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Gaussian Energy-Harvesting Channels:

Save-and-Transmit and Best-Effort
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Abstract

An additive white Gaussian noise energy-harvesting channel with an infinite-sized battery is considered. The
energy arrival process is modeled as a sequence of independent and identically distributed random variables. The
channel capacity %log(l + P) is achievable by the so-called best-effort and save-and-transmit schemes where P
denotes the battery recharge rate. This paper analyzes the save-and-transmit scheme whose transmit power is strictly
less than P and the best-effort scheme as a special case of save-and-transmit without a saving phase. In the finite
blocklength regime, we obtain new non-asymptotic achievable rates for these schemes that approach the capacity
with gaps vanishing at rates proportional to 1/+/n and \/w respectively where n denotes the blocklength.
The proof technique involves analyzing the escape probability of a Markov process. When P is sufficiently large, we
show that allowing the transmit power to back off from P can improve the performance for save-and-transmit. The
results are extended to a block energy arrival model where the length of each energy block L grows sublinearly in

n. We show that the save-and-transmit and best-effort schemes achieve coding rates that approach the capacity with

gaps vanishing at rates proportional to y/L/n and \/max{logn, L}/n respectively.

I. INTRODUCTION

In this paper, we consider communication over an energy-harvesting (EH) channel which has an input alphabet X,
an output alphabet ) and an infinite-sized battery that stores energy harvested from the environment. The channel
law of the EH channel is characterized by a conditional distribution qy|x where X € & and Y € ) denote the
channel input and output respectively. A source node wants to transmit a message to a destination node through
the EH channel. Let ¢ : X — [0,00) be a cost function associated with the EH channel, where c(x) represents the
amount of energy used for transmitting = € X. At each discrete time k € {1,2,...}, a random amount of energy

E}, arrives at the battery buffer and the source transmits a symbol X € X such that

k
Z c(X;) < Z E; almost surely. (D
i=1 i=1
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This implies that the total harvested energy Zle E; must be no smaller than the “energy” of the codeword
Zle c(X;) at every discrete time k for transmission to take place successfully. The destination receives Y}, from
the channel output in time slot k for each k € {1,2,...}, where (X},Y}) is distributed according to the channel
law such that py, | x, (yr|zr) = qv|x (yr|ze) for all (2, yx) € X x ). We assume that {E;}$°, are independent and
identically distributed (i.i.d.), where F; is a non-negative random variable. To simplify notation, we write F £ F
if there is no ambiguity. Throughout the paper, we let P = E[E], the expected value of E, denote the battery
recharge rate, and we assume that E[E?] < oco. All results presented in this paper depend on the random variable E
only through its first and second moments rather than its distribution.

This paper focuses on the additive white Gaussian noise (AWGN) model where X = Y = R, qy|x(y|lr) =

1 _w-?

Nl and c(z) = 22. Under the AWGN model, the received symbol at time k can be expressed as

Yi =X+ Z 2

for each time k where Zj, is a standard normal random variable which is independent of X} and the random
variables {Z,}°, are independent. Reference [1] has shown that the capacity of this channel is % log(1 + P) and
proposed two capacity-achieving schemes, namely save-and-transmit and best-effort.

The save-and-transmit scheme consists of an initial saving phase and a subsequent transmission phase. The
transmitter remains silent in the saving phase so that energy accumulates in the battery. In the transmission phase,
the transmitter sends the symbols of a random Gaussian codeword with variance P — v as long as the battery has
sufficient energy where v € [0, P) denotes some small offset from P.

The best-effort scheme has a simpler design than the save-and-transmit scheme as it does not have an initial
saving phase. As long as the transmitter has sufficient energy to output the symbols of a random Gaussian codeword
with variance P — v for some v € [0, P), information gets transmitted.

Following reference [1], a number of non-asymptotic achievable rates for the save-and-transmit scheme have been
presented in references [2]-[4]. By contrast, no non-asymptotic achievable rate exists for the best-effort scheme
except for a special discrete memoryless EH channel with infinite battery studied in [5] and a special discrete
memoryless EH channel with no battery studied in [6]. A main goal of this paper is to provide a non-asymptotic
achievable rate for save-and-transmit with a saving phase of arbitrary length, which will immediately imply a
non-asymptotic achievable rate for best-effort.

Note that the results in this paper cease to hold if the size of the battery is finite. The channel capacity for the

finite battery case is the subject of recent interests, see [7]—[9].

A. Related Work

The channel capacity of the AWGN EH channel was characterized in [1], which showed that the capacity of the
AWGN channel with an infinite-sized battery subject to EH constraints is equal to the capacity of the same channel
under an average power constraint where the average power equals the average recharge rate of the battery. In

particular, save-and-transmit [1, Sec. IV] and best-effort [1, Sec. V] were proposed as capacity-achieving strategies.
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For a fixed tolerable error probability ¢, reference. [2] has performed a finite blocklength analysis of save-
and-transmit proposed in [1] and obtained a non-asymptotic achievable rate for the AWGN EH channel. The first-,
second- and third-order terms of the non-asymptotic achievable rate presented in [2, Th. 1] are equal to the capacity,

—O(\/ 107% ") and —O(, / %) respectively where the big-O notation is used for a positive term which involves

the blocklength n and which approaches zero at a rate no slower than the argument of the notation as n approaches
infinity. The formal definition of the big-O notation can be found in Section I-D. Subsequently, reference [3] has
refined the analysis in [2] and improved the second-order term to —O(1/+/ne). Reference [4] has further improved
the second-order term to  sup —O(\/ M) + ﬁ ®~1(gy) if £ € (0,1/2) where ®(-) denotes the

€1>0,62>0,
cumulative density functiorﬁlaﬁs Eof the standard normal random variable. All the second-order terms obtained by
the above studies and the current study are inferior (more negative) to the following second-order term corresponding
to the non-EH AWGN channel where all energy is available to the transmitter at the onset and (1) is replaced with
the conventional power constraint P{ > | X2 < nP} =1 [10, Th. 54]: %@’1(5).
For the block energy arrival model where the length of each energy block L grows sublinearly in n [4,11,12],

reference [4] has proved that save-and-transmit achieves the second-order term —O( %) if e € (0,1/2).

vV 2P2+E[E2](I)—1(E) % \/f

In addition, a non-asymptotic upper bound ~—; D) b

on the second-order term has been proved

in [4] for a general coding scheme, implying that save-and-transmit achieves the optimal second-order scaling

—O(y/L/n) if e € (0,1/2).

B. Main Contributions

In this paper, we analyze a save-and-transmit scheme with a saving phase of arbitrary length (including zero,
which corresponds to the best-effort scheme) and derive a non-asymptotic achievable rate. The derivation involves
designing the transmit power to be strictly less than the battery recharge rate P (unlike the design in [2,4] which sets
the transmit power equal to P) so that we can effectively bound the number of mismatched positions between the
desired transmitted codeword and the actual transmitted codeword subject to a fixed blocklength. The aforementioned
non-asymptotic achievable rate is extended to the block energy arrival model where the length of each energy block L
grows sublinearly in n [4,11,12]. Our analyzed best-effort and save-and-transmit achieve the second-order scalings
—O(\/ M) and —O(+/L/n) respectively. If ¢ € (0,1/2), the second-order term for a general coding
scheme has been proved to be bounded above by 70(\/L7/n) as explained in the previous subsection, which implies
that both analyzed schemes achieve the optimal second-order scaling —O(\/m) if L grows faster than logn.

In order to compare our results with the existing ones, we focus on the i.i.d. energy arrival case (i.e., L = 1) in the
remainder of this subsection. This work provides the first finite blocklength analysis of the best-effort scheme for the

AWGN EH channel and presents a non-asymptotic achievable rate. It shows that the first- and second-order terms

log(1/e)logn
n

scaling —O(\/ M) significantly improves the state-of-the-art result in [1] which did not derive a bound

of the asymptotic achievable rate are equal to the capacity and 70< ) respectively. This second-order

on the vanishing rate for the second-order term. In addition, this work obtains a new non-asymptotic achievable
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rate for save-and-transmit which outperforms the state-of-the-art result for save-and-transmit with transmit power

equal to P [4, Th. 1].

C. Paper Outline

This paper is organized as follows. The notation of this paper is presented in the next subsection. Section II presents
the model of the AWGN EH channel. Section III describes the save-and-transmit scheme, states the corresponding
preliminary results, and presents the main result — a new non-asymptotic achievable rate for save-and-transmit with
a saving phase of arbitrary length. A non-asymptotic achievable rate for best-effort is then obtained by setting the
length of the saving phase to be zero. Section IV generalizes the non-asymptotic results in Section III to the block
energy arrival model. Section V presents the proof of the new non-asymptotic achievable rate for save-and-transmit
for the block energy arrival model which subsumes the proof for the i.i.d. energy arrival model. Section VI contains
numerical results which demonstrate the performance advantage of allowing the transmit power for a save-and-
transmit to back off from the battery recharge rate in the high battery recharge rate regime for both i.i.d. and block

energy arrivals. Section VII concludes the paper.

D. Notation

We use O(+), O(+), w(-) and o(-) to denote standard asymptotic Bachmann-Landau notations that involve the
o)

blocklength variable n except our convention that they must be positive. Therefore, we have limsup =~
n— oo
0 < lim inf% < limsup$ < 00, limsup# = 0o, and lim %
n—00 n— 00 n—00 n—00

numbers and non-negative real numbers are denoted by N, R and R respectively. All logarithms are taken to

< 00,

= 0. The sets of natural numbers, real

base e throughout the paper.

We use P{£} to represent the probability of an event £, and we let 1{£} be the indicator function of £. Random
variables are denoted by capital letters (e.g., X), and the realization and the alphabet of a random variable are denoted
by the corresponding small letter (e.g., ) and calligraphic font (e.g., X') respectively. We use X™ to denote a random
tuple (X1, Xo,...,X,), where all of the elements X have the same alphabet X'. We let px and py|x denote
the probability distribution of X and the conditional probability distribution of Y given X respectively for random
variables X and Y. We let pxpy|x denote the joint distribution of (X,Y), i.e., pxpy|x(z,y) = px (2)py|x (y|z)
for all x and y. For random variable X ~ px and any real-valued function g whose domain includes X', we let
Py, {g(X) > &} denote [, px(z)1{g(x) > £} dx for any real constant £. For any function f whose domain
contains X, we use E,  [f(X)] to denote the expectation of f(X) where X is distributed according to px. For
simplicity, we omit the subscript of a notation when there is no ambiguity. The Euclidean norm of a tuple a* € R*

. def L c . . . . .
is denoted by |lal|| = {/>,_, a. The distribution of a Gaussian random variable Z whose mean and variance
(z=w)?
A 1 e

are ;1 and o2 respectively is denoted by N'(z; u, 02) = worr i

II. THE AWGN EH CHANNEL
A. Problem Formulation

The AWGN EH channel, as illustrated in Figure 1, consists of one transmitter and one receiver. Energy harvesting

and communication occur in n time slots, i.e., channel uses. In each time slot, a random amount of energy F with
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EiE, ..Ep

i X1X2 ...Xn Y1Y2 s Yn [—————— ey
W ——|transmitter AWGN | receiver |— W
Fig. 1. The AWGN EH channel
alphabet R is harvested where
0<P=E[E] and E[E?] < oo. 3)
The energy-harvesting process is characterized by n independent copies of E denoted by E;, Es, ..., E,. Prior to
communication, the transmitter chooses a message W. For each k € {1,2,...,n}, the transmitter consumes X,f

units of energy to transmit X}, € R based on (W, E¥) and the receiver observes Y}, € R in time slot k. The energy
state information F is known by the transmitter at time k& before encoding X, but the receiver has no access

to Fy. For each k € {1,2,...,n}, we have:
() Ep and (W, EF~1 X*=1 Y*~1) are independent, i.e.,
PW,EF, Xk-1yk-1 = DE,DW,Ek—1 Xk-1yk-1. “)

(i) For w € W and every e™ € R, a transmitted codeword X" should satisfy

k
i=1

i=1

Ww,E”e"}l 5)

for each k € {1,2,...,n}.

After the n time slots, the receiver declares W to be the transmitted W based on Y™.

B. Standard Definitions
Formally, we define a code as follows:
Definition 1: An (n, M)-code consists of the following:

1) A message set W= {1,2,..., M}, where W is uniform on W.
2) A sequence of encoding functions fi : W x Rﬁ — R for each k € {1,2,...,n}, where f; is used by the
transmitter at time slot k for encoding X}, according to Xy = f (W, E¥).

3) A decoding function ¢ : R™ — W for decoding W at the receiver, i.e., W= p(Y™).

If the sequence of encoding functions f; satisfies (5), the code is also called an (n, M)-EH code.
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If an (n, M)-code does not satisfy the EH constraints (5) during the encoding process (i.e., X™ is a function
of W alone), then the (n, M)-EH code can be viewed as an (n, M)-code for the usual AWGN channel without

any cost constraint [13,14]. The following definition is a formal statement of the channel law (2).

A

Definition 2: The AWGN EH channel is characterized by a conditional probability distribution gy |x (y|x) =
N (y;x,1) such that the following holds for any (n, M)-code: For each k € {1,2,...,n},

Pw,Ek Xk Yk = PW,E* X* Yk=1DY}| X}

where

1 _ (yp—zp)2
2

ka\Xk(yk|$k) = qY‘X(yk‘xk) — \/727.(.6
for all z;, € X and y; € ).

For any (n, M)-code defined on the AWGN EH channel, let Dw.En Xn yn W be the joint distribution induced

by the code. We can factorize pyy, pn xn yn 15 @S

n
Pw. gn xnyn W = PW (H pEkpka,Ekaka> Pyir|yns ©)
k=1

which follows from the i.i.d. assumption of the EH process E™ in (4), the fact that X; is a function of (W, E?)

(cf. Definition 1) and the memoryless property of the channel gy |x described in Definition 2.

Definition 3: For an (n, M)-code defined on the AWGN EH channel, we can calculate according to (6) the average
probability of decoding error defined as ]P’{W #* W} We call an (n, M)-EH code with average probability of

decoding error no larger than € an (n, M, €)-EH code.

Definition 4: Let € € (0,1) be a real number. A rate R is said to be e-achievable for the EH channel if there

exists a sequence of (n, M, <)-EH codes such that

1
liminf — log M,, > R.
n

n— oo

Definition 5: The e-capacity of the AWGN EH channel, denoted by C., is defined to be C. £ sup{R :
R is e-achievable for the EH channel}. The capacity of the AWGN EH channel is C' £ inf.~ C-..

Define the capacity function

1
C(x) £ 3 log(1 + )
for all > 0. It was shown in [1, Sec. III] (see also [2, Remark 1]) that
C.=C=C(P)

for all € € (0,1) where P = E[E] can be interpreted as the signal-to-noise ratio (SNR) of the AWGN EH channel.
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III. AN ACHIEVABLE RATE FOR SAVE-AND-TRANSMIT

This section will present a non-asymptotic achievable rate for save-and-transmit. To this end, we first formally

describe save-and-transmit in the following subsection.

A. Save-and-Transmit Scheme

Fix a blocklength n. Choose a positive real number S < P = E[F] that may depend on n and let
px(z) = N(z;0,9) (7

such that S = E,,[X?]. The codebook consists of M mutually independent random codewords, which are
constructed as follows. For each message w € W, a length-n codeword X" (w) = (X (w), Xo(w),... X, (w))
consisting of n i.i.d. symbols is constructed where X;(w) ~ px. In other words, the codebook consists of M i.i.d.

Gaussian codewords where each codeword consists of n i.i.d. Gaussian random variables and has average power S.

Suppose W = w and E" = e, i.e., the transmitter chooses message w € ¥ and the realization of E™ is e™ € R’}.
Then, the transmitter uses the following save-and-transmit (n, M )-EH code with encoding functions { fx}}_, and
decoding function (. The save-and-transmit code consists of an initial saving phase and a subsequent transmission
phase. Define m to be the number of time slots in the initial saving phase during which energy is harvested but
not consumed and no information is conveyed. Define fi, fo,..., f,, in a recursive manner where

X (w) if k> m and (Xk(w))2 <ep+ kg:jll (ei - (fi(w7ei))2>, .

0 otherwise.

For each k € {1,2,...,n}, let X (W) £ f.(W, E*) be the symbol transmitted at time k. By construction,

P{Z (Xi(w)* <

i=1 i=1

€

)=

W:w,E”:e"}zl

for each k € {1,2,...,n}. Upon receiving Y (W) £ (Yy(W),Y2(W),...,Y,(W)) where Y;(W) is generated
according to

P{Yi(W) = b| X(W) = a} = qyx (]a), ©)

the receiver declares that (Y™ (W)) = j if j is the unique integer in WV that satisfies

i o ayx Ve W)IXe(7)) logé,

kb1 py (Ye(W))
where py is the marginal distribution of pxgy|x and log{ is an arbitrary threshold to be carefully chosen later
(cf. (60)). Otherwise, the receiver chooses (Y™ (W)) € W according to the uniform distribution. The decoding is

successful if j = W.
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B. Preliminaries

An important quantity that determines the performance of the save-and-transmit (n, M )-EH code is
QU (w) 2 {k € {m+1,m+2,...,n} [Kp(w) # Xp(w) }, (10)

which is a random set that specifies the mismatched positions between X "(w) and X™(w) during the transmission
phase when the chosen message W equals w. The following lemma presents an upper bound on the probability of
seeing more than v + 1 mismatched positions in the transmission phase. The proof, which is based on analyzing
the escape probability of a Markov process, is provided in Appendix A.

Lemma 1: Fix any n and any p € (0,1) such that

VA2p 1—-p
— 11
5] < 5 (1)
and fix a save-and-transmit (n, M)-EH code with a length-m saving phase where
S & (1-p)P. (12)
Define
" 2pP
£ 1
T E[E?] + 392 (13)
and
A !
s 14
p 1+ 63aS (14
For any v € R4, we have
W2E[E2
P10 ()] 2y +1| W = w} < et (P (15)

for each w € W.
Remark 1: In the proof of Lemma 1 which is readily seen in Appendix A by setting L = 1, X, =X;and E; = Ej,

T

an important step is analyzing the escape probability (65) of the Markov process {Z:’;l E; + Z?jf 41 (EZ - X f) }

where 7 is the stopping time when the value of the Markov process hits any negative number a < 0.

The following lemma [15] is standard for proving achievability results in the finite blocklength regime and its
proof can be found in [16, Th. 3.8.1].

Lemma 2 (Implied by Shannon’s bound [15, Th. 1]): Let pxn» y~ be the probability distribution of a pair of
random variables (X™,Y™). Suppose (X™(1),Y™(1)) ~ pxn yn, and suppose X™(2) has the same distribution as
X™(1) and is independent of Y"(1). Then for each § > 0 and each M € N, we have

Py (V7(1)|X7(2))
P{l Py (V1))

-5
>logM+(5}§e.

M

The following lemma is a modification of the Shannon’s bound stated in the previous lemma, and its proof is

provided in Appendix B.
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Lemma 3: Suppose we are given a save-and-transmit (n, M )-EH code with a length-m saving phase as described

=

in Section III-A. Then for each v > 0, each § > 0 and each M € N, we have

{{ Z lo kaX;Y}Ek}Ek()'A;k(z)) > logM+5} ﬁ{‘Q(n)(l)‘ <7+1}
k=m+1 k

2¢~0 N1
< U x ((n—m)V/S +1)7+L

C. A Non-Asymptotic Achievable Rate for Save-and-Transmit

The following theorem is the main result of this paper. The proof relies on Lemma 1 and Lemma 3, and it will

be presented in Section V.

Theorem 1: Fix an € € (0, 1), fix a natural number n, fix a non-negative integer m < n, and fix a p € (0, 1) such

that (11) holds. Let n,, = n — m. Define S, o and 3 as in (12), (13) and (14) respectively. Let px = N (z;0,S)

2

and let py = N (y;0,S + 1) be the marginal distribution of Pxqy|x- and let o° and T denote the variance and

the third absolute moment of log % respectively. For any €1 > 0 and € > 0 such that 1 + €3 = ¢, if n

and m satisfy
T 4

—_ — >0
03 /Mo /Tom

then there exists a save-and-transmit (n, M)-EH code with a length-m saving phase which satisfies

Ny, 1 T 4
log M > 710g(1 +8) +Vnpo?d (51 - P - m)

1
- (QSlogQ + 5 log(1+S)+ (85 +1)log nm> (v(e2) +1) —log /1y, — 1

g1 —

and
P{o(T" (W) #W} <e

where

logi
v(g2) £ max {PB o EQ] —m, O} .

In particular, the probability of seeing more than ~y(e2) + 1 mismatch events can be bounded as
P{|Q"(W)] 2 y(e2) +1} < e2.

The following corollary is a direct consequence of Theorem 1, and it states a non-asymptotic rate for the save-and-

transmit scheme whose second-order term scales as —O (ﬁ) The proof of Corollary 4 is provided in Appendix C.

Corollary 4: Fix an € € (0,1/2), and fix any €7 > 0 and e2 > 0 such that €; + €5 = €. There exists a constant

> 0 which does not depend on n such that for all sufficiently large n, we can construct a save-and-transmit
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(n, M, €)-EH code which satisfies

(E[E?] 4+ 3P?)log(1 + P)log é P
2nP(P+1) (P+1)n

1 1 1 K
nlogM22log(1+P)—\/ ¢ (61)_W’ (16)

with p being defined as

, /(P + D(E[E? +3P2)log(1 + P)log 2 .
" PP -o()

the average transmit power S being defined as in (12), o and 3 being defined as in (13) and (14) respectively, and
the length of saving phase m being defined as
log 1
A €2
me | ——2_—| =0 (vn
{Pﬁ+ ZJE[E2]-‘ ( )

In particular, the probability of seeing a mismatch event in the transmission phase can be bounded as

{ 8 {ZE< 3 XQ}}SEQ

k=m+1 i=m+1
where each term in the union characterizes the event that the accumulated energy collected during the first k time
slots is insufficient to output the desired codeword symbols from time m + 1 to time &k during the transmission
phase.

Remark 2: The parameters p and m in Corollary 4 have been carefully chosen to achieve the second-order
scaling —O(1/y/n), where the scaling is optimal [4, Th. 1]. Fix any ¢ € (0,1/2). The best existing lower bound
on the second-order term of %logM was derived in [4, Th. 1], which states that there exists a save-and-transmit

(n, M, ¢)-EH code that satisfies

log(1+ P
llan_l>loréfT (logM— log(1 +P)) > —Og(Q;_)\/(IE[EQ] +P2)log— \/P+ 1 D e) (17)

for any €1 > 0 and €5 > 0 such that €1 + €5 = €. The save-and-transmit scheme investigated in [4] is similar to that
described in Section III-A except that S = E[E] = P is assumed in [4] while S < E[E] = P is assumed in this

work. Note that the second-order term of the best existing lower bound as stated on the right-hand side (RHS) of (17)

decays as —3 log(1+P)\/(1 + ]E[E2] )log - -+ L(g1) as P tends to oo. On the other hand, it follows from (16) in

Corollary 4 that the second-order term of our lower bound decays as — \/ 3+ [E ]) log(1 + P)log X - +O7 Yeq)
as P tends to co. Consequently, the second-order term achievable by the save-and-transmit scheme guaranteed by
Corollary 4 is strictly larger (less negative) than the best existing bound for all sufficiently large P > 0. In other

words, letting S be strictly less than instead of equal to P achieves a higher rate in the high SNR regime.

D. A Non-Asymptotic Achievable Rate for Best-Effort

We call a save-and-transmit scheme a best-effort scheme if the length of saving phase equals zero, i.e., m = 0.

By setting m = 0, Theorem 1 reduces to the following corollary, which states that the best-effort scheme achieves
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a non-asymptotic rate whose second-order term scales as —O(\/ lorgl ") The proof of Corollary 5 is provided in
Appendix D.

Corollary 5: Fix an € € (0,1/2), and fix any £; > 0 and 2 > 0 such that £; 4+ 5 = . Define
A 1
A1 :2Plog2+§1og(1+P) (18)
and
Ao £8P +1. (19)

There exists a constant x > 0 which does not depend on n such that for all sufficiently large n, we can construct

a best-effort (n, M, )-EH code with

A\/()\1+)\210gn)(P+1)(]E[E2}+3P2)logéxii@ Togn
p= p3/2 N n

and

which satisfies

1 1 A + Ao logn)(E[E?] + 3P2)log L 1 P 1
1ogM22log(1+P)\/( 1+ dzlogn) (ELE7) Jlog 2, X — — 7)<I>71(51)7H0gn.
n n n

P(P+1) Jn \[P+1
(20)

In particular, the probability of seeing more than

log L n

A €2

= = = @ —_—
v(e2) PB"‘% (\/ logn)

mismatch events can be bounded as
P{IQM(W)| > 7(e2) +1} <.

Remark 3: Although the achievable second-order scaling for best-effort in Corollary 5 is not optimal (the optimal
scaling is —O(1/4/n) [4, Th. 1]), it is a significant improvement compared to the state of the art [1, Sec. V] where

the achievable second-order scaling therein for best-effort is —o(1).

IV. THE BLOCK ENERGY ARRIVAL MODEL

In this section, we generalize our achievable rates for save-and-transmit and best-effort to the block energy arrival
model [4,11,12], which is useful for modeling practical scenarios when the energy-arrival process (e.g., solar energy,
wind energy, ambient radio-frequency (RF) energy, etc.) evolves at a slower timescale compared to the transmission

process.

January 15, 2019 DRAFT



12

A. Block Energy Arrivals

We follow the formulation in [4], which assumes that {F;}$2, arrive at the buffer in a block-by-block manner

as follows: For each ¢ € N, let
be 2 ({—1)L Q1)

such that by + 1 is the index of the first channel use within the /™" block of energy arrivals, where L denotes the
length of each block. The EH random variables that mark the starting positions of the blocks (i.e., {Ep,+1}7°)

are assumed to be i.i.d. random variables where F; = E satisfies (3). In addition, we assume
Eppr1=Ept2=...= Ep,4L

for all £ € N. In other words, the harvested energy in each channel use within a block remains constant while the
harvested energy across different blocks is characterized by a sequence of i.i.d. random variables with mean equal

to P. By construction, we have the following for each k € {1,2,...,n} and all e* € R¥,

- pE, (ek) if k= by + 1 for some ¢ € N,
pEk|Ek*1(ek|e ) =
1{ex = er_1} otherwise.

The length of each energy-arrival block L is assumed to remain constant or grow sublinearly in n.

B. Blockwise Save-and-Transmit

Fix a blocklength n and choose an L = o(n). Choose a positive real number S < P = E[E] and let px be as
defined in (7) such that S = E,[X?]. The codebook consists of M mutually independent random codewords
denoted by {X"(w)|w € W}, which are constructed as described in Section III-A. Suppose W = w and
E™ = e™. Then, the transmitter uses the following blockwise save-and-transmit (n, M)-EH code with encoding

s

functions {f}7_, and decoding function ¢ where 7 = [n/L]. The saving phase consists of m blocks of L

consecutive time slots. Define f1, f2,..., fr in a recursive manner where

(Xb£+1(w)7Xb£+2(w), .. 7sz+[,(’w)) lfl’lln <{<nand o

IR

Jj=1 k

2

s

—

Fo(w, bty & (Xppt1(w), Xpsq2(w), ..., Xp(w)) if =7 and _— -
2 ) n 2 n n- ) 2
> (k)" < X e — X [ filw, e Y],
k=bn+1 k=1 i=1
(0,0,...,0) otherwise.
—_————
min{L,n—b,} times
(22)
In other words, the transmitter outputs a block of L symbols (Xp,+1(w), Xp,+2(w), ..., Xp,+(w)) in the trans-

mission phase during time by, + 1 to by + L if the energy in the battery at time b, + 1 (i.e., ZZ‘:’; er —

st 1 fi(w7ebi+1)|‘2) can support the transmission of the whole block of symbols starting at time b, + 1. If

L =1, the blockwise save-and-transmit scheme defined by (22) reduces to the save-and-transmit scheme presented
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in Section III-A defined by (8). Let X; (W) be the symbol transmitted at time k for each k € {1,2,...,n} such
that
(ng—&-l(W), Xb@—i-Q(W)a cee 7Xmin{bz+L,n} (W)) = ff(Wa Eb£+1)

for each ¢ € {1,2,...,7}. Upon receiving Y™ (W) & (Y1 (W), Yo(W),..., Y, (W)) where Y; (W) is generated

according to (9), the receiver declares that go(f’"(W) = j if j is the unique integer in }V that satisfies

= ' > log¢, (23)

where py is the marginal distribution of pxqy|x and log§ is an arbitrary threshold to be carefully chosen later
(cf. (60)). Otherwise, the receiver chooses <p(§7"(W)) € W according to the uniform distribution. The decoding is
successful if j = W.
The following lemma is an extension of Lemma 1 which states an upper bound on the probability of seeing more
than L+ + 1 mismatched positions in the transmission phase. The proof of Lemma 6 is contained in Appendix A.
Lemma 6: Fix any n, any L < n and any p € (0, 1) such that (11) holds, and fix a blockwise save-and-transmit
(n, M)-EH code with S being defined as in (12). Define

N 2pP

LE[E?] + 352 24
“ 7 IE[EY] + 357 (24)
and
A Q
T 1+63aS 25
P 1+ 63asS (25)
For any v € R, we have
P{‘Q(n)(W)I >Ly+ 1} < e_L("”‘F’Y)(Pﬁﬁ—%[E]) 06)

Remark 4: In the proof of Lemma 6 in Appendix A, an important step is analyzing the escape probability (65) of
the Markov process {Z?;l LBy 1+ X0 (LB 1 — Yy X2 4y) }k where 7 is the stopping time when
i =1
the value of the Markov process hits any negative number a < 0.
The following lemma is a generalization of Lemma 3. The proof of Lemma 7 is contained in Appendix B.

Lemma 7: Suppose we are given a blockwise save-and-transmit (n, M )-EH code with a saving phase of length m L

as described in Section IV-B. Then for each natural number L < n/m, each v > 0, each § > 0 and each M € N,

-

we have

P{{ i longkIXk(Yk(l)le(Q)) > 10gM+5} N {|Q(n)(1)| < L,Y+1}

k=mL+1 Dyy, (}N/k(l))
) -4
< ?\4 x ((n—mL)(8§ + 1)/2)7*, 7)

C. A Non-Asymptotic Achievable Rate for Blockwise Save-and-Transmit

The following theorem is the main result under the block energy arrival model. The proof relies on Lemma 6

and Lemma 2, and it will be provided in Section V.
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Theorem 2: Fix an € € (0, 1), fix a natural number n > 2, fix a natural number L < n, fix a non-negative integer
m < n, and fix a p € (0,1) such that (11) holds. Let n,, = n — mL. Define S, « and /3 as in (12), (24) and (25)

respectively. Let px = N (z;0,5) and let py = N (y;0,5 + 1) be the marginal distribution of pxgy|x, and let

ayx (Y1X)

o2 and T denote the variance and the third absolute moment of log ()

respectively. For any €; > 0 and

€2 > 0 such that €1 4+ g2 = ¢, if n and m satisfy

T 4
03/ Mm /Tom

then there exists a blockwise save-and-transmit (n, M)-EH code with a saving phase of length-mL such that

n T 4
log M > —Zlog(1+ 8) + /nyo2d~ ! -
og 5 og( ) N0 (51 5 m)

— (L(ZSlogQ + %log(l + S)) + (85 +1)log nm) (v(e2) + 1) — log /iy, — 1 (29)

e > 0, (28)

and
PLo(T"(W)) £ W} <e (30)
where
log L
v(e2) £ max s —m,0,. (31)
{LP6+ L (sz[E ]

In particular, the probability of seeing more than L~y(e2) + 1 mismatch events can be bounded as

P{|Q"™(W)| > Ly(ea) + 1} < eo. (32)

The following corollary is a direct consequence of Theorem 2, and it states a non-asymptotic rate for the blockwise
save-and-transmit scheme whose second-order term scales as —O<\/%). The proof of Corollary 8 is provided in

Appendix C.

Corollary 8: Fix an € € (0,1/2), and fix any £; > 0 and €3 > 0 such that & + e2 = &. Suppose L = o(n).
There exists a constant x > 0 which does not depend on n such that for all sufficiently large n, we can construct

a blockwise save-and-transmit (n, M, ¢)-EH code that satisfies

1 1 (LE[E?] 4+ 3P?)log(1 + P)log + P L4 g,
~logM > ~log(l+ P) — £2 O 1(eg) - —, =
o8 M 2 5 log(1+P) \/ 2nP(P+ 1) VEroe @) “max{n3/4’ n}
(33)
with p being defined as
K \/(P+1)(LE[E2]+3P2)log(1+P) log 1 7
Pv2nP n

the average transmit power S being defined as in (12), o and 3 being defined as in (24) and (25) respectively, and
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the length of saving phase mL being defined as

log - "
mL 2 L { 2 =0(VnL). (35)
L2a2E[E?
LPB 4 —5—= [£7]

In particular, the probability of seeing a mismatch event in the transmission phase can be bounded as

n k k
IP’{ U { Ei< > X?}}<52. (36)
1

k=mL+1 \i= i=mL+1

The following result is a direct consequence of Corollary 8.
Theorem 3: Fix any € € (0,1/2). Suppose L = w(1) No(n), ie., lim,_o0 + = lim, o £ = 0. Then for all

sufficiently large n, there exists a blockwise save-and-transmit (n, M, e)-EH code such that

1 1 E[E?]log(1+ P)log?: /L L
— > Z — £ i i
- log M > 5 log(1+ P) \/ PP 1) X4/~ o - 37

Proof: Tt follows from Corollary 5 that for all sufficiently large n, there exists a blockwise save-and-transmit

(n, M, e)-EH code that satisfies (33), which together with hypothesis regarding L implies (37). [ ]

Remark 5: Fix any € € (0,1/2) and fix any L = w(1)No(n). The best existing lower bound on the second-order
term of %logM was derived in [4, Th. 1], which states that there exists a save-and-transmit (n, M, e)-EH code

that satisfies

_log(1+P)
2P

1
lim inf

n—oo /I'n

The blockwise save-and-transmit scheme investigated in [4] is similar to that described in Section IV-B except that

(1ogM - g log(1+ P)) > \/(E[E2] + P2)log é (38)

S = E[E] = P is assumed in [4] while S < E[E] = P is assumed in this work. Note that the second-order term of

the best existing lower bound as stated on the RHS of (38) decays as

—3log(1 + P)y/(1 + ng;] )log 1 as P tends to oo. On the other hand, it follows from (37) in Theorem 3 that

E[E?]
2P?

the second-order term of our lower bound decays as —\/ log(1+ P) log% as P tends to oo. Consequently,
the second-order term achievable by the save-and-transmit scheme guaranteed by Theorem 3 is strictly larger (less

negative) than the best existing bound for all sufficiently large P > 0.

D. A Non-Asymptotic Achievable Rate for Blockwise Best-Effort

We call a blockwise save-and-transmit scheme a blockwise best-effort scheme if the length of saving phase equals
zero, i.e., m = 0. By setting m = 0, Theorem 2 reduces to the following corollary, which states that blockwise
best-effort achieves a non-asymptotic rate whose second-order term scales as —O(\/ %) The proof of
Corollary 9 is provided in Appendix D.

Corollary 9: Fix an ¢ € (0,1/2), and fix any ¢; > 0 and €5 > O such that €1 + 5 = . Define A\ and A\, as

in (18) and (19) respectively. There exists a constant x > 0 which does not depend on n such that for all sufficiently
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large n and any L < n, we can construct a blockwise best-effort (n, M, e)-EH code with

\/(AlL + Az logn)(P + 1)(LE[E?] + 3P?) log 1
P PPLn

®<\/W> 39
SZP(l—p):P_@(\/W>

(1>

and

which satisfies

(ML + Xologn)(LE[E?] + 3P2)log é
LP(P+ 1)n

1 1
—log M > 10g(1+P)—\/
n 2

B P B (ey) — fimax{logn,L}.

(P+1)n n (40)

In particular, the probability of seeing more than

log 1 n
N €2 _ — _ 41
(e2) LPg + L2EE @( max{logn, L} ) o

mismatch events can be bounded as IP’{|Q(”)(W)| > v(e2) + 1} < ea.

Remark 6: The parameters p and +(e2) in Corollary 9 have been optimized to achieve the second-order scaling
—0 ( / max{l(r)Lg n,L} ) )

The following result is a direct consequence of Corollary 9.
logn

Theorem 4: Fix any ¢ € (0,1/2). Suppose L = w(logn) No(n), i.e., lim, o 5" = lim, o % = 0. Then for

all sufficiently large n, there exists a blockwise best-effort (n, M, €)-EH code such that

1 1 (2Plog2 + 1log(1 + P))E[E?]log 2 L L
— > — < . o
~log M > log(1+ P) \/ PP D) Vil Vi (42)

Proof: Tt follows from Corollary 9 that for all sufficiently large n, there exists a blockwise best-effort (n, M, )-
EH code that satisfies (40) where &1 and 5 are chosen to be €/n and (1 — 1/n) respectively, which together with

the definitions of A\; and A; in (18) and (19) and the hypothesis regarding L implies (42). |

Remark 7: If L = w(logn) N o(n), the achievable second-order scaling for blockwise best-effort in Theorem 4
is O(\/%) which is optimal [4, Th. 1]). However, we can see from Theorem 3 and Theorem 4 that blockwise

best-effort always achieves a smaller (more negative) coefficient for the second-order term than save-and-transmit.

V. PROOFS OF THEOREM 1 AND THEOREM 2

Since save-and-transmit defined in Section III-A is a special case of blockwise save-and-transmit defined in

Section IV-B with L = 1 and Theorem 1 is a special case of Theorem 2 with L = 1, it suffices to prove Theorem 2.
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Fix an ¢ € (0,1) and any &1 > 0 and g2 > 0 such that e; + 63 = c. Fix ann € N, an L < n and a
p € (0,1) that satisfies (11). Consider a blockwise save-and-transmit (n, M )-code described in Section IV-B where
the corresponding S and px are defined according to (12) and (7) respectively. In addition, let py (y) = N (y; 0, S+1)
be the marginal distribution of pxqy|x, and define o, 3 and 7(e2) as in (24), (25) and (31) respectively. Consider

the probability of decoding error

P{{e(7"(W)) #W}}
<B{{o(V"(W)) # W} 1 {IQW(W)| < Lr(e2) + 1} } +e2 43)

which is due to the union bound and the following fact by Lemma 6 (Lemma 1 suffices for the case L = 1) and

the definition of y(e2) in (31):
P{IQM(W)| > La(es) +1} <o 8% =2, (44)

Recall that n,,, = n —mZL and b, + 1 (which was defined in (21)) denotes the first channel use within the ¢ block
of energy arrivals. Using the convention that X (1) = 0 deterministically for all k£ > n, it follows from the code

construction that

2
P Xpp41(1), Xy 12(1), -, Xopy 2 (1)|” > 28(Llog 2 + 3log n,,
{ee{mﬂﬁiazx...,wm}u( bt (D Xosa(1),- - Koes (D)2 25(Llog 2+ 3logm )}

L
< ”Tmppxn {ng > 25(Llog2 + 3lognm)}
k=1

x2
— Mm P,.. {ezél T+ > n::r{22L/2}

L
<Mm 1 (E [%DL (45)
L P2 Y ‘

1
< \/?, (46)

where (45) follows from Markov’s inequality and (46) is due to the fact that X ~ N'(x;0,S). To simplify notation,
define

A £ Llog?2 + 3logn,, 47)
and
A 2 Llog?2 + 41og nu, (48)
and define the events
& 2 {10 (1)] < Ly(es) + 1} (49)
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and

L
o 2 <28A
2 tefm+1, s n/L1} ; berts (1

In addition, define

—S2(b—a)? + 2a(b — a) + a*

2(S+1) (50)

a 1
= ilog(l—&-S’) +

for all (a,b) € RZ where 1(a;b) is used in the decoding rule specified by (23). Following (43) and letting £ > 0
be an arbitrary positive number to be determined later in (60), we obtain from the symmetry of the codebook, the

encoding rule (22), the decoding rule (23), the union bound and (46) that

P{{@(YH(WD # W} N {\Q(")(Wﬂ < Ly(eg) + 1}}
=P {{o(7"(1)) # 1} n {1 ()] < In(e2) + 1} W =1}

n

n M
IP{ ({ > aXk(1); Yi(1)) <1og§} U UZ{ > uUX(i); Yi(1) = 10g§}> N&

k=mL+1 k=mL+1

|

IN

-

SP{{ z": Z(Xk(l);f/k(l))<10g§}051052 W=

k=mL+1
M n
“P’{_U{ > XY ))210g5}051ﬂ82W1}+ im. (51)
1=2 k=mL+1 vV

In order to bound the first term in (51), we consider

P{{ i Z(Xk(l)QYk(l))<10g§}ﬂ51m52

k=mL+1

-

=P { DX ()1 + Y (Z(Xk(1)§5~/k(1)) - Z(Xk(l);Yk(l))) < 10%5} NEN&E W =1

k=mL+1 keQ(m) (1)
(52)
Recall from (2) that pzn (2") = [[;_, N'(2x;0, 1). Conditioned on the event {Q(™) (1) = A}, we consider the chain

of inequalities below for each block of L consecutive mismatched positions in .A denoted by by+1,bs+2, ..., be+L:

be+L
IP{ { > Xk (1) V(1) = o(X5(1); V(1)) < —QSA} N&

W=1,0"(1) = A}

k=by+1
—Pp NN 2NZ - (SEDXE _ pox X2 <a8A 53
PZnPxnjw=1,0(") =24 zb: 2(S+1) a " z:l betj < (53)
=
L
25x, 7, — S + 2)xk
< sup Z 25+ 1) < —2SA
zL chLH2<25A 1

L ~ L (5+2)z?
= sup Ppn {e_ 2 k=1 Tk 2k > e2(S+1)Ae_ k=138 }
Lzl ||2<25A
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L X L (S+2)z3
< sup EPZ e*Zk:lszk 6*2(S+1)A62k:1 55 - (54)

T gL [|zL]2<2SA

~ L (S+2)2? a2
= sup 672(S+1)A62k:1 2S5 k+7k

al: ||zl ||2<25A

< o 2(S+DA2(S+1)A

<= (55)

m

where

« (53) follows from the following fact due to the definition of 4( - ; -) in (50) and the fact that Y, (1) = Y3 (1) —
Xi(1) ~ N(y(1) — 2(1);0,1) for each k € A:

~ 25 X5 (1) (Vi (1) — Xx(1)) — (S + 2)(Xx(1))?
Xe(1): T (1)) (X (1: V(1)) = 22RO = elL) Z (55 (),
2(S+1)
e (54) is due to Markov’s inequality.
e (55) is due to the definitions of A and A in (47) and (48) respectively.

Combining (52) and (55) and using the union bound, we have

-

P{{ Z Z(Xk(l);f/k(l))<10g§}051052

k=mL+1

n - r1o™
< IP’{ {k_;HZ(Xk(l);Yk(l)) —2SA [QL(I)W < 1ogg} NENE|W = 1} + i (56)
<P { > a(Xk(1);Yi(1)) <logé + 25A(v(e2) + 1)} + ni (57)
k=mL+1 m

where (56) is due to the union bound, the fact that Q) (1) has at most [w—‘ blocks of consecutive mismatched

positions (only the last block may have length other than L), and the fact that (55) holds if L is replaced with any
natural number L* < L; and (57) follows from the definition of &; in (49). The first term in (57) can be bounded
by standard procedures which will be elaborated later. In order to bound the second term in (51), we use Lemma 7

(Lemma 3 suffices for the case L = 1) to obtain

P{{ i Z(Xk@);f/k(l))>10g§}ﬂ51052

W = 1} < ze—(logf—logM) « (nm(S—|— 1)L/2)V(52)+1.
- M

k=mL+1
(58)
Consequently, it follows from (43), (51), (57) and (58) that
P{o(T (W) £ W} < P{ > o Xk(1):Yi(1)) < log€ + 25A[y(e2) + ﬂ}
k=mL+1
— (1og €—log M—(3(2)+1) log(nm (S+1)"/2)) 1 1
+ 2~ o8t loe M ly(es gl tert —+— (39

o T,
The remainder of the proof follows from standard steps, outlined below for the sake of completeness. Let p =

Flog(1+5), 0 = SLH > 0 and T < oo denote the mean, the variance and the third absolute moment of +(X;Y")
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respectively, where the finiteness of 7" is due to (50) and the fact that |S| < P. Choose

T 4 ~
A -1
logé £ nppt + Vo2 @ <51 - m - m) —25A(v(e2) + 1). (60)
It then follows from Berry-Esséen theorem [17], i.e.,
’P { i X Vi)~ _ } o< T
no?2 a3y/n
for all ¢ € R, that
= < 4
]P){ Z Z(Xk(l),yk(l)) <10gf+25A(’y(82)+1)} SElme. (61)
k=mL+1 v
In order to bound the second term in (59), we choose
A L
log M £ |log€ — (y(e2) + 1) 3 log(S+ 1) +logn,, | —logv/nm (62)
L
>log€ — (v(e2) + 1) (2 log(S + 1) + log nm> —log /nm — 1. (63)

Consequently, (30) follows from (59), (61) and (62), and (29) follows from (60) and (63). In addition, (32) follows
from (44).

VI. NUMERICAL RESULTS

In this section, we numerically compare the performance of our analyzed save-and-transmit with the state-of-
the-art save-and-transmit in [4] under the following two cases: The i.i.d. energy arrival case with L = 1, and the
block energy arrival case with L = [\/n]. In both cases, we assume that E[E?] = 3(E[E])?. An example for E
is E = U? where U ~ N (u;0, P). The major difference between the two save-and-transmit strategies is that the
former one uses a transmit power .S strictly less than the battery recharge rate P while the latter one always assumes

S = P. The difference in transmitting power results in different achievable rates as shown in the rest of the section.

A. Case L =1

Figure 2(a) plots the achievable rate up to the ©(1/+/n) term of our analyzed save-and-transmit scheme, our
analyzed best-effort scheme and the state-of-the-art save-and-transmit [4, Th. 1] according to (16), (20) and (17)
respectively for the high SNR (i.e., battery recharge rate) regime where P = 25 dB, E[X?] = 3P?, and &1 = &5 =
0.01. Note that best-effort does not achieve a positive rate in this regime because the magnitude of the backoff

(A14+XA2 logn)(E[EQ]-&-SP?)log% 1

term — PP X T is larger than the capacity %log(l + P) for large P. In addition, we

compare in Figure 2(b) the three schemes for the low SNR regime P = 0 dB. For the high SNR regime, Figure 2(a)
shows that save-and-transmit outperforms the state of the art at reasonable values of the blocklength. On the other
hand, the state of the art outperforms save-and-transmit for the low SNR regime as shown in Figure 2(b). The two

plots in Figure 2 agree with Remark 2 and Remark 3. To demonstrate the effect of EH constraints (5) on the AWGN
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Fig. 2. Achievable rates for save-and-transmit, best-effort and the state of the art [4] for L = 1 where €1 = €2 = 0.01.
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Fig. 3. Achievable rates for save-and-transmit, best-effort and the state of the art [4] for L = [\/n] and € = 0.01.

channel, we also plot the following maximum achievable rate up to the ©(1/y/n) term [10, Th. 54, Eq. (294)]

when the EH constraints are replaced with the conventional power constraint P{X > | X7 <nP} =1:

1
5 log(1+ P) + & (1 + £2). (64)

B. Case L = [y/n]

Figure 3(a) plots the achievable rate up to the ©(y/L/n) term of our analyzed save-and-transmit scheme, our
analyzed best-effort scheme and the state-of-the-art save-and-transmit [4, Th. 1] according to (37), (42) and (38)
respectively for the high SNR regime P = 25 dB and E[X?] = 3P? and for ¢ = 0.01. Note that best-effort does not

2P log 2+ 4 log(14 P) ) E[E2] log 1 y

achieve a positive rate in this regime because the magnitude of the backoff term —\/ ( PP

\/% is larger than the capacity %log(l + P) for large P. In addition, we compare in Figure 3(b) the three schemes
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Fig. 4. Achievable rates for save-and-transmit, best-effort and the state of the art [4] for n = 105.

for the low SNR regime P = 0 dB. For the high SNR regime, Figure 3(a) shows that save-and-transmit outperforms
the state of the art at reasonable values of the blocklength. On the other hand, the state of the art outperforms save-
and-transmit for the low SNR regime as shown in Figure 3(b). The two plots in Figure 3 agree with Remark 5
and Remark 7. To demonstrate the effect of EH constraints (5) on the AWGN channel, we also plot the maximum
achievable rate (64) up to the ©(1/y/n) term with €1 + e3 = 0.01 when the EH constraints are replaced by
P(Sh_, XF <nP}=1.

C. Impact of SNR

In order to illustrate how the SNR impacts the performance of the save-and-transmit, best-effort and the state
of the art, we plot in Figure 4(a) their achievable rates at a fixed blocklength up to the ©(1/y/n) term against
SNR for L = 1, n = 10° and £; = €5 = 0.01. Similarly, we plot in Figure 4(b) their achievable rates up to the
O(y/L/n) term against SNR for L = [\/n], n = 10° and e = 0.01. For L = 1, save-and-transmit and the state
of the art have similar performance. In contrast, for L = [y/n ], save-and-transmit outperforms the state of the art
when the SNR is larger than 5 dB. For both cases L = 1 and L = [y/n], best-effort achieves a positive rate only
within a range of SNRs. Therefore, recalling the major difference between save-and-transmit and the state of the
art explained at the beginning of this section, we conclude that allowing the transmit power to be strictly less than

the SNR (i.e., battery recharge rate) can be beneficial for the block energy arrival case.

VII. CONCLUDING REMARKS

In this paper, we have studied in the finite blocklength regime the save-and-transmit scheme with a saving phase of
arbitrary length m over the AWGN EH channel, and also the best-effort scheme through setting m = 0. A new non-
asymptotic achievable rate is obtained for save-and-transmit, which directly implies a new non-asymptotic achievable

rate for best-effort. The non-asymptotic result implies that the save-and-transmit scheme achieves the optimal
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logn)'

second-order scaling —O(ﬁ), and that the best-effort scheme achieves the second-order scaling —O( =

The achievable rates for the schemes are extended to the block energy arrival model where L = o(n), and are
shown to achieve the second-order scalings —O(N/ %) and —O(\/%) respectively. In particular, both
analyzed schemes achieve the optimal scaling 70( %) for the case L = w(logn). Compared to the state-of-the-
art save-and-transmit scheme [4], our save-and-transmit has a better finite-blocklength performance for sufficiently
large P.

For the simplest case L = 1, the best-effort scheme does not achieve the optimal scaling O( ) A straight-
forward verification by MATLAB reveals that under the assumption £ = U? where U ~ N (u;0, 1), the average
number of mismatched positions for a best-effort scheme is of the order o(y/n). A future direction may involve
improving the second-order scaling —O (\/@ ) for L = 1 for best-effort schemes by possibly proving a sharper
probability bound than (15) in Lemma 1. Another interesting direction is to tighten the existing non-asymptotic

upper bound for a general coding scheme presented in [4, Th. 1], which states that the second-order term is bounded

VI gy

2(P+1)
constraint Zi:l X2 < Zi:l E; rather than the n EH constraints in (5). Last but not least, a natural extension of

above by \/7 The upper bound is potentially loose because it considers only the last EH

this work is to explore non-asymptotic achievable rates for EH channels with finite battery [8,9].

APPENDIX A

PROOFS OF LEMMA 1 AND LEMMA 6

Since save-and-transmit defined in Section III-A is a special case of blockwise save-and-transmit defined in
Section IV-B with L = 1 and Lemma 1 is a special case of Lemma 6 with L = 1, it suffices to prove Lemma 6.

Fix an n € N, a natural number L < n and a p € (0,1) that satisfies (11), and fix a blockwise save-and-transmit
(n, M)-EH code as described in Section IV-B. Let px be as defined in (7) where S is as defined in (12). Define
Py to be the distribution of E £ 25:1 E; = LE where E satisfies (3), and define p¢ to be the distribution
of X & ‘/Ele X]?. In this proof, all the probability, expectation and variance terms are evaluated according to

D% ooPpo Where poo, = HZO:1 %, and ppoe = H;il P, denote the infinite product distributions of p¢ and pg

m—+k

. (m)
i—mi 1 (E X2)}k_1 where m is an arbitrary non-

respectively. Consider the Markov process {27;1 E; + >
negative integer and 7(m) is the stopping time when the value of the Markov process hits any a < 0. By definition
of 7(m), we have

m—+1(m)

S B4 Y (B X2) <0|r(m) <ol =1
=1

i=m-+1
and
m m+k
]P’{T(m):oo}:IP’{ﬂ{ZE—i- > E»—XE)EO}} (65)
k=1 1=m-+1

for each m € Zy where P {r(m) = oo} denotes the escape probability.
In order to show (26), we first fix a v € N and let 7y, 7,..., 7, be v independent copies of 7(1). Due to the

construction of the blockwise save-and-transmit scheme with a saving phase of length m L, energy is saved but not
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consumed during the saving phase and each block of L consecutive mismatch events. Therefore, 7(m) serves as
a lower bound on the number length-L blocks between the first length-L block in the transmission phase and the
first block of mismatch events (excluding one block) and 7(1) serves as a lower bound on the number of blocks

between two blocks of mismatch events (excluding one block). Fix any w € W and consider
]P’{ 10" (w)| > Ly + 1‘ W = w} =P { Q™ (w) contains at least v + 1 blocks of mismatch events’ W= w}
v
<P {{T(m) <oo}n ﬂ{m < oo}}
k=1

= P{r(m) < oo} (P{r(1) < oc})”.. (66)

In order to obtain an upper bound on P {7(1m) < oo}, we first construct the following sequence denoted by { By }52 ;.

For each k£ € N, define Bk recursively as

Ey if k=1and m > 1,
B, — X? if k=1 and m =0,
B2 B, | + E, if ke{2,3,...,m}, (67)

By +Ep— X2 ifk>m+1and By, >0,

B4 if k>m+1and B,_; <O0.

By inspecting (67), we have

k=1 \(i=1

e’} m m+k

{Bs <0} = {ZE+ > (EZ«—XE)<0} (68)
1=m-+1

= {7(m) < oo}, (69)

where each term in the union in (68) characterizes the event that the accumulated energy collected during the first
m + k energy blocks is insufficient to output the desired codeword symbols from block m + 1 to block m + k

during the transmission phase. It remains to obtain an upper bound on IP’{BOO < 0}. To this end, we first define

for each k € N

X By ifk=1,

Bk — Bk,l otherwise

By if k=1,
=4 E,—X? ifke{2,3,...} and B, ; >0, (70)
0 if ke{2,3,...} and By_; <0

January 15, 2019 DRAFT



25

where (70) follows from (67). It then follows from (68) and (70) that {Boo <0} = {21?;1 Uy < 0}, hence

P{BOO<O}:P{ZUk<O}. (71)

k=1

Following (71), we consider the chain of inequalities below for any ¢ > 0:

o0
. p et T
]P’{;Uk<0} ]P’{et ; k>1}
§EF4ZﬁJﬂ (72)

where the inequality follows from Markov’s inequality. In order to simplify the RHS of (72), we use the convention
E° = X0 = U° = 0 (useful only when m = 0) and consider the following chain of inequalities for each

ie{m+1lm+2,.. .}

E [e_t p 0k:| et i1 Uk

I
&=
&=

)

Uifl} et ZiZi Uk

)

< E [E [max {E [ EXD| gi-1] 1} x et D O -1 (73)

— max {E [e*t@fﬁ?)} : 1} E [e*t i f’k} (74)

|
~E[E[E[e
|

where (73) is due to (70); (74) follows from the independence between ( Ei, XZ) and U~ due to the in dependence
between (E;, X;) and (Ei~1, X1,

Combining (71), (72) and (74), we have
P {Boo < O} <E [e*tZ?El U’“} max { (E [e*t(E*Xz)DOO , 1}

- () e (o)) )

which together with the definitions of E and X2 implies that
P{Bu <0} < (B [e75])" max { (B [em2E-Z X)) -, 1}. (76)

In order to simplify the RHS of (76), we use the following two facts, whose proofs can be found in [2, Appendix]:

For any y > 0,
y*e
1+y<e?<1+y+ 5 )
and
Y2
lfyge*ygl—y+?. (78)
Let ¢ > 0 be the positive solution of the quadratic equation
2(P—-S
b= (P—5) (79)

LE[E?] + 35%(1 + 63St)
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Straightforward calculations reveal that

—(LE[E?] + 35?) + /(LE[E?] + 352)2 + 151253(P — S)

t =
37853

< 42(P - S)
T 63VS3
_ V42pP

63VS3
1

<65

(80)

1)

where (80) is due to the fact that va + b < \/a + Vb for all (a,b) € Ri; (81) is due to (11) and (12). Using the

definition of px in (7) and (81), we have

E {X‘* tXQ} _ 38 (82)
e _(I—QSt)5/2<OO'
In addition, using (81) and straightforward algebra, we obtain
L c1y3s (83)
(1-2S8¢t) —

and
(14 35t)%2% < (1+35t)°
<1495t +275%t? + 27533
<1+ 638t. (84)

Following (76), we use the two facts (77) and (78) to obtain

272 2 2,1
t*L°E[E7] < e—tLP+w

Ele "“#] <1—tLP+ 5 (85)
and
E[eX] <1+t5+ ﬁ&:p(;etX"‘] < s+
which implies that
E[e~*“E|E [et PN Xf} < eﬂsL(zLS)thzTL (LIE[Ez]HE[X“c‘Xz])
=1 (86)

where (86) follows from the fact due to (79), (82), (83) and (84) that

‘< 2(P—S)
T LE[E?] + E [X*etX?]
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Using (76), (85) and (86), we obtain

P{B. <0} < omtE P+ 87)
Using (69), (76), (85) and (86), we obtain
P{r(m) < oo} =P {Boo < 0} < em(pp- =) (88)
Combining (66) and (88), we have
PIQ0 w2 by 1| W = w) g om0 lesr T, #9)

In order to obtain an upper bound on the RHS of (89), we define « and 3 as in (24) and (25) respectively and use
the following two facts due to (79) and (12):

2pP
< P pip—
'S IEF 1352~ © ©0)

and hence

t

2pP
> > 0.
= TEEY] 1 352(1 + 63a8) =" oD

Combining (89), (90) and (91), we conclude that (26) holds for any natural number ~. It remains to show
that (26) also holds if « is an arbitrary positive real number, which holds true due to the simple fact that

P{|QM™ (w)| > Ly + 1| W =w} = P{|Q"™ (w)| > [Ly + 1]} for any v € Ry..

APPENDIX B

PROOFS OF LEMMA 3 AND LEMMA 7

Since save-and-transmit defined in Section III-A is a special case of blockwise save-and-transmit defined in

Section IV-B with L = 1 and Lemma 3 is a special case of Lemma 7 with L = 1, it suffices to prove Lemma 7.

Suppose we are given a blockwise save-and-transmit (n, M)-EH code. Fix an L < n/m, a~vy >0,ad > 0 and
an M € N. We would like to obtain an upper bound on
axen (Y7(1)| X2
Pl J1og P (IRTCR) s m{\g(")u)\ <L7+1} W=1
py»(Y™(1))

by a change-of-measure argument. To this end, we let X" = X”(1), X" = X"(1), Y" = Y™(1) and Y" = Y"(1)

and use the definition of blockwise save-and-transmit in Section IV-B and the definition of Q) (w) in (10) to

obtain

n
PEn xn yn Xn yn o) (1)|W=1 — (H pEk,Xk,Yk|W=1PXk|Xk,Ek,Xk1,W:1p1?k)2k> Pom)(1)|xn,Xn w=1 92)
k=1
where

Py, 1%, UklTk) = avix (TrlZr), 93)
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PR, |x,.Ex, k-1 =1 is some distribution readily determined by the encoding function (22), and

1 ifA={ie{m+1,m+2,...

") =

Pom (1) xn, %, w=1(Alz",
0 otherwise.

Using (92) and (93), we obtain

- - n
pE",X",Y",X",Y"7Q(n)(1)\W=1(6 )

S} Z # xit,

xn’ yn"%n7gn7¢4)

n
< <H PEL X0 Ve W=1(€hs Ty UKD %, x0 1% 301 w1 (|, €, ik_l))

k=1

X ( H ay|x (9x[0)

ke A

for each (e™, 2™, y™, 2", ") and each A C {1,2,...,

Pyrn oty w=1";A) < <H N (§x;0,1)

n}, which implies by summing over (e”,

) (H N(gk;07s+1)> (94)
k¢ A

) (kg‘qm(gkm)),

™, y", &™) that

ke A
for all (§",.A). Consider the following chain of inequalities for each A C {1,2,...,n}:
e (Y7 (1) X7(2
P log 21X (" (DIX"(2)) >logM+6|QM1) =AW =1
pyn(Y"(1))
:/ / PXH(2)(mn)P{/n(mQ(n)(1)7W:1(gn|~/4)
- py= (™) II Pyvix, (Oklzk)
Pyn n g™ A —m ok
w14 Dol >(1)\Z/L 1 ) » k=m+1 _ > Met $agrdan
Py~ (§") p?nr(1),g<n)(1)|W:1(y ,A)
/ / Pxn(2)( pyw( )\Q(n)(l),W:I(gnLA)
py=(§") II  pyiix, (Oklzr)
i k=m+1 5 ~N 1.1
x14(S+1)2 — > Me® » dy"dx (95)
p;?wz(l),g<vl>(1)|wzl<y ,A)
-5
e 1A|
< x(S+1)%
Mpg(n)(1)|W:1(A)
pyn(Y™(1) II pyix, (Ye(1)IXk(2))
< E k=m+1 _ (96)
Py (1o (1y=aw=1 (Y (1))
e’ (S +1)%" ©7)
= 2
Mpoe 1y w=1(A)
where
« (95) is due to (94) and the fact that for all y € R, NA[ <gg;>1 <VS+1

e (96) follows from Markov’s inequality where the expectation if evaluated with respect
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PXn(2)Pyn(1)]Qm (1)=A,W=1"
e (97) is due to simplifying the expectation term by first principles.

Consequently,
Py ix- (Y™ (1)|X"(2)) (n)
P< <log - >logM+6 ;N Q™M) < Ly+1;|W=1
{ { py=(Y™(1)) { }
nixen (Y1) | X2

< 3 P{logpy X ~(n)| 2) SlogM +6|0M(1) = AW = 1}

AC{mL+1,mL+2,...,n}: Pbyr (Y (1))

[A|<Lvy+1
x P{QM (1) = AW =1}
=94 Ly+1

< eﬁ x (S +1) 5 % \Ag {mL+1,mL+2,...,n}:|A < Ly+1 (98)

where the last inequality is due to (97). Since the mismatched positions occur in blocks of L symbols except for

the last block whose length is no larger than L, we have

[v+1/L]
[ AC{mL+1,mL+2,... n}:|[A<Ly+1]< > ([(n—r?L)/m)

i=0
[v+1/L] i
n —mlL
<
- ; U L D
[v+1/L] ‘
< Z (n—mL)"
i=0
(n —mL)"t?
“ n—mL-1
<2(n—mL)"*. (99)

Combining (98) and (99), we obtain (27).

APPENDIX C

PROOFS OF COROLLARY 4 AND COROLLARY 8

Since save-and-transmit defined in Section III-A is a special case of blockwise save-and-transmit defined in
Section IV-B with L = 1 and Corollary 4 is a special case of Corollary 8 with . = 1, it suffices to prove
Corollary 8.

Fix an € € (0,1/2), and fix any €1 > 0 and e > 0 such that ¢; + e = . Define p, S, a, 8 and m as
in (34), (12), (24), (25) and (35) respectively, and define y(e2) = 0 as in (31). To simplify notation, we do not

explicitly specify the dependence on n for p, S, o, 3 and m. Let px = N (x;0,S) and let py = ;0,8 +
plicitly specify the depend for p, S, a, B and m. Let p N(x;0,5) and let p N(y;0,8 +1)

2

be the marginal distribution of pxgy|x, and let c° and T denote the variance and the third absolute moment

QY\X(Y‘X)
py (V)

simultaneously hold. Then, Theorem 2 implies that there exists a blockwise save-and-transmit (n, M, €)-EH code

of log respectively. Fix any sufficiently large n and any L < n such that p € (0,1), (28) and (11)

which satisfies (29) and (32). We would like to show that (33) holds for the blockwise save-and-transmit code by
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obtaining a lower bound on the RHS of (29). To this end, we fix a sufficiently large n such that (29) holds for the
blockwise save-and-transmit code. By construction, we have S = P(1 — p), p = @(ﬁ) and m = @(\/%), and

we use Taylor’s theorem to conclude that there exist some «; > 0 and k2 > 0 which do not depend on n such that

1 1 pP k1L
- > - _ =  _MH
5 log(1+5) > 5 <1og(1 + P) T+ P " ) (100)
and
T 4
Me) - 2 <ot (g 0. 101
(e1) N (61 o8 i m) < (101)
Combining (29), (100) and (101) and using the facts that p = @(ﬁ), m=0(\/%) and
Vno? —vVmLo? < \/(n — mL)o?,
we obtain
1 —mL —mL)o? T 4 1 1
Liog s> P2 g1 4 gy ¢ YR Z MBI g (L - _log v+
n 2n n 03/ Mom /Mo, n
1 1
- = <L(2510g2 + —log(1 + S)) + (85 4 1)log nm>
n 2
1 pP mL o2 LY4 L
> —log(l+P)— ——— — —log(l+ P — — —_ — 102
=9 Og( + ) 2(1+P) m Og( + )+ n (El) KgmaX{n3/4, n ( )

for some 3 > 0 which does not depend on n. In order to bound the second term on the RHS of (102), we obtain

from the definition of p in (34) that

(LE[E?] + 3P2)log(1 + P)log =
rP \/ _0 < L) . (103)

2(1+ P) 2y/2nP(1 + P)

In order to bound the third term on the RHS of (102), we obtain the following bounds by the definition of o =

n

6( L—ln) in (24), the definition of 3 in (25) and the definition of 7y(e2) in (31) where k4 and k5 are some positive

constants that do not depend on n:

2pP
> 104
“ = IE[E?] + 3P2 (104)
where (104) follows from the definition of p in (34);
@

>

pz 1+ 63aP

2pP
p i (105)

> = =
= LE[E?] +3P2 Ln
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where (105) is due to (104);

o log é
LPp+ Lol

1
< log 5, +1
=~ LPj
2pP
 (LE[E?] +3P?)log - y TEEH 377 1
N 2pLP? Ié;
LE[E?] + 3P%)log L
LEF] Jlogz, s (106)

2pL P2 L

where (106) is due to (105) and the definition of p in (34). Using (106) and the definition of p in (34), we have

(107)

1 [n(LE[E?] + 3P?)log é Ks
=T\ 2P(P+Dlogl+P) L
Combining (102), (103) and (107), we conclude that (33) holds for any sufficiently large n where x > 0 is some
constant which does not depend on n.

In addition, (36) follows from the following inequality due to (32), the definition of o (w) in (10) and our

choice for y(es) that y(g2) = 0:

IP’{ o {klEi< zk: XE}}IP{Q<">(W)|21}

k=mL+1 i= i=m+1
=P{IQ" (W)| 2 Ly(ez) +1}

< 2.

APPENDIX D

PROOFS OF COROLLARY 5 AND COROLLARY 9

Since best-effort defined in Section III-D is a special case of blockwise best-effort defined in Section IV-D with
L =1 and Corollary 5 is a special case of Corollary 9 with L = 1, it suffices to prove Corollary 9.

Fix an € € (0,1/2), and fix any £; > 0 and £5 > 0 such that £; + 5 = ¢. Define p, S, @ and S as in (39),
(12), (24) and (25) respectively. In addition, let m = 0 and define y(e5) as in (41). To simplify notation, we do not
explicitly specify the dependence on n for p, S, o, 5 and v(g2). Let px = N (z;0,.5) and let py = N (y;0,5+1)

be the marginal distribution of pxqy|x, and let o2 and T denote the variance and the third absolute moment

v x (Y1X)
py (Y)

simultaneously hold. Then, Theorem 2 implies that there exists a blockwise best-effort (n, M, ¢)-EH code which

4

of log respectively. Fix any sufficiently large n such that p € (0,1), &1 — # - >0 and (11)

satisfies

n 1 T 4
log M 2 5 log(1 + ) + Vo™ @ (El‘m‘ﬁ

— (ML + Xalogn) (y(e2) +1) —logv/n — 1 (108)
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and (32) where A\; and Ao are as defined in (18) and (19) respectively. In the rest of the proof, we will derive (40)

from (108). By construction, we have S = P(1—p) and p = @( 107% ”), and we use Taylor’s theorem to conclude

that there exist some x; > 0 and k3 > 0 which do not depend on n such that

1 1 pP k1 logn
Zlog(14+8) > = - -
5 og(l+5) > 5 (log(l + P) T+ P - (109)
and
T 4 K
e — e — | > B (ey) — —=. 11
() 2o - 2 1o
Combining (108), (109) and (110), we obtain
1 1 pP (ML + Aplogn)(y(e2) +1)  [o? 4
—logM > —log(l+ P) — — —14/—®
n M =3 og(1+P) 2(1+ P) n n (1)
_ keVo? logyn+1  kilogn
n n 2n
1 pP (ML + Azlogn)y(ez) [o? k3 max{logn, L}
> —log(l+ P) — — —14/—® - 111
2 og(1+P) 2(1+ P) n n (=1) n (11D

for some 3 > 0 which does not depend on n. In order to bound the second term on the RHS of (111), we obtain

from the definition of p in (39) that

pP 1 [(uL+X log n)(LE[E?] + 3P?)log 1 6 [max{logn, L} .
201+ P) 2 LP(P+1)n B n ' (112)

In order to bound the third term on the RHS of (111), we obtain the following bounds by the definition of o =
@(\/ loi ") in (24), the definition of 3 in (25) and the definition of ~(e2) in (31) where k4 and k5 are some

positive constants that do not depend on n:

2pP
> —
“ = TE[E?] +3P? (a1
where (113) follows from the definition of p in (39);
g>_—2
14 63aP
2pP kg max{logn, L}
> —
~ LE[E?] + 3P? L2n (114)
where (114) is due to (113);
log -
v(e2) = LgizE[Ez]
PLB+ —5—
1
< IOg P
— PLpB
2pP
_ (LE[E?]+3P?)log o> TEEissre
2pLP? I6]
- (LE[E?] + 3P?%)log é s (115)
- 2pLP? L
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where (115) is due to (114) and the definition of p in (39). Using (115) and the definition of p in (39), we have

n(LE[E?] + 3P2)log L
<1 (LRI 108 25 + 5 (116)
2 LP(P—|—1)(/\1L—|—)\210gn) L

v(e2)

Combining (111), (112) and (116), we conclude that (40) holds for any sufficiently large n where x > 0 is some

constant which does not depend on n.

ACKNOWLEDGMENT

We would like to thank the Associate Editor and the anonymous reviewers for their valuable comments which

helped us improve the presentation of this work.

REFERENCES

[1] O. Ozel and S. Ulukus, “Achieving AWGN capacity under stochastic energy harvesting,” IEEE Trans. Inf. Theory, vol. 58, no. 10, pp.
6471-6483, 2012.

[2] S. L. Fong, V. Y. E Tan, and J. Yang, “Non-asymptotic achievable rates for energy-harvesting channels using save-and-transmit,” /EEE J.
Sel. Areas Commun., vol. 34, no. 12, pp. 3499 - 3511, 2016.

[3] K. G. Shenoy and V. Sharma, “Finite blocklength achievable rates for energy harvesting AWGN channels with infinite buffer,” in Proc.
IEEE Intl. Symp. Inf. Theory, Barcelona, Spain, Jul. 2016, pp. 465 — 469.

[4] S. L. Fong, V. Y. E. Tan, and A. Ozgiir, “On achievable rates of AWGN energy-harvesting channels with block energy arrival and
non-vanishing error probabilities,” IEEE Trans. Inf. Theory, vol. 64, no. 3, pp. 2038 — 2064, 2018.

[5] J. Yang, “Achievable rate for energy harvesting channel with finite blocklength,” in Proc. IEEE Intl. Symp. Inf. Theory, Honolulu, HI,
USA, Jun. 2014, pp. 811 — 815.

[6] E. MolavianJazi and A. Yener, “Low-latency communications over zero-battery energy harvesting channels,” in Proc. IEEE Global
Communications Conference (Globecom’l5), San Diego, CA, Dec. 2015.

[71 K. Tutuncuoglu, O. Ozel, A. Yener, and S. Ulukus, “The binary energy harvesting channel with a unit-sized battery,” IEEE Trans. Inf.
Theory, vol. 63, no. 7, pp. 4240-4256, 2017.

[8] D. Shaviv, P.-M. Nguyen, and A. Ozgiir, “Capacity of the energy harvesting channel with a finite battery,” IEEE Trans. Inf. Theory, vol. 62,
no. 11, pp. 6436 — 6458, 2016.

[91 W. Mao and B. Hassibi, “Capacity analysis of discrete energy harvesting channels,” IEEE Trans. Inf. Theory, vol. 63, no. 9, pp. 5850-6886,
2017.

[10] Y. Polyanskiy, “Channel coding: Non-asymptotic fundamental limits,” Ph.D. dissertation, Princeton University, 2010.

[11] F. Zhang and V. K. N. Lau, “Closed-form delay-optimal power control for energy harvesting wireless system with finite energy storage,”
IEEE Trans. Signal Process., vol. 62, no. 21, pp. 5706-5715, 2014.

[12] D. Shaviv and A. Ozgiir, “Online power control for block i.i.d. energy harvesting channels,” IEEE Trans. Inf. Theory, vol. 64, no. 9, pp.
5920-5937, 2018.

[13] T. M. Cover and J. A. Thomas, Elements of Information Theory, 2nd ed. Wiley-Interscience, 2006.

[14] A. El Gamal and Y.-H. Kim, Network Information Theory. Cambridge, U.K.: Cambridge University Press, 2012.

[15] C. E. Shannon, “Certain results in coding theory for noisy channels,” Information and Control, vol. 1, pp. 6-25, 1957.

[16] T. S. Han, Information-Spectrum Methods in Information Theory. Berlin, Germany: Springer, Feb. 2003.

[17] V. Y. Korolev and I. G. Shevtsova, “On the upper bound for the absolute constant in the Berry-Esséen inequality,” Theory of Probability
and Its Applications, vol. 54, no. 4, pp. 638-658, 2010.

January 15, 2019 DRAFT



	I Introduction
	I-A Related Work
	I-B Main Contributions
	I-C Paper Outline
	I-D Notation

	II The AWGN EH Channel
	II-A Problem Formulation
	II-B Standard Definitions

	III An Achievable Rate for Save-and-Transmit
	III-A Save-and-Transmit Scheme
	III-B Preliminaries
	III-C A Non-Asymptotic Achievable Rate for Save-and-Transmit
	III-D A Non-Asymptotic Achievable Rate for Best-Effort

	IV The Block Energy Arrival Model
	IV-A Block Energy Arrivals
	IV-B Blockwise Save-and-Transmit
	IV-C A Non-Asymptotic Achievable Rate for Blockwise Save-and-Transmit
	IV-D A Non-Asymptotic Achievable Rate for Blockwise Best-Effort

	V Proofs of Theorem ?? and Theorem ??
	VI Numerical Results
	VI-A Case L=1
	VI-B Case L="4264306 n"5265307 
	VI-C Impact of SNR

	VII Concluding Remarks
	Appendix A: Proofs of Lemma ?? and Lemma ??
	Appendix B: Proofs of Lemma ?? and Lemma ??
	Appendix C: Proofs of Corollary ?? and Corollary ??
	Appendix D: Proofs of Corollary ?? and Corollary ??
	References

