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Adaptive Time-Switching Based Energy Harvesting

Relaying Protocols

Haiyang Ding, Member, IEEE, Xiaodong Wang, Daniel Benevides da Costa,

Senior Member, IEEE, Yunfei Chen, Senior Member, IEEE, and Fengkui Gong

Abstract

Considering a dual-hop energy-harvesting (EH) relaying system, this paper advocates novel relaying pro-
tocols based on adaptive time-switching (TS) for amplify-and-forward and decode-and-forward modes,
respectively. The optimal TS factor is first studied, which is adaptively adjusted based on the dual-
hop channel state information (CSI), accumulated energy and threshold signal-to-noise ratio (SNR), to
achieve the maximum throughput efficiency per block. To reduce the CSI overhead at the EH relay, low-
complexity TS factor design is presented which only needs single-hop CSI to determine the TS factor.
Theoretical results show that, in comparison with the conventional solutions, the proposed optimal/low-
complexity TS factor can achieve higher limiting throughput efficiency for sufficiently small threshold
SNR. As the threshold SNR approaches infinity, the throughput efficiency of the proposed optimal/low-
complexity TS factor tends to zero in a much slower pace than that of the conventional solutions.
Simulation results are presented to corroborate the proposed methodology.
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I. INTRODUCTION

In the late 19th century, Nikola Tesla experimentally demonstrated wireless energy transfer
(WET). After that, in the majority of the subsequent developments of wireless communications
techniques, the emphasis was placed on information transmission instead of energy transfer. Until
recently, the seminal work of [1] shed some light on the importance of wireless energy/power
transfer in wireless communications systems. In particular, simultaneous wireless information
and power transfer (SWIPT) was highlighted [2]. Since then, the rate-energy tradeoff has been
investigated considering various point-to-point network setups, such as single-input-single-output
(SISO) [3]-[5], single-input-multiple-output (SIMO) [6], multiple-input-single-output (MISO)
[7], and multiple-input-multiple-output (MIMO) [8], [9]. To make SWIPT feasible in realis-
tic communications systems, [3] designed two novel receiver architectures, namely, the time-
switching (TS) based and power-splitting (PS) based receivers and investigated their rate-energy
tradeoffs. Focusing on the PS architecture, [6] proposed a dynamic PS approach which can split
the received signal into two streams with adjustable power levels for information decoding and
energy harvesting separately based on the instantaneous channel condition.

In addition to the aforementioned point-to-point network setups, the concept of SWIPT has also
been extended to cooperative diversity systems. In this regard, based on the TS and PS receiver
architectures, [10] designed two amplify-and-forward (AF) relaying protocols and analyzed their
throughput performance. Making use of a PS-based energy-harvesting (EH) receiver architecture,
[11] studied the power allocation strategies at the EH relay to assist the information transmission
among multiple source-destination pairs. In [12], by using a stochastic geometry tool, the authors
investigated the performance of a network with a random number of transmitter-receiver pairs,
where the PS-based receiver architecture was employed. By taking the spatial randomness of user
locations into account, the authors of [13] characterized the system outage probability of an EH
relay system with multiple source-destination pairs. In [14], a three-node cooperative network
with an EH relay was studied and a fundamental switching between EH and data relaying was
introduced. In [15], the authors investigated a relay network where source and relay harvest

energy from the access-point during the downlink phase and cooperate during the uplink phase,



and then proposed a harvest-then-cooperate protocol based on the TS-based EH receiver. In [16],
by modeling the charging/discharging behavior of the battery as a two-state Markov chain (fully
charged or empty), the author investigated the outage performance of several relay selection
schemes. For a multi-relay cooperative network, [17] assumed that each EH relay may operate
in EH mode or in information forwarding mode during each transmission block, where each
transmission block is composed of two time slots with fixed length and the first time slot is used
to harvest energy in EH mode. Reference [18] proposed a relay selection scheme considering
both channel state information (CSI) and battery status of EH relays, where the transmit power
at relay is fixed and identical for all EH relays. In [19], a distributed PS framework using
game theory was developed, which was then extended to the more general network setting. Very
recently, in order to allow energy accumulation at the EH relay, [20] designed several TS-based
EH relaying protocols, where the energy constrained relay continues to harvest energy from the
radio-frequency (RF) signal transmitted by the source until it has harvested adequate energy to
transmit the source’s information with a fixed preset transmit power. Particularly, it was shown
in [20] that the proposed protocols outperform the existing fixed-time duration EH protocols
owing to the online switching between EH and information transmission (IT).

Even though the proposed protocols in [20] dynamically adjust the time duration of EH
operation at the relay to support a TS-based IT, the system throughput efficiency cannot be
effectively guaranteed due to the random fluctuation of wireless fading channels. Specifically,
the fixed transmit-power setting at the relay cannot avoid the information outage when the
second-hop channel is in deep fading. Motivated by this, in this paper we aim to design robust
EH relaying protocols with adaptive TS factor and transmit power setting at the EH relay, which
can achieve a superior throughput efficiency compared with the conventional solutions. The main
contributions of this work can be summarized as below:

1) Considering continuous-time EH, we propose two TS-based EH relaying protocols for AF
and decode-and-forward (DF) modes, respectively. Our results show that the TS factor and the
transmission power at the relay should be jointly designed to achieve an optimal throughput

efficiency, and that optimizing the TS factor alone is inadequate as performed in the literature.



ii) Representative numerical examples are shown to illustrate the superior performance’ of the
proposed optimal TS factor setting over conventional ones. For both AF and DF modes under
typical operation conditions, to achieve a throughput efficiency of 0.4, the proposed optimal TS
factor design can provide more than 8.6 dB threshold signal-to-noise ratio (SNR) gain® over the
conventional solutions, whereas to attain a throughput efficiency of 0.3, the proposed protocols
promise a threshold SNR gain of more than 5.8 dB over the conventional ones.

iii) To reduce the CSI overhead at EH relay, we further present low-complexity TS factor
design for AF and DF modes, respectively. To gain insights into the performance difference
between the proposed protocols and the prior ones, it is important to capture the scaling law of
the throughput efficiency. For such, by invoking an asymptotic analysis based on the inequality
(z+1)"'e™ < Ey(x) [23, Eq. (5.1.19)], we are able to disclose the scaling law of the throughput
efficiency for the conventional protocols as well as the proposed ones. Theoretical analysis
reveals that for a sufficiently low threshold SNR, both the optimal and the low-complexity TS
factor setting can achieve a limiting throughput efficiency of 0.5, whereas the counterpart of
the conventional solutions is less than 0.5. On the other hand, as the threshold SNR goes to
infinity, the throughput efficiency of both the optimal and the low-complexity TS factor setting

approaches to zero in a much slower pace than that of the conventional solutions.

II. SYSTEM MODEL AND PROPOSED EH RELAYING PROTOCOLS

In this section, for both AF and DF relaying modes, we first present the system model and
the conventional EH protocols, based on which the proposed EH protocols are introduced. For
both AF and DF relaying modes, the information transmission is organized into blocks and each
block has a time duration of 7" seconds. In addition, slow fading channels are assumed such that

the channel coefficients remain constant during one block.

'Owing to the remarkable performance advantage, the proposed optimal TS factor setting can tolerate a higher threshold
SNR requirement at the destination to achieve the same throughput efficiency with the conventional protocol. In addition, the
proposed low-complexity TS factor setting serves as a beneficial supplement to the optimal TS factor setting to achieve the limiting
throughput performance for sufficiently small threshold SNR. This allows the proposed protocols to tolerate a tougher threshold
SNR requirement to achieve excellent throughput performance, leading to potential applications in transmission reliability-critical
EH relaying scenarios.

>To achieve the same throughput efficiency, a good TS factor setting can tolerate a higher threshold SNR requirement.
Hereafter, we refer to this additional threshold SNR margin as threshold SNR gain.



A. AF Relaying

Herein, we first present the system model for the TS-based AF relaying. Then, we introduce
the conventional TS-based AF relaying protocol, inspired by which we propose our new adaptive
TS-based AF relaying protocol.

1) System Model: For AF relaying, the received signal at the relay node can be expressed as

Yri =\ Psdi " hisi + 0y, (D

where ¢ denotes the block index, d; is the distance between source (S) and relay (R), m is the
path loss exponent, P, denotes the transmit power at source, h; represents the Rayleigh® faded

channel coefficient of the first-hop link S — R, s; denotes the normalized signal from source,

2

Nr*

n,; indicates the additive white Gaussian noise (AWGN) at the relay node with variance o
For each block, the AF relay first harvests energy from the source such that during IT time
it could forward the received signal to the destination with transmit power F,. Specifically, the

transmitted signal at the EH relay is given as

\/Fryr,i

Lri = . (2)
VPl + 02,
Then, the received signal at the destination can be written as
\ Prpsd_mhi i Si Prd—mdm iy
Ydi = gir/dy " Tri + g = 2 19 + 271 i, + N, 3)

VEhil? +diol  /Plhi|? + dpo?,
in which ds denotes the distance between relay (1) and destination (D), g; is the Rayleigh faded
channel coefficient of the second-hop link R — D, and ng; is the AWGN at the destination

with variance aid. Therefore, the received SNR at the destination can be written as

_ PsPr|hz|2|gz|2 _ ’Vsr’,i’}/rd,i
Pylgi|?di'o? 4 dyo? (Pslhi? + do2 ) Yeri+ Yrdi + 1

Yd,i “4)

where v,,.; = Pi|hi|*/(d0?,) and ~,q; £ P|gi|*/(d5'c2 ). Note that the i-th block will suffer

31t is noteworthy that Rician fading can also be assumed for the first-hop link to incorporate the effects of LOS path
component, which is an interesting topic for further study. Nonetheless, the Rician fading assumption would not change the
limiting throughput performance of the proposed protocols for sufficiently small threshold SNR, as manifested by the ensuing
theoretical results.



from outage if the received SNR at D falls below a given threshold SNR ~,. As a result, the

outage indicator can be defined as

Lo = 1(va: < 70), ©)

where I(-) equals to 1 if its argument is true and equals to O otherwise, as in [20].

2) Conventional TS-based AF Relaying Protocol: For each block, the EH operation takes
up the first ;7" seconds, where «; denotes the TS factor belonging to [0,1]. As such, the
newly harvested energy within the i-th block is o;T'(nP,|hs|?/dT*), where 1 denotes the energy
conversion efficiency*. During IT time, half of the time W is used for S — R IT, and the
remaining half time is used for R — D IT. In this protocol, the relay only harvests that much
energy within each block that is required for its relaying transmission [20, Sect. III-B] such that

at the end of each block the remaining energy will be zero. Since all of the harvested energy

during EH time will be consumed during IT time, it is ready to determine the TS factor «; as

[20, Eq. (3)]
dy P,
;= ) 6
YT P + dy P, (©)
Based on (5) and (6), the throughput efficiency of the i-th block can be written as
1—1,,)(1 —
S ;( %) 7

Although the TS factor setting in (6) guarantees that all the harvested energy during the EH
time is utilized to support IT, it follows from (7) that such a TS factor setting can not boost the
throughput efficiency. This is because the TS factor in (6) is based on a constant transmit-power
setting at relay (F,) which cannot effectively reduce the outage events as defined in (5). This

motivates us to design a robust TS-based AF relaying protocol.

“The energy conversion efficiency 7 can be considered as an equivalent energy conversion efficiency which is a product of
two quantities, i.e., n = (7. Herein, 77 denotes the energy conversion efficiency of the RF-to-DC circuit, and ¢ represents the
proportion of the harvested energy which is used for the transmit power at EH relay. This equivalent energy conversion efficiency
is applicable to both AF and DF modes.



3) Proposed TS-based AF Relaying Protocol: For a given threshold -, to avoid the informa-

tion outage, it is required that 74, > v, , which in turn leads to

(’}/sr,i - ’}/O)fw’d,i 2 70(757“,2’ + ]-)7 (8)

which means that for 7,.;, < 7, (8) becomes an impossible event (i.e., information outage
definitely happens’), whereas for 7s,.; > 70, we have P, > d5'o7 4o(Vsri +1)/(|9:]* (Ysri —70))-

Inspired by this, the transmit power of the EH relay can be determined as

P. 2 max |0 dgnaid%(%m k)
' ’ |gz’|2(787’,i - 70)

(€))

Therefore, if the transmit power P, at the EH relay is set to P,, the information outage will not
happen between source and destination, provided that v,,.; > 7. Note that if the transmit power
P. at EH relay is further increased over P,, the available time proportion for IT (1 — o;) will be
reduced such that the block-wise throughput efficiency will decrease accordingly. Consequently,
with respect to the block-wise throughput efficiency, P, is actually the optimal transmit power
at the EH relay. All the harvested energy will be consumed for the ensuing IT in the current
block such that the optimal TS factor «; can be written as

d P, A
= = = Oy,

(10)

(&%)

where P, is given in (9). Then, the newly harvested energy within the i-th block is ¢&;T7'(nP,|h;|? /dT),
while at the end of the i-th block, no energy remains.

Remark 1: With regard to the CSI requirement, the conventional TS factor setting in (6)
requires the EH relay to keep track of the first-hop CSI |A;|?. In addition to the first-hop CSI,
our proposal also requires the EH relay to keep track of the second-hop channel to calculate the
TS factor and the transmit power at EH relay. To achieve this, the overhearing of the clear-to-send
(CTS) packet from the destination can be invoked at the EH relay, as in [21]. It is noteworthy

that this additional CSI requirement at relay is worthwhile and will significantly improve the

>To make a fair/straightforward comparison with the conventional TS-based AF relaying protocol, it is assumed that the AF
relay keeps idle/silent in the current block, provided that 7., ; < 7o.



throughput efficiency as shown by the numerical results in Section V.
For the proposed TS-based AF relaying protocol, the throughput efficiency of the i-th block

can be written as

L (1—1(,@;(1—@24). an

B. DF Relaying

In this part, we first present the system model for TS-based DF relaying. Then, we describe the
conventional TS-based DF relaying protocol. Finally, we introduce a new TS-based DF relaying
protocol.

1) System Model: For DF relaying, the received signal at the relay node is still given by (1).

During IT time of the i-th block, the received signal at the destination can be expressed as

Yai =\ Prdy™gisi + i (12)

Then, based on (1) and (12), the SNR at relay and destination are given by

Pshiz Pr z'2

T’,i - m -2 d{l’ - m 2
dl O-nr d2 Und

As a result, the outage indicator of the i-th block® can be written as in (5) with 4, given by
(13).

2) Conventional TS-based DF Relaying Protocol: In this protocol, similar to AF mode, the
EH relay merely harvests that much energy within each block that is required for IT. In the case
of information outage at the relay node (i.e., 7,; < 7o), the whole block will be dedicated to
EH. Accordingly, three types of EH-IT pattern are possible for the conventional TS-based DF
relaying protocol [20, Sect. IV.B].

a) The first type contains only a single EH-IT block, similar to the AF mode. For the single
EH-IT block, by denoting the available harvested energy at the start of the i-th block as £;(0),

SAs stated in [20], the case ~y,,; < 7o is not part of the outage indicator for DF relaying, since the whole block will be in

EH mode instead of IT mode in this case. In addition, the TS factor setting defined afterwards guarantees that the throughput
efficiency of the current block will be zero under such scenarios.



we have F;(0) < P.T/2 and the first portion of the block time ;7" is used to EH, while the
remaining portion of the block time (1 — «;)7 within the i-th block is utilized for IT.

b) The second type contains n consecutive EH blocks due to relay outage, before an EH-IT
block. In this case, the energy is accumulated during the EH blocks and only reaches the required
level sometime during the EH-IT block. Within the EH-IT block, the accumulated energy is then
consumed for IT such that the initial energy of the next pattern equals to zero, i.e., £, = 0.

¢) The third type contains n consecutive EH blocks due to relay outage, before an IT block.
In this case, the energy is accumulated during the EH blocks and exceeds the required level for
IT. As a result, this type of EH-IT pattern is composed of n EH blocks followed by an IT block,
and the initial energy of the next EH-IT pattern satisfies to £, > 0.

Consequently, the accumulated energy at the time instant «,; 7" during the i-th EH-IT block is
given by

77P8|hi|2

EZ(OZZT> = dm
1

;T + E;(0). (14)

Then, the TS factor «; and E;(7T") for the i-th block can be determined as

AP T—2E,(0)d . 0 _ P.T
b mrTrap T [l > @ Ei(0) < 55

Q; = O, if |h2|2 > a, EZ(O) > %, (15)

1, if |h|* <a,

0, if 0<a; <1,
Ei(T) = ¢ E,(0) + 2l i o, — 1, (16)

EZ(O) — PET, if a; = 0,

2 Yditor,

5= Therefore, the throughput efficiency of the i-th block can be expressed

in which a

as

L (1—102(1—%)7 a7

where «; and I,,; are defined, respectively, as in (15) and (5), with 7,4, given by (13).
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Notably, for the conventional TS-based DF relaying protocol, neither the TS factor setting in
(15) nor the constant transmit-power P, at relay takes into account of the second-hop fading
channel (i.e., g;), which leads to a high-risk second-hop information transmission. Thus, it follows
from (17) that the throughput efficiency can not be effectively guaranteed. This inspires us to
design a robust TS-based DF relaying protocol.

3) Proposed TS-based DF Relaying Protocol: To guarantee that the second-hop link does not
suffer from information outage, the following inequality must hold

m 2
d2 O-ndeO A

P.. (18)
|gi|2

P>

Remark 2: As shown in (18), the EH relay needs the second-hop CSI. This additional CSI
overhead will be well paid off in the form of a remarkable throughput enhancement. In addition,
the second-hop CSI can be acquired by the EH relay in the same way as in the AF mode [21],
[22].

Accordingly, the TS factor of the proposed TS-based DF relaying protocol can be expressed

as
AP, T—2E;(0)dy . 2 _ P.T
o Pl 2T +d] P T if [hi[* > a, Ei(0) < 557,

@2 d& =19 0, if |h>>a, E(0)> 5L, (19)

1, if |h)* < a.
It follows from (19) that the newly harvested energy within the i-th block is &, (nPs|h;|?/d").

Therefore, at the end of the i-th block, the remaining energy can be written as

0, if 0<aq; <1,
Ei(T) = ¢ E,(0)+ 2l i 5, — 1, (20)

E;(0) — BT if &, = 0.

Finally, for the proposed TS-based DF relaying protocol, the throughput efficiency of the i-th

block can be formulated as

7=t W 1)
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III. THROUGHPUT ANALYSIS

A. AF Relaying

Proposition 1: The throughput efficiency of the proposed TS-based AF relaying protocol with

continuous-time EH can be derived as

J |
T = §€_a - 557 (22)
where £ is given by
£E= / w(2)e® DD E, (w(2))dz, (23)
0

. . dndyo? _ G ... .
in which’ w(z) = % (z +a+ %) (1- zia)' In addition, a tight upper bound of the

throughput efficiency can be written as

1 . 1
UB _ - —a_ —¢LB 24
T 5¢ 25 ; (24)
where ¢ is given by
LB * w(2) ~(=+a) g
= -7 ) 25
¢ /0 w(z) + 1° - 25)
Proof: Please refer to Appendix A. |

Corollary I: For the proposed TS-based AF relaying protocol with continuous-time EH, the

throughput efficiency can be approximately expressed as

1. 1 :
T~ §e-a - 5Doe—a+DOE1(1)O). (26a)

s dPdpod v

where Dy = STy Then, a simplified approximation to (26a) can be written as

Nl e @
T oDy + 1"

(26b)

It follows from (26b) that as vy — 0, the throughput efficiency approaches to 0.5, whereas as

"Throughout this paper, we use Fi(z) to denote the exponential integral function [23, Eq. (5.1.1)], and employ the notation
E;(t) with t € [0,77] to represent the remaining energy at instant ¢ of the i-th block.
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Yo — 00, the throughput efficiency scales as

P, 1 __ 1 _dre,
TR e o e @7)
di*dy'og Yo 7o
Proof: Please refer to Appendix B.1. |

Corollary 2: For the conventional TS-based AF relaying protocol with continuous-time EH,

as o — 0, the throughput efficiency can be approximated as

1
TR 5 (1 —cd"P), (28)
7ziad+bc
Y e 2z : _ m 2 _ Jgmgm 2 _2 _
where v = [ s anpod e, 4t With a = Pudi'oy, 7, b = di'dy'oy o7 70, ¢ = P.F,, and

d= Prdg’"bafbr%. On the other hand, as 7y — o0, the throughput efficiency can be approximately

written as
_ =\ 2
TR \/gu%e_(‘/a“/g) , 29)
where @ is the same as before, © = ‘“ijc), and b £ o /P,.
c 2 ¥ng
Proof: Please refer to Appendix B.2. |

Remark 3: It follows from (26b) of Corollary 1 that as vy — 0, the throughput efficiency of
the proposed TS-based AF relaying protocol approaches to 0.5, which is the limiting throughput
efficiency for half-duplex relaying. In contrast, Corollary 2 manifests that as v, — 0, the
throughput efficiency of the conventional protocol is less than 0.5. On the other hand, it follows
from Corollary 1 that as 7y — oo, the throughput efficiency of the proposed protocol scales

as e~ Whereas for the conventional TS-based AF relaying protocol, the scaling law of

70
throughput efficiency obeys the law of \/%e_(\/aﬁ’)i a much higher decaying rate than the
proposed protocol. The above limiting performance demonstrates the advantage of the proposed
adaptive TS factor setting.

Next, we present a pair of tight bounds for the throughput efficiency, which is summarized
in the following proposition.

Proposition 2: For the proposed TS-based AF relaying protocol with continuous-time EH, a
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pair of tight lower/upper bounds of the throughput efficiency can be formulated as

T I
7P = 3¢~ §§UB7 (30)
s 1. 1.

U — 56 - §§LB7 (31)

in which ¢B and ¢YB can be expressed as

ao_ B /°° a2+ @1 +7) oy (1, 4102 +0) i 6
0 2(z+a) dyo? laz+a2(1+ ")) ’

£uB _ dg'oy e /OOO az ‘:C(i(i;% l)e—z In <1 + d?agfgzif;(j; i)%_l)]> dz.  (33)
Proof: Making use of the inequalities for the exponential integral function F:(-) [23, Eq.
(5.1.20)], we can arrive at the lower and upper bounds for the variate £ in (23), as shown by
(32) and (33). This in turn leads to the throughput bounds given by (30) and (31).
Remark 4: Note that in comparison with (25), the integrands of (32) and (33) are more
complicated, which however can yield tighter throughput bounds. In addition, the integrands in

(32) and (33) are merely composed of elementary functions, e.g., exponentials and logarithms,

which are easy to calculate numerically.

B. DF Relaying

In this subsection, we first present a tight bound for the throughput efficiency of the con-
ventional TS-based DF relaying protocol with continuous-time EH. Based on this bound, we
characterize the throughput efficiency of the proposed TS-based DF relaying protocol.

Proposition 3: For the conventional TS-based DF relaying protocol with continuous-time EH,

a tight lower bound of the throughput efficiency can be written as
—a—b

B 5o+ L+ I2), (34)
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where [y, I, and I, can be expressed, respectively, as

. drp, dre (TP,
Iy =e % — ;nPSezlnPs FE <a+ 217]Ps> ) (35a)
oo P,
_ _ e 2nPs m
L=e"(1—e"— Ey(a+ ") [dI'P (1 —e ™) —2nP(1 — e (1
=t = S (o ) [arp (- e ) —2ini - e ).
(35b)

dm p,
17 amp
2nPs a 1 -7

e 2nPs El(a—i- 37 P

6—&(1 _ 6—(1)2 _

){dTPrsol — 2Py}, if a < Ll

I = apr, st (35¢)
i 4dmp,
— o~ e 2nPs [y ((_1+ 21,713:) . _ dm P,
el —e ") — T {d7"P,p35 — 2nPspy}, if a > 21nPs ,
where the variates 1, @9, 3, and ¢, are given, respectively, by
01 =1—2e"+[1 —2(a— q)le 2, (36a)
0o =2+ e (=4 —2a)+ e 22+ 2¢, — 2(1 + 2¢2) (@ — )], (36b)
3 =1— (14 2¢)e ", (36¢)
1 =2 — 222 (1+ 2¢5 + 2¢3), (36d)
in which we have ¢; = min [C_L, Cg}f:} and ¢, £ min [C_L, ﬁg]
Proof: Please refer to Appendix C. |

Corollary 3: For the conventional TS-based DF relaying protocol with continuous-time EH,

as o — 0, the throughput efficiency can be approximately written as

1 dmP. 4a'pr arP
~-(1-"L"emr FE LT . 37
! 2< 2P, 1(27;1%)) G7

Whereas as vy — oo, the throughput efficiency can be approximately expressed as

T §e—(01+02)“/0 x e~ (C1+C2)0 _y 0, (38)

2
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A& 23 _ 2d{'0}, A b _ oy
where €'y = 28 = —5== and Cp = > = —5~.
Proof: Please refer to Appendix D. |

Remark 5:

(1) It follows from Corollary 3 that for a constant transmit power P, [20], as 79 — 0, we have
a — 0 and b — 0 such that the throughput efficiency approaches (37), which is less than 0.5.

(i) As 79 — o0, it follows from (38) that the throughput efficiency tends to zero with a
scaling law of e~ (C1+C2)%0,

Similar to the AF relaying, the lack of the second-hop CSI knowledge in the setting of TS factor
and relay’s transmit power cannot guarantee a reliable dual-hop transmission. In contrast, by
monitoring the second-hop CSI, our proposal could cut down the information outage, improving
therefore the throughput performance. In the following, the throughput efficiency of the proposed
TS-based DF relaying protocol will be characterized.

Proposition 4: For the proposed TS-based DF relaying protocol with continuous-time EH, a
tight lower bound of the throughput efficiency can be written as

LB _ 62 (I, + I, + I), (39)

where fo, fl, and fg are given, respectively, by

v

Io = 6_& — f1 (0, OO), (403)

1%

Il = 6_6(1 — 6_[_1) — f1(0, OO) + €_af1(07 290) + f3(0, OO) - 6_6(1 + C_L)fg(o, 290) — f4(290, OO),
(40b)

Iy = e 01— %) — oV £1(0,00) + 5 £3(0, 6p) + e % (e — e=2%)
— (1 —2e7%) f1(6o, 260) + f2(fo,2600) + [2 — 2¢7(2 + @)] f3(6o, 260) + 2(1 — @) f4(bo, 260)

470701 — 7N — £1(200, 00) — f2(20p, 00) + 2f3(200, 00) — 2f4(26,, ), (40c)
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in which we have

b
] —o+g z E1 (a + ) d.ﬁ(} f2 a, b / ﬂe_xEl ( W1> d.ﬁ(},
T

= [ 5
0=

be o+t El a+ ) dz, fi(a,b) = /b e E, (EL + %) dz, 41)
and
A= =l = = (1-e, ) =20 e - (1t a)),
Wi = W?Ziﬁ%, 0y = ‘2"—; (42)
Proof: Please refer to Appendix E. ]

Corollary 4: For the proposed TS-based DF relaying protocol with continuous-time EH, as

Yo — 0, the throughput efficiency can be approximately expressed as

e~ g+1 1
A — —. 43
T Ty At 1t 2 @3)

In contrast, as 7y — oo, the throughput efficiency obeys the scaling law of
T x exp(—C17v) — 0, (44)

where (') is the same as before.

Proof: Similar to Appendix D, as v, — 0, fo becomes the dominant term. Then, it follows
from [23, Eq. (5.1.19)] that (40a) reduces to (43). On the other hand, as 7, — oo, the three terms
(fo, I, and fg) have to be taken into account to develop the scaling behavior of the throughput
efficiency. With the aid of [23, Egs. (5.1.1) and (5.1.19)], Integration Mean Value Theorem, and
after some algebraic arrangements, we can arrive at an expression which scales in proportional

to e 2@

= exp(—C170). This completes the proof of Corollary 4. [
Remark 6:
(i) By comparing Corollaries 3 and 4, we can observe that as v, — 0, the proposed adaptive
TS factor for DF relaying mode can achieve a higher limiting throughput efficiency (i.e., 0.5)

than (37) of the conventional TS factor design. And their performance gap is determined by
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the quantity %eﬁ—g Ey (gﬁ) ~ de?JZnPS. Therefore, for the conventional TS-based DF
relaying protocol, we can fill the performance gap by enhancing the energy conversion efficiency
7, increasing the transmit power at the source, or by decreasing the first-hop path loss.

(i1) As vy — o0, it follows from Corollaries 3 and 4 that the scaling law (i.e., e~ (C1+C2)10) of
the conventional TS-based DF relaying protocol is steeper than that of the proposed protocol (i.e.,

e~¢170), In other words, in comparison with the conventional protocol, the throughput efficiency

of the proposed one decreases to zero in a much slower pace, a desirable characteristic.

IV. LOow-COMPLEXITY TS-FACTOR DESIGN AND ITS THROUGHPUT EFFICIENCY

While the proposed TS-based EH relaying protocols in the previous section can achieve
remarkable throughput efficiency gains, it requires the instantaneous CSI of both hops to set
the TS factor. In order to alleviate the CSI overhead at EH relay while not severely sacrificing
the throughput performance, next we present low-complexity TS factor designs for AF and DF

modes.

A. AF Relaying

The basic idea is to find an appropriate substitute for the instantaneous CSI of the second hop.

It follows from (9) that a direct substitution of |g;|? by its mean (unity) does not yield a good

performance. This is because when |g;|? varies randomly around its mean, the factor ﬁ changes

over a very wide range. Alternatively, we treat ﬁ as a whole and seek its appropriate substitute.
Note that for Rayleigh faded second-hop link, the |g;|*> conforms to exponential distribution with
mean unity, which means that a straightforward replacement of ﬁ by E [ﬁ] is inappropriate
since F [ﬁ] = F41(0) = oo. Fortunately, for a sufficiently small positive quantity €, we have
Pr(|g:|* <€) =1 —e° — 0. Therefore, we can resort to a sufficiently small positive quantity
¢ and formulate ;4 £ F [m] = ¢“Ey(e) as a substitute for ﬁ Accordingly, the resultant

transmit power at EH relay can be expressed as

~ dy 2 sri+1
{0,“ 50 Yo(Yeri + 1) 43)

P. = max
Vsri — 70
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As in Section II.A, all the energy harvested in the current block will be consumed to boost the

throughput efficiency, which yields %OQT = RW Therefore, the TS factor is given

by

__ dh
20 Py|hi| + P,

&i. (46)

;

It follows from (46) that the newly harvested energy in the i-th block is &;T'(nPy|hs|?/dT*), while
the remaining energy at the end of the i-th block is zero. Notably, the TS factor setting above
relies only on the instantaneous CSI of the first hop. As a result, the throughput efficiency of

the i-th block can be formulated as

. (1-— Io,i;(l — o’zi)7 @7

in which I,,; is the same as that in (11). With the aid of (47), next we present the throughput
efficiency of the proposed low-complexity TS-factor setting.
Proposition 5: For the low-complexity TS-factor setting in AF relaying mode, the throughput

efficiency can be expressed as

1 /OO y+a
T=—-e e Y — dy. (48)
_ dmdyo? dmdyo? a(l+
2 0 (a_l_/wozlnpi d)—l—y pdy 22771%; Y0)

In addition, a closed-form approximation to the throughput efficiency can be written as
1 4 B
TR e [1— Boe™ Ey(By)] . (49)

ngm ;2
pdy"dy Ingy 70

A
where By = o0
S

Proof: According to the definition of average throughput efficiency 7 = E|[r;] = %E‘ hi|2>a [ﬁ] ,
one can achieve (48) by invoking the change of variables. Then, by following a similar procedure
to that in Appendix B.1, one can attain (49). |
Corollary 5: For the low-complexity TS factor setting in AF relaying mode, as 7, — 0,

the throughput efficiency approaches to 0.5, whereas as vy — oo, the throughput efficiency
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approaches to zero with a scaling law of

Ps —a —a
rr—r (50)
pdi*d; On, 70 o

Proof: Utilizing the tight lower bound given by [23, Eq. (5.1.19)], it follows from (49) that the

L1
2 Bo+1

throughput efficiency can be approximated as 7 ~ e~ Then, as o — 0, we have a — 0
and By — 0 such that the throughput efficiency approaches to 0.5. On the other hand, as vy — oo,
it is ready to arrive at (50). u

Remark 7: Based on Corollaries 2 and 5, it can be observed that as 7y — 0, the proposed
low-complexity TS-factor setting can achieve a higher limiting throughput efficiency (i.e., 0.5)
than the conventional one. On the other hand, as 7y — oo, the throughput efficiency of the
conventional TS factor setting is an infinitesimal in comparison with that of the low-complexity
T3 e (Vatvh)?

nPs e—a
m gm 52
nditdl Ty 70

efficiency of the low-complexity TS factor setting approaches to zero in a much slower pace

TS factor, i.e., limy o = 0. In other words, as 79 — oo, the throughput

than that of the conventional one.

B. DF Relaying

Inspired by the idea in the design of low-complexity TS factor for AF mode, next we present
a low-complexity TS-factor design for DF mode. Similar to AF mode, we replace ﬁ by its
statistical approximation j 2 FE [m] = e°E(e), where ¢ represents a sufficiently small

positive quantity. Accordingly, the transmit power at EH relay can be formulated as

Py = pd3'or o (51)

Interestingly, P, is now a statistical average irrelevant to the instantaneous CSI. Therefore, the

v

corresponding TS factor a; can be represented by (19) with P, replaced by P ie.,q; =&

P.—P.-
Accordingly, the newly harvested energy in the i-th block is a;T'(nPs|h;|?/d[), with «; given
above. While the remaining energy at the end of the i-th block is given by (20), with P, replaced
by (51). As thus, the low-complexity TS factor only requires the instantaneous CSI of the first-

hop channel. With the aid of Proposition 3, it is ready to attain the throughput efficiency of the
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low-complexity TS factor for DF mode, which is summarized in the proposition below.
Proposition 6: For the low-complexity TS factor setting in DF relaying mode, a tight lower

bound of the throughput efficiency can be expressed as

—a—b

(&
W= 9 ([0|PT—>]5T + [1|PT—>]5T + [2|PT.—>]5T) ) (52)

T>T

2
,Yod'éna.nd

where b £ , and [y, I;, and I, are given by (35a), (35b), and (35c), respectively.

To gain insights of the proposed low-complexity TS factor design, next we characterize the
scaling behavior of the throughput efficiency for two extreme cases.

Corollary 6: For the low-complexity TS factor setting in DF relaying mode, the throughput

efficiency can be approximated as

—a—b m D mp m —2g—1 _
e _arp o [ arPb, B a+1
T € e — € 2nPs El a _I_ ~ m Jm . (53)
2 [ 2nP, < 2nP, 2 G4t z;;.%d’yo

In particular, as vy — 0, the throughput efficiency approaches to 0.5, whereas as vy — oo, the

throughput efficiency obeys the scaling law of
Foce 90 0. (54)

Proof: For the low-complexity TS factor setting in DF mode, the first term %H;]M p_p, 1N
(52) is shown to be a tight lower bound and thus we can focus on this quantity to characterize
the throughput efficiency. With the aid of (35a) and [23, Eq. (5.1.19)], we can arrive at (53).
Then, by jointly considering 7o — 0 and € — 0, it can be confirmed that the limiting throughput
efficiency for vy — 0 is 0.5. On the other hand, as vy — oo, it follows from (53) that (54)
definitely holds, which completes the proof. |

Remark 8: By comparing Corollary 3 with Corollary 6, we can observe that as 7y — 0, the
low-complexity TS factor can achieve the limiting throughput efficiency of 0.5, which is higher
than that of the conventional solution (Corollary 3). As 79 — oo, the throughput efficiency of
the low-complexity TS factor decays to zero in a much slower pace (e~“17) than that of the

conventional one (e~ (C1+C2)0),
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V. NUMERICAL RESULTS AND DISCUSSION

In this section, we first demonstrate the accuracy of the throughput expressions of the pro-
posed EH relaying protocols. Then, we compare the proposed EH relaying protocols with the
conventional ones. For comparison purposes and without loss of generality, we adopt the same
system parameter setting as in [20]. Unless otherwise specified, we set the transmit power at
source to P; = 46 dBm, the energy conversion efficiency to n = 0.5, the threshold SNR to
Yo = 60 dB, the noise variances at the relay and destination nodes to -70 dBm and -100 dBm,
respectively. As in [20], the path loss exponent is set to 3, and the distances® between source
and relay, and between relay and destination are set to 35 and 10 meters, respectively.

In Fig. 1, we show the accuracy of the throughput lower bound for the proposed EH-DF
relaying protocol, where we can observe that the proposed analytical lower bound is very tight.
Fig. 2 further demonstrates the accuracy of the throughput expression for the proposed EH-AF
relaying protocol, as shown in Propositions 1 and 2. From the figure, it can be observed that
the exact throughput result matches well with the simulations and the proposed lower and upper
bounds are sufficiently tight over the whole threshold SNR regions. In particular, the throughput
upper bound as presented in Proposition 2 is tighter than the counterpart in Proposition 1.

Fig. 3 validates the approximated expressions for the throughput efficiency of the conventional
as well as the proposed optimal TS factor setting in AF mode, as shown in Corollaries 1 and
2. It can be observed that for the conventional TS factor setting, the approximated expressions
are very tight for the threshold SNR regions v, > 65 dB and v, < 50 dB, as stated in Corollary
2. For the proposed (optimal) TS factor setting, the simplified throughput expressions (26a) and
(26b) are very tight over the entire threshold SNR regions. Clearly, as v, — 0, the proposed
optimal TS factor design can achieve a higher limiting throughput efficiency (i.e., 0.5) than the

conventional TS factor, which agrees with Corollaries 1 and 2.

8With regard to the inter-node distance, the distance setup of 35m and 10m for source-relay and relay-destination links reflects
the state of the art for indoor sensor network applications. For example, for the mainstream EH receivers (e.g., P2110/P2110B
and P1110 of Powercast), the typical single-hop communications distance ranges from several meters to tens of meters. Then, if
the direct link between source (e.g., the power and data transmitter TX91501) and destination (e.g., the access point DM240311,
a Microchip 16-bit XLP development board) is blocked by some physical obstacles, we can employ the intermediate sensor
node (e.g., WSN-EVALO1) to relay the source’s data to the destination.
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Fig. 4 plots the throughput efficiency of the proposed optimal TS factor setting in the DF mode.
From the figure, we can observe that the scaling law of the throughput efficiency for vy — oo

is valid such that the scaling curves are parallel to the throughput curves for sufficiently high

threshold SNR, as predicted in Corollary 4.
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Fig. 5: Throughput efficiency of the proposed low-complexity TS factor setting in AF mode for
extreme threshold SNR.

Fig. 5 shows the throughput efficiency of the low-complexity TS factor setting for the AF
mode. From the figure, it can be seen that the approximated result presented in Proposition
5 is very accurate over the entire threshold SNR regions. Also, the scaling law presented by
Corollary 5 is parallel to the simulated curves in the medium and high threshold SNR regions.

Fig. 6 validates the throughput lower bound in Proposition 6 as well as the approximated
throughput efficiency given by Corollary 6. It can be seen that both the lower bound and the
approximated results are very tight over the entire threshold SNR regions. In addition, it is clear
that the limiting throughput efficiency for v, — 0 is 0.5, as predicted by Corollary 6.

Fig. 7 illustrates the energy accumulation process of different TS-based EH relaying protocols
for DF mode. It follows from Fig. 7 that with regard to the number of accumulated energy
peaks during the first 50 blocks, the proposed optimal TS factor setting contains 4 peaks, the
proposed low-complexity TS factor setting contains 5 peaks, whereas the conventional TS factor
setting contains 10 peaks. In other words, the proposed optimal/low-complexity TS factor setting
can make full use of the harvested energy to transmit information such that excess energy

accumulation is avoided, which in turn leads to a superior throughput efficiency.
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Fig. 8 compares the throughput efficiency of the proposed EH-AF relaying protocol with
that of the conventional EH-AF relaying protocol [20]. Herein, the throughput curves of the
conventional EH-AF relaying protocol are plotted with the optimal transmit power setting at the

EH relay. From the figure, we can observe that the proposed EH-AF protocol outperforms the
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Fig. 8: Comparisons of the proposed EH-AF relaying protocol and the conventional EH-AF
relaying protocol with optimal P, [20].

conventional EH-AF protocol due to the adaptive PS factor and transmit-power setting at the EH
relay. Specifically, at 7 = 0.4, the proposed protocol can provide more than 8.6 dB threshold
SNR gain, whereas at 7 = 0.3, the proposed protocol can provide a threshold SNR gain of more
than 5.8 dB over the conventional one. In particular, it is noteworthy that for a given throughput
efficiency, the threshold SNR gain of the proposed protocol over the conventional one is very
stable over a wide transmit power range (i.e., Ps = 25 dBm~35 dBm). Fig. 9 performs a similar
analysis of Fig. 8, but assuming EH-DF relaying protocol. The same conclusions hold.

Fig. 10 illustrates the improvement in throughput efficiency (also known as “throughput
efficiency gain”) of the proposed protocols over the conventional ones. Herein, the optimal
transmit power setting is adopted at the EH relay for the conventional protocols. From the
figure, we can observe that for a given threshold SNR setup, the throughput efficiency gain
in AF mode is very close to the counterpart in DF mode. Also, for both AF and DF modes,
the throughput efficiency gain generally increases with the threshold SNR. In addition, with an
increase in the transmit power at the source (i.e., FPs), the throughput efficiency gain decreases

for both AF and DF modes. This means that a smaller transmit-power at the source leads to a
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Fig. 10: Throughput efficiency gain of the proposed optimal TS factor setting over conventional
one.

larger throughput efficiency gain of the proposed protocols over the conventional ones.
Fig. 11 compares the throughput efficiency of the conventional and the low-complexity TS

factor setting for AF relaying mode. From the figure, we can observe that the throughput
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Fig. 11: Comparisons of throughput efficiency between the conventional TS factor and the
proposed low-complexity TS factor in AF mode.

efficiency of the low-complexity TS factor setting is superior to that of the conventional TS
factor setting especially at low-to-medium threshold SNR region (e.g., 79 < 50 dB). Particularly,
for sufficiently small threshold SNR, the low-complexity TS factor setting can always guarantee
the limiting throughput efficiency 0.5, as stated by Corollary 5.

Fig. 12 shows the effect of the relay location on the throughput efficiency in AF mode. Herein,
we consider a linear network topology and the distances among nodes satisfy to: dy = d; + da,
with dy, d;, and dy being the distances between source and destination, between source and
relay, and between relay and destination, respectively. It can be seen from the figure that when
the EH relay is placed close to the source or close to the destination, the throughput efficiency of
the optimal TS factor and the low-complexity ones can be considerably improved. In particular,
when the EH relay is close to the source, the throughput efficiency approaches to its limit 0.5,
since in this case wireless energy transfer in the first hop tends to be free of path loss. On the
other hand, for the conventional TS factor, due to the fixed transmit-power setting at relay, the
throughput performance is not good. Particularly, it is shown that when the EH relay is placed

around the center between source and destination, a higher P, is desirable for the conventional
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Fig. 12: Throughput efficiency versus the distance between source and relay d; in AF mode
(do = 50 m).

protocol. This is because in this case the path loss between relay and destination is heavy and a
larger P, can avoid the information outage in the second hop, improving therefore the throughput
performance. In contrast, when the EH relay is close to destination, the second-hop path loss is
light and a smaller P, is desired for the conventional TS factor setting such that a larger portion

of time per block can be used for information transmission to enhance the throughput efficiency.

VI. CONCLUDING REMARKS

By making full use of CSI knowledge at EH relay, this paper first proposed an optimal TS
factor setting for dual-hop AF (DF) relaying channel, which can achieve the maximum throughput
efficiency for each block. To reduce the CSI overhead at EH relay, low-complexity TS factor
design was presented for AF and DF modes, which only needs single-hop CSI to determine
the TS factor at EH relay. Theoretical results manifested that for sufficiently small threshold
SNR, the proposed optimal/low-complexity TS factor setting can achieve a limiting throughput
efficiency of 0.5, which is higher than the counterpart of the conventional protocols. In addition,

for sufficiently large threshold SNR, the throughput efficiency of the proposed optimal/low-
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complexity TS factor approaches to zero in a much slower pace than that of the conventional
solutions.

The extension of the proposed TS-based EH relaying protocols to multi-relay scenarios is
straightforward. As a whole, the relay selection process can be first implemented to choose one
appropriate relay node. And then, the proposed TS-based EH relaying protocols can be carried
out. In particular, we can resort to the distributed timer technique to choose relay node in order
to lower the implementation complexity [21]. Relying on the CSI knowledge at the candidate
relays, we can utilize either dual-hop CSI or the first-hop CSI to perform relay selection in a
distributed manner. Specifically, for the proposed optimal TS-factor setting in AF (DF) modes,
the best-relay selection scheme can be carried out owing to the dual-hop CSI knowledge at each
EH relay [22]. Whereas for the proposed low-complexity TS-factor setting in AF (DF) modes,
the partial relay selection scheme can be employed owing to the first-hop CSI knowledge at

relays [24].
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APPENDIX A - PROOF OF PROPOSITION 1

The throughput efficiency of the proposed AF relaying protocol with continuous-time EH can

be formulated as

1 1 _
T = E\hz‘|27|gz‘\2{7_i} = iE‘th {E\QLP {(1 — L),i)(l — Oéz)}} = §E|hi|226 {1 — E|gi|2{0éi | |hl|2 2 CL}} .

(A-1)
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With the aid of [25, Eq. (3.352.2)], the term E,,2{c; | |h;|* > @} in (A-1) can be expressed as

m Jm 2 ) A7 g e} 70 (Ysr,it+1) m Jm 2 )
Eg2{a | |hi|? > a} = ai'd; U"dZO(%T’Z - 1)6 PTG 70 E; <d1 . UndJO(%m - 1)> ;
277Ps|hz| (757’,;‘ - 70) 277Ps|hz| (’}/sr,i - 70)

(A-2)

where E(-) denotes the exponential integral function [23, Eq. (5.1.1)]. Then, by defining w =
drdgion 7o (Ysr,itl

T AIRE (%T’i_%)) and substituting (A-2) into (A-1), we can arrive at (22) after performing the

change of variable and some algebraic arrangements. Making use of the inequality [23, Eq.

(5.1.19)], (24) can be achieved, which completes the proof of Proposition 1.

APPENDIX B
B.1 - Proof of Corollary 1:
For AF mode, knowing that v, ; = 5;'22‘2 > 1, we have
1 “np
d’lndg"bO'TZLd’}/O(’Vsr,i + 1) N deglUrZLd’YO’Ysr,i _ C(] (B—l)
277Ps|hi|2(fysr,i - ’}/0) 277Ps|hi|2(787’,i - 70) ’}/sr,i - 707
mo.2
where Cyy = déw"gjo. By plugging (B-1) into (A-2), one can arrive at
C — % C
E\gi\Q{ai ‘ ‘hi‘2 2 C_L} ~ 706'vsr,r'm El <70) . (B_Z)
Vsri — 70 Vsri — 70
m m0.2 . . .
Then, by defining Dy £ %7713:”% and using the change of variables, it follows that
1 - 1 (1 D D
TR —e ¢ — —Doe_“/ —e_y+70E1 -0 dy. (B-3)
2 2 0o Y Y

Next, by using x%l < e"Ey(z) [23, Eq. (5.1.19)], a tight approximation to the throughput
efficiency can be expressed as (26a). Then, by invoking #1 < e”F,(r) again, we can achieve a
simple approximation to the throughput efficiency as shown in (26b). After that, by considering
Y% — 0 and 79 — oo, we can arrive at the limiting throughput efficiency of 0.5 and (27),
respectively. This completes the proof.

B.2 - Proof of Corollary 2:

As stated in [20, Theorem 1], the throughput efficiency for the conventional TS-based AF
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relaying protocol with continuous-time EH is given by

_a+d

(uKy(u) = cdi" Pov), (B-4)

T =

2

— m 2 — gmgm 2 2 _ _ m 2 — 4(ad+bc)
where a = Pdy'o;, v, b = di'dy'o;, o, v, ¢ = PsP., d = P.di"o;, v, u = = and

71 ad+bc

v= [~ 2cnP6:c+2nPéd+cde dx. As 79 — 0, it follows from [23, Eq. (9.6.9)] that u K (u) — 1.

Meanwhile, as 7o — 0, we have 2% — 0. Combining the above results we can arrive at (28).
On the other hand, as v, — oo, it can be readily shown that lim.,_, % = (). This means

(L+d

that in (B-4), we merely need to preserve < ulK1(u) as an effective approximation to (B-4).

Then, it follows from [23, Eq. (9.7.2)] that

—atd /ﬂe \/guée—(ﬁ+\/5)2, (B-5)

which completes the proof of Corollary 2.

APPENDIX C - PROOF OF PROPOSITION 3

To facilitate the analysis, as in [20, Theorem 3], we make an assumption that £, = 0, which
leads to a throughput lower bound of the conventional EH-DF protocol.

To begin with, we consider the case of n = 0 (i.e., the number of successive EH blocks due to
relay outage is zero). In this case, during the considered EH-IT pattern, no information outage
occurs in the first hop prior to the i-th block such that the initial energy of the EH relay at the i-th
block is equal to 0, i.e., £;(0) = 0. Otherwise, it follows that F;(0) = nPs > ,_, |hi—x[*T/d}".

Therefore, the TS factor &; can be expressed as

1, if |h)* < a,

~ dmp . _ -~
Q; = m, if |hl|2 Z a, |hi_1|2 2 a,
WPl S Datl i (il > hackl? < @Yk = 1,2, o, b > @

2P hi |2 +d7" Py

(C-D
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Accordingly, the throughput efficiency of the i-th block can be written as

0, if ‘hZ‘Z < a or |g2‘2 <l_)

o= % 0 (> alal > b ki > a (€2

Xg’ia if |hl|2 > a, |gl|2 > Bv |hi—k|2 < a7Vk = 1727 s Ny |hi—(n+l)|2 > a.

B dm P,
Pl P +dT Py

di”Pr—277Ps ZZ:1 |hi7k|2

. A
A . By defining h,, =

where xo; = 1 and Y,,; £ min [1, 1-

{Ihil?, [hi1|?, |hiza)?s - - . |hi—n]?}, the throughput efficiency can be expressed as

~ ~ _b ~ _p > ~ 1 h|2
T= E\giw,ﬁn{ﬂ'} =€ bEﬁn {Tihgi\?zé} =€ bEﬁn\miF {/ Til|gi|2>b,|hi|2>a® " d|hi|2}
a

_b_a o0 a (o.0]
e 12 B2, 2
— 5 / X0.i€ i d|hi|2—|—/ / X1.€ [Ril?—|hi-1] d|h,~|2d|hi_1|2
a 0 a
Io

-

g

0 Iy

+/ // Xage Ml thimaP=lhica iy 21312 d by + . .
Jo Jo Ja D
I
e—E—a
> 5 (I() + ]1 + ]2) (C—3)

In what follows, we derive the analytical expressions for [y, I, and 5. First of all, making use
of [25, Eq. (3.352.2)], Iy can be derived as (35a). Next, turning our attention to [/, by defining

r 2 |h;|? and y £ |h;_1|? we have

a e dy"P. —2nPy| _
I, = v 1,1 — 220 ZF7 0 o=z qe ) dy. C-4
' /oe </ mm{’ 2nPsx+dTPr}e x) Y (5
d’in

;;T < a, it follows from [25, Egs. (3.352.2) and (3.351.1)] that

For the case

2n
di" Pr I p
_ — e 2nPs T T m — -
h=et(l—e®) =5 o b <c‘z+ 217135) [d7 Pr(1—e™) = 2nP(1 — e " (1 +q1))] .

(C-5)
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Similarly, for the case 1 Do a, it follows from [25, Egs. (3.352.2) and (3.351.1)] that

di" Pr
_ _ (& 2nPs dm _
[ =e(1—e)— TR (- 20E, ) [d"P,(1 — @) — 2pP,(1 — e%(1 + @))] . (C-6)

Summarizing (C-5) and (C-6), we can arrive at (35b). Next, we consider the case n = 2. By

defining = = |h;|?, y = |hi—1|%, and 2 = |h;_»|* , we can obtain
g

a pa poo d?"P, —2nP(y+2)| _,_._
I, = 1,1 — =L Y2 dodydz. C-7
’ /0/0/ mm[’ P+ dp B, | © vdyaz (&0

First, we consider the case 0 < a < ‘Zl;}f:. Making use of [25, Egs. (3.352.2) and (3.351.1)], we

have
e dr P,
_ _ 2nPg m _ _
L=e%1—e?2— 627;133 E ( 2P, ) [dPP(1—e ) —dnP(1—e (24 a) + e (1 +a))],
(C-8)
which is equivalent to (35¢) for the case 0 < a < 1 D . Next, for the case ﬂ—g <a< é%?’
we have to divide the integral region into three areas as bellow
*° AP, —2nPs(y + 2)\ _ o
I = T Y ) eV dyd
? fj (/a ( 2nPyx + d7'P, e vez
(y,2)ED1UD>
+ ff </ _xda?> e YV *dydz, (C-9)
(y,2)€D3

where Dy = {0 <y < yp,0 < 2 < a}, Dy ={yp, <y < ay+z < 20,2 > 0},
D3 ={y+2z>2qp,y <az<a}, and yp, = 2¢o — a. Utilizing [25 Eq. (3.352.2)] and after

1PT

some algebraic manipulations, we can conclude that for -, (C-9) is equivalent to

i 2 P 9
mp, deT drp,
4 P, <ax< 217P ’
P
we can arrive at the first case of (35¢). Now, what remains to be addressed is the case a > o PT

For such a case, I, can be formulated as

R dm"P. — 2nP,
s={ [+ [[ + [ /a mm[u_ S d?pfz)

(y,2)€D1  (y,2)eDa  (y,2)€D3

e TV Fdxdydz,

(C-10)
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where D, = {0 <y < a2 <z <al, b2:{2qQ—z§y§d,O§z§2qg}, and

Dy = {0 <y <2¢y— 2,0 <z < 2¢}. Then, by following a similar procedure as before, we

A7 P,

T which is shown as the second

can arrive at a closed-form expression of [, for the case a >

case of (35c). This completes the proof of Proposition 3.

APPENDIX D - PROOF OF COROLLARY 3

It follows from Appendix C that the term [, corresponds to the first type of EH-IT pattern
in Section 11.B.2, where the EH-IT pattern is composed of a single EH-IT block. As shown
by (C-2) and (C-3), this single EH-IT block pattern dominates the throughput efficiency for
sufficiently small ~,. This is because when the received SNR threshold 7 is sufficiently small,
the relay outage in the first hop becomes a small probability event. As a result, we can resort
to the dominant term [, to attain tight approximation to the throughput efficiency. As vy — 0,

we have @ — 0 and b — 0 such that (35a) can be reformulated as

drp, e (PP,
Lh~1- 1Pe2nPsE1<1 ) (D-1)

Then, as vy — 0, by ignoring the small probability event /; and /5, we can arrive at (37). On

the other hand, as vy — oo, we have ¢; = C;Z}ZT and ¢, = Cg;t such that ¢, can be rewritten as
_ d"P, i Pr

—1-2%4+[1-2(a—- LT Ry D-2

e e G 7 ©2

Similarly, as vo — o0, 2, ¢3, and 4 can be written, respectively, as

_ ap Py dmP dmP dmP
=2+ ¢ %—4—2a Tors 24 L o1+ L) (a—- L D-3
pr =2 et(—4—20)Fe { TP, ( +2nPs) (“ 477Ps)]’ (B3
d"P dp Py
—= ]_ —_ ]_ 1 r - 2nPgs D_4
903 ( _l_ 277P5) € ) ( )

e dmP, 2™ P2
Q1 =2 — 2 2P (1 * 5P T ) (D-5)
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According to the definitions of @ and b, we have @ — oo and b — oo for 4y — oo, which by its

turn leads to

di" Pr
Y1~ —2ae 2P (D-6)
der B am Py
s~ —2a (1 + 217] Ps> e P | (D-7)

Now, by making use of [23, Eq. (5.1.19)], we can attain

_ e

—a 7Py _dP' Py dg” P.
L ~e ™ — pyE [dTPT (1—6 W) — 2nP; (1—6 Ps <1+ ))]
2n P, (1 +a+ g P:) 2n P

~et, (D-8)

where the second approximation holds as vy — oco. By plugging ¢ ~ ¢4 into I, and following

a similar procedure as before, as vy — oo, we have I, ~ ¢ % |1 — 277}3 = (dV"Prips — 2nPypy) | =
e~ % Summarizing the foregoing results, we can achieve an approximated expression of the

throughput efficiency for vy — oo as
3 o
TR e 2ath (D-9)
which completes the proof of Corollary 3.

APPENDIX E - PROOF OF PROPOSITION 4

To proceed, we make a basic assumption that the available harvested energy at the start of
any EH-IT pattern is zero, i.e., £/, = 0. This would yield a lower bound for the throughput
efficiency. Under this assumption, the TS factor of the i-th block can be written as

P, : 0 o 5
277ps|hi‘2+d71nﬁry if |hz| Za'7|h'i—1| zav

b= d APP20P R by gl
277P5|hi\2+d’1”P7-

1, if |k

, if |hz|2 > a, ‘hi—k|2 <a,Vk=1,2,...,n, |hi_(n+1)|2 > a,

2 <a,

(E-1)
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in which P, is given by (18). Accordingly, the throughput efficiency of the i-th block can be

formulated as

i if ) > a, |hia|? > @,

Ti= 0 X b2 > G, h? <@,V = 1,2, 0,m hio ) > @, (E-2)

0, if |hi|? < a,

dy by
20 Ps |hi [>+d7 Py

d{"Pr—ZnPs 22:1 ‘fliko
2nPs|h; ‘2+d’1n P,

in which xo 21— and X, £ min [1, 1— } As a result, a

lower bound of the throughput efficiency can be formulated as

o0
A ~ A . ~ _|h‘2 2
T=FE o7} = E o\ np TZMh e>ge " dlhy|
lgil?, gil% i _

ZEW{%/ Roe M d\hP / / e P g a2 by

‘l‘/ / / 62 ~ p _hi2_hi1|2_hi2|2d|hi|2d|hi—l|2d|hi_2|2—l—.,,}
0 0 a

—a

6 A
> B2 ol psp, + hilpop, + Bolpop} = 5 518 (E-3)

from which we define [, £ Eyg2 {lolp, 5.} L2 Eg2{h|p_p.}, and L2 Eyg2 {12|p, 5, }-

First of all, ]0 can be readily derived as (40a). Then, we focus on I 1, which can be expressed as

d Py
o s . € 2nPs _dl'P, - ) L
I =e*(1—e) = Ey,p mEl( +27IP)[d P(l—eq)—QUP(l—eq(leql))}

Vv
I10

(E-4)

Pr } Relying on the value of ¢, Iy can be reformulated as

o . dm
where ¢; = min [ , 277P

ho= | e 2m (a+ ) 2 - - (1 - "1 +a)| do

+ /: et By (EH— %) [C;l(l —e %-1) (1 —e e (1 + . ))] dz. (E-5)
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Then, by plugging I into (E-4), one can attain (40b). Next, we turn our attentions to I &

Eyg.2 {12]p.—p.}. To proceed, we have to determine the value of g, within 5| 5 as below

da lf |gz|2 S 907

2= L i 0y < |gif? < 26, (E-6)
amp, .
4177135 ) if |gz|2 > 2907

which by its turn leads to

(

e% Eq (a—l— 4" Pr )
—a (1 2nPs m 1 1 .
€ Spg - 21Ps - (dl Pr‘Pé ) 277P5S0:(), )) , if [gi* < 6o,
d’!?LPT
]2|P'r p. = e2nPs By a+ 17P: _
K et — 2,7(135 ) (a7 Pl = 20P) . i 6y < |gil? < 200,
290a _ .
| el — el Ey (a4 ) | Bl — 60| if g > 26
(E-7)
in which we have
1 1 —a 1 —a N
P =P =Y =l = (1— e, o) =201 — e )1 - (1+a)e™]
_ 9 P _ 20pa
P R [1—2(@— | 0;)} e Tl
gi
2 -\ _—a _ 208 290& 290@ _ 90&
goé) 2—202+a)e "+e luP [2—1— G2 2|1+ —= 2 a— |gz|2 ,
2000\ —2%2 _ 2002 20 202a
A= (1 R ) et (1 TR ID) e
9i 9i 9i

As a result, f2 can be reformulated as

fo 200 o0

=4 a2 1.2 -2

I Z/ L|p,_p e d|9i|2+/ L|p,,pe” d|9i|2+/ Llppe " d|g*.  (E-9)
0 9o

260

By substituting (E-7) into (E-9), we complete the proof of Proposition 4.



