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Abstract

This paper considers amplify-and-forward (AF) two-way relay networks, where an energy constrained relay node
harvests energy from the received radio-frequency signal. Based on time switching (TS) receiver, we separate the
energy harvesting (EH) phase and the information processing (IP) phase in time. In the EH phase, three practical
wireless power transfer policies are proposed: 1) dual-source (DS) power transfer, where both sources transfer power
to the relay; 2) single-fixed-source (SFS) power transfer, where a fixed source transfers power to the relay; and
3) single-best-source (SBS) power transfer, where a source with strongest channel transfers power to the relay. In
the IP phase, a new comparative framework of the proposed wireless power transfer policies is presented in two
bi-directional relaying protocols, known as multiple access broadcast (MABC) and time division broadcast (TDBC).
To characterize the performance of the proposed policies, new analytical expressions are derived for the outage
probability, the throughput, and the system energy efficiency. Numerical results corroborate our analysis and show: 1)
the DS policy performs the best in terms of both outage probability and throughput among the proposed policies, 2)
the TDBC protocol achieves lower outage probability than the MABC protocol, and 3) there exits an optimal value
of energy harvesting time fraction to maximize the throughput. A pivotal conclusion is reached that the SBS policy
offers an optimal tradeoff between performance and power consumption since SBS consumes the least power but

offers a comparable performance to that of DS.
Index Terms

Multiple access broadcast, time division broadcast, two-way relay networks, wireless power transfer.

I. INTRODUCTION

Energy harvesting (EH) is an effective means to prolong the life of a wireless network, and has recently received
remarkable attention. The recent research has shown that ambient radio-frequency (RF) signals is a new promising
source for harvesting energy [1,2]. The motivation behind this approach lies in the fact that most devices are
surrounded by RF signals, and potentially, energy and information can be carried together by the RF signals

during transmission. As a consequence, a new energy harvesting solution, which can achieve simultaneous wireless

Y. Liu, L. Wang, and M. Elkashlan are with Queen Mary University of London, London, UK (email:{yuanwei.liu, lifeng.wang,
maged.elkashlan} @gmul.ac.uk).
T. Q. Duong is with Queen’s University Belfast, Belfast, UK and also with Duy Tan University, Vietnam (e-mail: trung.q.duong@qub.ac.uk).

A. Nallanathan is with King’s College London, London, UK (e-mail: arumugam.nallanathan@Xkcl.ac.uk).



information and power transfer (SWIPT), was initially proposed [3]. Inspired by this concept, two practically
realizable receiver designs, namely time switching (TS) receiver and power splitting (PS) receiver, were proposed
for a multiple-input multiple-output (MIMO) wireless broadcast system to enable SWIPT [4]. The recent state-of-
the-art research on SWIPT mainly focuses on practical receiver designs [?, 5-8]. The work in [9] was extended in [5]
by considering imperfect channel state information (CSI) at the transmitter. Based on TS receiver, the secure D2D
communication in cognitive radio networks was investigated with invoking a wireless power transfer model [6].
Moreover, with the aid of compressive sensing and matrix completion, the throughput of wireless powered cognitive
radio networks was analyzed in [7]. Based on PS receiver, in [8], an optimal power splitting rule at the receiver
was derived to achieve tradeoffs for outage/energy as well as rate/energy both in delay-limited and delay-tolerant
transmission modes.

The aforementioned literature on EH all considered the point-to-point system. For cooperative systems, the recent
research works about SWIPT are based on two common relay protocols, namely, amplify-and-forward (AF) relay
protocol and decode-and-forward (DF) relay protocol [10—12]. For the AF relay system, a TS-based relaying (TSR)
protocol and a PS-based relaying (PSR) protocol were proposed to harvest energy from the received RF signal at
the energy constrained relay [10]. For DF relay system with SWIPT, a novel wireless energy harvesting DF relaying
protocol was proposed in [11] for underlay cognitive networks to enable secondary users can harvest energy from the
primary users. Furthermore, a cooperative SWIPT nonorthogonal multiple access protocol was proposed in [12].
Due to the loss of spectral efficiency induced by one-way relaying, two-way relaying which can complete the
information exchange within two time slots was proposed in [13]. Moreover, in order to enhance the transmission
reliability in TWRN, the comparison of a multiple access broadcast (MABC) protocol and a time division broadcast
(TDBC) protocol were investigated in [14]. Based on the PS receiver, a two time-slot two-way relaying protocol,
facilitating EH phase and IP phase simultaneously was analyzed in [15] to apply energy harvesting in two-way
relay networks (TWRN).

The principal challenges in TWRN with wireless power transfer to an energy constrained relay are: 1) to improve
the energy efficiency of the power transfer from the sources to the relay; and 2) to enhance transmission reliability and
throughput among all the nodes. Motivated by these two challenges, we propose three practical policies to efficiently
transfer power with two protocols to reliably process information in TWRN with an energy constrained relay.
Different from the aforementioned work [15], this paper presents a new comparative framework for multiple access
broadcast (MABC) and TDBC protocols based on the TS receiver. As the extension of [16] which only consider
the throughput, this work further considers outage probability and energy efficiency. The primary contributions of
our paper are summarized as follows.

« In the EH phase, we propose the DS, SFS, and SBS power transfer policies to harvest energy at the energy
constrained relay node. In the IP phase, we present a new comparative framework for each of the three wireless
power transfer policies in two bi-directional relaying protocols, namely MABC protocol and TDBC protocol.

« We derive new analytical expressions for each of the DS, SFS, and SBS policies in MABC and TDBC by

evaluating: 1) the outage probability; 2) the throughout both in the delay-limited transmission mode and delay-
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Fig. 1: Frame structures of energy harvesting for MABC and TDBC protocols.

tolerant transmission mode; and 3) the system energy efficiency both in the delay-limited transmission mode
and the delay-tolerant transmission mode.

o Comparing the DS, SFS, and SBS policies, our results show: 1) the DS policy performs the best both in terms
of outage probability and throughput; and 2) the SBS is the most energy efficient policy. It is worth noting
that the SBS policy offers an optimal tradeoff between performance and power.

o Comparing the MABC and TDBC, our results show: 1) the outage probability of TDBC is lower than that of
MABC since TDBC has diversity gain; and 2) there exits an optimal energy harvesting time fraction value for

each of the proposed policies in MABC and TDBC protocols to achieve the maximum throughput.

II. SYSTEM MODEL

We consider a half-duplex TWRN, where the exchange of information between two single-antenna sources S 4
and Sp is facilitated by an energy constrained intermediate amplify-and-forward (AF) relay R with single antenna.
Based on TS receiver, we separate the EH and the IP phases in time, i.e., during the EH phase, the relay harvests
energy from the source signals with wireless power transfer, and during the IP phase, the relay forwards information
using the harvested energy. We consider MABC and TDBC protocols in the IP phase. All the channels are modeled
as quasi-static block Rayleigh fading channels which means the channel condition remains unchanged in a frame.
We denote har, hpgr, and h4p as the channel coefficients of S4 — R, Sp — R, and S4 — Sp links, respectively.
The channel power gains |k 4 R|2, |hp R|2, and |hap \2 are exponentially distributed random variables (RVs) with the
means Q4 = K(dar)~¢, Qp = K(dpr)~¢, and Q¢ = K(dap)~¢, respectively, where K is a frequency dependent
constant, dag, dpr, and dap denote the distances of S4 — R, Sp — R, and S4 — Sp links, respectively, and

¢ represents the path-loss exponent.

A. Multiple Access broadcast (MABC)

In this protocol, besides the time in the EH phase, two time slots are required in the IP phase. As shown in
Fig.1(a), we denote the transmission time for one frame as 73. « is the fraction of time that the relay harvests

energy from the source signals, where 0 < a < 1. The beginning a7} block time is the EH time, and the remaining



(1 — «)T7 block time is the IP time. Since the information length from sources to relay and relay to sources are
identical, each of them will occupy (1 — )T} /2 time. In the first slot of the IP phase, both S, and Sp transmit
signal to R simultaneously with analog network coding (ANC). Then the relay amplifies the mixed signals to the
two sources in the second broadcast slot.

Consider the first slot, the signal received at R can be expressed as

YR = \/EhAR$A+\/ghBR$B+n(R)a Q)

where n®) is denoted as the additive white Gaussian noise (AWGN) at the relay R with variance 012%.
In the second time slot, the relay R amplifies the signal with a scaling gain and forwards the scaled signal to
S4 and Sp with transmit power Pr, which depends on the amount of energy harvested during the energy harvest

time. The received signal at .S; (i € (A, B)) is given by

yi = G1/Prhiryr + n®, )

where i € (4, B), Gy = (Palhagr|”> + Pslhsr|” + 012%)’% is the scaling gain based on the rules of variable gain
AF relaying, and n(*) is the AWGN with variance o2. Substituting (1) into (2), after subtracting self-interference

at .S;, the signal is given by
ji = G1\/PrP;highjra; + G1v/Prhipn™ + ), 3)

where (4, j) € {(A, B), (B, A)}, we denote P4 and Pp as the transmit power at S4 and Sp, respectively. The relay’s
transmit power Pr depends on the amount of energy harvested during the energy harvest time and will be detailed
in Section III. Assuming that all the nodes have the same noise level with the variance o (0% = 0% = 0% = 0?),
the end-to-end signal-to-noise ratio (SNR) at S; is given by

_ GiPwPjlhirl*|hirl”

" G2Pglhig|*0? + 02’

4)

where (i,§) € {(4, B), (B, A)}.

B. Time Division Broadcast (TDBC)

In this protocol, besides the time in the EH phase, three time slots are required in the IP phase. As shown in
Fig.1(b), we denote the transmission time for one frame as 75. The beginning o> block time is the EH time, and
the remaining (1 — «)T5 block time is the IP time. During the IP phase, each time slot will occupy (1 — «)7T%/3.
In the first two slots of IP phase, S4 and Sp transmit information to relay R separately by time, then the relay
amplifies the mixed signals to the two sources in the third broadcast slot.

Consider the first two time slots, the received signals of S; and S; through the direct-path link are denoted as
Yi1 =/ Pjhapz; + nﬁ“, Yj2 =V Pihapz; + néj)7 )

respectively, where (i, j) € {(A,B),(B,A)}, n(li) and néj ) denote the AWGN at S; and S; in the first and second

slot with variance o7 and o7, respectively.



For the relay link, the received signals at the relay node after the first two time slots are denoted as

yr,1 =/ Pjhjrx; + nER),yR,z =/ Pih;px; + n;R), (6)

respectively, where (4,j) € {(4,B),(B,A)}, ngR) and ngR) denote the AWGN at R in the first and second slot

with variance 0%, respectively.
In the third time slot, the relay R amplifies the signal with a scaling gain and forwards the scaled signal to S4
and Sp with transmit power Pr, which depends on the amount of energy harvested during the energy harvest time.

The received signal at source S; can be expressed as

Yi,3 = Gav/ Prhir (Yyr1 + Yr2) + né“, @)

where i € (A, B), Gy = (Palhagr|” + Palhpr|” + 20%)*% is the scaling gain based on the rules of variable gain
AF relaying, and ng) denotes the AWGN at S; in the third slot with variance af. Substituting (6) into (7), and

after subtracting self-interference at .S;, the signal is given by
ng :GQ\/ PRPjhithRSUj + G2 \ PRhiR (ngR) + TléR)) + TL(;), (8)

where (i,7) € {(A, B), (B, A)}. Here, the relay’s transmit power Pr depends on the amount of energy harvested
during the energy harvest time and will be detailed in Section III.

Each source utilizes maximal radio combining (MRC) to combine the signals from the relay link and the direct
link. Assuming that all the nodes have the same noise level with the variance 02 (0% = 0% = 0% = o?), the
received SNR after MRC at S; is given by

sre _ G3PrPilhirl’|hirl* | Pjlhas|’
‘ G2Pg|hir|*202 + o2 o?

; ©))

where (i,7) € {(A,B),(B,A)}.

III. WIRELESS POWER TRANSFER POLICES DESIGN AND PERFORMANCE ANALYSIS

In this section, based on the TS receiver, three wireless power transfer policies, i.e., the DS policy, the SFS policy
and the SBS policy are proposed in the EH phase. The MABC and TDBC transmission protocols are considered
in the IP phase. In an effort to assess the proposed policies, we derive the compact expressions for principal

performance metrics such as outage probability, throughput and system energy efficiency.

A. DS power transfer policy for MABC

In this subsection, we consider the DS policy for MABC.
1) End-to-End SNR: In this policy, both S4 and Sp transfer power to the relay simultaneously, and the energy

harvested at the relay can be expressed as

Ep, = n(Palhag|* + Pplhpg|*)aT, (10)



where 0 < 1 < 1 is the energy conversion efficiency which depends on the energy harvesting circuit [17]. Based

on (10), the transmit power at the relay is given by

Ep 2n(Palharl® + Pelhpr|*)a
Pr = = . (11)
(1-—a)Th/2 (1-a)
Substituting (11) into (4), we obtain a tight high SNR approximation for the end-to-end SNR at .S, as [10, 18]
ijY
i = ) 12
T YX T (12

where (i,§) € {(A, B), (B, A)}. w; = ;4212 9 = 20

2(1—a)’

X = |higl*, and Y = |h;g|>.

a
)’

Lemma 1. We provide a unified approach to derive the cumulative distribution function (CDF) of ~; as

YO
2¢ =i | A [
F.,. =1- Ki |2, ———— 13
Vi (’Y) Qz ’(ﬂij ! ( wjﬂlﬁj> ’ ( )

where (i,j) € {(A,B),(B,A)}, K, () is nth order modified Bessel function of the second kind.
Proof: The CDF of vy; is expressed as

o)
(WX +1) e %% /°° R .S

F., =Pr|Y<——|=1- =iy Ly, 14

5 () r[ <X ol A y (14)

Using [19, Eq. (3.324.1)], we obtain the desired result in (13). [ |

2) Outage Probability: We first characterize the performance in terms of the outage probability. In TWRN, the
network is defined as in outage if either the transmission from source A to source B or from source B to source

A is in outage. Thus, the probability of TWRN is defined as
P,y =Pr (Ra < RY,or Rg < RY)
=Pr(ya <7a) +Pr(ve <1%) —Pr(va <7478 <73), (15)

where 70 = 22 — 1 for i € {A, B}, with 49 is the threshold at S, and 7% is the threshold at Sp.

Following (15) and using Lemma 1, the outage probability of the DS policy for MABC is given by

DS—MABC A A
Pout :Pout+Polet_Poultg7 (16)

where P, £ Fy, (7). Py = Fop (78), and PP 2 Fyy o (V2.78), P (Y2) and Fy, (73) are given in

out

(13), Fy, s (v4,7%) is provided in Appendix A with wy = %,WB = 0121(312173), and ¥ = (fﬁi).

3) Throughput analysis: We now derive the throughput in two different transmission modes, i.e., delay -limited
and delay-tolerant.

a) Delay-limited Transmission: In delay-limited transmission, the source transmits information at a fixed rate
and outage probability plays a pivotal role in the throughput. Given that S4 and Sp transmit information with fixed
rates RY and RY bits/sec/Hz, respectively, where R £ log, (1+1%) and Rp £ log, (14 %), the throughput
is calculated as

S % (1-PA)RY + (1— PE)RY), (17)



A

where P4, £ £, (’yg) is the outage probability at S4, and P2, & (’yB) is the outage probability at Sg,
with F,, (%) and F,, (v%) given in (13).
b) Delay-Tolerant Transmission: In delay-tolerant transmission, the throughput is determined by evaluating

the ergodic rate. Using (13), the throughput is calculated as

(1—a)Th/2

T, (E{logy (1 +74)} +E{log, (1 +75)})

Tt =

11—« o

> 11—«
= 21112/0 In(1+x)f, (= )dﬂH-m In(1+y) frp (v)dy

@1@(/°€1F ()d/\ OClF()d)\>

2In2 T+ A . 1+ A
-« / \ wJQ Q; ( \/ wJQ Q; )d)\ (18)
In2 {LJ}E{A B} (1+X)e™=i

where E {-} is the expectation operator, (a) is obtained by using the partial integration.

4) System Energy Efficiency: Based on throughput analysis, we proceed to examine the system energy efficiency
considering different wireless power transfer policies in the EH phase and different information transmission protocol
in the IP phase.

The definition of energy efficiency is given by

_pp _ Total amount of data delivered
- (19)
Total energy consumed

For the TWRN system energy efficiency, the total amount of data delivered is denoted as the sum throughput
from S4 to Sp and from Sp to S4 via the energy constrained relay R. The total power consumed is denoted as
the sum of the transmit power P4 at S4 and Pp at Sp, both including the power consumed in the EH phase and
the IP phase. Since the relay’s transmit power Pr depends on the amount of energy harvested during the EH phase,
relay does not cost extra energy. Based on throughput analysis in Section III-A3, the system energy efficiency for

the DS policy in the MABC protocol is expressed as

_EE _ T
= ) (20)
T T TPyt Ps)(1+a)

where ® € (I,t). 7P is the system energy efficiency in delay-limited transmission mode and 7% is the system

energy efficiency in delay-tolerant transmission mode.

B. DS power transfer policy for TDBC

In this subsection, we consider the DS policy for TDBC.
1) End-to-End SNR: As suggested in Section III-Al, the energy harvested at the relay can be expressed as

En = n(Palhag|* + Pglhsr|?)aTs. Q1)

Based on (21), the transmit power at the relay is given by

Ep 3770%(PA|hAR\ + Pglhpr|® )

Pr = (1—a)T5/3 (1-a)

(22)



Substituting (22) into (9), we obtain a tight high SNR approximation for the end-to-end SNR at S; as

MRC _ WJXY

; v,z 23
Vi = IX 11 + ; (23)
h .o _ 3nap; _ 2 _ 2 _ P _ 2
whnere (Z,])E{(A,B),(B,A)}, wj—o_gl o) 19— (1 a)’ —‘hiR| ,Y—|th| ,\I/j—?,andZ—|hAB| .
Lemma 2. The CDF of vMEC s
= v 2
Foure (y) =1—e %% — ™ / e N NK (1 A)dA, (24)
‘ 0
. _ 4 1 _ _ 9 1 _ 4
where (’L,_]) € {(A,B) 5 (B,A)}, ay = W m, bl = 7#%, C1 = (W — m) y andtl = ijin.
Proof: The CDF of vM RC s expressed as
w; XY
F,YIMRC (’y) =Pr |:19)]( T 1 + \I/jZ S ’y:| (25)
With the help of (13), we can obtain the result in (24). [ |

2) Outage Probability:

yMRC for the DS policy in the TDBC protocol can be expressed

Lemma 3. The joint distribution function of F. yrc
A
as

z

¢y 26
e Z, (26)

mm{ﬁ,ﬁ}
F,Y%Rc MRC (TA,TB) :/0 F

Y VAYB (TA —VUp2,Tp — \I/AZ)

where F., ., is provided in the Appendix A with w, = 0327?5)‘3), wp = Uiﬁlji), and ¥ = (fﬁi).

Using Lemma 2 and 3, following (15), the outage probability of the DS policy for TDBC is given by

PDS TDBC Poéat—i_PoB;t PAB (27)

out out

where P ut — F MRC (’}/A) PBt = F MRC (7%) and PAB = F MRC MRC (’yA,’yB) Here, F,Y%RC (’y%) and

out
F, MRC (fyB) are given in (24), Fvﬁ‘vmcﬁgmc (fyOA,fyB) is provided in (26).
3) Throughput Analysis:
a) Delay-Limited Transmission: As suggested in Section III-A3, in delay-limited transmission, the throughput
is calculated as

(1—0[)T2/3

i (1-Pa,) R4+ (1— P5,)RY), (28)

T =

where P2, = F wre (v%) and P, = F wre (Vg), Fyare (73) and Flyne (v3) are given in (24).
b) Delay-Tolerant Transmission: In delay-tolerant transmission, using (24), the throughput is calculated as

(1-a)T3/3
T

1- e
- 31113 > (e_blEi (b1)+ale"’1/0 (e“lA N K, (tlA)) Ei((\?+1) bl)d)\>, (29)

{i,j}e{A,B}
i)

(E {logsy (L +v4)} + E{logs (1 +75)})

Tt =

where Ei(+) is the exponential integral function [19, eq. (8.211.1)].



4) System Energy Efficiency: As suggested in Section III-A4, based on the throughput analysis in Section III-B3,

the system energy efficiency for the DS policy in the TDBC protocol is expressed as

_FE T®
- ; (30)
T T TPy + Py) (1+20)

where ® € (I,1).

C. SFS power transfer policy for MABC

In this subsection, we consider the SFS policy for MABC.
1) End-to-End SNR: In this policy, only a fixed source S4 or Sp transfers power to the relay. Without loss of

generality, we assume this source is S 4, the energy harvested at the relay can be expressed as
Ej, = nPalhar|*aTy. (31)

Based on (31), the transmit power at the relay is given by

Ep 2naPalharl®
P = = ) 32
BT -T2 (1-a) (32)
Substituting (32) into (4), we obtain a tight high SNR approximations for the end-to-end SNR at S4 and Sg as
as VAV X2Y
T 22 A¥B 7 (33)
bQ‘I]AX + \I/BY+ \IJAX
and
a4 X?2Y
B = 4 : (34)
boUAXY + Uy X +UpY
respectively, where X = |hagr|”, Y = |hpgr|*, az = (12272), by = %, Uy =24 and Up = 5.
Lemma 4. The CDF of v4 in (33) is
oo VbW pga?fy T g e
E,, (y)=1- Y <“B<"'2\”A‘“B“2‘”B>+“A>dx, (35)
QA Xl
with X1 = \/ =%~ , and the CDF of v in (34) is
T 5)
F'yB (’7) -1 Qﬁ e QB(az\Pi‘gﬁbe\llAwwf\PB'y) Q4 d.’I}7 (36)
A Jx,
. 2 V 2 2
with Xy = bt (gaz);rm LR
Proof: The proof is accomplished in the similar method as the proof of Lemma 1. [ ]

2) Outage Probability: Using Lemma 4, following (15), the outage probability of the SFS policy for MABC is

given by
Pi€57MABC = Pfﬁt + Pfu.t - P;LtBa (37
A A .
where P2t, = F,, (1%), P2, = Fyy (%), and P2 2 F,, ., (79,7%). Here, F,, (7%) and F,, (7%) are given

in (35) and (36), respectively, and F},, -, (fyOA, fy%) is provided in Appendix B.



3) Throughput analysis:
a) Delay-Limited Transmission: In this mode, the expression for the throughput is the same as (17), where
PASF (%) and PZ, = 2F, 5 (V%). Fya (7%) and F,, (v%) are given in (35) and (36), respectively.

out

b) Delay-Tolerant Transmission: In this mode, similar to (18), the throughput is calculated as

o [®1-F, () ©1_F, ()
T 9me (/0 Ty At /0 Tra D) (38)

where F,, (A) and F,, (\) are given in (35) and (36), respectively.

4) System Energy efficiency: As suggested in Section III-A4, based on throughput analysis in Section III-C3,

the system energy efficiency for the SFS policy in the MABC protocol is expressed as

—EE T
. 39
T Prat I(Pat Ps)(1-a) 39)

D. SFS power transfer policy for TDBC

In this subsection, we consider the SFS policy for TDBC.
1) End-to-End SNR: As suggested in Section III-C1, the energy harvested at the relay can be expressed as

Ej, = nPalhar|*aTs. (40)

Based on (40), the transmit power at the relay is given by

Eh SUQPA‘hAR|

P 41
R 0-an/3” ~ (1-a) “Dh
Substituting (41) into (9), we obtain a tight high SNR approximations for the end-to-end SNR at S4 and Sp as
MRC azV U XY
UpZ 42
YA T L UAXT L UpY L ULX U BD (42)
and
MRC 4 VaX"Y +U4Z (43)
VBT hUaXY + WX +WgY AT
respectively, where a3 = (1 a), bs = @ a) X = |hAR|2, Y = |hBR|2, and Z = |hAB|2.
Lemma 5. The CDF of fyMRC in (42) is
’VA(Z) b3 W px +\I/A1) sz
F. ]\IRC( y=1-—e “noTs / / 9p(as¥avpa?ra()¥g) Pa B0 qgdy, (44)
QAQC X,
with X| = 4/ ZAé,Z), and the CDF of yMFC in (43) is
Flunc(7)=1—¢ — 1 /‘I’WA - = /OO e_ QB(QS‘IlQAmQ‘I:g;HEf)((ZbL\PA:1:+\I/B)) _ﬁdl‘dz 45)
yyre Y QaQc X ’

2
where X = 2220) +\/(b3’;§;1,)i t4as¥575(z) , Y4 (2) =7 —Upz and yp (2) =7 — Va2




2) Outage Probability:

Lemma 6. The joint distribution function of F,nycﬁgch for the SFS policy in the TDBC protocol can be expressed

as

Tp

mm{‘l’A"I’B 6_%
F,Yﬁt‘IRC MRC (TA,TB) = / FWAWB (TA — \I/BZ, TB — \I/AZ) 9) dz, (46)
0 C

YB

where I, . is provided in Appendix B, with interchanging the parameters az — az and bz — bs.

Using Lemma 5 and 6, following (15), the outage probability of the SFS policy for MABC is given by

SFS—TDBC A
Pout =P,

+PB, _ pAB 47)

out out out

PAB

where P wt é F MRC (’yA) PB = F,Yguzc (’y%), and out é F,YJWRC MRc (’yA,’yB) Here, F’Y,JXIRC (’)/91),

out
Fyne (v%). and F, MRO MRC (7%,7%) are given in (44), (45), and (46), respectively.
3) Throughput Analysis:
a) Delay-Limited Transmission: In this mode, the expression for the throughput is the same as (28), where
PA, = Fure (v ( ) and PB, = F MRC ('yB) F xreo ('yg) and F,YgIRc (’y%) are given in (44) and (45), respec-
tively.

b) Delay-Tolerant Transmission: In this mode, similar to (29), the throughput is calculated as

ax |, (48)

Tt —

].—Ot>< /Oo]-FVXIRC('Y)d/\+/°°1F,ygIRC(’y)
where F arc (M) and Fro (M) are given in (44) and (45), respectively.

4) System Energy Efficiency: As suggested in Section I1I-A4, based on the throughput analysis in Section III-D3,
the system energy efficiency for the SFS policy in the TDBC protocol is expressed as

_EE __ T®
) 49
e PAOZ-I—%(PA-FPB) (1—a) “49)

where ® € (I,1).

E. SBS power transfer policy for MABC

In this subsection, we consider the SBS policy for MABC.
1) End-to-End SNR: In this policy, we select the strongest channel to transfer power to the relay, the energy

harvested at the relay can be expressed as
By, = nPymax {|hanl*, |hsrl } o, (50)

2 2
Py, lhar|” > |hpr| _ .
where Pj, = . Based on (50), the transmit power at the relay is given by

Py, |hagl? < |hgr|”

Eh 2naPkmax{|hAR\2,|hBR|2}

Pr=a=ompm = 1-a)

(G



o0 oo _ﬁ _ﬁ _ K _ K3
F,, (7) :/ X1 (ﬁ)dn+/ X2 (k) dk + U (K3 — Ky) (e %G —e U —my (e mify e Mm%y

max{Ki,Ks} max{Ks,K4}

Ky Ko Ky Ko

_Ky K4 _ K3 _ K _EL Ky oKy _ _Kp
+U(Ks—Ky)|e % —e % —mjle ™% —e mi% +1—e % —e % +mue ™% +mje "%,

(53)

Substituting (51) into (4), we obtain a tight high SNR approximation for the end-to-end SNR at .S; as
as ViV maX{|hiR|2, |th|2} |hir* Ry

by ¥y, max {|hiR‘27 |th|2} |hiR|2 + \Ifi|h¢3|2 + \I/j|th‘2

Vi = (52)

0-‘2

where (i, j) € {(A, B), (B, A)}, as = 7225, bs = 725, U = 5, 0, = 5 and W), = B

Lemma 7. The CDF of v; in (52) is given by (53) at the top of this page, where (i,j) € {(A, B), (B, A)}, where

))

1,z >0
U () is the unit step function with a jump discontinuity at v = 0, that is U (z) = X1 (K) = ge % —
0,z <0 !
-~ . 2\Iljn'y 7% e _ bW r“y+Tvk K Q.
%je 2 (0a¥In2 b4 ¥ jny—vi7) ’ X2 (k) = S%—ie 9 — %ie Qj(aa Wi ¥yn—vyy) iy — 7&2;}:(2_7’7713' = 791_4:9],,
bay+1/ (bay)?+4as ¥ b bay)?+dasy(V;+V; by W baW ;)2 +4as W Wy (W, +;
K, = 4+ (QZ’Z)qur 4 ’Y,KQ _ a]\pj’ Ky — 4“/+\/( 47;a:r\lji4’v( + ),andK4 _ ba ’Y+\/( 4 ;(1)4gi\11: Y(¥+ )'
Proof: The CDF in (52) can be expressed as
VW, X, Y} XY
P (7) = Pr | oty X, 1) =
: baUp max {X,YV} X + U, X + 0,V
=Pr [XAl § \IJJY"}/,X S Y,Al Z 0]
+Pr YAy <by U X2y 4+ Uy X, X > Y, Ay > 0]
+Pr[X >Y, Ay <0]+Pr[X <Y,A; <0], (54)

where Ay = aqW3Y? — by WYy — Uy and Ay = aq¥;¥;X? — Uy, Based on (54), we can obtain (53) in the
similar method as the proof of Lemma 1. [ ]

2) Outage Probability: Using Lemma 7, following (15), the outage probability of the SBS policy for MABC is

given by
Poi® MAPS = Pl + Poiy — Pof (55)
A A .
where PJ, = F., (V2) Py = Fop (73), and P 2 Py, 5 (Y3,73)- Here, Fy (v}) and Py, (73) are given

in (53) at the top of next page, and F.,, -, (’y%,’y%) is provided in Appendix C.
3) Throughput analysis:
a) Delay-Limited Transmission: In this mode, the expression for the throughput is the same as (17), where

PA, £ E,, (fy%) and PB, £ E,, (7%). Here, F,, (79‘) and F,, (’y%) are given in (53).



b) Delay-Tolerant Transmission: In this mode, similar to (18), the throughput is calculated using (38) where
F,, (X) and F,, (\) are given in (53).
4) System Energy Efficiency: As suggested in Section III-A4, based on the throughput analysis in Section III-E3,
the system energy efficiency for the SBS policy in the MABC protocol is expressed as

_EE T
_ , 56
T Pt I(Pa+t Ps)(1-a) (56)

Pa,|harl” = |hpr|
where ® € (I,¢) , and P, = .
Pg,|hagl® < |hpr|®
FE. SBS power transfer policy for TDBC

In this subsection, we consider the SBS policy for TDBC.
1) End-to-End SNR: As suggested in Section III-E1, the energy harvested at the relay can be expressed as

By, = nPymax {|hanl*, |hr|” } a5, (57

2 2
Py, |har|” > |hpr| _ o

where Py, = . Based on (57), the transmit power at the relay is given by
P, |hag|* < |hpr|”

P Eh 3no¢Pkmax{|hAR\2,|hBR|2} 58
T A-a)T/3 (1—a) %)
Substituting (58) into (9), we obtain a tight high SNR approximation for the end-to-end SNR at S; as
2 2 2 2
ne ) as Wiy mac { [hirel*, il } hinll
YRC = Wy hasl + — - —, (59)
bs W, max{Wz‘R\ gl }|hiR| + Wilhir|” + Y lh;r|
where (i, 7) € {(A, B), (B, A)}, as = 225, bs = 2%, Uy = 55,05 = 24 and Wy, = Z5.
Lemma 8. The CDF of vMEC in (59) is
w5 e 6
F,YiIMRC ('y) = / FA“ (’y - \Iljz) o dZ, (60)
0

where (i,7) € {(A,B),(B,A)}, and F,, is given in (53).

i

2) Outage Probability:

Lemma 9. The joint distribution function of F,Yﬁch7,yé/1Rc for the SBS policy in the TDBC protocol can be expressed

as
. Y4 Ypg _ =
mln{ T’A 7T’B e QC
F,YXIRC,,YJJ;IRC (TA7TB) = /0 F,YA’A/B (TA — \I/BZ, TB — \I/AZ) C dz7 (61)

where F.,, .. is provided in Appendix C, with interchanging the parameters as — a4 and bs — by.
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Fig. 2: Outage probability with o = 0.5, n = 0.8, dag = \/5/2 dBr = \/5/2, and dyp = 2.

Using Lemma 8 and 9, following (15), the outage probability of the SBS policy for TDBC is given by

SBS—-TDBC _ pA
Pout - Pout

+PB, _ pAB (62)

out out

A A A
where P(;?l,t = F,YzXIRO (’791), P(ﬁt = F,YgIRC (’)’%), and Pﬁf = F,YQ‘IRC,,)/%IRC ('y%,'y%). Here, F,YXIRC (’y%) and
Fyyne (v%) are given in (60), and F yrc yro (7v%,7%) is given in (61).

3) Throughput Analysis:
a) Delay-Limited Transmission: In this mode, the expression for the throughput is the same as (28), where

PA

out

A A . .
= F,Y%Rc ('y%) and POB;t = F,Yg/ch (’Y%), F,YXIRC ('y%) and F,Y%Rc (’Y%) are given 1n (60).
b) Delay-Tolerant Transmission: In this mode, similar to (29), the throughput is calculated using (48), where
Fyre (A) and Fyrc () are given in (60).

4) System Energy Efficiency: As suggested in Section III-A4, based on the throughput analysis in Section III-F3,

the system energy efficiency for the SBS policy and the TDBC protocol is expressed as

_FE T®
= . 63
e PkOé-%-%(PA-%-PB) (1-a) ©3)

IV. NUMERICAL RESULTS

In this section, numerical results are presented to illustrate performance including outage probability, throughput
and system energy efficiency for different wireless power transfer policies in the EH phase and different transmission
protocols in the IP phase. We assume that the co-ordinates of the relay (R), the source (A), and (B) are (1;0.5),
(0;0), (2;0), respectively. Hence, the distances are calculated as dar = v/5/2, dpr = V/5/2, and dap = 2. In

the simulations, without any loss of generality, we assume frequency dependent constant K = 1. We also set the
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path-loss exponent { = 4, the threshold value 7% = 7% = 0 dB. We assume identical source transmit power at
A and B with P4 = P = P for simplicity and SNR = %. In the figures, the solid curves represent the TDBC

protocol and the dashed curves represent the MABC protocol. We mark the Monte Carlo simulation points for



0.045 w ; x :
0.04¢ SBS o  Simulation

0.0351 < SFS —— TDBC
0.03} — -~ MABC

0.025|

)

bit/J

y(

1€nc

=)
(=]
3%}

0.015]
0.01]
0.005 1

gy Effic

Ener

% 30

Fig. 5: System energy efficiency in delay-limited transmission mode with o = 0.5, n = 0.8, dag = V5/2,
dBR = \/5/2, and dAB =2.

0.1 x x x x
QO.O9 N SBS o  Simulation
§0.08 SFS —— TDBC
§0.07* _ _ _  MARBC

£0.06/
50.054
5 0.04f
2,0.03
5002/
30.01f

Fig. 6: System energy efficiency in delay-tolerant transmission mode with @ = 0.5, n = 0.8, dag = V5/2,
dBR = \/5/2, and dAB = 2.

all cases with ‘e’. In each figure, we see precise agreement between the Monte Carlo simulation points and the

analytical curves.

Fig. 2 plots the outage probability versus SNR. We can observe the approximations are very close with the exact



simulation curves. It is shown that the TDBC protocol achieves lower outage probability than the MABC protocol,
since the TDBC applies MRC technique to achieve larger diversity gain. For the MABC protocol, we see that the
DS policy achieves the lowest outage probability, since it transfers the largest power to the relay. For the TDBC
protocol, we see that the achievable outage probability of the proposed policies is still DS > SBS > SFS. However,
it is worth noting that the SBS policy performs almost identically as the DS policy both in the MABC protocol
and the TDBC protocol.

Fig. 3 and Fig. 4 plot the throughput versus « in delay-limited and in delay-tolerant transmission modes,
respectively. Several observations are drawn: 1) in both transmission modes, as « increases, the throughput first
increases and then decreases. This is because increasing o means the relay receives more power, but less time for
information transmission. Hence there exits an optimal value which provides a tradeoff between power transfer
and information transmission; 2) in both transmission modes, for small ov, TDBC achieves higher throughput, by
applying maximal radio combining (MRC) to obtain the diversity gain. For large o, MABC performs better than
TDBC due to its higher spectrum efficiency; and 3) in the delay-limited transmission mode, for each power transfer
policy, the optimal value of TDBC achieves higher throughput than that of MABC. This is due to the fact that in
this mode the throughput is determined by the outage probability and TDBC achieves the lowest outage probability.

Fig. 5 and Fig. 6 plots the system energy efficiency versus SNR in delay-limited transmission mode and in delay-
tolerant transmission mode, respectively. One can observe is that the energy efficiency of the proposed policies
in these two modes are SBS > SFS > DS in both MABC and TDBC protocols. It can be seen that the MABC
protocol achieves higher energy efficiency than the TDBC protocol in delay-tolerant mode. It is worth noting that
for the SFS policy, the MABC and the TDBC has almost the same system energy efficiency.

Comparing the three proposed power transfer policies from Fig. 2 to Fig. 6. Some observations are concluded
as follows: 1) DS policy performs the best in terms of outage probability and throughout but consumes the most
energy; 2) SBS is the most energy efficient policy but demands instantaneous feedback information; and 3) SFS
policy has the lowest system implementation complexity but performs the worst in terms of outage probability and
throughout. Therefore, it is of importance to select a proper policy according to the practical scenario based on our

analysis and numerical results.

V. CONCLUSIONS

In this paper, amplify-and-forward two-way relay networks with an energy constrained relay node harvesting
energy by wireless power transfer was considered. Based on the recently widely adopted time switching receiver
architectures which separates energy harvesting phase and information processing phase in time, we proposed
three wireless power transfer policies, namely, dual-source power transfer, single-fixed-source power transfer, and
single-best-source power transfer. We also considered multiple access broadcasting protocol and time division
broadcasting protocol in the information processing phase. New outage probability expressions for different power
transfer policies and different transmission protocols were derived to determine the system reliability. From the

perspective of delay-limited and delay-tolerant transmission modes, the throughput and energy efficiency were



examined. Numerical results were presented to verify the analysis and compare the three wireless power transfer

policies and two transmission protocols and provide useful insights into the practical design of the two-way relaying

network with an energy constrained relay.

APPENDIX A

The joint distribution function of F,, ., for the DS policy in the MABC protocol is calculated as

F"/A»"/B (TA, TB) =Pr (’VA <Ta,7B < TB)

Cpefy < TADX D) L Tr(Y +1)
- WAX ’ - WBY
K9 /TA«;T;U e*ﬁ’ﬁd p +/K% /TB;?;U e Ta %d J
0 ‘%z Oa0p Y 0 ’I%Ay QaQp Y
A B
KY K% 67% sz Yk
=l-—emm - Y 5 / <e = “f)dn, (64)
i,j€{A,B} J 0

where KZO = <ﬁ1 + \/ﬂ% + 4WjTj(Ti)2192) /QZUJTﬂ? with ﬂl = ﬁQTjTZ-—i—wiTj—iji, (Z,j) € {(A7 B) 5 (B, A)}

APPENDIX B

The joint distribution function of F,, ., for the SFS policy in the MABC protocol is calculated as follows:

Fyyns (Ta,Tp) =Pr(ya <Ya,v8 <Yp)

=Pr[YA; SUAXYTA, YA < TpXTy (boX?+1)]
Xo

min{X;,Xo} o
e aa +/ ©1 (:c)dm+U(X0—max{X1,X2})/ 2 (z)dx
max{Xo,X1,X2} max{X1,X2}
X X1
X1 XZ
where Al = ag\:[f X2 — bQ\IJAXTA — \IJBTA,AQ = (LQ\I/A\I/BX — TB\I/B,

_ > ;’AITA -  Tpba¥ac?4Tp¥aus 4
1 (x) = QLB g L 25 (02 R o2 VW AT~ wBTA) s P2 (7) = %e oy %6 0p(a2¥avpe?-Tp¥p) 94
Xy = Bt tts x, ([T and Xy = S/E e SRR ALYS) yiy g, —

as U AU BT 4 +b2 VAT AT — a\If%TB.



APPENDIX C
The joint distribution function of F,, ., for the SBS policy in the MABC protocol is calculated as follows:
F'YA7'YB (TAvTB) =Pr ('VA <Ta,vB < TB)
=PrlYA; SUAXTA, YA <P TpX (WX +1), X >Y]
+ PI‘[XAyl < \I/BYTA,XAyQ < UgYgrY (b4Y + 1) X < Y]

— Z /oo o1 (K)dk + ©1 /KO ¢z (k)dk

i7j€{A,B} maX{Ko,Kl,Kg,Kg} max{Kl,Kg,K4}
iFEj

_ max{K;,Kp} _ min{Kg,K4} _ max{K;,Kp} _ min{K3,K4} K1
+05 (e 2y —e 2y —m;le ™% e ™S + O3 o2 (k)drK
max{Ks,K4}
Ky _ min{K;, K4} Ky _ min{K;,K4} K>
+0O4le % —e 5 —m; e ™% —e ™S + O5 o1 (k)dk
max{K1,K3}

Ky _ min{Ky, K3} Ky _ min{Ky,K3} _ min{K;,Kp} _ min{K;, Ko}
+0BOgle ¥ —e 2 —m; (e ™% —e it +1-—e @ —m;|1l—e mij ,

(66)
where Awl = a4\D?4X2 —b4\I/AXTA — \I/BTA, Awg = a4\IJA\I/BX2 — \I/BTB, Ayl = CL4\I/2BY2 — b4\I/BYTA —
VY, s .
VYA, Ayo = asWaVpY2—U,Tp, ¢1 (k) = Q%e*ﬂﬁ — Q%e 0 (aa ViR —bawin—vY0) B () = &67W —
ba W2 0T W
1 Q. (au¥, V. k2—W.T.) S Q; Q;
Le Q;(ag ;W20 ;) LMy = G, My = Wjﬂ, 0, = U (K —max{K1, Ko, K,}),

@2 = U (mil’l{Kg, K4} - max{Kl, KQ}), @3 = U (Kl - maX{K% K4}), @4 = U (min{Kl, K4} — Kg), @5 =
U (KQ — maX{Kl, Kg}), @6 =U (min{Kg,Kg} — K]_),
Ky = (ﬁ —+ \/52 + 4a4b42\I/l2Ti(Tj)2 (\IJL + \I/])> /2a4b4Tj\I'Z2, with ,B = CL4\I’1'\I’J‘T¢ + b42\I/iTiTj — a4\IJ?Tj,

K, — baTi4+4/ (baYi)?+4as¥; Y, K, — T; Ka— b4Ti+\/(b4Ti)2+4a4Ti(‘I’j+‘1’z‘)
1= 20,4‘1/1' ) 2= a4‘lli’ 3= 20,4‘1/1' ’
and K — ba WL 4/ (ba0; ;)2 +das U0, T (W +1))
4 = 2029,V :
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