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ABSTRACT Energy harvesting (EH) relay communication systems with decoding energy costs in multiple
block cases have not been widely studied. This paper investigates the relay network with a decode-
and-forward relay powered by EH. Unlike other works, we consider the relay with energy decoding costs
which harvests random energy from both a dedicated transmitter and other ambient radio-frequency (RF)
sources. The EH relay adopts a harvest-receive-forward time-switching architecture. We optimize the time
fractions of the three phases and the reception rate at the relay to maximize the offline throughput for
single and multiple block cases under two EH scenarios. The multi-block optimization problem constitutes
a complex non-convex problem, which we decouple into a single block problem with two auxiliary variables
determined by an outer optimization problem. The original problem is finally solved at the cost of linear
optimization after series of tricks. Several conclusions are derived: (i) energy storage is necessary (unnec-
essary) when the relay harvests energy from the transmitter (ambient RF sources), (ii) the optimal reception
rate remains unchanged, while the optimal time fractions vary with the energy harvested from ambient RF
sources leading to different average throughput. We give numerical simulations to verify our theoretical
analysis.

INDEX TERMS Energy harvesting, harvest-receive-forward, relay network, decoding energy, multiple

blocks (slots).

I. INTRODUCTION

Practical communication systems with energy harvest-
ing (EH) capabilities are expected to become ubiquitous with
the rapid development of Internet of Things (IoT) networks.
The EH communication system could be widely used in
IoT network [3], vehicle area network, body area network,
home area network, wireless sensor network [4], [5], indus-
trial monitoring networks, cognitive-radio network [6] and
so on. For example, an EH device can act as a Road Side
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Unit (RSU), which helps to relay information of vehicles
to faraway stations or other nearby vehicles [7]. Another
application example is in the fog computing scenario; an
EH device can act as a relay, which can help other devices
to forward information to the network edge (e.g. IoT gate-
way). The harvested energy, which can be used to replenish
the battery of an IoT node, can be from natural sources
(e.g. solar) and human-made sources, such as dedicated and
stray radio-frequency (RF) signals. As such, it is important to
study optimal energy utilization and communication mech-
anisms to improve system performance. In these studies,
various objectives, such as maximization of throughput [8],

96613


https://orcid.org/0000-0002-1485-9831
https://orcid.org/0000-0002-9895-0666
https://orcid.org/0000-0003-3262-0207
https://orcid.org/0000-0003-2332-8095

IEEE Access

Y. Yao et al.: Optimizing EH-DF Relays With Decoding Energy Costs and Energy Storage

energy efficiency [9], minimization of outage probabili-
ties [10], [11], transmission delays [12] and packet drop
rate [13], [14] have been considered.

Since IoT devices are expected to be deployed in large
numbers, small form factor, low cost and low energy
consumption of them are three of the most important
design goals. For such a low-power communication system,
the decoding cost for information reception is non-negligible.
In this work, we consider a throughput maximization prob-
lem in a relay network with an EH relay using the decode-
and-forward (DF) technique considering decoding costs. The
DF technique can suppress the influence of noise better
than the amplify-and-forward (AF) technique. In the below,
we briefly survey the relevant existing literature.

For relay systems, Huang and Ansari [15] study the
scenario when the transmitter node (TX) harvests energy
from RF signals transmitted by the relay node (RN), and
then they derived optimal solutions for the joint TX and
RN power allocation to maximize the overall throughput.
Peng et al [16] and Nasir efal. [17] have studied when
the RN harvests energy from the RF signal of the TX,
the optimal power allocation scheme with the power split-
ting (PS) relay protocol to maximize the throughput. Some
studies give the optimal static PS and time allocation ratios
for a DF relay network in terms of outage performance
and ergodic performance with a ‘harvest-then-forward’ strat-
egy [18], or in terms of the delay limited and delay-tolerant
throughput [8]. Blagojevi et al. [19] analyze the performance
of the EH DF relay system in generalized-K fading environ-
ment. Abedi et al. [20] study PS-based relay system with
decoding cost, which is a generalized increasing function
of the reception rate. Tutuncuoglu ef al. [21] use a gener-
alized iterative directional water-filling algorithm to solve
the sum-rate maximization problem under half-duplex and
full-duplex channels with energy harvesting nodes under
any relaying strategy, namely DF, AF, compress-and-forward
and compute-and-forward. Shi et al. [22] analyze the out-
age performance for a three-step two way EH DF relaying
system. Ju and Yang [23] and Van et al. [24] both study
the two way DF EH relay networks to derive optimum
PS coefficients and optimum time-switching (TS) coeffi-
cients to maximize the throughput. Rao et al. [25] derive
the delay-limited and delay-tolerant throughput for a DF
single-way and two-way relaying networks with a TS relay-
ing protocol. Zou et al. [26] study the joint PS and relay
selection in EH communication system in IoT systems.

Reshma and Babu [27] propose an EH based incre-
mental relaying cooperative non-orthogonal multiple access
(IR-EH-NOMA) protocol, and derive analytical expressions
for the system throughput of IR-EH-NOMA network, which
is proved to be superior to conventional cooperative relay-
ing NOMA network with EH (CR-EH-NOMA network)
in terms of outage and throughput. Lan et al. [28] con-
sider a wireless powered cooperative non-orthogonal multi-
ple access (NOMA) relay network, in which one source is
supposed to send independent messages to two users with
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the assistance of one energy-constrained relay that harvests
energy from the source.

For energy efficiency (EE), there are several papers, many
of which consider the static power consumption of the trans-
mission circuit. Guo et al. [29] give the performance analysis
of cooperative NOMA with energy harvesting in multi-cell
networks, showing that the energy harvesting enabled coop-
erative NOMA system in a multi-cell network can improve
the coverage probability, ergodic rate, and EE compared to
its counterpart orthogonal multiple access (OMA) systems.
Zhang et al. [30] discuss the EE optimization of AF based
energy harvesting two-way relaying systems. utilizing the sta-
tistical channel state information, they first build a statistical
EE model, which applies to practical environments under fast
fading channels. Then, a power allocation problem is formu-
lated to maximize the EE under the constraints of total power
and sum rate. Zhao et al. [31] consider data transmission in a
DF relay-assisted network in which the relay is EH powered
while the base station (BS) is power-grid powered. They also
compare the EE of an EH relay system with a power-grid
powered one and provide more insight into the EE problem.
When the harvest-then-use mode is adopted, the non-ideal
efficiency of the battery is often discussed. Some papers
just use an energy conversion efficiency factor [27], [32],
while some papers further model the internal resistance of the
battery to discuss the above problems [33].

In fact, due to the low energy consumption of an EH device
in IoT, the decoder is the dominant source of energy consump-
tion during reception [34]. Several papers have discussed the
model of the decoding energy cost for receiving information,
such as [34]-[36], which model the decoding power as an
increasing convex function of the reception rate. Though
there are some papers investigating relay systems considering
the decoding cost, such as [20], [37]-[43], most of them
discuss the situation when the random harvested energy arriv-
ing at the source, relay, and destination are independent of
each other and are uncontrollable by the nodes [37]-[43].
Few papers studying the EH relay, which can harvest RF
energy from the transmitter with PS or TS scheme, have
paid attention to the decoding cost. For example, Arafa and
Ulukus [37] discuss both one-hop and two-hop DF relaying
networks considering the decoding cost at the relays and the
receiver with random energy harvested independently at the
transmitter, the relays and the receiver. When there is a data
buffer in the relay, an inner-outer problem is formed. They
solve the inner problem using the results of the single-user
fading problem [44], and solve the outer problem using a
water-filling algorithm. Almost all of the papers studying EH
relays with a TS scheme do not consider the decoding cost
[15], [17]-[19], [21], [23]-[25]. Most of the papers studying
EH relays with a PS scheme also do not consider the decoding
cost [8], [16], [18]-[20], [22]-[24], [26], [45], [46]. As we
know, the only previous work considering decoding cost
functions in a PS relay network is from [20]. Abedi et al. [20]
adopt a PS scheme and only considers optimizing the power
ratio and transceiving rate in a single block. However, they do
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not consider the energy harvested from ambient RF sources
other than the dedicated TX.

Some papers in our research group have discussed the
energy decoding cost at the EH receiver in a point-to-point
communication system, and have drawn many conclusions
on the system design [33], [35], [36]. Ni and Motani [35]
optimize the reception rate and time fraction of energy har-
vesting with different schemes. Ni and Motani [36] extend
the work in [35] to joint optimization of transmission power
at the transmitter, reception rate and the time fraction for
EH at the receiver in a point-to-point communication system.
Ni et al. [33] further discuss the dual-path structure of EH
receivers considering both the internal resistance of the bat-
tery and the decoding cost, which constitutes a complex and
difficult problem to deal with.

Ni et al. [33], Ni and Motani [35], [36] have studied the
optimal TS optimization problems, accounting for decoding
energy cost at an EH receiver in a point-to-point communi-
cation system; When it comes to a relay, which forwards the
received information from the transmitter to the destination
without a direct link, it is a very different problem. This
is because the harvested energy must be carefully divided
into two parts respective for decoding and forwarding the
information and the process of EH also takes up part of
the total processing time, in an EH system where EH and
information transceiving share one antenna and one RF front-
end. Information reception and forwarding processes are also
interrelated, as the decoded data bits must not be fewer than
the forwarded data bits at a relay. The analysis for the TS
ratios and the throughput will be more complex, especially
when random energy can be harvested from other ambient
RF sources, and stored at the relay for use in later blocks to
form a multiple-phase problem.

In this paper, we investigate the offline throughput perfor-
mance of a relay network with a transmitter, an EH decode-
and-forward (EH-DF) relay and a receiver without a direct
link.The energy required for decoding information, which is
a major source of energy consumption at a relay with DF
technique [47], [48], has not been well studied for EH relays,
especially for the multi-block case at the relay. To use the
random energy harvested from ambient RF resources other
than the dedicated TX in multi-block case, we use storage at
the relay, to more efficiently schedule resources, which is not
considered in the previous studies.

We consider two energy harvesting scenarios: (i) EH-I:
Energy is harvested from the dedicated TX, and (ii) EH-II:
Energy is harvested from the dedicated TX and other ambient
RF sources.

In this context, the main contributions of the paper are:

o We adopt a simple time-switching system model to
formulate the throughput maximization problem. Con-
sidering the decoding cost, we give algorithms to
obtain the solutions of the optimum time fractions for
the three phases and the reception rate with a single
block (SB) setting in both scenarios EH-I and EH-II
(Section III).
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« We obtain optimal solutions of the optimum three time
fractions and the reception rate for maximizing the
throughput in multi-block (MB) EH-I scenario consid-
ering decoding energy costs with an analysis method of
auxiliary problem construction and solution comparison
(Section IV-A).

o We formulate a multi-phase non-convex optimization
problem for the multiple block (MB) EH-II scenario
considering decoding energy costs to maximize the
throughput, which is not studied before. We transform it
into a single-phase problem with two auxiliary variables
determined by an outer optimization problem. The fea-
sible domain of the two auxiliary variables and the
solution structure for the receiving rate are derived. The
complex problem is finally solved at the cost of convex
optimization. We can observe that one of the possible
solutions of the optimum time fractions for the three
phases and the reception rate is always given with no
data flowing between blocks from the derivations to
solve the problem (Section I'V-B).

o We present extensive numerical results to validate our
analysis (Section V) and give several important conclu-
sions about the optimal reception rate and the optimal
time fractions in various settings. The optimal recep-
tion rate remains unchanged for various SB and MB
settings in various EH settings, while the optimal time
fractions vary with the energy harvested from ambient
RF sources. Design principles have been derived for the
system: the energy storage is necessary for the relay;
however, the data storage is not necessary for the relay
(Section VI).

Receiving Data A A

~ Forwarding
4 and Energy
/,J, /l from TX //J 7] Data to RX //l /I
W % Z ‘ Z
Rel :
Transmitter ?R?y Receiver
(TX) A (RXD
4 A\
Information Receiving Decoding Forwarding
from TX Packet Unit buffer Unit
b (] > [ D= [_]
from TX
I
Energy from
ambient | Harvested power '—Dl Battery |

environment

FIGURE 1. Information transmission system with an EH relay.

Il. SYSTEM MODEL

We consider an end-to-end relay communication system with
a transmitter (TX), a relay node (RN) and a receiver (RX)
without a direct link, as shown in Fig. 1. The RN first decodes
the signal transmitted by the TX, stores it in the buffer,
and then forwards (transmits) it to the RX, using the DF
technique. Both the TX and RX are mains-powered. The RN
is solely powered by RF signals either from the dedicated TX
(Scenario EH-I), or from both the dedicated TX and other
ambient RF sources (Scenario EH-II).
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In order to simplify the receiver structure, there is
one antenna shared by the phases of energy harvesting,
receiving and forwarding information with a time-switching
on-off controlling the antenna to receive or forward signals.
As in [35] using a ““Harvest-Then-Receive” time-switching
architecture, we consider a ‘‘Harvest-Receive-Forward”
time-switching architecture in this paper.

We consider a multi-block system, where each block is of
T seconds in length, and is divided into three phases, as shown
in Fig. 2. The block structure is elaborated on below.

(1—a-p)r ‘

Forwarding ‘

‘ ar | pr |
Energy Harvesting | I
‘ ar (o +B)r

0 T

Reception

FIGURE 2. The communication block structure at the EH Relay.

e EH Phase: Over the time duration [0, 1), @ € [0, 1],
the switch connects to the EH circuit, and all the signals
received are used for harvesting energy. Let p, be the
transmission power with which symbol x € X is trans-
mitted, where X is the set of all possible symbols that the
TX can transmit. For the RN to harvest the maximum
amount of energy by the end of this phase, the TX
should always transmit the symbol m = argmax . ypx.
In fact, sometimes we assume that some energy can
be harvested from other ambient RF sources outside
the bandwidth of the signal from the dedicated trans-
mitter. Because the energy can be harvested in parallel
mode with other operations, it is unnecessary to allo-
cate any time interval in a frame to harvest this part
of energy. If energy harvested from other RF sources
is considered, we assume that e takes a certain value
by accumulation inside one block. However, it may
change randomly across different blocks, i.e., there is
random e; for block i in a multi-block case. Such a
block-based model for EH especially works well for the
cases when the energy arrival process evolves at a slower
rate than the data arrival process at the relay [49]-[52].
We note that the duration for which the harvested power
can be seen nearly as constant will be in the order of
milli-seconds and seconds in RF and PV EH sources,
respectively [53], [54]. When the energy arrival process
evolves at a fast rate, this model can also work with
certain accumulation operations of the arriving energy,
probably in a slightly earlier time interval. For exam-
ple, the accumulation time interval begins from prior to
nearly half of the block time, with an extra energy stor-
age needed. In practice, most EH processes, such as the
power harvested from PV and RF sources, admit such
models [50], [53], [54]. Or without extra storage cost,
with fast varying e among blocks, principally, e needs
to be predicted only once at the start of the block, with
the tiny time taken with a certain precision. In this case,
the performance achieved with our model serves as an
approximation of the achievable performance with the
actual EH process.
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e Reception Phase: Over the time duration [aT, (¢ +
B)D)], a + B € [0, 1], the switch connects to the infor-
mation extracting circuit. It is known from [34] that the
decoder is the dominant source of energy consumption
during the reception. Hence, we only account for the
decoding energy required during the reception at the RN.
We adopt the same system model as in [34]. For fixed
channel capacity C, the power consumed for decoding
a codeword with rate R is a non-decreasing convex
function of R, i.e., g(R) = Ep(=f), where g(0) =
0 [35]. % logz(&) and (&)2 10g%(%) are two
common instances for function 5])(&) [34]. All the
other factors are ‘hidden’ in this function. For example,
the channel effect in the reception phase is hidden in the
channel capacity C. The total number of bits decoded by
the relay in this phase is Ig = Bt R and they are stored in
the buffer for later forwarding. In this phase, no energy
is harvested.

o Forwarding Phase: Over the time duration [(¢+ 8)7, 7],
the switch connects to the forwarding circuit and the
decoded information is forwarded from the RN to
the RX. We assume that the communication channel
between the RN and the RX is a fading channel with
channel power gain /& and that the signal is corrupted
by additive white Gaussian noise (AWGN) with unit
power spectral density. In this case, we consider the
average rate as T'(p;) = 0.5 Blog(1 + hp;) bps when
the forwarding power is p;. We assume that 4 is known
at the start of a communication block. The total number
of bits that can be reliably forwarded is given by It =
y T (p;) during the block, where y = 1 — (@ + B). In
this phase, similar to the reception phase, no energy is
harvested.

Zhou et al. [55] and Huang and Tu [56] both discuss the
fading channel and harvest-store-use cases, but neither of
them discusses the direct link case. Di et al. [57] and Huang
and Tu [58] both discuss the cooperative transmission with
both the relay and direct link and fading channel cases.
Di et al. [57] don’t consider the harvest-store-use case, while
Huang and Tu [58] discuss the harvest-store-use case. None
of them discuss the decoding energy cost. This shows that
these papers do not discuss all the cases in the relay network
optimization.

Our paper does not consider a direct link because the
distance between source and destination may be too far, with
a similar case setting as in [55] and [56]. The main novelty
of our paper is that it considers the decoding cost at a relay
in a DF relay network. As we know, it is the first paper
discussing decoding cost at an EH relay. Moreover, as there
are many new considerations, such as the multi-block case
and the multi-source energy harvesting scenario where an EH
relay harvests both from the source node and the ambient
environment, the paper does not consider the fading factors
in this paper temporarily due to the problem complexity.
The parameters to be optimized include optimal lengths of
the above three phases and the reception rate in each block,
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whose number is so large, and later we will show that the
problem in our paper considering energy decoding cost at an
EH relay in a multi-block case with an EH setting of harvest-
ing energy from other ambient RF sources in addition to from
dedicated TX, will form a complex multi-phase non-convex
problem. As it is a case that has never been discussed before
and it is complex enough already, we do not further discuss
the problem under fast-fading channels temporarily. Thus,
this paper generally discusses the relay network with very
slow changing fading conditions. The slow or fast- changing
speeds for the channels are defined with respect to the time
length of a block. Under a relative slow fading condition,
the channel condition can be seen as unchanged approxi-
mately during a block or several blocks.

With the above system model, our goal is to find the
optimal lengths of the above three phases and the reception
rate of the relay such that the total number of bits transmitted
from the TX to the RX is maximized in a given period of
time. Generally, the relay will perform as a time-slotted or
block-based system. When we want to optimize the mean
throughput performance in a period longer than one block,
there are two distinct cases. The first one is when the energy
and data are not allowed to flow to later blocks for use,
denoted as the single block case, while the other one is when
the energy and data are allowed to flow to later blocks for
use, denoted as the multi-block case. We begin with the single
block case in the following section.

IIl. SINGLE BLOCK CASE
In this case, to maximize the number of bits relayed we need
to solve the following optimization problem.

A. ENERGY HARVESTED FROM TX ONLY (EH-I)
In this case, maximizing the number of bits relayed is equiv-
alent to solving the following optimization problem.

(P1) max Ir,
o, B,v,.R
s.t. Igp > Ir,

ﬁgD(CSR)‘i‘th < apm,

O<a By =<1,

0=<p=1,

a+p+y=1,

0<R<C. (1

The first constraint in (P1) follows because the number of
bits the relay can forward must be smaller than or equal to the
number of bits it has decoded. The second constraint in (P1)
follows because the total amount of energy used for receiving
and forwarding information in a block must be less than that
has been harvested. The physical significance of the other
constraints is apparent. To solve (P1), we first give two useful
lemmas.

VOLUME 9, 2021

Lemma 1: For the optimal solution to (P1), the first con-
straint in (1) must hold with equality, i.e.,

(I —a—y)tR=ytT(p). @)

Proof: If the equality in (2) does not hold, one can

increase y and decrease B to make the equality hold. When

o, R and p; are fixed, increasing y means increasing the value

of the objective function Ir. g

Lemma 2: For the optimal solution to (Pl), the second
constraint in (1) must hold with equality, i.e.,

C
Béo(—p)type=0=B—=y)pm 3

Proof: If the equality in (3) does not hold, one can
increase y and decrease o to make the equality hold. When
R, B and p; are fixed, increasing y means increasing the value
of the objective function Ir. ]

Based on Lemmas 1 and 2, we can express « and f in terms
of R and p; as

BR
T(ps)’
T (p1)
B = L )
R(pm + po) + (pm + Ep( DT (1)
Expressing 8 and the objective function in (1) in terms
of R and p;, we can rewrite the objective function of (P1)
as O1(R) = PBR t. Taking the derivative of O1(R) with

respect to R, we have 32% = pwtT(p;)P1(R), where
R In the following theo-

PIR) = R @S T
rem, we derive the properties for a general form of ED(&).
The proof of Theorem 1 is given in Appendix VI-A.

Theorem 1: Suppose Sp(%) = (%)m log”(%),
where m _and n are positive integers. Then we have
limg_0 873115,1{) > 0, limg_ ¢ 37;‘15,12” < 0. We have for all
0<R<C 2PR < g

So there is a single R* maximizing O(R). We will obtain
the optimum «*, 8* and y* according to

«=1-8 @

* R*py
Pm + POR* + T@)(pm + Ep(c55)
* T(Pz)Pm

P+ PORF + TP + Ep(5))
anda* =1— g* — p*.

B. ENERGY HARVESTED FROM TX AND OTHER AMBIENT
RF SOURCES (EH-I1)

In this subsection, we consider the case when the receiver
harvests energy from both the TX and other ambient
RF sources. The corresponding optimization problem is
given by (P2).

(P2) max Ir,
o, B,v,R

c
s.t. IRzlr,rﬂSD(C_Rprf < apmT +e,
O<a,By<lLa+B+y=10<R<C. (6)
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We show the solution to problem (P2) in the following
lemma.

Lemma 3: The optimal solution R* to (P2) is given by
8732% = 0, which is the same with (Pl). The optimum
a*, B* and y* can be obtained with (7), (8) and (9) when
e < e; otherwise, a*, B* and y™ can be obtained with (7), (8)
and (9) with e = e, when e > e.

. _ R*(pntT + ) )
(P + POR*T + T ()T (P + Ep(c5))
* _ T(@:)(pmt +e) L ®
Pm + POR*T + T ()T (P + Ep(5))
of =1—pF -y ©9)
r(p,R* + T(pr)é’n(ﬁ))
? = (10)

T(pr) + R*
Proof: Similar to the analysis of Lemmas 1 and 2,
we have

a—1—5—fﬁ- (11)
B T(py)
g — (PmT + )T (D) 1)

R(pm +pOT + (om + En(ENT (T

We can rewrite the objective function for problem (P2) as
O>(R) = BRr. Take the derivative of O, (R) with respect to R,

we have % = (pmt+e)T (p:)P2(R), where P>(R) = P1(R).
According to Theorem 1, there is a single R* maximizing
O2(R). We will get the optimum «*, 8* and y* according
to (7), (8) and (9).

We could easily find that when e increases, both 8 and
y will increase, while o will decrease. When « decreases
to zero, the energy harvested from ambient RF sources
is enough for the relay, which is e in (10) derived from
B+y=1 O
We give the following Remark to give an intuitive explanation
to Lemma 3.

Remark 1: Intuitively, the energy harvesting fraction
decreases with the increase of e to allow for more time for
reception and forwarding. When o reduces to zero, the energy
harvested from ambient RF sources is enough, B and y are
constant values given by (7) and (8) with e = e.

IV. MULTI-BLOCK CASE

We now consider the multi-block case with N blocks.
We assume that the channel power gain /# remains constant
in all the N blocks. We denote the amount of harvested
energy from ambient RF sources in block i as e; units for
i = 1,...,N. Further, «;, Bi, yi, and R; denote the time
fraction of the EH, reception and forwarding phases, and the
rate of communication from the transmitter to the relay in
block i, respectively.

A. ENERGY HARVESTED FROM TX ONLY (SCENARIO EH-I)

Now, we first consider when energy and data are allowed
to be stored and used in later blocks in the EH-I setting.

96618

maximizing the total number of bits delivered in N blocks,
is equivalent to solving the following optimization problem:

N
(P3) a?i%R;ITi,
1 1
S.t. ZIR./ > ZIT/"
j=1 j=1
1 l
2 =) Ty,
j=1

J=1

i i
D1k =) RifiT,
j=1 j=1

i i c
Zajpm = Z |:Pt)/j + ﬁng(m)} s
.

j=1 j=1
0<0,<1,0=8=<1,0=<y, =<1,
ai+Bi+yi=10<R <C, i=1,...,N. (13)

where « = {of,...,on}, B = {B1,-.--.BN}, ¥ =
{y1,...,yv} and R = {Ry, ..., Ry}. Note that (13) is not a
convex optimization problem. We now construct the follow-
ing optimization problem:

N
(P4) max ; Ir,,
i i
s.t. ZIR./ > ZlT.f’
j=1 j=1
i i
Y I =) Teoyr,
j=1 j=1
i i
Y g =) Rif.
j=1 j=1

i i C
Zajpm = Z |:pt)/j + 'ngD(C —R'):| )
.

j=1 j=1
0<ei=1,0=B=10=y =1,

aj+Bi+yi=1,0<R, <C, i=1,...,N,
ap=ar=---=aN, B =pHr="---= Bn,
Vv=y=--=yw,Ri=Ry=---=Ry. (14)

Lemma 4: The optimal solutions to (P3) and (P4) all
satisfy YN | Ig, = YN | Ir..

Proof: If the equality >N | I, = Y N, It, does not
hold, one can increase y; and decrease B; to make the equality
hold. When R;, p;, a; are fixed, increasing y; means increas-
ing the value of the objective function. |

Compared with (P3), one can see that (P4) has more con-
straints to ensure that the fractions of time used for EH,
reception and forwarding in each block are the same. The-
orem 2 and Theorem 3 relate the optimization problem (P4)
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by OP1(R) __
orR

0. solution

FIGURE 3. Scheme guide map for multi-block problem (P5).

to problem (P1). (14) acts as a bridge between the solutions
to (13) and (1).

Theorem 2: The optimal «;, B;, vi, Ri,i =1, ..., N, which
maximize the objective function of (14) are ¢y = ---ay =
o, pr=-Pv=B"vi=-yw=y" "R = Ry =
R*, where o™, B*, y* and R* are optimal for (1).

The proof of theorem 2 is given in Appendix VI-B. The
following theorem relates the solution to (P4) to that to (P3).

Theorem 3: A set of optimal values for «;, B, vi, and R;,

i=1,...,N, which maximize the objective function of (13),
area = ---ay =", By =By =By =-yn =
y* Ry = ---Ry = R*, where a*, B*, y* and R* are optimal
Sfor (14).

The proof of Theorem 3 is given in Appendix VI-C. Com-
paring Theorem 2 with Theorem 3, we find that the relaxation
of constraints that the time fractions and code rate in each
block are the same cannot improve the performance.

Note that « = f{o*,---a*}),8 = {B* ---B*l,y =
{y*,---¥*},R = {R*,--- , R*} is a solution to (P3). There
may be other solutions with different time fractions for EH,
reception and forwarding phases, and different values of R.
To be optimal, the code rates in all the blocks should be equal
according to (34).

B. ENERGY HARVESTED FROM TX AND AMBIENT RF
SOURCES (SCENARIO EH-II)

In this subsection, we consider the EH scenario when the
receiver harvests energy from both the TX and other RF
sources, and both energy and data are allowed to flow causally
between blocks. The amount of energy harvested from ambi-
ent RF sources in the i block is denoted by e;. The rest of the
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assumptions remain the same as in the preceding subsection.
In this scenario, maximizing the total number of bits delivered
over N blocks is equivalent to solving the following optimiza-
tion problem:

N
(P5) max T (),
a‘ﬂ‘y,Rgl !

i i
S.t. ZIRJ' > ZITJ" IRj = ﬂjRj‘E,
j=1 j=1
i

i ) C
D (ipmt+e) =Y [p’,yj + Bin( R_)] T,
]

j=1 j=1

O0<aoi,Bi,vi<lai+Bi+yi=10=<R; <C,

i=1,....N. (15)
where « = {oap,...,on}, B = {B1,....Bn}, ¥ =
{yi,...,yv} and R = {Ry,...,Ry}. Note that (P5) is
non-convex.

To solve the problem, we use a series of tricks presented in
the third contribution of the paper in Section I. The optimal
solution to (P5) is given by Theorem 7. The scheme guide
map to obtain the optimal solution to (P5) is shown in Fig. 3.

1) INTRODUCING T; AND W;

In order to transform (P5) into an equivalent problem which
decouples the blocks, we introduce T; and W; as follows

C

16

C_&, (16)

7)

T; = aiput + e; — (BiEp( )T+ plyit),

Wi = IR,' _IT,'a
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where T; denotes the harvested energy minus the used energy
in block i, while W; denotes the received data bits minus the
forwarding data in block i. Then we have the following two
lemmas. _

Lemma5: Y Wi > 0, fori = 1,2,---,N. To be
optimal for (P5), vazl W; =0.

Proof: Yi_ Wy > 0,fori = 1,2,---,N follows
because the forwarded data bits must be less than or equal to
the decoded data bits at the relay. Zf\; 1 Wi = O holds because
of similar derivations of Lemma 4. 0

Lemma6: Y y_ T > 0, fori = 1,2,--- ,N. To
be optimal for (P5), we must minimize vazl T; subject to
2 k=1 Tk 2 0.

Proof: Y4 Ty > 0, fori = 1,2,---,N follows
because the amount of energy consumed must be less than or
equal to the amount of energy harvested. If y; increases, the
objective function will increase accordingly, 8; will increase
accordingly and o will decrease accordingly. > 7; will of
course decrease in this situation. So )  7; must be minimized
on premise of > ;_; T > 0. O

Intuitively, vazl T; is the residual energy in the battery
at the end of the last block, which should be minimized on
premise of effective utilization of energy. At last, we have the
following theorem.

Theorem 4: Problem (P5) is equivalent to problem (P6)
given by

o B,y RT,

N N
Po) max > hr =3 yTE)T,
i=1 i=1

S.t. IR,- = BiR;T,

N
> w;i=0,
i=1
ZZ: T = 0,
k=1
Xl: Wi >0,
k=1

O<eoi=1,0=4=<10=<y =1
ai+pi+yi=1,0=R <C,
i=]327"'7N1

where T ={Ty,...,Tn}and W = {Wq, ..., Wy}

2) FEASIBLE REGION OF T; AND W;

We observe that, for given T and W, the selection of «;, i,
y; and R; is not related to that of o}, B;, vj, Rj (i # j), butis
only related to 7; and W;. Hence, for given T and W, we could
decompose the original problem and individually maximize
the amount of information in a single block. We can take T;
and W; as constants for a block that are optimized by an outer
optimization problem. Hence, the optimization problem for
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the i block can be written as (P7).

(P7) max Iy, =T@)yt

@i, BiviRi

s.t. aipmT + € = Bip( )T +pyit +Ti

C—R;
Ig, =11, + W,
20 <a; <1, 0<Bi <1,
ai+Bityi=1,0<R <C,.
where T; and W; meet (16)-(17), and they can be optimized
by an outer optimization problem. We can obtain

Wi — BiR;T

i=1=Fi+—, 18

T T e W
_ T(P;)(me +e —T)+ Wilpm +P§)
Bi = — - - ({19
(i +Pm)RT + T ()T (Pm + Ep(F))

_ BiRit =W (20)

Vi —T(pi)r .

We now consider the feasible region of (W;, T;) and discuss
how T; and W; affect the optimization problem.

The constraints relating to «;, 8; and y; must satisfy

(a) B; < 1, corresponding to Line 1,

(b) Bi = 0, corresponding to Line 2,

(¢) Bi + yi < 1, corresponding to Line 3,

(d) yi = 0, corresponding to Line 4 in Fig. 4.

We next discuss the constraints on 7; and W; under the four

cases (a)-(d).

FIGURE 4. Feasible region of (W;, T;).

(a) Bi < 1, corresponding to the north-west of Line 1
According to (19), as 8; < 1, we have

~T(peé(g—p) + e T)
+ @)+ pm)Wi — ) + pm)RiT <0, (21)

which is denoted in Fig. 4 as the north-west of Line 1.

Bi(Rip o LODEE TR o GupbRiTy
1(RiT+—— Pt pm ,0)and A (0, __T(pi). ) are the

_PH‘Rm

. o T

(b) Bi = 0, corresponding to south-east of Line 2

points on the axes. The slope of Line 1 is k; =
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According to (18), as 8; > 0, we have

TEHPmt +ei — T + Wilpm +pD) > 0. (22)

In Fig. 4, the points on Line 2 represent §; = 0 satisfying
T(p)(pmt + e — T;) + Wilpm + p;) = 0. o; and y; vary
with the value of W; and T;. A>(0, p,,T + e;) is one end of
the varying process wheno; = 1,8, = 0,y; = 0. C; or 3
is the other end of the varying process when ; = 0, y; = 1.
The varying process starts from A. When W; becomes a little
smaller, «; decreases a little and y; increases a little, according

to (18) and (20) with B = 0, oy = 1 — 'ﬁ and y; =

bmttei=li o p pit is a condition that T; must satisfy

([7m+[7')f ’
duringr this varying process. This varying process lasts from

Ay to T; = e; — pit, W; = —T(p}), when B; = 0,y; = 1.
When e; — pﬁt > 0, Line 2 representing B; = 0 starts from
Ap to C1. When ¢; — p;t < 0, Line 2 representing 8; = 0
starts from A to C,. Then BZ(W,.Z, 0) is only in the feasible
__(mtppT
TEDPmt+e)”

(©) vi + Bi < 1oroa; > 0, corresponding to north-west of
Line 3

According to (18), as B; + y; < 1, we have

region when ¢; — pit < 0, where W? = —

i C i
Wi(pi — 5D<m)) — T(T(P) + Ry)
+ R + T(P)ei — (T(Ph)Te; + piRit) < 0. (23)

RiAT (p))ei~(T ()T Ep (S +piRiT)

B3(— - ,0) and
3( P;—gD(C%Ri) )
RiAT (p))ei~(T ()T ED (S +piRiT) .
A3(0, TR are the p0.1nts on the
for Line 3. The slope of Line 3 is &y = "~ 2CR)
axes 10 € J. € slope O (& S K3 = T(pf)+R,~

There are four cases for Line 3 in different cases of slopes
and intercept A3.

(d) yi = 0, corresponding to the south-west of Line 4
According to (20), as y; > 0, we have

RiT;i + Wi(pm + Ep(

C—R,-)) < (PmT +edRi, (24

which is denoted in Fig. 4 as Line 4. By(—22tR_ 0y and
pm+£D(m)

A>(0, pT + e;) are the points (én the axes for Line 4. The
slope of Line 4 is k4 = IM. For Line 4, A, is fixed.
B4 fluctuates a little with the I;arameters.

Itis observed in the feasible region of (W;, T;) that there are
always positive and negative W;, but there are not negative 7;
sometimes depending on Line 3 and C,. Later we will show
that the objective function relates only to {7;}, and {W; = 0}
for all i is always one of the optimum solutions.

3) DISCUSSION ABOUT W; AND R

In this subsection, we will first discuss the solution for R, and
then we give possible solutions for W;. These are prepared for
simplifying the optimization problem in Section IV-B4.
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Theorem 5: For a fixed average forwarding rate T (p;),
representing with constant p; and h, for all blocks, the best

N R,
R; is the same for all the blocks, i.e., R* = %.
i=1 Pi

The proof of Theorem 5 is given in Appendix D.

Remark 2: When e; is small, we can always harvest
enough energy for information reception at a large enough
rate through increasing o;. When e; is large enough, we can
decrease a; for information reception and forwarding. When
e; is even larger; the harvested energy can be stored for use in
later blocks. Assume there is no limit in energy storage and
the data buffer. So the best rate for R; can always be achieved
in all the blocks by adjusting «;, Bi and y; to minimize the
total energy for transferring information.

Next, we discuss the optimum value of R*.

Lemma 7: The optimum value R for (P6) is R; = R¥,
i = 1,2,---,N, satisfying % = 0, where P1(R) =

R

RpumAp)+T P Pm+Ep(cE5)

The proof of Lemma 7 is given in Appendix VI-E. To solve
(P6), we discuss the possible value for {7;, W;}. Due to (40),
the objective function of (P6) is

N N
> Os(Wi, T =Y " T(p)
i=1 i=1

R*(pmt + € — T}) — Wi(pm + Ep(cS5))
X
@ + PmR* + T () Pm + Ep(S5)

Theorem 6: One of the optimum solutions to (P6) is
ny:l O¢(0, T;), which means that W; = 0 for each block.
The proof of Theorem 6 is given in Appendix VI-F.

(25)

4) SIMPLIFYING THE OPTIMIZATION PROBLEM
So with Theorem 6, together with the feasible regison discus-
sion, we rewrite (P6) as

i T(p)(pnt + ¢ — TOR
= (i + PR+ T () pm + Ep(c55))

=

(P8) max
T

i
S.t. ZTk >0,
k=1

_ R+T@ei - (T(P)TED(5F) + piR7)

T; , (26)
T(p:)+R
R
T(p:)
T; > ej — pr7, (28)
Tiipmt+eisi=lvza"'7Ns (29)

where R equals R* computed according to Lemma 7, (26)
follows because A3 is the lower bound for 7; in case (c),
(27) follows because A; is the lower bound for T; in case (a),
and (28) follows because C, or Cj is the lower bound for
T; in case (b). (P8) is a linear programming problem with
polynomial-time complexity to arbitrary accuracy [59]. The
complexity is N2m, where m is the number of constraints.
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After T* is determined with (P8), the optimum &™, g*, y*
could be obtained by (18)-(20). Thus, the solution of (P6) is
obtained. Since (P5) is equivalent to (P6), the solution of (P5)
is also given by the above optimum o*, 8*, y*, R*. So we
have the following theorem.

Theorem 7: One of the solution to (P5) is given
by R; = R* computed according to Lemma 7,

x x R*(pmt+ei—T]) *
Wi = O’) (p’/" T ) TRAT ()T +E () A=

T(p))pmt+ei—T}) . N *
Gt R T B Sy 4 = LT B v Jor
i = 1,2,---,N, where T is given by solving the linear
programming problem (P8).

Remark 3: For (P5), {(W; = 0},i =1,2,---,N is only
one choice for W. When W; is within the feasible region,
there will be other possible solutions to (P6), with the same
optimum value for the objective function as {W; = 0},
i=1,2,---,N.

V. NUMERICAL RESULTS

In this section, we present simulation results. Although the
results are presented for specific parameters to illustrate our
approach, the trends are more general and can be observed for
other parameters. We assume that Ep(0) = 103 %0 log, 6,
0 = 5%, T(p)) = 0.5 Blogy(1 + p,h') bps, B = 10° Hz,
No=105 WHz, t = 1s, Il = Aﬁ = 10°. If we adopt
energy unit as mJ and bit rate unit as Mbps, we have Ep(6) =
% logz(ﬁ) mW, T(p;) = 0.51og,(1 + p;h) Mbps, where
py is forwarding power in mW, and & = 10°. The quantities
C, R and T (p;) are expressed with unit of Mbps.

A. SINGLE BLOCK CASE
We firstly consider the EH-I scenario. Our goal is to find the
optimal solution to (P1).

When p,, = 8 mW, p; = 7 mW, C=21 Mbps, the optimal
R* must satisfy % = 0. We can compute the optimal R*
to be 14.3630 Mbps by a linear search, and the optimum time
fraction of harvesting, reception and forwarding phases are
o = 04378, B = 0.2484 and y = 0.3138, respectively.
In order to verify this, we plot the objective function of (P1)
in (1) versus R in Fig. 5, from which we can see R* =
14.3630 Mbps. Note that R* is related only to p;, p,, and C,
and not related with the energy harvested from other ambient
RF sources. The optimal throughput rate of the relay network
is 3.5678 Mbps.

We also examine the variation of «, 8 and y with p; and
pm in Fig. 6, Fig. 7, and Fig. 8, respectively. We can observe
that when p,,, the average power of the best symbol for
EH increases, o decreases, while § and y increase. It is a
correct trend as «, the time duration for EH, could be shorter
than before, as a result of the increase of p,,. When the
forwarding power p; increases, y decreases. It is a correct
trend because y, the time duration for forwarding the same
amount of data will decrease, and «, the time duration for
the EH phase will increase because the forwarding power is
less efficient in power as the forwarding data bits I7 are a
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FIGURE 8. y versus p; and pm.

log function of p;. For the same reason, 8 will decrease, too,
leading to a lower throughput of the relay network.

Now we consider the EH-II scenario. According to
Lemma 3, when p,, = 8 mW, p, = 7 mW, C = 21 Mbps,
the optimal reception rate for the relay is computed as R* =
14.3630 Mbps from Fig. 5, the same as in the EH-I scenario.
We present the variation of optimum «, 8 and y versus e
in Fig. 9. e is computed to be 6.2303 mJ according to (10)
in this case. We can see that 8 and y increase with e, but «
decreases with e over e < ¢; for e > e, both o and 8 no longer
vary, but remain the same as when ¢ = e. The maximum
throughput versus e for the scenario with p,, = 8 mW and
p: = 7 mW, is computed using StR shown in Fig. 10, which
is with the same trend of 8. When the energy harvested from
other ambient RF sources is saturated with ¢ = 6.2303 mlJ,
o =0,8 =0.4418, y = 0.5582, and the throughput rate of
the relay network is 6.3456 Mbps.
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FIGURE 10. The throughput rate versus e.

From these figures, we see the numerical results coincide
with the theoretical analysis.

B. MULTI-BLOCK CASE

In this section, we first consider a multi-block case in the EH-1
scenario when data and energy are allowed to flow between
blocks. According to Theorem 3, one of the possible optimal
solutions is given by the optimal solution of the single block
case in the EH-I scenario. So for the optimum values for
R, «, B, y, refer to Section V-A for performance analysis,
because an optimal solution is the same as the solution of
single block case in the EH-I scenario.

We then consider the multi-block case in the EH-II sce-
nario. When N > 1, the energy harvested from other RF
sources in each block is random. We set several scenarios to
analyze how e; will affect the performance of the system. We
first set a scenario (Scenario I) when the energy harvested
from other ambient RF sources is saturated almost all the
time. Then we set a scenario (Scenario II) when ¢; is saturated
at the first block, and then in the next four blocks, e; is
not saturated. The mean energy of e¢; in the five blocks is
not saturated. Later we set a scenario (Scenario III) when e¢;
is not saturated in any of the five blocks, but fluctuates in
amount.

All the EH scenarios below in this subsection is with the
same system parameters p,, = 8 mW, p, = 7 mW, C =
21 Mbps. The optimum solution for R* is given by Lemma 7
by solving P{(R) = 0, as 14.3630 Mbps. And then we obtain
the optimum a*, B*, y*, W*, T* by Theorem 7 for the
following scenarios.

Scenario I: Assume N = 5, the harvested energy
for blocks is e = [10,9,8,12,10] mW. From Theo-
rem 7, we give the solutions as Rf = 14.3630 Mbps,
wr = 0 for i = 1,2,---,5 and T* =
[3.7697,2.7697,2.7697, 5.7697, 3.7697]. The optimal «*,
B*, y* are given in Fig.11, where ; = 0, B; = 0.4418, y; =
0.5582, for all the five blocks. We can observe that when the
energy harvested from other RF sources is saturated for the
system, i.e., ¢; > e, i = 1,2,---,5, the EH time ratio is
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FIGURE 11. The optimal «, 8, y at different blocks in different EH
scenarios: Scenario I: e = [10, 9, 8, 12, 10], Scenario ll: e = [9, 1, 3, 2, 4],
Scenario lll: e =[2,1,1, 2, 4].

always zero, and f8; and y; remain unchanged. e = 6.2303 is
the saturated energy harvested from other ambient RF sources
in single block case as analyzed in Section V-A according
to (10). The optimal mean throughput in the five blocks is

5 s« sk
M = 6.3456 Mbps, which is the same as in the single
block case when the energy harvested from other ambient RF
sources e is saturated with e = 6.2303 mlJ.

Scenario II: Assume N = 5, the harvested energy
for blocks is e = [9,1,3,2,4] mW. From Theo-
rem 7, we give the solutions as R;k = 14.3630 Mbps,
wr = 0 for i = 1,2,---,5, and T* =
[2.7697, —0.6219, —0.6500, —0.7064, —0.7913]. The opti-
mal a*, B*, y* are given in Fig. 11. We can observe that
the amount of energy harvested from other RF sources is
generally large at the beginning and the end of the five block
time period, and small in the middle of the period. Since
the energy can be stored and used in later blocks, a lot of
energy flows to later blocks. «; has some decreasing trend.
Bi and y; fluctuate a little in five blocks, with some increasing
trend. The optimal mean throughput in the five blocks is

5 sk sk
M = 5.2626 Mbps. The average throughput is the
same as when the harvested energy from other ambient RF

sources is e = @ in the single block case. If we assume
that there is not energy storage, then the energy will overflow
in the first block as e; > e, where ¢ = 6.2303 is the saturated
energy harvested from other ambient RF sources in the single
block case as analyzed in Section V-A according to (10). The
average throughput without energy storage will be smaller
than the throughput with storage in this case.

Scenario III: Assume N = 5, the harvested energy for
blocks is e = [2, 1, 1, 2, 4] mW. From Theorem 7, we give
the solutions as R;.* = 14.3630 Mbps, Wi* = 0 for
i = 1,2,---,5 and T* = [0,0,0,0,0]. The optimal
a*, B*, yp* are given in Fig. 11. We can observe that the
amount of energy harvested from other RF sources generally
increases with time in the scenario, which is relatively low
with respect to the saturated e. So the harvested energy from
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FIGURE 12. The optimal o, 8, y at different blocks in different EH
Scenarios: Scenario IV: e = [0, 0, 0, 0, 0], Scenario V: e = [0, 0, 0, 0, 1].

other RF sources is not stored in the battery and is used in
immediate I:s)locks. The optimal mean throughput in the five
blocks is == — 44597 Mbps,

We can observe from Scenario II, when the energy is ample
in the early blocks, the energy generally flows to later blocks,
as T has some decreasing trend. We expect that when the
energy is too scarce, the energy may also flow to later blocks.
To verify this, we give two additional scenarios when the
energy harvested from other ambient RF sources is zero all
the time and when the energy harvested from other ambient
RF sources is zero in the first four blocks but one unit in the
last block.

Scenario IV: Assume N = 5, the harvested energy
for blocks is e = [0,0,0,0,0] mW. From Theo-
rem 7, we give the solutions as R;k = 14.3630 Mbps,
wr = 0 for i = 1,2,---,5, and T* =
[0.038, 0.0285, 0.0095, —0.0190, —0.0570]. The optimal
a*, B*, y* are given in Fig. 12. We can observe that a lot of
energy flows to later blocks. «; has some decreasing trend.
Bi and y; have some increasing trend. The optimal mean

5 * Pk

throughput in the five blocks is ==K — 3 5678 Mbps,
which is the same as in the single block case, when e = 0,
with § = 0.2484 and the throughput of 3.5678 Mbps,
in Section V-A. This result fits well with our expectation.
Though the energy flows to later blocks for use, the average
throughput is generally the same as when the energy is used
evenly in each of the blocks.

Scenario V: Assume N = 5, the harvested energy
for blocks is e = [0,0,0,0,1] mW. From Theorem 7,
we give the solutions as RY = 14.3630 Mbps, W* = 0
for i = 1,2,---,5 and T* = [0.0380, 0.0285,
0.0095, —0.0190, —0.0571]. The optimal a™*, B*, y™* are
given in Fig. 12. We can observe that the amount of energy
harvested from other RF sources increases only in the last
block. Since the energy can be stored and used in later
blocks, a lot of energy still flows to later blocks. «; has
some decreasing trend. 8; and y; have some increasing trend.
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The optimal mean throughput in the five blocks is

5 *

M = 3.6568 Mbps, which is a little higher than
3.5678 Mbps. In fact, we can observe that the throughput in
case of e = [0, 0, 0, 0, 1] is the same as the throughput when
e = 0.2 and B = 0.2546 in a single block case, and it is the
same as the average throughput of the separate single block
cases whene = 0,e = 0,e = 0,e = 0, e = 1, respectively.
The result fits well with our expectation. Though the energy
flows to later blocks for use, the average throughput is gener-
ally the same as when the energy is not allowed to flow.

From the above analysis, we observe that the energy stor-
age takes effect when saturated amount of energy arrives
in early blocks and the amount of energy harvested from
ambient RF sources is not saturated for all the blocks, such as
in Scenario II with multiple block setting. When the energy
harvested from ambient environment is not saturated in any
of the blocks, the average throughput is the same as when
the energy is not allowed to flow, such as in Scenario III,
Scenario IV and Scenario V. When ¢; is saturated in all the
blocks, the average throughput is the same as when the energy
is not allowed to flow, such as in Scenario 1.

From the analysis, as expected, when the energy from
ambient RF sources is considered, the energy storage plays
an important role in scheduling the resource to maximize
the offline throughput. The data storage is unnecessary from
Remark 3. When the harvested energy coming from the
ambient sources is considered, the energy utilization effi-
ciency is further increased in the aspect that larger throughput
will be achieved with the same amount of energy consumed
by the dedicated TX. We do not perform comparisons with
other methods because there is not any study in this scenario
with both decoding energy cost and storage considered in an
EH relay.

Vi. CONCLUSION
In this paper, we considered maximizing the offline through-
put of a network with an EH-DF relay, which can harvest
energy not only from the dedicated transmitter but also from
other ambient RF sources considering decoding energy costs,
which is not a well-studied topic. In order to make full use
of the harvested energy, energy storage is used to allow
energy flow between blocks, which is also not well studied in
the former works. In order to simplify the system structure,
a time-switching architecture is adopted. We formulate a
problem for maximizing the throughput by optimizing the
time fractions of three phases and the reception rate. From
the optimal solutions, we draw the following conclusions:
(1) In the multi-block case, the energy storage is necessary
for an EH relay which can harvest energy from RF sources
other than the dedicated TX considering the decoding energy
cost. However, data storage is not necessary for the relay
system. This is one of our important observations; (ii) The
optimal reception rate remains unchanged for both single and
multiple block cases in various EH scenarios, while the time
fractions of the three phases vary with the random energy
harvested from other ambient RF sources leading to different

VOLUME 9, 2021



Y. Yao et al.: Optimizing EH-DF Relays With Decoding Energy Costs and Energy Storage

IEEE Access

average throughput; (iii) For a single-block case with energy
harvested from ambient RF sources other than the dedicated
TX, the optimal time fractions for reception and forwarding
increase with the increase of harvested energy from other
ambient RF sources, but with upper bounds. Our future work
involves maximization of the offline throughputs of a relay
network with random relay-transmitter and transmitter-relay
channel power gains.

APPENDIX

A. PROOF OF THEOREM 1

If we use mW as the unit for power and Mbps as the
unit for transferring rate, then we could assume T(x) =

0.5logy,(1 + hx), where h = 10°. We could derive
PR T()EpO)+pm)~Te) “H2 A 2R
R [R@u+p)+Ep@+p) TN and = =
32;?9%(9) (C—1R)4 6531)9(9) (C—IR)3 C
~REC) Gmmor @@t VI 0 = ow
For &p(@) = 0Mlog"6, we could derive % =
om—11og" ! O[mlogh + n/In2], limgo6 = 1 and
limg_ ¢ 6 = +oo.  So  limg_y 221 =

T(p)pm+T (p)[0™ log" ! 0[1-0(6—1)(mlog 6+n/In2)/C]]

Tz(pt)Rz(Pm‘l’Pt)z
whose denominator and numerator are both

limg -1

T(p,)Rz(pm-i-p,)Z ’ oP 9P
finite. So limg—,1 55 is positive finite. limy o0 Hpt =
6" (log" ! 0)0(6— D(mlog6+n/n2)/C _

T(p[)92m loan 0

. m/C 92 PR
hm9*>+00 - T@[)Gm_l lognfl 9 < 0. 3R2

seen as nonpositive for R € [0, C).

limg_, 400 —

could easily be

B. PROOF OF THEOREM 2

We argue that ¢y = ---ay = o*, 1 = ---Byv = B,
y1 = =ynv = Y*, Rl = ---Ry = R* satisfy the first
eight constraints in (P4), i.e., all the constraints in (P3), since

o«’pm = BT ED(G—p) T P

@Za Pm = Z[ﬂ Ep(5m R*)+y*pf]

j=1

=>Za pm>2[ﬁ En( R*)+V pt],

for i=1, 2 ,N, 30)

B*R*T = y*T(p)T & Zﬂ*R*r = ZV*T(pz)f

j=1 J=1
= Zﬂ*R*r > ZV*T(pt)r
j=1 j=1
fori=1,2,---,N. 31

It is obvious that the last four equations in (P4) are also sat-
isfied. We will prove the optimality via contradiction. Define

On(a1, Br. vy, Ri....an, By, yn, Ry) = Z?]:J viT(phT.
Suppose there exists another set of &, 8, 7 and R such that
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when o) = -+
yand Ry = ---Ry

BN =By =y =
R, 11 the constralnts of (14) are
satisfied and we have Oy(a, /3 7, R... &, /3 y R) >
ON(ot,ﬂ*,y,R*...,a,ﬂ*,y,R*), i.e., N,BR‘[ >
NB*R*z. Since it is always optimal to use up all the energy
in the end, according to the constraints, we have Napn, =
Nyp:+N ,BSD( ) which means &, ,B y and R also satisfy
the constraints of (1)

Since ,3&1 > B*R*t, the results contradict the assumption
that «*, B*, R* and y* are the optimal values for (1).

C. PROOF OF THEOREM 3
Since (P4) has four more constraints than (P3), assum-
ing one set of optimal values for (P3) are given as

at, B1, V1, R1, ..., an, BN, VN, Ry, it is easy to obtain
On(@i, B1, 71, Ry, ..., an, By, 7n, Ry)
> On(@®, B*, y*,R*,....a", B*, y*,R"). (32)

Due to the property of SD(%), by using Jensen’s inequal-
ity to code rate, we have

N ~
ool 7)ol gy
—=&p - zé’D—~
2™ \g -3 4R

>7 (33)
J=1 1P R;/C

where ® = Zszl Bi. Hence, we arrive at

N N 1 N
Dan = L ieo(—p ) + L
j=1 j=1 -4 j=1

AMZ

N
> jzzl:ﬁjSD —1 S

th~
i1 A€ 7=
So there exists an R’ > % that satisfies
k=1 Pk

N  ~
Zj:lajpm = ZJ 1/3/5D(
R > Zi\%}l 5k~1~?k

k=1 Pk

) + Z/ | VPt Actually,
C

means

On(@y, B1, 71, R, ..., an, By, v, R)
> On(a1, 1. 71-R1, ..., an, BN, PN Ry).  (34)
However, this new R’ alongside @, ..., &y, B, ..., By

and yy, ..., YN, may not satisfy the first set of constraints in
(P3), so we need to find feasible solutions. Towards this end,

we let x' = #, where x denotes o, 8 and y. Then we
have
N N |
Ne'pm = @pm=y [ﬁjé’n ( ) + y]pz}
j=1 j=1 C

1
=N |:,3/5D <—R,> + V’Pt:| . (35)
1-7

So we can show that the constraints are also satisfied
according to the analysis similar to (30) and (31). In addition,

96625



IEEE Access

Y. Yao et al.: Optimizing EH-DF Relays With Decoding Energy Costs and Energy Storage

we also have
ON(a/a ,3/7 y/s R/’ ey a/s ﬁ/’ )//7 R/)
=On(@1, Bi. V1. R ....an, By, Vv, R).  (36)
Noting thata’, B/, ', R', ..., o', B/, ', R also satisfy all
the constraints in (P4), we can obtain that
ON(a/a ﬂ/a ylvR/a .,Qf,, ﬂ/a ylvR/)
SON((X*’ ﬂ*r y*’R*~--7a*’ ﬂ*v y*sR*) (37)
Combining (32), (36) and (37) leads to the fact that
ON(OH ,31 71, Rl» .. ,&N, BN, YN, RN).

D. PROOF OF THEOREM 5

There is both energy and data flowing causally between the
blocks. Because for a best «, the information forwarded and
received must be the same at last, i.e., Y n, Ig, = Y, Ir;»
we derive that

llﬂll

Z TG
Combining (38) and (15) leads to
N

N N
a C Zi: BiR;
S+ apno) & z[ﬁisD<C_Ri>f+ T(;t) p,f}

i=1 i=1

_;ﬁl[&)(c R; T(p)

where (a) is due to the fact that sometimes e; is too large for
the system to use.
We find that S(R;) = SD(C%R[) + %p, is an increasing
S BiSR; ) o
Zt 1:81 o
(ZZ' P ') We should minimize the right side of (39).
i=1 l

So there is an optimum R* which satisfies

N
o . R
R*: Zl;vlﬂl l. (40)
> im1 Bi
Zf’zl BiS(R*) could be seen as the total energy needed
during the information transferring. So the optimum R should
g g p

N gp
be selected as R* = %, equal for all the blocks.

i=1Pi

(38)

] 7, (39)

convex function relative to R;. So we can see

E. PROOF OF LEMMA 7
Due to (39) and (18), we have
N

R
i+ (N =0+ ——)Bi |pm
;[e +< 1+ T(pt))ﬂ>l7 T]
N
R ) T
= T & T; 41
;[ﬂr< D(C )+T(pt) + (41)
) Z?/:lﬂi = NpnT+ Yoy e= 30 T . We derive the

|En(cSp)r+R b T+ 7R pr |
objective function of (P6) as Og = vazl viT (1)t = RT (py)
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Npmt+ 3 ei=Y 0 Ti _
B , where f g](!;) =
6

gD(&)). So according to SR = 0, we have Ra};(lf) -

_ . . . . oP (R) _
f(R) = 0, which is equivalent with == = 0.

Pt +Pm)R+T () (pm +

F. PROOF OF THEOREM 6
Generally, according to the above discussion related to the
feasible solution set for (P6) consisting of cases (a)-(d),
if there is a feasible solution set {W;, T;}, it could be divided
into two parts for all the blocks. One part is the blocks i € Nj
that satisfy Og(W;, T;) > 0 and the other part is the blocks
Jj € N that satisfy O6(W;, T;) = 0. Note that N> can be an
empty set. As Zl | Wi = 0, we could derive that Z‘Nll
ZlNz‘ W;, where |N,| denotes the number of elements in the

set Ny, g = 1, 2. Because Z|N2| (’)6(WJ, T) =0, we have

N2 |

C
(PnT +E(— ) Y W]

j=1

[N2|
= —R") T+ (put +e)R". (42)
j=1
Further we derive that
IN1]

> Os(Wi, Ti)
i=1
[Ny |

_ Z R*(pm‘r +e —T))
~ (i + PmIR* + TP + Ep(5))

all Wipm + Ep(£5)

= (b + PR T + T(P)T (P + Ep(cS5)
[N1]

Z R*(pmt +e; — T))
= (i + pmIR* + T (PP + Ep(5))
% Wipm + Ep(c5)

+
= i+ PR+ TP + En(5))
[Ny

Z R*(pmt +€; — T})

= (0t + pIR* + T pm + En(5))

+% —R:Tj-i-(PmT + e)R* C
=1 (e + pm)R* + T (p)(pm + Ep(c=¢))

N

[I=

[l=

R*(pmt + &) — R'T;
= (0t + pIR* + T () pm + E(55))
IN|

=Y 060, T,
i=1
where (a) follows from (P6) and (b) follows from (42).
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