 and \yo; > 0, the data bufferB,, and B,, are full att = ¢,,
respectively. Hence to ha\@w < Cpy, i1 either the data buffer oR; or battery ofS must be
empty, or the data buffer ok, must be full. Similarly, to havezbw > Cpyy i1y either the data

buffer of R, must be empty or the data buffer & must be full. [ |

C. Multi-access and Multi-hop with Spatial Reuse

In this section, we consider the multi-access mode and saseerelaying phases | and I
jointly. The throughput maximization problem can be foratetl by setting, ;, c;, i, ¢, tO
zero fori =1,..., K in (23).

Formulating the Lagrangian with KKT multipliers; ;, £ = 1,...,10, corresponding to the
constraints in[(23b)=(23k), respectively, for= 1, ..., K, we obtain the optimal transmission

power of S'is as in Sectiof IV-A, that isp}; ; andp};;; are equal to[(26) and (R7), respectively.
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In addition, the optimal transmission powers Bf and R, in successive relaying modes, i.e.,
pi s andpy,;;, are equal to[(24) and (R7), respectively. Accordingly, pheperties given in
Lemmal6 and Lemmi 7 also hold in this case.

Next, we obtain the properties of the power allocation in thelti-access mode. Taking
derivative of the Lagrangian corresponding ol(23) withpes to ¢, m.is Crom.is €rym.i,» @nd

erm,i, and setting them to zero we obtain the following.

oL a K
Dy = 1- Z Arj + Z: Agj — A — A + ﬁcrlpm,i =0, (33)
oL - K
5 = 1- Z Ag,j + Z Ao — A2 — A3 + ﬁCTQ =0, (34)
Crom,i =i =i P
oL )\lz m,iQrid )\3 zlm iOlprd
= o2 —+ T + By = 0(35
aerlmvi Z e m it Qi dCrim,i lm,i + Qi d€rim,i T QrydCrom,i 2 rim (35)
oL )\2 Qryd )\3 i d
= -2 I i + Bri = 0(36
867’2"”' Z o F m i T QrydCromi lm,i + Qi d€rim,i T QrydCrom,i 2 ram (36)

Here 5., ,..i, 5%7”,1', Beyymir @Nd B, .. ; are KKT multipliers due to non-negativeness®f;, ;,
Crom.is €rymyi aNd e, i, respectively.

Similar to Section IV.B, without loss of generality we castrect our attention to the cases for
which both ?, and R, deliver data toD in the multi-access mode. Theh, . i, Be,...is Berm.is
andp,,,,.. in (33)-(36) are equal to zero. Due to the rate region of radtiess mode defined in
constraints in[(23b)-(23d), the constraint (P3b) and/@&dj2can be satisfied with equality, that
IS, A1; > 0 and/orAy; > 0.

o If A\;; >0 and)\y; =0, then from [3B){(36), we obtain

+
K K K K
N DRI D DD N D DD V) D SR | 37
prlm,i - K A Qrid K \ - o ) ( )
Zj:’i 5.5 Qrod Z]:Z 6.J rid

whered % As i+ 300 Aoy > Yo Ary+ 0 Awoy and 3 As > Z;Z >, Xey since
)\1,2‘ > (0 and )\272' = 0.
« If Ay, =0andX\y; > 0, then from [[3B){(36), we obtain

K K K K
Zj:i )\77j _I_ Z]:Z )\107j - Z]:Z )\S,j - Z]:Z )\Q,j - 1

p:Qm,i = K Qo d K ) (38)
2jmi N6 T oy 2oimi Msi Pryd
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K K K K K Qrod K ;
Wherer:i )‘7,j +Zj:i )‘10,j > Zj:i )\87j+2j:i )‘97j and Zj:i )‘671' > arfd Zj:i )‘S,j since
)\1’2‘ =0 and )\271' > 0.

« Otherwise, we have

K K +
P Ed oL R S R IR (39)
e Zf; A5 Qg ™ e
K K +
g =[RS T A, ] o)
roMm,1 25(22 )\G’j a?“gd 1M, amd

Using these, we can identify some properties of the optimasimission powers aR; and R,
in the multi-access mode.
Lemma 11:In the optimal transmission policy for multi-access and tihop with spatial
reuse, the following must be satisfied in the multi-accesdeno
» If the transmission power of; (R;) strictly increases from epochto i + 1, i.e., p;,,,,; <
Primis1 Prymi < Pram.aiv1), then either the data buffer or the battery ®f (12;) must be
depleted, or the data buffer @i, (R;) must be full att = t¢,.
« If the transmission powers of both; and R, strictly decrease from epoahto i + 1, then
the data buffers of botl®,; and R, must be full att = ¢;.
Proof: We can argue that whenevgr,, ; < p;. ., ., €itherA;; > 00rXs;; > 0, 0rAjg; > 0
in 32), or either\7; > 0 or As; > 0, Or p;,..; > Prymiys N B9). Similarly we can argue that
wheneverp;,,..; > p;,..iv1, €itherdz; > 0, Ajg; > 0 0r A5; > 01in @B8), orp;,,.; < Pmin
or A\ip; > 0 in (40Q). Therefore, we can conclude that if the transmisgiower of R, strictly
increases from epochto i + 1, then either the data buffer @t; (\;; > 0) or the battery ofR?;
(A5 > 0) must be depleted, or the data buffer®f (\;; > 0) must be full at the end of epoch
1. Similarly, the proof can be extended f&, as well.
Now suppose that the transmission powers of the bathnd R, strictly decrease from epoch
P10+ 1, 1.8,0) i > Dy mirs @NADY,, 0 > Pryiv- Then, from [(3B), we observe thag; > 0,
and from [40) we see that,o; > 0. Therefore, from complementary slackness conditions, we

can conclude that the data buffers of bdth and R, must be full. [ |

V. ILLUSTRATION OF RESULTS

In this section, we provide numerical results to show theatfdf the number of relays, energy

harvesting and relay buffer size on the optimal throughjé.also compare the performances
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Figure 3. Throughput versus, energy allocation among the relay8; has total energ\E;, Rz has(l — A E;. asr, = 4,
sry =1, ap g = 1, andaw,q = 4, T' = 10 seconds. For the battery-run (BR) systéim; = 10 Joules and®,. = 11.9 Joules,
and for the energy harvesting (EH) systdég = [1,1,1,1,1,1,1,1,1, 1] Joules andE, = [0.1,0.3,0.3,0.6,0.6,0,0, 1, 4, 5]
Joules with epoch durations= [1,0.6,1.4,1.2,0.8,1,1.2,1.6,0.5,0.7] seconds.

of various transmission modes in the two relay scenario.

First, we study the effect of energy harvesting on the thhpug of a system with one and
with two relays. We consider infinite size data buffer at tekys. We set the power gains to
gy, = 4, g, = 1, g = 1, and oy, = 4, and the deadline t@" = 10 seconds. We consider
ten epochs with durations= [1,0.6,1.4,1.2,0.8,1,1.2,1.6,0.5,0.7] seconds. We compare the
throughputs of the following two scenarios: (i) for eachntaral there is a single energy arrival
att = 0 (battery-run systen (ii) for each terminal there are ten energy arrivals atlibginning
of the epochsgnergy harvesting systgnfor the battery-run system, we haizg,; = 10 Joules,
E.1=MAE, andE,,; = (1 - M\E, with 0 < XA <1, E, = 11.9 Joules, and®; = E,
E,, = 0,7 = 2,..10. For the energy harvesting system, source energy arrivalda =
1,1,1,1,1,1,1,1,1,1] Joules,R, energies ar&,, = \E,, andR, energies ar&,, = (1-\)E,
with E, = [0.1,0.3,0.3,0.6,0.6,0,0, 1,4, 5] Joules. Note that in both systems= 1 corresponds

1,0

to the single relay model witlR; only, and A\ = 0 with R, only. Also, the total source and
relay energies are same in the battery-run and energy hayeystems. The throughputs as a

function of \ for both battery-run and energy harvesting systems are siowigure 3. For the
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Figure 4. Throughput versus relay data buffer &g,... R1 has total energ\E;, R2 has(1—\)E;, with A optimized in the
two relay caseEs = [1,1,1,1,1,1,1, 1,1, 1] Joules andE, = [0.1,0.3,0.3,0.6,0.6, 0,0, 1,4, 5] Joules with epoch durations
T=1[1,0.6,1.4,1.2,0.8,1,1.2,1.6,0.5,0.7] secondscvsr, =4, asr, = 1, arya = 1, anda,.,q = 4, T = 10 seconds.

case of two relays, we provide the throughputs obtained Iiynigng over all four modes, and
for multi-hop with spatial reuse only. As expected, the drgtrun system with the same total
energy performs better than the energy harvesting one.Heochiannel gains in this particular
example, having two relays is always better than having dim@w@gh this may not be true for
arbitrary channel gains due to the energy sharing variable addition, for the battery run
system, having onlyR; results in more throughput than having ons, which can be seen
by comparing the throughputs of = 1 with A = 0. This due to the fact that the available
energy ofS is less than the available energy of the relays; hence, bavin > «,,q better
balances the throughputs in each hop. However, for the grieagresting system having only
R, results in lower throughput than having onlgs. This is because most of the relay energy
arrives in the later epochs and hence a higher power gaineeetihe relay and destination
is beneficial for the earlier epochs. As shown in the figurahlor the battery run and for
the energy harvesting systems, the throughputs when allnfmaes are considered are slightly
higher than the throughputs of multi-hop with spatial reasel are equal for larga. This is
consistent with[[5] which shows that multi-hop with spatialise obtains most of the capacity

gains in many scenarios.
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We investigate the effect of relay data buffer size on theughput in Figure 4. We consider
an energy harvesting system and set the power gains, engigglsaand epoch durations as
above. We study three cases: (i) Two relays where the thpuigis obtained by optimizing
over all four transmission modes and energy sharing paaame(ii) single relay withR?; only
(A = 1), (iii) single relay with R, only (A = 0). As shown in the figure, data buffer size is more
detrimental for the single relay case with than with R,. For the case of two relays, for low
B...z, INncreasing the data buffer capacity leads to a dramatiease in the throughput. Unlike
the scenario withR; only, the throughput saturates aftgy,,, > 1.75 bits when we have two
relays since some of the data can be delivered thraggh

Next, we compare performances of broadcast and multi-htp spatial reuse, and multi-hop
with spatial reuse only. We set the power gainsvtp = 2, ay., = 1, a0 = 1, anda,.,g = 3,
and the deadline t@" = 2 seconds. We consider an energy harvesting system with tex@egn
arrivals at the beginning of the epochs with durations 1 sdsaach. The source energies are
Es = [2.5,2] Joules,R, energies ard,, = [0.5,1.5] Joules, and?, energies ar&,, = [1, £, 5|
Joules. Figure 5(a) shows the throughput as a functiof,9f which takes values in the range
(0.5,2.5) Joules. Figure 5(b) shows the remaining energyzatat 7' = 2 seconds for multi-
hop with spatial reuse. For the above energy and channelgwdfie remaining energy &t
and R, are zero. As shown in the figure, whé), , > 0.72 Joules, broadcast and multi-hop
with spatial reuse performs better than multi-hop with spatuse only. This is because for
E,,» > 0.72, under multi-hop with spatial reuse protocét; has energy left in its battery at
T = 2 seconds. Introducing the broadcast mode allows the soarsertd more information to
R,, thereby creating an opportunity fét, to deplete the remaining energy.

Finally, we compare performances of multi-access and rholpi with spatial reuse, and multi-
hop with spatial reuse schemes. We set the power gains,fo= 5, ag., = 1, a;,.,,y = 1, and
a-,qg = 3, and the deadline t&’ = 2 seconds. We consider an energy harvesting system with two
energy arrivals at the beginning of epochs of duration 1 is@aach. The source energies are
Es = [E;1,0] Joules,R, energies ar&,, = [0.01, 2] Joules, and?, energies ard,, = [0.1, 7]
Joules. In Figure 6, we provide the throughput as a functiofv.g which takes values in the
range(4, 10) Joules. Note that for the above energy and channel profikesetimaining energy
at the nodes are zero for both cases. As shown in the figurdj-acgkess and multi-hop with

spatial reuse performs better than multi-hop with spagake only. This is due to the fact that
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Figure 5. Throughput versus relay energy, 2. Es = [2.5,2], E;;, = [0.5,1.5], Ey, = [1, E,, 2] Joules whereE,, » is in
the range(0.5, 2.5). asr, = 2, ttsry, = 1, arya = 1, @anda,q = 3, T = 2 seconds.

the multi-access mode makes efficient use of the energh;adind R, to increase the amount

of data delivered to the destination.

VI. CONCLUSION

In this paper, we have studied energy harvesting two hop aeamuation with half-duplex
relays. We have considered one and two parallel decoddeawa+d relays with finite size data
buffers employing four transmission modes. Under the apsiomof non-causally known energy
arrivals, we have considered optimal transmission pdaittemaximize the total data delivered

by a deadline, and formulated convex optimization problémnsompute the throughput. For the
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case of two relays we have focused on multi-hop with spagiade with and without broadcast or
multi-access modes. In all cases we have identified varioysepties of the optimal policies using
KKT conditions of the convex optimization formulation. Rity, we have provided performance
comparisons and investigated the impact of multiple relagiay data buffer size, transmission
modes and energy harvesting on the average throughputalDwrr results suggest that while
energy harvesting causes a loss in throughput comparedthéthattery operated scenario, by
proper optimization of the transmission power and schexjules possible to obtain significant
gains. Furthermore, simple relaying strategies such ashoplwith spatial reuse are sufficient to
obtain a considerable portion of these gains. Possibledxtensions include designing online
strategies based on the insights gained from the offlinetiesaki provided here and extensions

to larger networks involving more relays and more hops.
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