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Abstract—We consider an energy harvesting point-to-point
communication system where the transmitter is powered by an
energy arrival process and is equipped with a finite battery
of size B ax, which has limited efficiencies for storing energy
into the battery and withdrawing energy from the battery. We
assume a discrete i.i.d. energy arrival process where at each
time step, energy of size A; is harvested with probability p;,
Vi € {1,2,---, K}, independent of the other time steps. We
provide upper and lower bounds on the information-theoretic
capacity of this channel. These bounds are within a constant gap
for K = 2 and a special case (with perfect battery efficiencies)
for K = 3.

I. INTRODUCTION

Wireless communication networks composed of devices
that can harvest energy from nature represent the green
future of wireless. The simplest model that captures the
communication scenario is a discrete time AWGN channel.
In most communication systems, the transmission power is a
major cost [1, 2]. This cost can be partially alleviated by using
energy harvesting devices [3-5]. For transmitters that are
powered by energy harvesters, typically energy is replenished
by the energy harvester, while expended for communications
or other processing; any unused energy is then stored in
an energy storage, such as a rechargeable battery [6,7].
However, unlike conventional communication devices that
are subject only to a power constraint or a total energy
constraint, transmitters with energy harvesting capabilities
are subject to additional energy harvesting constraints [8,
9]. Specifically, in every time-slot, the transmitter is con-
strained to use at most the amount of stored energy currently
available, although more energy may become available in the
future slots. Thus, a causality constraint is imposed on the use
of the harvested energy. This raises many interesting issues
in the design of efficient energy harvesting communication
schemes. In this paper, we study the bounds on the capacity
of AWGN channel where the transmit node is powered with
stochastic energy arrivals, and is equipped with a limited
capacity battery with storage and withdrawal efficiencies.

The capacity of a single-user channel with infinite battery
capacity is obtained in [10], where it is shown that the
capacity equals to that of a classical AWGN channel with
an average power constraint equal to the average energy
harvesting rate. Despite significant recent effort [11-13] to
characterize the capacity of the energy-harvesting channel
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in the finite battery case, there is still a lack of complete
understanding. For example, [13] provides a formulation of
the capacity and derives a lower bound on the capacity that
is only numerically computable. However, it is difficult to
obtain useful insights from numerical evaluations. Even in
the case of zero-capacity battery, where [14] provides an
exact single-letter characterization of the capacity in terms
of an optimization problem, the corresponding optimization
is difficult to solve and requires numerical evaluations. The
authors of [15] investigated the case of constant input energy
input with a limited battery. Recently, the approximate capac-
ity of a single-user energy harvesting system with discrete
energy arrivals has been characterized in [16], where it is
assumed that the incoming energy is stored in the battery and
the transmission energy is taken from the battery. Since the
transmission power is only used from the battery, if battery
capacity is zero, i.e. Byax = 0, the capacity will be zero
according to [16], while we assume that the unused energy
is stored in the battery and thus may get a non-zero capacity.
The results in [16] have been further extended to fading
channels in [17, 18].

We assume that the energy arrival is a discrete random
process that can take K values Ay, --- , A where the incom-
ing energy is A; with probability p;. The incoming energy
is used in part for transmission and is in part stored into
the battery, which has finite battery size By,.x, and limited
efficiencies for storing energy into the battery (ry,) and for
taking energy out of the battery (r,y). We provide upper
and lower bounds on the information-theoretic capacity of
the channel for general K when the receiver does not know
the energy arrival process, and provide an approximation to
the capacity region for K = 2, 3. For K = 2, we have the gap
between the upper and the lower bound as 3.013 bits for any
values of the system parameters involved (p;’s, A;’S, Tin, Tout
and B.x). For K = 3, we have the capacity within 4.818
bits when the efficiencies for storing energy into the battery
and withdrawing energy from the battery are both 1 for all
the other parameters (p;’s, 4;’s and Bp,.x). Our approximate
capacity characterizations provide important insights on the
optimal design of energy harvesting communication systems.
For lower bound, we introduce multiple strategies and choose
the best for each set of system model parameters which
makes our results different from that in [16] where the lower
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bound is based on a single strategy. For each strategy, we
derive a unique energy allocation policy that is time invariant
and the consumption of each arriving energy package is
decreasing over time with a geometric parameter across
different epochs. The proposed upper bound accounts for the
flexibility of incoming harvested energy, and thus needs to
decide how much incoming energy to store in battery, and
how much to utilize for transmission in each time instant
which makes our results more complex than that in [16]
where all the incoming energy can only be stored in the
battery.

The remainder of this paper is organized as follows.
Section II introduces the model for a point-to-point commu-
nication system which is equipped with an energy harvesting
device. Section III gives our results on the inner and the outer
bounds of the capacity, which are within a constant gap in
some special cases.

II. SYSTEM MODEL

We consider a point-to-point channel with a single trans-
mitter, which is equipped with an energy harvesting device.
The energy harvesting device has a battery with a capacity of
Bhax- If the battery is not full, the harvested energy is stored
in part in the battery and in part used for the transmission;
if the battery is full, the transmitter can directly use the
harvested energy. In both the cases, some additional amount
of energy from that stored in the battery can also be used
for transmission. The usage of the battery is not free. The
cost of storing energy into the battery is denoted through
the coefficient 0 < 7;, < 1. Similarly, the cost of taking
energy out the battery is denoted through the coefficient
0 < rouy < 1. Let Xy denote the scalar real input to
the channel in time step t. We consider a discrete time
AWGN channel, where the output of the channel is given
by V; = X; + N;, where N; ~ N(0,1) is the additive
noise. At each time slot ¢, the system harvests E; energy
units that is causally known at the transmitter (i.e., at time ¢
the transmitter knows E;, F;_1,....) but is not known at the
receiver.

Let B; be the available energy in the battery in time step
t. We assume that at each time step, the system first harvests
energy and then transmits the signal X;. The square of |X|
is constrained by the available energy .+ B; (accounting for
the withdrawal efficiency of the battery) plus the harvested
energy Fy, i.e.,

1X:)* < 7o Bi + E. (1)

By considering the cost rj, of storing energy into the battery,
we have that the available battery energy for transmission B;
is updated as

Bii1 =By +

1
Tin(Br — | X ")t - "

(X - BT (@

out

Note that in order to not waste the harvested energy, we

should choose X; such that

Bi + rin(Er — | X)) — —(IXi* = E)" < Bumax- (3)

1
Tout

Here, we consider the case that the harvested energy FE
is a K-level i.i.d. process as

Et:{ Au W.p. Di, Z:175K (4)
where 0 < Al <--- < AK’ Zf:lpk =1 andplv"' yPK =
0.

Definition 1. The encoding functions f;, t = 1,--- ;n and
the decoding function g are defined as
fi ¢ MxE =Xx, t=1,--,n, )
g« Y'=>M, (0)
where X = )Y = R & = {A1, -+ ,Ax} and M =
{1,---, M} is the set of messages to be transmitted. To
transmit message w € M, at time t = 1,---,n, the

transmitter sends X, = fi(w,{E;}._,). The battery state B,
is a deterministic function of ({Xi}zzo, {Ei}zzo), therefore
also of (w, {Ei}zzo)- The functions f; must satisfy the energy
constraints (1)-(3):

Bt (wa {Ez}f:0> + Et - Bmax

< (e (wABYL)) < B (wABYL) + B

The receiver estimates w = g ({Y;}._,). The probability of
error is

®)

€

M
1
P = i Z P (i # w|w was transmitted) .

w=1

The rate of an (M,n) code is %. We say rate R is
achievable if for every § > 0 there exists, for all sufficiently
large n, an (M,n) code with rate @ > R -9, and
error Pe(n) — 0. The capacity C of the above system with
parameters Ay, ..., Ax,p1,...,PpK and By is defined as
the supremum of all achievable rates.

Remark 1. For the special case of Byna.x = 00, the capacity
of the above systems has been characterized in [10]. It
is shown that in the optimal transmission scheme, nothing
is transmitted for the first few time slots so that enough
energy is accumulated. This is followed by transmission using
the average harvested energy in every time slot. Hence the
capacity is characterized by the average energy arrival rate.
[19] also characterized the capacity with infinite buffer size
using a different approach.

Remark 2. In [16], for the Bernoulli energy arrival, the
approximate capacity is characterized under a slightly dif-
ferent model where energy can only be used from battery
and thus even if As — A1 > Buax, the extra energy,
(Ay — A1 — Bmax), cannot be utilized. Further, in [16], it
is assumed that ri, = rout = 1 which restricts their results
to model with no efficiencies.
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III. MAIN RESULTS

In this section, we will first give the outer and the inner
bound on the capacity. Then, the gap between the two will
be found in some special cases.

A. Outer Bound

An outer bound on the capacity of discrete time AWGN
channel with energy harvesting device can be given as
follows.

Theorem 1. For 0 < A; < ... < Ay, Zszlpk =1,

P1, ", PK Z O: Tin, Tout € (0> 1] and Bmax Z 0, the
capacity is outer bounded by
Cub,K
K .
:Zlﬁlog(l + A, —z)+ glog
p 2 2
(1 A, Tinrow Mita ()" zfiQp,;(w)
P1
sit.  z; < Bpax, V1<i<K, ©)]
K K
rinrout Y pi(z)T =Y pi(=z)t >0, (10)
=2 i=2

where {z3,-- , 2k} = arg max., ... 7Z;K{Cubj(}.

Proof: The upper bound holds intuitively because on the
time slots of energy arrivals A;, i > 1, if the average energy
that is put in the battery is z;, then the capacity in these slots
is upper bounded by 1 log(1 + A; — ;). With z; taken out
from the incoming energy on an average, an average of ri, z;
energy is stored in the battery which can be utilized in the
remaining time slots when there is A; energy arrival, and an
average power constraint forms the upper bound.

Let g(t) = | X¢|? and g;(t) = g(t)(1g,=4,) is the power
allocation strategy that maximizes the capacity. Then, the
capacity is upper bounded by

11
lim inf i Z 3 log(1+ g(t))

N —oc0
t=1

,\
e

—
IN=

where NN; is the number of occurrences of Et = A;, and as
N — oo, N; = Np;. In the above, (a) follows by separating
the incoming energies by their level, and (b) follows since
logarithm is a concave function. Suppose that an average of
x; energy is stored into the battery and y; is withdrawn from
the battery when the energy arrivals are A; for ¢ > 1, then
E(gi(t)) = piAi — pixi + Tourys for i > 1 and E(g1(¢)) =
p1A; + Zfiz PiTout (Tin®i — ¥i). As N — oo, using law of
large numbers, we have that the capacity is upper bounded

by
K

C< %1()%(1‘1’141‘ — & + Tout¥i)

max
ngiSBm,a:rv

—
0<S K, pi(rinzi—u:) '

+ & lOg (1 + Al + ZiK:QpiTout(rinxi - yz) ,
2 P
(11)
For this optimization, we find that min{z;,y;} = 0 for all
1 > 1. Defining z; = o when z; >0, we get
’ —ToutYis When z; =0.°

the result as in the statement of the theorem.

|

We get the following corollaries from Theorem 1.

Corollary 1. For the case of K = 2, the outer bound can
be reduced to

_ p2 _
Cup = O<J{ga§§nax 5 108(1+ Az —a) +
? log(1 + A3 —|— routrmx) (12)
The optimal value of x in (12) is x* =

+
; 1-— in
min {Bmax; <A2 — A — #) p1}~
Remark 3. In general,
argmax,, ...
sively.

the optimization for finding
2xCub i} in Theorem 1 can be found recur-

Corollary 2. The upper bound in (9) can be simplified as
following in different ranges of Bmnax for rin = rout = 1.
A) For Bpax < (As — A1)p1, we have

K

Cub,K = Z % log(l + Ay —
=1

Bmx K_ J
(p—l)log 1+A1+M . (13)
2 P1

Bmax) +

B) For A (Zr 1 pr) — Zf;ll p1A1 < Bmax <
A1 (O0_ipr) — >0 pids, V2 < s < K — 1, we have
a Dbe

Cub,K = Z E 10g<1 + AE - Bmax) +

l=s+1
1- Efierl bi
2
"97 iAi + Bmax Ii ]
log (1 + A + Liz2P 7 Z]_SH e )(14)
1- Zm:s-&-l Pm

C) For Ax — Zfil DiAi < Bax, we have

K
1
Cue = 3log (HZmAZ-).
i=1

B. The Lower Bound

The insights developed in the upper bound can be used
to give an achievability scheme, which achieves the rate as

15)
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given in the following theorem.

Theorem 2. For 0 < A; < --- < Ag, ZkK:1pk =1,
P1y ey Pr 2 0, Tin, Tout € (0,1] and Bpax > 0, the rate of
maxh_, MAX(< 7, <min{ Brax, A } Cﬁ,,K(xk) can be achieved,
where

K
Z%log (1+A4;—2)+
ij=k

— Dh (i PO TinTout
+Z—'10g 1+ A+ o

C’lb K

Zi;1 Di

—log K — 0.72(1x2). (16)

The rest of the subsection proves this theorem. We show
the achievability for Cii;,K(QC)’ where k € {2,--- , K'} which
would show the result in the statement of the theorem. This
scheme considers the time slots between two consecutive
energy arrivals of more than or equal to Ay at slots T}
and T5. Then, energy of A; — z, Vj € {k,--- K}, is
used at time 77 and the effective energy that goes into the
battery is rj,x. Then, at any time step ¢ between 77 and
T5, the energy of Zfik p; B is extracted from the battery,
and thus we can use A; + 7out Zfik p; B energy in time
t and the residual energy for slot (¢ 4+ 1) in the battery is
Biy1 = (1 - Zfik p;)Bt. Thus, energy usage after time
T is Tinrout(ZiK:k pi)(1 — Zfik pi)t n lx. We note that
the inter-arrival time is a geometric random vanable with
parameter 27  Di» and thus has the mean of and
on average all x;’s will be used. We ignore the energy left
out of x at T5, and consider the next interval starting at 75 to
find the energy usage after 75. This policy can be evaluated
to give the desired bound. Define ¢ (¢) as the energy that is
used in time ¢ using this strategy.

The strategy g (t) we consider is of the form g (t) = §(j),
where j = t —max{t : E(t ) = A;,i > k,Vt <t},ie., the
strategy is invariant across different epochs and the allocated
energy depends on the number of time steps since the last
energy arrival A;,7 > k. So, we get

9(j) =
j—1
(Zf:k- p@)rinrout“- - Zﬁ:k pm) x+ Ay,
Wp Ze 1p£7
i1 ’
(Zf:]g pf)""inrout(1 - Ei:k pm) T + Ak 1,
w.p. Pr— 1
Zﬁ 1 pl
forall 5 >1. a7
Also
_ Pk
A —x, Wp. SK
9(0) = (18)
_ PK
Ag —x, wWp. K

The idea for the achievability scheme is that if both the
transmitter and receiver know at each time arrival what
energy packet A; arrives, they can agree on an energy

allocation strategy ahead of time.

Communication proceeds as follows: At each time step ¢,
the transmitter sees the realization of the energy process Ej,
let j = t—max{t, <t:Ey > A}, ie., the number of time
steps since the last time battery was recharged with energy
packet arrival A;, j > k. Let ¢4 (i) denote the amount of
energy allocated to transmission, ¢ channel uses after the last
time the battery was recharged via packet arrivals A;, j > k,
1 =0,1,---. We concentrate on an energy allocation policy
¢ (i) that is invariant across different epochs (the period
of time between two adjacent packet arrivals A; and A s,
j,j, > k). In other words, if energy A;, 7 > k arrives at
the current channel use, we allocate ¢ (0) amount of energy
for transmission; if energy A;, j > k arrived in the previous
channel use but not the current channel use, then we allocate
¢r(1) amount of energy for transmission, and so on till the
next arrival of energy A, i >k

Consider n consecutive time slots of energy arrivals where
n is large enough. Denote n(i), 4 > 0 as the number of times
slots ¢ that their corresponding j =t — rnax{tl <t:Ey, >
Ai} is equal to . If n goes to infinity it can be shown
that n®, i > 0 goes to infinity, as well. The transmitter
and the receiver agree on a sequence of M + 1 codebooks:
C,(CO),C,?),(Z',?)7 e ,C,iM) with large enough M, each code-
book C” consisting of 27" R codewords where R() is
the rate of the codebook and codebook C,(j) is amplitude-
constrained to ¢ (i), i.e., the symbols of each codeword in
C,(;) are such that X,> < ¢y (i) if i = t — max{t < ¢ :
E, > Aj}. This ensures that the symbol transmitted at the
corresponding time will not exceed the energy constraint
¢r (7). The transmitter chooses a codeword ci; € Ck),
Vi € {0,1,---, M} to communicate to the receiver. More
speciﬁcally, in the I occurrence of 4, the transmitter sends
the (™ symbol of codeword ¢ 4, i.e., upon the arrival of the
first energy packet A;, j > k, the transmitter sends the first
symbol of ¢ o € C,(CO ; if there is no energy packet arrival
Aj;, j > k in the next channel use, it transmits the first
symbol of ¢ 1 € C,(cl) in the next channel use, etc. Once
the second energy packet A;, j > k arrives, the transmitter
transmits the second symbol of ¢y, o, then the second symbol
of ¢y, etc. If 5 > M, the transmitter transmits zero
symbol. Communication ends when the transmitter observes
the arrival of the (n(®) 4 1)th energy packet of energy A;,
7 > k. (We assume that communication starts with the arrival
of the first energy packet of energy A;, j > k).

We assume that H(E;) bits is used to communicate the
incoming energy level E, to the receiver. The receiver can
track the codebook used by the transmitter and decode each
codeword separately by knowing the energy arrival F} in the
transmitter.

Let {T;}£_, be the inter-arrival times between the i and
i+ 1™ energy packets of A;, i > k, where L is the total
number of packets of A;,i > k received by time instance
N,ie. 2 T, <N < ZL+ T;. Notice that T;’s are i.i.d.
Geometric random variables. We can lower bound the rate
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achieved by ¢ (¢) in terms of these new variables as
N

A}i_r)noo inf % ; % log(1 + g (1)
> lim inf ZiL:l > = IEE-%llog(l I
L—oo Zi—l E
(B[RS broa(t+50))]
B E[T1]
i K 0o i—1
) (ZW> D BTy =) ) > log(1+G(j))
1=k i=1 Jj=0
r K ) K K il
[BIEE - E)
| \t=k i=1 \l=k =k
i—1 1
5 log(1+9(7))
7=0

19)

Using the discussed energy allocation strategy in this
subsection and Eqn. (19), the rate in the following lemma
could be achieved, which will be further lower bounded to
get the statement in the Theorem.

Lemma 1. The capacity of a system with i.i.d. energy arrival
process only causally known at the transmitter, but not at the
receiver, is lower bounded by

£ () (- () oo

—1.04 — log K. (20)

Proof: The proof follows on the same lines as [16,
Lemma 2], using (19). The gap of 1.04 + log K is due to
amplitude-constrained AWGN, and having no channel state
information at the receiver.

The next result further lower bounds the achievable rate in
Lemma 1.

Lemma 2. We have the following inequality:

Z%log(lJrAj —z)+
=k
k—1 K
Pn (ZZ:]@ pf)’rinroutx
—&-Z;log (1-1- ST, + Ay,
h=1 =1 7

—0.973 — 0.72(1x52) <

| (Z”> (1_ (Z”» log(1+ 3(7)

2

Proof: We divide the proof into three cases. The first
case is when (Z"’“f‘# + A; > 2.85, the second one

i=1 Pi

is when WM 4+ Ap_1 < 2.85, and the third one is

i=1 Pi

when e Lpf)flnTO\ltz + A, <285< L kpé)rinroutx +
Ag. In the first two cases, (21) can be shown Wlthout the
presence of 0.72 while in the third case, (21) can be shown
with an additional 0.72. Thus, when 1 = K — 1, the third
case does not matter and hence the result as in the statement
of the lemma follows. The detailed proof can be seen in [20].
| |
Using Lemma 1 and Lemma 2, the result in Theorem 2

follows directly.

C. Gap between the bounds

In this subsection, we show that the gap between the
bounds are constant in some special cases. We first consider
two-levels energy arrival process (K = 2). From Theorems
1 and 2, the following corollary follows.

Corollary 3. We have the following inequality that
Cub2 — Ciy o(w3) < 3.013  bits
for vp17p27A17 A23 Tina Tout e (07 1) and Bmax Z 0

(22)

The next result shows the gap between the inner and outer
bound for three-level energy arrival process for the case of
Tin = Tout = 1.

Theorem 3. When ry, = rout = 1 and K = 3, the gap
between the upper and the lower bounds is limited by 4.818
bits, i.e., we have the following inequality

Cup,3 — max{Cf, g(a3), Cjj 5(25)} < 4.818 bits
fOI" VPlaP%PSv Alv A27 AS and Bmax 2 0

(23)

Proof: We note that there is a —4.318 in the statement of
Theorem 2 for K = 3, and among the remaining expression,
we can show that the gap between the outer bound and one
of the inner bounds is at most 1/2 bit. In order to show this
gap of 1/2 bit, we divide the region of B.x, A1, A2 and Ag
into multiple cases. The details can be seen in [20]. [ |

IV. CONCLUSIONS

We consider an energy harvesting communication system
where a transmitter powered by an exogenous energy ar-
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rival process (modeled as a discrete random process) and
equipped with a battery of finite capacity communicates over
a discrete-time AWGN channel. The efficiency of storing
energy in the battery and withdrawing energy from the battery
are used to give bounds on the capacity. These bounds are
shown to be within a constant gap for K = 2 and a special
case (with perfect battery efficiencies) for K = 3. Extension
to fading channels is a future work.

(1]

(2]

(3]

[4

—

(3]

(6]

[7

—

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

REFERENCES

S. Lindsey and C. Raghavendra, “Pegasis: Power-efficient gathering
in sensor information systems,” in IEEE Aerospace Conference Proc.,
vol. 3, 2002, pp. 3-1125.

W. Heinzelman, A. Chandrakasan, and H. Balakrishnan, “Energy-
efficient communication protocol for wireless microsensor networks,”
in Proc. of the 33rd Annual Hawaii International Conf. on System
Sciences, Jan. 2000.

D. Niyato, E. Hossain, M. Rashid, and V. Bhargava, “Wireless sen-
sor networks with energy harvesting technologies: A game-theoretic
approach to optimal energy management,” I[EEE Wireless Communi-
cations, vol. 14, no. 4, pp. 90-96, 2007.

A. Kansal and M. Srivastava, “An environmental energy harvesting
framework for sensor networks,” in Proc. of the 2003 International
Symposium on Low Power Electronics and Desig(ISLPED), Aug. 2003,
pp. 481-486.

M. Rahimi, H. Shah, G. Sukhatme, J. Heideman, and D. Estrin,
“Studying the feasibility of energy harvesting in a mobile sensor
network,” in JEEE International Conf. on Robotics and Automation
Proc. (ICRA), vol. 1, 2003, pp. 19-24.

R. Rao, S. Vrudhula, and D. Rakhmatov, “Battery modeling for energy
aware system design,” Computer, vol. 36, no. 12, pp. 77-87, 2003.
D. Brunelli, L. Benini, C. Moser, and L. Thiele, “An efficient solar
energy harvester for wireless sensor nodes,” in Design, Automation
and Test in Europe, Mar. 2008, pp. 104-109.

W.-G. Seah, Z. Eu, and H. Tan, “Wireless sensor networks powered
by ambient energy harvesting (wsn-heap)—survey and challenges,” in
st International Conference on Wireless Communication, Vehicular
Technology, Information Theory and Aerospace Electronic Systems
Technology (Wireless VITAE), 2009, pp. 1-5.

S. Chen, P. Sinha, N. Shroff, and C. Joo, “Finite-horizon energy
allocation and routing scheme in rechargeable sensor networks,” in
Proc. IEEE INFOCOM, Apr. 2011, pp. 2273-2281.

0. Ozel and S. Ulukus, “Achieving awgn capacity under stochastic
energy harvesting,” IEEE Transactions on Information Theory, vol. 58,
no. 10, pp. 6471-6483, Oct. 2012.

K. Tutuncuoglu, O. Ozel, A. Yener, and S. Ulukus, “Binary energy
harvesting channel with finite energy storage,” in Proc. IEEE Int. Symp.
Inform. Theory (ISIT), Jul. 2013, pp. 1591-1595.

S. V. PK. Deekshith and R. Ramachandran, “AWGN channel capacity
of energy harvesting transmitters with a finite energy buffer,” Preprint
arXiv: 1307.4505, 2013.

W. Mao and B. Hassibi, “On the capacity of a communication system
with energy harvesting and a limited battery,” in Proc. IEEE Int. Symp.
Inform. Theory (ISIT), Jul. 2013, pp. 1789-1793.

0. Ozel and S. Ulukus, “AWGN channel under time-varying amplitude
constraints with causal information at the transmitter,” in Conf. Record
of the Forty Fifth Asilomar Conference on Signals, Systems and
Computers (ASILOMAR), Nov. 2011, pp. 373-377.

V. Jog and V. Anantharam, “An energy harvesting AWGN channel with
a finite battery,” in Proc. IEEE Int. Symp. Inform. Theory (ISIT), Jun.
2014.

Y. Dong, F. Farnia, and A. Ozgur, “Near optimal energy control
and approximate capacity of energy harvesting communication,” /[EEE
Journal on Selected Areas in Communications, vol. 33, no. 3, pp. 540—
557, Mar. 2015.

J. Doshi and R. Vaze, “Long term throughput and approximate capacity
of transmitter-receiver energy harvesting channel with fading,” Preprint
arXiv: 1408.6385, Aug. 2014.

R. Nagda, S. Satpathi, and R. Vaze, “Optimal offline and competitive
online strategies for transmitter-receiver energy harvesting,” Preprint
arXiv: 1410.1292, Oct. 2014.

[19]

[20]

306

R. Ramachandran, V. Sharma, and P. Viswanath, “Capacity of Gaussian
channels with energy harvesting and processing cost,” IEEE Transac-
tions on Information Theory, vol. 60, no. 5, pp. 2563-2575, Mar. 2014.
M. Ashraphijuo, V. Aggarwal, and X. Wang, “Energy harvesting
communication using limited battery with efficiency,” IEEE Journal on
Selected Areas in Communications—Series on Green Communications
and Networking, DOI: 10.1109/JSAC.2015.2478716, Oct. 2015.

Authorized licensed use limited to: Columbia University Libraries. Downloaded on May 18,2020 at 15:13:16 UTC from IEEE Xplore. Restrictions apply.




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     6
     5
     6
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     6
     5
     6
      

   1
  

 HistoryList_V1
 qi2base



