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Abstract

Through simultaneous energy and information transfer, radio frequency (RF) energy harvesting (EH)
reduces the energy consumption of the wireless networks. It also provides a new approach for the wireless
devices to share each other’s energy storage, without relying on the power grid or traffic offloading. In
this paper, we study RF energy harvesting enabled power balancing within the decode-and-forward (DF)
relaying-enhanced cooperative wireless system. An optimal power allocation policy is proposed for the
scenario where both source and relay nodes can draw power from the radio frequency signals transmitted
by each other. To maximize the overall throughput while meeting the energy constraints imposed by the
RF sources, an optimization problem is formulated and solved. Based on different harvesting efficiency
and channel condition, closed form solutions for optimal joint source and relay power allocation are

derived.

I. INTRODUCTION

Green powered wireless network is of great social, environmental, and economic potential
because wireless access networks are among the major energy guzzlers of the telecommunications
infrastructure, and their current rate of power consumption is escalating because of the explosive
surge of mobile data traffic [1]] - [2]]. To assuage the dependence on the traditional unsustainable
energy, the concept of energy harvesting (EH) has been proposed as a key enabling technology.

From wind, solar, biomass, hydro, geothermal, tides, and even radio frequency signals [3],
EH is capable of generating electricity or other energy form, which is renewable and more
environmentally friendly than that derived from fossil fuels [4]. If the green energy source
is ample and stable in the sense of availability, the wireless network can be powered by the
harnessed free energy permanently, without requiring external power cables or periodic battery
replacements.

To guarantee a certain level of stability in energy provisioning, hybrid powered devices often
require a backup non-renewable energy source for the energy harvesting generators [2], and
passively powered devices normally draw multiple green energy sources in a complementary
manner [3]]. However, the energy still cannot be consumed before it is harvested. As compared

with stable on-grid energy, opportunistic energy harvesting results in fluctuating power budget,
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namely, energy causality constraint (EC-constraint). The EC-constraint mandates that, the total
consumed energy should always be no greater than the total harvested energy, which maybe
further limited by the finite battery capacity [5], [6].

To maximize the system performance while not violating the EC-constraint for the architecture
with separated energy harvester and information transmitter, Ho and Zhang [7]] considered the
point-to-point wireless system with the energy harvesting transmitter. Optimal energy allocation
algorithms are developed to maximize the throughput over a finite time horizon. Similarly, the
throughput by a deadline is maximized and the transmission completion time of the communica-
tion session is minimized [{8]], [9]. Moreover, the works in [10] and [11] explored the joint source
and relay power allocation over time to maximize the throughput of the three node decode-and-
forward (DF) relay system, in which both the source and relay nodes transmit with power drawn
from independent energy-harvesting sources.

Among all of the green energy sources, radio frequency (RF) energy harvesting provides a
new approach for short distance energy sharing in lieu of traffic offloading [12] or traditional
power grid. To balance the power consumption of the wireless network, mobile charging systems
can deploy mobile vehicles/robots, which carry high volume batteries [13]], to serve as back up
mobile power storage and periodically deliver energy to wireless devices with insufficient energy
supply.

Another characteristic of RF energy harvesting is the provisioning of simultaneous transfer
of wireless information and power [14]]. The separated data decoder and energy harvester can
receive data and harness energy from the received RF signals. The co-located data and energy
reception components can either split the common received signals (power splitting), or perform
the above mentioned two processes sequentially (time switching) [15].

To capitalize on wireless energy sharing and simultaneous data and energy transmission, we
analyze the half-duplex relay system, where the source node (SN) and relay node (RN) can
harvest energy from each other. In particular, the relay node can simultaneously harvest energy
and receive data from the signals transmitted by the source node in the first time slot, and source
node can harvest energy from the forwarding signals transmitted by the relay node in the second
time slot. Depending on the residual energy levels, the power sharing within the system can be
facilitated by adjusting transmission power of both SN and RN.

The rest of the paper is organized as follows. After introducing the system with radio frequency
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Fig. 1: RF-EH enabled DF-relay system.

energy harvesting enabled relay system in Section II, we analyze joint energy management
policies for both the source and relay nodes in Section III. We derive the optimal power allocation,
which maximizes the system throughput, in Section IV. Then, numerical results are presented in

Section V. Conclusions are given in Section VI.

II. SYSTEM SCENARIO WITH RF-EH ENABLED RELAY AND SOURCE NODES

Consider the Shannon capacity of the half duplex relay system measured over /N phases, where
N can be the delay requirements of data traffic, and each phase consists of two consecutive time
slots (TSs). As illustrated in Fig.[I] in each odd TS, SN transmits data to the relay node, while in
the even TS, RN forwards the signal received in the previous TS. The amount of the green/brown
energy already acquired by SN and RN are P, and P», respectively. The energy harvested
from the RF signals can be used to facilitate future data transmission.

The total bandwidth occupied by the system is 5. For the sake of convenience, we assume
the constant channel power gains across N phases [11], where h; is the channel gain of the
SN-RN link (i = 1) and the RN-DN link (7 = 2). 7; = |hl-|2 /(NoB) denotes the corresponding
normalized signal-noise-ratio (SNR) associated with the channel between SN and RN (7 = 1) as
well as that associated with the channel between RN and DN (¢ = 2). Ny B represents the power
of additive white Gaussian noise. Without loss of generality, for now, we assume no direct link
exists between SN and DN, i.e., the corresponding SNR ~{ = 0.

The goal is to design the optimal power allocation P, ;, i = {1,2},j € {1,---, N} such that

the overall system throughput cross N phases is maximized.
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where EC; ;, j € {1,---, N} is the energy causality constraint of the j-th phase in SN (i = 1)
and RN (i = 2), respectively. Constraint NC, represents the non-negative power allocation. B/2
is attributed to the half-duplex of the relay channel. 3P, ; is the amount of power harvested in
phase 7 by SN (2 = 2) and RN (¢ = 1), respectively, and 5 = 77|h1|2 with 77 denoting the energy
harvesting efficiency factor [16].

Note that the difference between E'C ; and EC5 ; implies that RN can use power harvested
in phase j, while SN can only use power harvested before phase j. This is because the energy
consumption process of RN, i.e., data forwarding, is one TS after the simultaneous energy

harvesting and data reception processes.

III. POWER ALLOCATION ANALYSIS

Since the throughput in phase j is determined by ZIB%I%{PZJ’%}, we can divide P ; into the
power supplement part «; ; and data transmission part p; ;.
P i=pi;+a;i€{l,2}
PLiY = D24 ¥ =N/
where 1) if Py jv1 > P70, then, poj = P j, az; = 0, and py; = P/~ is used to transmit
data that will be forwarded by RN; oy ; = P, ; — p1; is used to increase the energy storage in
RN. 2) If P, jv1 < P57, then, p1; = P j, a1; = 0, and py; = P; ;v is used to forward the

data, and s ; = P5; — poj is used to increase the energy storage in SN.

A B>~

In this case, regardless of how much power SN uses in each phase to transmit data, RN can
harvest P, ;3 amount of power from the received signal, which is greater than P ;v, i.e., the
amount of power needed to forward data in the j-th phase. So, as compared with SN, the amount

of power in RN is always sufficient, and there is no need to provide power supplement to RN,



ie, a;;=0,j€{l,---,N}. Consequently, the system throughput is determined by P, ;, and
RN will adopt the fully cooperative strategy: transmit all of its residual power in each phase to
increase the power storage in SN. The optimization problem in Eq. (I) is simplified as Eq. (2),

and the solution will be discussed in Section I'V-B.

N
max »  log(1+ P jm)
{PLs} =1

s.t. Py =P8+ Py
Pyj=P;B,je{2,--- N} (2)
ECii: Pip <Py

j j—1
ECl,j : ];PLIC < Pl,(] +P2,06+B2];P1,k

where EC' ;, j € {2,---, N} is the EC-constraint of SN with the fully cooperative RN in the
j-th phase. EC y is satisfied with equality.

B. <~

In this case, although RN can directly use the energy harvested in the first TS to forward
data, (y — )P ; amount of the residual power still will be consumed in the second TS, when
ay; = 0. The residual power means the power that is already in the battery of SN (z = 1) or RN
(2 = 2) at the beginning of phase j, which is denoted as Fj for the rest of the paper. Therefore,
in the j-th phase, if RN provides power supplement while not receiving power supplement, o ;
must come from E Since E can be consumed in phase 7 — 1, RN can have the following

equivalent power supplement allocation.
i = Qj1+ Qg ay; =0 (3)

Although power supplement enables SN and RN to share each other’s power, in case one of
their residual energy is insufficient, 5 (normally less than 1) means power loss of the system
will increase with power supplement. Therefore, if o jos ; > 0, aggregating power supplement

to SN or RN will save both of them some power.
O[ij = {al,j - Oé2,j}+, a;,j = {042,3' - Oél,j}Jr @

where {o}" = max{0, e}.



Proposition 1: With 3 < vy, any power supplements provided by RN can be aggregated to the
first phase.

Qg1 =09 >0
as; =0,j€{2,---,N}
where s is the aggregated power supplement transmitted by RN in the first phase.
Proof: If 3j € {2,--- , N} such that ay; > 0, then according to Egs. (3) and (4), o ; can
be aggregated to either ay ;1 or oy ;, such that o7 ; = 0. [ ]
Remark 1: If oy > 0, then oy 1,042 = 0.
With different system parameter [ and v, we find the optimal power allocation with aggregated

ag, ie., P j > Paj/v, j€{2,---, N}, in the next section.

IV. OPTIMAL POWER ALLOCATION WITH 3 < v
A py>1

With v > 1, regardless of how much power SN uses to transmit data, if RN has sufficient
energy to match P; ;, SN will harvest P, j3v amount of power for future data transmission,
which is greater than the energy spent in phase j. So, SN prefers to adopt the fully greedy
strategy: transmit all of its residual power in each phase to increase the energy storage of RN.
However, when adopting the fully greedy strategy, the residual energy of SN will only be the
energy harvested from phase j — 1, H = fBPy;_1,j €{2,---,N}. We check whether E is
sufficient for the data transmission in the j-th phase by presenting the following proposition.

Proposition 2: There exists an optimal power allocation which satisfies the following inequal-
ity.

Py =2 Py, j €{1,--- N —1}
Proof: Suppose 3j € {1,---,N — 1} such that P, ;8y < P5;1. Since a1 = 0

(Proposition 1), there exists

Prj+1 > BPaj > pij, P21 > Po By > o 5)

Then, decreasing p; ;.1 while increasing p; ; is feasible and will yield higher throughput. [ ]
As we can see, the energy harvested in a single phase can support SN’s data transmission in

the next phase. Therefore, the optimization problem in Eq. (I) is simplified as Eq. (6)), and the



solution will be discussed in Section I'V-B.

N
max _y_ log(1l+ p2jye)

{p2,j,a2} j=1
s.t. P 1=P, Pio=(p21+a2)p
Pij=poj1p,je{3,-- N}
ACy . pap < (po1 + az)By
AC;: paj <paj1Bv.j€{3,---, N} (6)
ECi1: p2a1 < Py

ECy1: po1 < P+ Piof— s
J

ECy;: > pog < Pog+ PioB — as(l— %)
k=1

j—1
3 > P2k
k=1
where the additional constraints AC5; and AC;, j € {3,---,N} are used to guarantee the

feasibility of the fully greedy strategy of SN. EC, ;, j € {2,---, N} is the EC-constraint of RN
with fully greedy SN in the j-th phase. £'CY y is satisfied with equality.

B. fy<1

In this case, suppose [p; ; is directly used by RN to forward data in the j-th phase, then, instead
of py;, only po (v — 3)/7 is required from RN’s residual power. The scenario is equivalent to a
system where: 1) channel condition of the RN-DN link is improved by the factor of v/(y — 3);
2) SN can harvest energy from both p, ; and ap ;; 3) RN can only harvest energy from o ;.

Consequently, 1) for the data transmission part, the SNRs of the SN-RN link and RN-DN link
are v, = 1 and 75 = v, /(v — ), respectively. The SNR ratio is 7/ = v — /3. The corresponding
harvesting efficiency is 3’ = 5v/+'. 2) For the power supplement part, the harvesting efficiency
is still 5.

Note: In this section, p, ; represents the transmission power of the equivalent system. For the

original system, the transmission power of RN in the j-th phase is
Pyj = pajv/V + azy
Proposition 3: There exists an optimal power allocation which satisfies the following equality.

Pij = Pij+1 > Dinst € {1,2},5€{2,--- N -2}
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Fig. 2: Power Supplement Partition.

Proof: For j > 2, the power supplement exists only in one specific direction, from SN to
RN, ie., az; = 0. Then, similar to Eq. (5), it can be proven the solution with p; ; < p; ;1 is
not optimal. So, p;; > p; 41,1 € {1,2},j € {2,--- ,N —1}.

We assume RN uses the initial power storage P» first, when it is depleted, RN then asks
for power supplements from SN. The power supplements are partitioned such that RN has just
enough power to forward the data received in each phase. As illustrated in Fig. |2|, if ay =0,
then ay ; =0,j€{1,--- ,k—1}. If a;, >0, then oy ; >0, j e {k+1,--- , N}

Suppose in the optimal solution 35 € {2,--- , N — 2} with p;; > p; ;+1, then, depending on
aq 41 and E, new solutions can always be found that will increase the aggregate throughput
of the system.

a) a1 =0

a.l) P > (prj+ prgn) (2 — B'9)/2:

Pij =P = Pij tpij+1)/2,1 € {1,2}

P:j+2 = Pi,j+2
where Pz-fj 4o 1s the residual power of SN (i = 1) and RN (2 = 2) with new power allocation.
a.2) Pj < (prj+pin)(2 = 87)/2:
PI; = DPljm = ?J/(2 - B'v)
p;,j = p;,j—i-l = EV'/@ - B)



It can be checked that the following equation is satisfied.
. - / . — , /
min{ P, ;07 < min{ By o0t < pjja

From a), we can see that although the throughput of phase ;7 and j + 1 may not increase, the
aggregate throughput from phase j to phase N will increase, with p; ; = p; j11,¢ € {1,2},j €
{2,---,N —2}.
b) a; 41 > 0: As we can see in Fig. @, for j = N — 1, if po y—1 > pa2 N, decreasing p; y—; and
increasing p; v until p; y_; = p5 5 or aj y = 0 will yield higher throughput. In fact, for any
J>2,1f a1 41 >0, pij = pijs |

Remark 2: If SN provides power supplements, p; ; = p; j+1,% € {1,2},7 € {2,--- ,N — 1}.
Furthermore, if oo =0, p;j = pij+1,0 € {1,2},5 € {1,--- ,N —1}.

Proposition 4: With v < 1, B < -, any power supplements can be aggregated to the first
phase.

arag =a;; =0,i€{1,2},j€{2,--- ,N} (7)

where «; > 0 is the aggregated power supplement transmitted by SN (¢ = 1) and RN (z = 2) in
the first phase.

Proof: Let k be the first phase where SN provides positive power supplement. a) k € {1, 2}:
asaqy > 0 is not optimal (Remark 1). b) k > 2: Since p;; = p;jy1 . J € {2,---,k— 1}
(Proposition 3) B'ps; = '7'p1; < p1j+1. Then, the power supplement o ; must come from

the residual power of SN at the beginning of phase 2. Thus, it can be aggregated as follows:

Qyo =i, ajp =0 (8)
Since asaj, > 0 is not optimal, we have asa;; =0, j € {1,---, N}
Furthermore, if SN provides power supplements, p; ; = p1 j+1, J € {1,--- , N — 1} (Remark

2). Similar to Eq. (8), all of the power supplements can be aggregated to the first phase, i.e.,
Qaq. |
For the equivalent system where RN can only harvest energy from «;, the energy causality

constraints of RN, i.e., ECy;, j € {1,---, N}, becomes the constant power budget. Applying
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Proposition 4, the optimization problem in Eq. is simplified as follows:

N
max _ y . log(1l+ pa;75)

{p2,5,01,02} j=1

s.t. ooy =0
N
EC; n - Z Paj + g = Pog+ a8
=t )
ECy1: po1 < (Pio—ar)y
J
ECy;: Y por < (Piog— oy + Pag)y'+
k=1 .
B'Y 2 P2k
k=1
where EC y is the constant power budget of the equivalent system. EC j, j € {2,--- , N} is

the EC-constraint of SN with aggregated power supplements.
Since a7 > 0 indicates ap, = 0 and equal power allocation of RN (Remark 2), with 'y =

py <1, ECy , j €{l,---, N} can be simplified as follows:

Pro+
Pro+aiff < (Pro— o)y + 57 (N - 1)wT16
So, a; > 0 requires Py > PQD]HNN;W-

Depending on the value of P, o, the solutions to Eq. (9) are given in Table [l For case 2, a;

can be derived using the Lagrange method, which is not shown here because of the space limit.

TABLE I: Optimal Solution with 5 < v, /vy < 1

’r_ !
Case 1: P1g > P2,0W

as =0
Pio—af = (P +O‘Tﬂ)w

p5 ;= (Pao+aiB)/N,je{l,---,N}

Case 2: P < ng()%w

af =0,p5; =p24+1, €4{2,--- ,N =2}
P31,P5 N <D54,5 €{2,--- ,N -1}
Pi1t+as >psgj €42, N —1}

P31 € {ProY D52} D5 N € {Pon,P5 N1}

Remark 3: For the scenarios with § > ~ and 8 < =, v > 1, the solutions should have the
same structure as Eq. @) because 3% in the EC-constraints of Egs. and @ is less than 1.

The specific solutions are omitted due to space limit.
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Fig. 4: Throughput comparisions with SNo and RNo algorithms.

V. NUMERICAL RESULTS

With unit bandwidth, unit initial power storage, and normalized SNR for RN-DN link, Fig.
B3] provides the numerical results of the optimal power allocation (OPT) given in Table [ As
expected, the system throughput will increase with N and harvesting efficiency [, and the
performance improvement will be less obvious as SNR of SN-RN link increases. The reason is
although high v, can save SN’s energy consumption, RN’s energy consumption will determine

the system throughput, as shown in Eq. (6).
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The SN-only (SNo) and RN-only (RNo) power allocation algorithms are used to provide
performance reference for the OPT power allocation. The SNo algorithm is designed for a
system with EH-SN and regular RN, which can only rely on its own initial power storage s .
The RNo algorithm is designed for a system where the regular SN has total power supply of
Py o+ P5p, and EH-RN uses the harvested energy to forward data.

As illustrated in Fig. @] the performance difference between the OPT and SNo algorithms
benefits from the simultaneous energy and energy reception of EH-RN, while the performance
difference between SNo and RNo algorithms indicates that in the half duplex relay system, the
harvest energy by EH-SN in the even TSs can be used to improve the throughput. For the SNo
and RNo algorithms, the increment in the overall throughput is less obvious as N and 3 increase

to a certain point where the power resource of the relay node is more stringent.

VI. CONCLUSION

To study the wireless energy sharing and simultaneous data and energy transfer, we have
designed the joint energy management policies for the RF-EH enabled relay system. It can
be seen that RF energy harvesting can benefit the energy aware wireless communications by
improving energy harvesting efficiency, utilizing more time to transmit delay tolerant traffic,

and/or sharing the energy when the networks have unbalanced energy or traffic distribution.
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