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Abstract—In wireless networks, energy consumed for commu-

nication includes both the transmission and the processingnergy.
In this paper, point-to-point communication over a fading channel

with an energy harvesting transmitter is studied considenng

jointly the energy costs of transmission and processing. Uter the

assumption of known energy arrival and fading profiles, optmal

transmission policy for throughput maximization is investigated.

Assuming that the transmitter has sufficient amount of data n its

buffer at the beginning of the transmission period, the aveage
throughput by a given deadline is maximized. Furthermore, a
“directional glue pouring algorithm” that computes the optimal

transmission policy is described.

|. INTRODUCTION

circuitry, and optimize the data transmission scheduler ove
a fading channel. We consider a constant processing energy
cost per unit time whenever the transmitter is operating. We
assume that the transmitter has a finite capacity battery and
that a sufficient amount of data is already available at the
transmitter’s data buffer before transmission starts. déus

on offline optimization, that is, the energy arrival ins&ant
and amounts as well as channel gains until the transmission
deadline are known in advance by the transmitter. Note lieat t
noncausal knowledge of energy arrivals can model accyratel
systems with predictable energy arrivals [4], or provide an
upper bound on the performance for the case of unpredictable

Battery size is one of the main bottlenecks on the netwognergy arrivals. Our goal is to identify an optimal transsita

lifetime in wireless sensor networks. Replacing battenes

policy that maximizes the total transmitted data by a given

be expensive or inconvenient for nodes that are deployedadlinel’ subject to the energy causality constraint.

in remote locations. In recent years, energy harvesting) (EH Recently, offline transmission policies have attracted sig
has become a viable solution to operate wireless sensificant interest[[b]{[14]. Optimal transmission policiadich
nodes in a self-powered fashion for extended periods of.timeccount only for the power amplifier are studied [in [5]4[12].
However, due to the physical and technological limitationgang and Ulukus[[5] investigate a single link EH system
of EH devices, harvested energy is typically low. Thereforever a constant channel for given energy and data arrival

management of harvested energy is essential.

profiles, and provide an algorithm which computes the odtima

In wireless systems, energy consumption for communicatig@nsmission policy. Other communication scenarios with E
has two components: transmission energy used by the powetles that have been studied include single link fading milan
amplifier and the processing energy cost [1]. Depending en 6], multiple access channell[7], interference chanhklgad
range of communication or the complexity of the processingio-hop networks[[9]f[10]. Battery imperfections for a gie
circuitry, either of these components can be the dominatitigk system is investigated in[[11] and_[12]. Whilé _]11]
factor. For an energy limited system, it is known that insreastudies battery leakage and reduction in battery capawity o
ing the transmission time and lowering the transmissiongrowtime, [12] investigates finite size battery. Optimal traission
as much as possible is throughput optimal when the proagsspolicies over a constant channel while accounting for both
energy cost is ignored[2]. On the other hand, it is shown transmission and processing energy costs are studied |n [13
[3] that when the processing energy cost is taken into adcousnd [14].

the optimal transmission scheme becomes bursty, as imtgeas
the transmission time means increasing the energy spent for

processing.

Il. PRELIMINARIES
A. System Model

While most of the previous work on EH communication We consider an EH communication system that harvests
systems focus mainly on the maximization of throughput@hienergy in packets of finite amount at time instafats = 0 <
ignoring the processing energy cost, in this paper we censid, ; < --- < ¢.,, < T such that the packet harvested at . ;
the power used by both the power amplifier and the processings energy?;. Harvested energy is stored in a finite battery of
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capacity F,,,., before it is used for transmission. Therefore,
without loss of generality, we can assume that each energy
packet can have at mo#t,, ., amount of energy. We assume
that there is no energy loss in storing and retrieving energy
from the battery. We also assume that the real valued channel
gain h(t) changes at time instantgy = 0 < tf; < --- <
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tym < T, and remains constant in between. The channelpsint in time since the processing energy consumptionsstart
modeled as having additive white Gaussian noise with uni dominate the consumed energy. It is showri In [3] that there
variance. Without loss of generality instantaneous trassion  is an optimal transmission duration and power level which
rate is given by Shannon capaci%ylog(l + h(t)p(t)), where depend only on the processing energy coand the channel
p(t) is the transmission power at time We assume that the gain. Note that constant power level is optimal due to the
transmitter is able to change its data rate instantanedasly concavity of the rate-power function.

changing the transmission poweit). For a single energy packet arrivél at timet = 0 and
We can combine all energy arrivals and changes in tlaestatic channel staté, we first assume that there is no
channel gain in a single time seriegs = 0 < t; < --- < transmission deadline. Denoting the total transmissioatin

tny—1 < T. This can be achieved by allowing zero energhy ©, maximum throughput is given by the solution of the
arrivals at some;’s, or the channel gain to remain constanfollowing optimization problem:

across some of the intervals. For consistency in notatian, w o

assume an energy arrival &y = 0 at¢t = 7. The time ol 7 log(1 + hv), 3)
interval between two consecutive events is calledepnch o B

andr; £ ¢, —t,_, denotes the duration of th&h epoch. The Wwherev is the transmission power. Settirg = -2- in @)
channel gain for epochis denoted byh;. We are interested and differentiating with respect te, the optimal transmission
in offline optimization, that is, we assume that the trantmit powerv* should satisfy

knows all the energy arrival instants and amounts as well as 1 1 .
the channel gains for the peridid < ¢t < T in advance at T o €+U*10g(1 + hv"). (4)
t=20 D

We assume that the transmitter consumes energy only wHéPVe equation has only one solution for the optimal nger
it is transmitting, and the processing energy cost jeules [€vel v which increases as the channel gaindecreas

per unit time, independent of the transmission powst). Moreover, v does not depend on the avallaEbIe enetgy
We ignore the cost of switching the transmitter ‘on’ and *pff YWhen there is a transmission deadlifiaf 7' > 7=, then the

and assume that no information is conveyed by the state &t0ve solution is still optimal. On the other handlit< ==,
the transmitter as il [3]. transmitting at powern™ cannot be optimal because some

A transmission policyefers to a power allocation function€nergy would remain in the battery at tinfe In this case,
p(t) for 0 < t < T. A feasible transmission policy shouldWe can increase the throughput by increasing the transmissi
satisfy the energy causality constraint: power so that all the available energy is consumed by fime

and the optimal transmission power is given ﬁy— €.

C. Related Work

_ . 1) Glue Pouring: For a battery limited node with pro-
where£(t) is the total consumed energy by transmission poé'essing energy cost, when there are multiple fading levels,

. . . t

icy p(t) up to timet, i.e., E(t) = Jo (p(7) + € Lip(-)>03)dT- gptimal transmission policy is different from the well-kmo

Ir_1 add|t|_on, battery overflows lead to a suboptimal ”ansm'ﬁ/aterfilling solution and called "glue pouring”|[3]. For eas
sion policy because we can always increase the throughggiynosure, we describe glue pouring for two fading levels,
by increasing the transmit power such that there is no batiefi,yie energy arrival and no deadline. Using differentiapr
ove_rflow. Therefqre, an opt|mal transmission policy musbal 5jqcation (see[[3] for details), for single energy arrival
satisfy the following constraint: and fading stated; > ho with durationsr, 7, respectively,
the optimal transmission policy is summarized below. In the
following, ©; and ©, are transmission durations for epochs

] ) - o with fading levelsh; andhs, andvj andvs are the solutions
Assuming that the transmitter has sufficient data in its dagg @) for channel gaing; and k., respectively.

buffer at time¢ = 0, our goal is to maximize the throughput If E < (v + ¢), then optimal transmission policy is
under the above constraints by deadlififor given energy 0, _ and ©, = 0 with power levelso? and 0
= i ,

E(t)< Y Ei, Vtel0,T), (1)

1:0<t; <t

Z Ez - E(t) < Emama vt € [0’ T] (2)

:0<t; <t

. : ! = e
arrival and fading profile. respectiilely.
B. Single Energy Arrival and Fading Level o If 71(v] +€) < E <7i(v5+ 4= — 7= +¢), then optimal

It is well known that for a fixed energy budget and  transmission policy i®; = 7, and©, = 0 with power
no processing energy, increasing the transmission daratio €VelS 7 — ¢ and0, respectively.
strictly increases the throughput if the rate-power fumetis ~ © If 71(v3 + 7o — g +€) < E<m(ul + 55 — o + ) +
non-negative, strictly concave and monotonically inciregs 72(v3 + €), then optimal transmission policy 8, = 7,
properties that are satisfied by most of the practical rate- and ©; = b (Uzvt’f‘e_“ﬂ) with power levelsv; +
power functions[[2]. However, if the processing energy is hi _ hi andv3, res2pectively.
not negligible, increasing the transmission duration doeis !

increase the total amount of transmitted data after a certailThis follows from [@) by taking the derivative af* with respect toh.




° |f T1 (’U; + %2 —
transmission policy is the usual waterfilling.
2) Directional Waterfilling: The directional waterfilling al-

hll +¢) + 12 (vi + €) < E, then optimal convex feasible set, therefore, the optimization probler{g)
is a convex optimization problem.
The Lagrangian of[{6) with\; > 0, u; >0, v >0, v; >0

gorithm, introduced in[[6] for an EH fading communicatio@ndo: = 0 can be written as:

system with no processing energy cost, is an adaptatioreof th
classical waterfilling algorithm to the EH model where the
energy becomes available over time. Due to energy causality
harvested energy; can only be allocated to epochis> i;

and, due to the battery constraint, the amount of energy that
can be transferred to epoghis limited by E,,q, — E;_1.

IIl. THROUGHPUTMAXIMIZATION
A. Problem Formulation and Solution

In this section we study the throughput maximization prob-
lem with multiple energy arrivals and fading levels. It is
possible to show that within each epoch, when the tranamitte
is ‘on’, constant power transmission is optimal [5], so w
denote the nonnegative power level within epods p; with
duration®;, 0 < ©; < 7;. Then, the throughput optimization
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gorresponding complementary slackness conditions are

4

i Z (Oéj + €@j — Ejfl) =0, Vi (8)

problem can be stated as follows: j=1
N 0. i+1 i
max Y —log(1 + hipy) (5a) i | D Ej1 =D (aj+€0;) = By | =0, Vi (9)
pi,0i i—1 j=1 J=1
: '71(91 - Ti) =0, ViG)i =0 and o;c; =0, V1. (10)
st 0<) (Bj1—0(p+6)i=1..N, (5b) _ o _
e Taking derivatives with respect to; and ©;, we obtain
i+1 i N
) oL O,h;
;Ej—l—j:Zl@j(Pj-i-E)SEmazJ:l,---,N, @Zm—;@\j—ﬂj)-ﬁ-@, (11)
(5¢) |
0<©,<7, and 0<p, i=1,..N. (5d) Y IMUILCA W L
00, 2 O; 2(0; + hiay)
Note that this is not a convex optimization problem because N
the constraints i (3bJ-(bc) are not convex. Therefore, Wik w —EZ (Nj — 1j) — i + vi. (12)

reformulate this problem by defining a new variaklg =

J=i

©ipi, which denotes the total consumed energy by the powgf consider KKT conditions together with the complementary
amplifier within epochi. Then, the optimization problem in gj5ckness conditions i(8)=(L0).

(8) can be written in terms d®; anda; as follows:

(6a) .

S.t. 0< (Ej,1 — Oy —663), 1= 1,...,N, (Gb)
j=1
141 [
Ej_l — Z (aj + €@j) < Fnaz,t=1,...,N,
j=1 j=1
(6¢)
OSGiSTi, and 0<cq;, t=1,..,N. (6d)

With this reformulation, concavity of (6a) can be argued .
from the fact that the functior: log(1 + h_o—“) is the per-
spective of the strictly concave functi(%rlog(1+hiai). Since
perspective operation preserves conca\%ﬁylog(l + "@—a) is
also concave[15]. The linear constraints[in] (db)}(6d) defin

If ©F =0, thena; = 0 and no power is allocated to
epochi, i.e.,p; = 0.
If0<©; <7 and0 < af,ie.,y =0v,=0,0 =0,
then from [(I1) and[{12), we obtain
hiaf hl(a:‘ + 6@:)

os (1 5 ) = Mgt
which is equivalent td (4) when we replaag with ©7p;.
Therefore, as argued in Sectibn 11-8,{13) has a unique
solution which depends only diy ande. We denote this
unique power level ap; = v} and note thap; does
not depend on the Lagrange multiplieks and 1;, for
j=1,..., N, either.
If ©f =7, and0 < of, i.e.,v; > 0,1, =0, 0; =0, then
from (11), we get

Orh; al
20 +hap) 2N )

J=

(13)

(14)



Similarly, from [12), we get energy packef; is allocated to subsequent epochs using the
glue pouring algorithm.

llog (1 + hﬂl:) - hla’;
2 o; g 2(07 + hia}) B, B e B B
U*
+ey (N —my) + 7 s L :
j=i v5 - o -
Sincev; > 0, from (I34) and [[(Ib), we can obtain the i
following inequality: - = = - - =]
hiay\ _ hi(aj +€6;) a s wolow | w
1 1 2 2 2 . 16 v 1 12 3 4 L5
Og( * e;)> o7 + hiat 1 =5 t1 o b h —r
a

Comparing with [(IB) we conclude thdf {16) is satisfied p, B B, o E,
only if p; > vf. Then, by using[(14) and replacing’
with ©fp¥, we can compute the optimal power leygl
as

1 1 .
p; = —— if pf > 0. a7

2y (N — ) D
Notice that\; and; cannot be positive simultaneously.
Using the complementary slackness condition§ln (8) and o =0 ty t%b) 5=
@), we have); > 0 and p; = 0 whenever the battery
of the transmitter depletes Therefore, frdml(17), we can
argue thatp;, , + h+ > p; + h . This means that
whenever the sum of the inverse channel gain and the
optimal power level increases from one epoch to the
next, the battery must be empty. When > 0 and
A; = 0, the battery is full. Therefore, fron_(1L7), we
can argue tha;ber1 + h < p; + hl As a result, the

€
By
S
&
>
£
>

sum of the inverse channel gain and the optimal power # =0 11 ty t3 ty t5= ™

level decreases from one epoch to the next, whenever the ©

battery is full. Moreover, since depleting all the harvdste Fig. 1. Directional backward glue pouring algorithm

energy by the deadline is optimal[12)y > 0 and

pN = 0. Consider the example in Fif. Ifa). Arrival times of the

Remark 3.1:0Optimization problem in[{(6) may have multi-harvested energy packets are shown with thick downward
ple solutions. Consider a channel with multiple epochstmaviarrows. The thin downward arrows correspond to the time
the same channel gafly, and a corresponding optimal transinstants when the channel gain changes with virtual energy
mission policy with0 < ©F < 7. As argued from KKT arrivals (F; = FE3 = E, = 0). Inverse of the channel gains
conditions,p! = v} must be satisfied for these epochs. Theare indicated by solid blocks. Optimal power levefs for
the corresponding optimal values f@gf = h;p; must also 0 < ©; < 7; are indicated with dashed horizontal lines above
be the same. Without loss of optimality, we can find anothéte inverse channel gain blocks such thatcorresponds to
optimal transmission policy by transferring some of thergpe the distance between the dashed lines and solid blocks. Note
between those epochs such that the optimgj is preserved. that the energy consumed for processing is not shown in the

Note that if the channel gains are different (Secfionlll-B) digure; however, it can be computed from the total transmoissi
pl > vl ie,0r =71 0r\ >0o0rpu >0, forall i, then duration. As argued before, the algorithm first computes the

there is a unique solution. optimal power level for the last non-zero energy arri¢al.
o ) ) As shown in Fig[ I(B), the algorithm considers the harvested
B. Directional Backward Glue Pouring Algorithm energyE, for epochs three, four and five. It allocatEs to the

We can allocate the harvested energy to epochs starting frrind and fourth epochs using glue pouring algorithm as edgu
the last non-zero energy packet to the first such that cantstrain Section[TI=C. Note that only a portion of the third epoch
in (M-(@) (akin to directional waterfilling in Sectidn Tl)Gare is utilized with power leveb} due to glue pouring. Then, the
satisfied. In addition, the optimal transmission policylizgis algorithm considers the first non-zero energy arriégl and
epochi either partially, i.e©; < 7;, with power level; = v}, allocates this energy according to glue pouring algoritam a
or fully, i.e., ©f = 7;, with power levelp; > v} as argued shown in Fig[I(d). Note that some of the energy is transferre
in SectiorII[-A. Therefore, the optimal transmission pylis to third and fourth epochs as argued in Sedfion]Il-C. However
a directional glue pouring algorithm in which each harvestdransferred energy is limited due to the finite battery sihéctv
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In this paper, we have studied an EH communication system
with processing energy cost over a fading channel. Under the
noncasual knowledge of energy packet arrivals, we have iden
tified the optimal transmission policy such that the trartadi
data is maximized by a given deadline. Our solution involves
a convex optimization formulation of the problem as well
as an optimal ‘directional glue pouring’ algorithm. Finall
numerical results have been provided to illustrate thecefié
processing energy cost on the throughput.
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