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Abstract: This paper considers a wireless energy harvesting two-way relay (TWR) network where the
relay has energy-harvesting abilities and the effects of practical hardware impairments are taken into
consideration. In particular, power splitting (PS) receiver is adopted at relay to harvests the power
it needs for relaying the information between the source nodes from the signals transmitted by the
source nodes, and hardware impairments is assumed suffered by each node. We analyze the effect
of hardware impairments on both decode-and-forward (DF) relaying and amplify-and-forward (AF)
relaying networks. By utilizing the obtained new expressions of signal-to-noise-plus-distortion ratios,
the exact analytical expressions of the achievable sum rate and ergodic capacities for both DF and AF
relaying protocols are derived. Additionally, the optimal power splitting (OPS) ratio that maximizes
the instantaneous achievable sum rate is formulated and solved for both protocols. The performances
of DF and AF protocols are evaluated via numerical results, which also show the effects of various
network parameters on the system performance and on the OPS ratio design.

Keywords: energy harvesting; two-way relay; hardware impairments; ergodic capacity;
optimal power splitting

1. Introduction

Energy harvesting (EH) has recently attracted enormous attention from researchers as a promising
supplemental technology in prolonging the lifetime of a wireless network, especially in wireless sensor
networks [1], cognitive radio networks [2], etc. With energy harvesting technique, the energy can
be captured through solar power [3], strongly coupled magnetic resonances [4] or radio-frequency
(RF) signals in ambient environments [5]. Since RF signals carry energy as well as information, the
integration of RF energy harvesting capabilities into wireless communication systems provides a
possibility of simultaneous wireless information and power transfer (SWIPT) [6]. The pioneer work
of initial work on SWIPT is discussed in [7], which considers an ideal receiver design that is able to
simultaneously observe and extract power from the same received signal. However, as discussed in [§],
this such an ideal receiver does not hold exist in practice. For practical implementation, the study
in [8] also introduces two realizable receiver architectures design: time switching (TS) and power
splitting (PS).

Cooperative relay network [9,10] is a common application scenario of SWIPT. In relay networks,
the relay expenditures additional resources for relaying, which might result a decreased lifetime for
energy-constrained relay networks. A handful of research efforts have explored SWIPT for one-way
relay (OWR) and two-way relay (TWR) networks. In [11], Nasir et al. analyze TS and PS protocols for
one-way amplify-and-forward (AF) relay networks, and derive analytical expressions for the outage
probability and the ergodic capacity. Yin et al. [12] study the optimal power splitting design to
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maximize the cooperative capacity of OWR networks with AF and decode-and-forward (DF) protocols.
The work in [13] investigates the impact of SWIPT on the performance of one source-destination,
multiple-relay cooperative networks and derive a closed-form expression of the outage probability.
With relay selection, the a closed-form expression of the outage probability has been derived and
verified over independent Nakagami-m fading channels in [14] for a dual-hop wireless powered
cooperative system. For two-way relaying AF networks with the PS protocol, Chen et al. [15]
analytically derive the exact expressions, tight upper and lower bounds on the outage probability and
the ergodic capacity. In [16], resource allocation of the PS and time phases ratios for the PS-based
SWIPT and that of the TS and time phases ratios for the TS-based SWIPT are studied to minimize the
system outage probability in TWR networks.

The above research works contribute in the area of assuming that the transceiver and receiver hardware
of all nodes is perfect. In practice, however, the hardware of a wireless node undergo several kinds of
impairments such as phase noise, I/Q imbalance, high power amplifier non-linearities, etc. [17,18]. There
are several works have investigated the effect of hardware impairments (HI) in relay networks, which
are illustrated next. In [19], the authors quantify the impact of HI on dual-hop AF and DF relaying
networks and derive the outage probability subject to Nakagami-m fading. Matthaiou et al. [20] analyze
the impact of HI at the relay in an AF-TWR configuration, and deduce a closed-form expression for the
outage probability (OP) and symbol-error rates (SERs). In [21], the impact of HI on spectrum underlay
cognitive multiple-relay networks is studied. You et al. [22] study the joint source/relay precoding
design for a practical MIMO two-way AF relaying system that suffers from HI. Recently, there emerges
a few recent works concentrating on analyzing analyzed the impact of HI on energy harvesting enabled
relay networks. Do et al. [23] consider the joint impacts of EH and HI on multiple-relay one-way
networks, and analyze the OP under two relay selection protocols. In [24], the outage probability and
throughput are investigated for cognitive two-way DF relay networks, under the effects of realistic
relay transceiver structures are taken into consideration. It is evident that the research work in [23,24]
provides contributions on protocol design and outage performance analysis for energy harvesting
DF relay networks with HI. However, Do, et al. [23] analyzed OWR networks, and ignores the
multiple-access constraint in TWR with TS and PS protocols in [24]. Meanwhile, the ergodic capacity
and optimal energy harvesting design under considering the impact of hardware impairments is lack
of exploration.

In this paper, we focus on a two-way passive-relay network in which a power-splitting receiver is
adopted at the relay to replenish energy under the consideration of hardware impairments at each
node. The exact analytical expressions of the achievable sum rate and ergodic capacities in integral
closed-form are derived for both DF and AF protocols and address the optimization problems allocated
to energy harvesting and for both protocols to maximize the achievable sumrate, respectively. The main
contributions of this paper can be described in more details as follows.

e  We have presented a self-powered TWR energy harvesting and signal transmission models for
both DF and AF protocols suffered by hardware impairments considered at all nodes.

e We obtained the new signal-to-noise-plus-distortion ratio (SNDR) expressions, and derived
the exact analytical expressions of the achievable sum rate and ergodic capacities in integral
closed-form for both DF and AF protocols respectively.

e In order to obtain more engineering insights, we formulate and solve the optimal power splitting
(OPS) ratio that maximizes the instantaneous achievable sum rate for both DF and AF protocols.

e Simulation and numerical results are presented to verify our derivation and to assess the effects of
various parameter settings on system performance. The achieved sum rate with the OPS design
are compared that with the equal power splitting (EPS) design, and the performance of DF and
AF protocols are also compared and discussed.

The rest of this paper is organized as follows. In Section 2, we describes the system and signal
models, and presents the new expressions of SNDRs and the instantaneous achievable sum rate
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expressions. The derivation of ergodic capacities of both DF and AF protocols are presented in
Section 3. Section 4 formulates and develops solutions of OPS ratio for DF and AF protocols. Section 5
validates the analytical results and assesses the effects of various network parameter settings on the
performance and optimal solutions via numerical results, followed by concluding remarks in Section 6.

2. System and Signal Model

Consider a typical half-duplex two-way relay network that consists of three nodes: two source
nodes S1 and S, with continuously their power sources, and an energy harvesting relay node R, which
harvests the energy it needs from the RF signals transmitted by the two source nodes. It is assumed
that there are no direct links between the two source nodes due to deep shadowing or blockage; thus
information exchange between them only relies on the relay. A PS receiver architecture is employed at
the relay as an energy harvester, and hardware impairments that result in distortion noises suffered by
all nodes are modeled as shown in Figure 1a.

Transmission DF Protoeot Received
i T signals
signals " n
8 , ; 7 1 i 7,1

Channels

Relay
MA Phase BC Phase

(a). Energy harvesting two way relaying networks with hardware impairments

MA BC
1 Information Transmission
P S,—=>R S, >R Information Forwarding
- R—S, S,
P Energy Harvesting at relay
1/2 772

(b). Data frame structure of PS Protocol

Figure 1. System model: (a) energy harvesting two way relaying networks with hardware impairments;
(b) data frame structure of the PS protocol.

2.1. TWR EH and Hardware-Impairment-Distortion Model

The network employs a two-step multiple access broadcast transmission and assumes two
common relaying protocols, decode-and-forward (DF) protocol and amplify-and-forward (AF). In this
configuration, each round of transmission stage consist of two phases: multiple access (MA) phase and
broadcast (BC) phase. In the MA phase, the relay R harvests energy and collects receives data from the
wireless signals transmitted by both source nodes simultaneously; in the BC phase, the relay processing
the collected data it received through the DF protocol or the AF protocol, and then broadcasts the
processed information xg with the harvested energy to both source nodes. Note that the power needed
for information processing and for powering the relay hardware is ignored in the model. This kind of
assumption has been applied in a lot of references, such as [11]).

The power splitting energy harvesting protocol is considered in this paper, in which the receiver
architecture of the relay consists of a power splitter and an information decoder (ID) for the DF protocol
is adopted, or an information amplifier (IA) for the AF protocol is adopted. The power splitter divides
the received signal (transmitted by the source nodes) into two portions: one portion p (0 < p <1)is
used for EH and the other portion (1—p) for information processing.
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Hardware impairments are considered both the transmitter and receiver of each node. Similar
to [19,23], we model the received signal in the presence of hardware impairments for an end-to-end
transmission as

y=hVP(x+Ti) + Tx + 1 1)

where Tiy ~ CN(0,x2,.) and Ty ~ CN (0, k2, Prec) are the aggregate distortiona affecting noise caused
by HI at the transmitter and receiver, respectively, x;y and «,x characterize the levels of impairments of
the transmitter and receiver hardware, respectively, CN () stands for complex circularly symmetric
Gaussian distributions, Prec = |h|2P is power of the received signal expressed in (1), h is the
channel coefficient and # is the additive white Gaussian noise. For simplicity of analysis, in the
following discussion, we assume all nodes have the same structure so that the level of HI are the
same, i.e., Ky = Kpyj = K1, Kpxi = Kpyj = K2, (i,] = 1,2, 7 represent source Sy, source S and relay
R respectively).

2.2. Information Transmission in TWR

Information transmission in this paper consist of two phase, MA phase and BC phase. Let T
indicate the duration of one round of transmission, from which half of the time, T /2, is used for MA
phase, and the remaining half, T /2, is used for BC phase, which is shown in Figure 1b. In the MA
phase, source nodes S; and S, transmit the information simultaneously.

With hardware impairments distortion mingled, the received signal at the relay can be written as

YR = M/ Pi(x1 + Tix 1) + Mo/ Pa(X2 + Tix2) + Traer + 11y ()

where 7, ; ~ CN (0, K%),i = 1,2, is the HI caused by the transmitter of S;, Tx, ~ CN (0, K%(|h1 |>Py +
|h2|?P,)) is the HI caused by the receiver of R, ; denotes the channel coefficient between S; and R,
ny = ngy+ny,,, ny~CN (0,02) is the additive white noise generated at the relay. And 1,, ~CN (0,02)
is the noise generated at the receiver antenna, and ny,, ~ CN (0,07) is the noise generated in the
down-conversion process of the received signal to baseband [11]. Since in practice the power of
the noise generated at the antenna (0?) is generally much smaller than the noise power introduced
by the receiver chain (¢2), for simplicity, we neglect the noise term n,, and adopt n, = ny,, in the
following analysis.

Next, the relay then splits the received signal into two portions: ,/pyr is direct to the energy
harvester for EH, /1 — pyr is direct to the information processing (IP) circuit for information
decoding (ID), if the relay works in DF protocol or information amplify (IA) if the relay works
in AF protocol. Note that the distortion noises generated at the transmitter could contribute as
a source of energy harvesting, while the distortion noises generated at the receiver and the noise
1y, does not contribute to energy harvesting, since the power splitting process is done before the
down-conversion process (the majority of the HI distortion noises of receiver is assumed to be caused
after the down-conversion process).

Thus, we can parameterize the acquired energy at the relay node as

E = np(Py|ln|*+Pa|ha|*+ &3 (Py |1y [*+ Pa|ho|*) +07) T/ 2 3)

where 0 < 5 < 1 is the energy-conversion coefficient. The level of hardware impairments in the
transmitter and receiver, i.e., k1 and ky, are required within the region «;,i = {1,2} € [0.08,0.175] in
3GPP LTE [25]. Thus, (3) can be approximated as

E = no(Po|h|* + Palha|* + 07)T/2 (4)
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And the signal delivered to the IP circuit can be expressed as

Yir = /1= p(h1y/Pix1 + ha/Pax2)

&)
1- P(hl V Pthx,l +hoy PZTtx,Z) + Trx,r + Ny

Assume that perfect channel state information is available for all nodes. With different relaying
protocol, the received information y;» will undergo different process which is described in the following
and simply depict in Figure 1a. We describe the different process in the next.

Decode-and-Forward Protocol: When applying the DF protocol, the relay first decodes y;p to
generate the messages x; and x3, then applies a network coding function to construct the transmitted
signal as xg = x1 @ x7, and finally broadcasts it to both source nodes with the harvested energy.

Amplify-and-Forward Protocol: When applying the AF protocol, the relay utilize an amplifier
factor G to directly amplify y;p as xg = G - y;p without any decoding and then transfer the amplified
signal to both source nodes with the harvested energy.

After information processing, the relay exhausts the harvested energy to forward the processed
information to both source nodes. With the consideration of channel reciprocal, the received signals at
the source node S;,i = 1,2, is given by

Ys, = hi/ PR(XR + Ttx,r) + Ty + 1

(6)
= hj\/PRXR + hi\/ PRTixr + Ty i + 11

where Py is the relay’s transmit power, which is calculated as Pg = 2E/T, T, ~ CN (0, K%),i =1,2is
the HI caused by the transmitter of R, and 7, ; ~ CN (0, x3|h;|?Pg) are the HI caused by the receiver of
Si,ni ~ CN (0,02), i = 1,2, is the noise generated at source S;. And

x1 @ x2, for DF protocol
XR = (7)
G -y, for AF protocol
where :
G=[((1=p)(1+x7) + 1) (|1 Py + |h2]5) + 07] 2 ®

_1
= [(p+x* — o) (I1 *P1 + [ha]3) + 07] 2
where p = 1—p, k> = k2 + x3.
Since the signal power is usually much greater than the noise power, 07 in (4) and (8) will be
omitted in the following analysis.

2.3. Instantaneous Achievable Sum Rate: DF Relaying
Referring to [26,27], we obtain the capacity region of the MA phase based on (5) as
CMA(Pl/ P2/ hl/ hZ)

={(R1,R2)|R1 < C(Y1r),R2 < C(Yar), )
Ri+Ry, <C(Yma) },

where C(x) = log,(1+ x), Yig,i = {1,2}, are the end-to-end SNDRs from source node S; to relay R,
Ywma is the multiple access signal-to-noise-plus-distortion ratio (SNDR), which are presented as follows
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_ (1—p)n
VIR = 20 )+ k) 11 (102)

_ (1—p)72
J e i v (10b)

Yaga = (1-p)(r1+72) (100)

(K2(1—p) +x3) (11 +72) +1

_ [P,
Y2 = Urz .

With substitutir;g (4) and (7) into (6), we can derive the capacity region of the BC phase as follows
referring to [26,27].

hy 2P
where 7 = | 10‘2 L

Cec(P1, P2, 1y, hp)
(11)
2{(R1,R2)|R1 < C(Yr2), Ry £ C(Yr1) }
where Yg;, i = {1,2}, are the end-to-end SNDRs from relay R to source node S; written as
nev2(71 + 72)

Y = 12a

R o2 + 1) + Va (122)

Ygi = nev1(71 + 72) (12b)

~2npri(n+72) +Va

and Vj = %, W = % For the noise components in the source and relay nodes, it is reasonable to
1 2

assume 0% = 02 = 02 = 0%, which will be adopted in the following derivation.

The capacity region of a two-way relay network is constrained by both MA and BC transmissions,
therefore, the capacity region of this network exploiting the DF protocol can be presented by

R =Cma(P1, P2, 1, ha) N Cpe (PR, h1, h2)
={(R1,R2)|,R1 + Rz < Ryma, (13)
0<R; <I,0<R, <DL},
where I; =min (C(Y1gr) ,C(Yr2)), b =min(C(Y2r) ,C(Yr1)), and Rya = C (Yma)-
The total achievable sum rate of the network with the DF protocol is expressed as
RO = Ri+R

= min (11 + I, RMA)- (14)
From (10) and (12), note that under the impact of hardware impairments, a continuous increase of

the transmit power does not lead to a continuous increase of SNDR and achievable rate performance
for DE-TWR scheme.
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2.4. Instantaneous Achievable Sum Rate: AF Relaying

Since with the AF protocol directly amplify the received original data, its achievable sum rate
is dependent on the end-to-end SNDR. By substituting Equations (5) and (8) into Equation (6),
the received signal at S; is rewritten as

ysi = hi\/ PRG “Yip + hl‘\/ PRT+ n;
= h;h; (1—p)P;PrGx; + hsh; (1- p)P;PRGx;

self-interference signal required signal

+ hin/PRG[ (1 v/ PrAhy/ Po) Tix+ T r]+hin/ PRT

impairments distortion noise
+ hj+/PrGny + n;,
S—
AWGN

(15)

where i,7 € {1,2} and i # 7, Tix ~ CN(0,%3), T ~ CN(0,%%), and k? = /3 + «3.

With the perfect knowledge of channel gains and assuming channel reciprocity, S; can remove the
self-interference signal from ys, through self-cancellation process. Therefore, we can compute some
mathematic manipulations, the SNDR at each node is expressed as follows.

Y, = - Z171172 _ 16
VT B+ 72) Fpm + EsVa (16)

for Sy (i.e., SNR received at S; transmitted by S;) and

Z17172
Y, = — 1 - 17
2 E272(71 + 72) F 1072 + B3V 17

for Sy (i.e., SNR received at S, transmitted by S1), where &1 = 57p(1 — p), Ep = np[(k2 — px3) (1 + k) +
K*(1—p)], B3 = p+x* — pxy.

Accordingly, the data rate at S;,i = 1,2, is given by R; = C(Y;), where C(x) = }log,(1 + x).
Furthermore, the total achievable sum rate of the network with the AF protocol can be expressed as

RQ}; =R+ Ry

(18)
= C(Y71) + C(Y2).

From Equations (16) and (17), note that under the impact of hardware impairments, a continuous
increase of the transmit power does not lead to a continuous increase of SNDR and achievable rate
performance for AF-TWR scheme as well.

3. Ergodic Capacities Analysis

This section provides the derivation of both DF and AF protocols. The capacity expressions will
reveal the effects of hardware impairments on EH-TWR. The channel gain are set to be h; = g;/d’",
where the magnitude of g; is modeled as independent but non-identically distribute Rayleigh random
variables with variance A;, d; is the distance between S; and R, and m is pass loss exponent.

Two lemmas are presented to help the following derivations of ergodic capacities.

Lemma 1. Since g; obeys Rayleigh distribute, v; = Wh — gé,},/f also obeys Rayleigh distribute as well.

o2

The probability distribution function (PDF) of y; is presented as

frily) = A,»e_Ai'y, fory >0 (19)
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D

dan
where A; = vl Vi= 4.

Proof. The proof is straightforward, which is omitted here. [

Lemma 2. Let Y be an arbitrary variable. Then
too 1 — FY
20
C=E{ckx 2ln2/ 1—|—t at (20)
where C(Y) = Llog,(1+Y), Fy(-) is the cumulative distribution function (CDF) of Y.

Proof. With C(Y) = 41log,(1+Y), E{C(Y)} can be obtained by E{C(Y)} = 1 [;"log, (1 +t) fy(t)dt
Then utilizing partial integration, which leads to (20) by using the integration by parts. [

3.1. Ergodic Capacity of DF Relaying

In order to determine the ergodic capacity of the DF protocol for such an EH-TWR networks,
we need to evaluate the ergodic capacity of the source-to-relay link C;,, the relay-to-destination link
C,i, and the multiple-access constraint capacity Cmac. Based on Lemma 2, it is non-trivial to obtain the
CDFs of each SNDRs: Fy,,, Fy,,, and Fy,,, first.

Theorem 1. Denote X = 1, Y = 2, the CDFs of Y;r, Yri, and Yma is given by

tA;

ke 1 _ p
E. (H=1—c¢ (1—9)—‘*((1—P)K%‘HK%/ o<t —M— 21
e () (1-p)xi+x3 =
—Ap ] 1
Frg(f)=1—¢ VI oz, o<i< )
For Fy,,,(t), there are two cases based on the relative values of Ay and A;. When Ay = Aj,
1—
0<t<Gnrg
tA2 A 4
oK 2 p—t(k2—pr2
Fa(t) =1—e T — o G re T, *)
7‘0
When A1 7é Ay, 0<t< = p)K +K2
tA tA
Al 5 22 2 Az 5 2] 2
=1 p—t(k=—pKs) p—t(x=—pxq) (24)
Fan® =144 CTAAS 1
where
1 tAZV;
6= / (1—tx2)y0 67<(A17 T ncz)w%>dx (25)
Jo

andi,i€ {1,2},i#i,p=1—p.

Proof. The proof is given in Appendix A. O

With the derived CDFs: Fy,,, Fy,,, and Fy,,,, we can further derive their ergodic capacities as
shown in the following Theorem 2 based on Lemma 2.
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Theorem 2. The ergodic capacities Cix = E{C(Yir)}, Cri = E{C(Yri)}, Cma = E{Rma} can be
calculated as

A
S 1 2 _p+1(2~lp1<2 A
Cir S 2In2 |1+ ue = p—i—KZ_pK%
A (26)
2.7 Ai
+ KooK
Jie 1 <K2—pK%>
1 2 | A A
Cri= 31 { 241 Cl( K2 1 1)>COS< K2+ 1)

. A . A A TN A

+Sl< (;{2_{_1)>Sm< (1{2—|—1)> —2]][Cl< K2>COS< K2> (27)
A A; J14; J3A; 5

+Sl< KZ>SIH< 1<2> + 0 1+Z+K2+(K2—|—1)Z>Cidz}

For Cypa, it has are two cases determined by the size of A1, Az. And for Ay = Ay, Cypa is expressed as

2 .2 A
Cvma= ! idz X P ooty . 2
Aq K2 — 3

2In2 | x2—px?
Aq
L(p)hdy |1 etwed A
(1-p)

Eq
K2—pxi A1 (1-pHx2—pr

Hi2—pxc?
. (28)
A
L G Ay
< _, KPR E e S
T N a=p)+2—p2
Ay
e rin( 22 )L
K2 — K7
and for A1 # Az, Cya is expressed as
A
(A=A pAL 5a%e Ay
—_ Ke—pr] E e
Cua 2In2 1+516 EL p+K2_pK%
A A
Ay a2 Aq Can Aq
+ e P E [ ———— |+ Ape™ PME 29
1o, S J1 A2 o2 (29)
Ay
1A E, ( 2A2 2>}
K2 — P
where
hi=-1 (30a)
Jo=1+« (30b)
2 K3
Js=1+u, u=xy+

: - (30c)
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and

zV; zA-V;
. 2 —((A-A iil
¢ :/ Znp e (( 1—Ag)x+ Zp x)dx (31a)
0

[es] e—Z

Ei(z) = / ¢ i (31b)
z ya

ci(z) = —/ coszdz, si(z) = —/ SN2 g, (31c)
z z z y4

A2V
A =1L (31d)
np

Proof. The proof is given in Appendix B. O

Using the obtained ergodic capacities of each link, the total ergodic capacity can be obtained by
CYF = min (E{L;} + E{LL}, E{Rma}), (32)
where E{l;} = min(E{C(Y1gr)}, E{C(Yr2)}), E{L2} = min(E{C(Y2r)}, E{C(Yr1)}).

3.2. Capacity of AF Relaying
For the AF protocol, the total ergodic capacity can be given by

Ce' = E{C(Y1)} + E{C(Y2)} (33)
The CDFs of Y; and Y3 is presented as following Theorem 3.

Theorem 3. With the define of X = y1 and Y = 5. Fy,(t) is obtained as

LAz . =
Fy,(t) =1— Ae &=y %Kl(\/ Bixi) t< o (34)
i o)
where -
B — 4A;E; Vit
H1 — tEy (35)
tEy Az
Xi=Ai+ o——
Gl 1C))
and K (+) is the first-order modified Bessel function of the second kind [28].
Proof. The CDF of Y; for the AF protocol is derived as follows. O
Fyl(t) =Pr{Y; <t}
_py { Eime < t}
Eam1(m +72) +1pm + EsV (36)

= Pr {E1XY < t(EzX(X + Y)+77pX+E3V1)}
— Pr {(El—th)XY < t(EzX2+17pX+33V1)}
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[I]‘B]

Thus, when t > 2L, By () = 1, and when t <

tEy typ tZsV; 1 }
F. (t) =PriY< X+ -—= —t+= e
Yl( ) { 1—t\_42 (Ll—t\iz) (Ll—tﬁaz) X

tEy tnp tEsV; 1
= x(O)K(z—z X+ = =t == v )dx
/owf ( ) (dl—fdz (bl—tﬁz) (bl—tbz) X)

37
My sy _tip Vg 1 (37)

:/mAle_Alx(l _ ol e ey 1)) gy
0

tApynp tArEy tApE3Vy 1

=1- Algi(arﬂz)/ooe i(AlJr Ep-tE 2)+(51*f32)§idx,
0

% and x1 = A1 + i‘iﬁz . Fy, (t can be rewrite as shown in (34) by using the

equation fo e~ T dx — [ Ki(v/B7) (126, 3.324, 1]). The CDF of Y; can be derived using the same
derivation which is omit here due to page limitation. O
Substituting the obtained Fy, (t) into (20) , which gives in Lemma 2, the ergodic capacities Cy, can

be calculated as N
zAmmp —
Aje F1%2 \/ % B Kl(\/ Bixi) (38)

Cy,=E{C(mi)}= Zan/ E(1+2)242(1+2) *

Denote ﬁl =

A

where z = EEJ?Ez’ i = AE s Viz , Xi = A;j + A;z. Then, substitute (38) into (33) will result in the total

ergodic of AF protocol.

4. Optimal Power Splitting Design

Note that if more received signal is allocated to harvest energy, a higher available transmission
power can be obtained, which may lead to a higher transmission rate, but less signal is
left for transmission, which may lead to the decrease of transmission rate, and vise versa.
Therefore, optimizing p is proposed as a way of improving.

With the obtained ergodic capacity expressions of DF and AF protocols derived in Section 3,
the OPS value that maximize the ergodic capacity can be obtained by solving the optimization problem:

OP0: p° = arg (maximize (CCQ>
o (39)

st. 0<p<1

where Q = DF for DF protocol, and Q = AF for AF protocol.
However, due to the complicated integral and Bessel function in each ergodic capacity expression,
a closed-form solution of the OPS ratio can hardly be obtained. Instead, we are interested in finding
the OPS ratio that aims at maximizing the instantaneous achievable sum rate. This optimization is
formulated as
OP1: p° = arg (maximize R?um>
0 (40)
st. 0<p<1

where Rglm denotes the achievable sum rate of using the DF (i.e., Q = DF) or AF (i.e., Q = AF) protocol.
Next we design the OPS ratios for DF and AF protocols, respectively.

4.1. The Optimum PS Design for the DF Protocol

From (40), we first analyze the analytical expression RLE, to determine the OPS ratio.

Equation (14) shows that the achievable sum rate RLE is determined by I; + I, and Rya. Since log, (x)

is a monotonically increasing function of x, we note that Ryia (p) = C(Yma) is a decreasing function
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of p because Yy is a decreasing function of p. The analytical expression of I(p) = I1(p) + L(p) is
expressed in the following proposition.

Proposition 1. I(p) is a three-segment continuous function, segmented by pP5 = min(pq, p2) and pRk, =

max (o1, 02). The optimum 1(p) exists in the range of [p2F , pRF 1, where

\/(1 + bl)Z + 4b1K%')/1 - (1 + bl)

= 41
o1 2 (41a)
\/(1 +2)? + 4by3 Y2 — (1+ by)
p2 = . (41b)
2K572
p= V2 - 1V (410)
ny2Ys Y17
and I(p) is given by
o727 neY17Ys
e i)
(KZ’YP’YZ’YE + Vz) om s + Vi
/0 < p<pin
A=plyn ), (W)
1(0)={ \(G(1=p)+:3)7u+1 K207 Ys + Vi @)

DF DF
7 Pmin < P < Pmax

(1-—p)m (I—p)r2
¢ <(K%(1—p)+'<%m+l> e ((K2(1—0)+K%m+1>

P <p <1

where 7z = ¥1 + 72, and n = 1 when ¥ < 72, n =2 when ¢ > 7.

Proof. The proof is given in Appendix C. [J

By analyzing the second-order derivation of I(p), it is easy to determine that in the region of
p € [0,1], the three sections of I(p) are, respectively, an increasing function, a concave function and
a decreasing function. Since I(p) is continuous, the overall function I(p) is a concave function. It is
straightforward that I(p = 0) = I(p = 1) = 0, Rya(p = 0) # 0 and Rya(p = 1) = 0. Thus, I(p) and
Rua(p) have one and only one intersection within the region of p € [0, 1]. The achievable sum rate
RPE (o) = min(I(p), Rua(p)), whose analytical expression can be determined by using the following
Proposition 2, is achieved by combining I(p) and Rya (p).

Proposition 2. Denote the second-segment of I(p) as Isg(p) = C (%) +C ((K%(l(;_)%) ,0€[0,1],

it can get conclude that Isg(p) and Rya (p) have one and only one intersection point in the range of p € [0, po5,].

Let p™ be the intersection of Isg(p) and Rya(p), there will be two cases for RPE (0):

Case I: If o™ < pPF
npY27Ys PY17s
C +C ,
<K2’7P72’Yz + Vz) <K277P’Yl e+ V1>

R (0)= Osp=p (43)

1-— *
RMA_C<(K2 (1-p)7s >,p <p<1

T(1—p)+K3)7s +1
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Case II: If p™ > pPF

c ( 1oY2Ys ) iC ( oMY= )
K2p727: + Va K2py17: + Va
,0<p <Pt

min
(1—p)rn ( HOYn Y= >
DF (\_JC| ———F/Tn )\ of AFTmTE
Rsum (P) - ( (K2 7PK%)77’1 +1 + K277P’Yn')’2+vn (44)
i <p<pt

(1-p)r= + DF
Rua=C| ——F= ) st <p<
MA ((KZPK%)’)@ +1 Y Y Pmax

where p" is the intersection of Isz(p) and Rya(p), which can be obtained by solving the following
Kubischen Polynoms
Bip®+Byp*> +Bjp+ By =0
Bi = (1+ k) n7572
By = = ynyelyurct + 1 (14 12) yuy
+ (1) (14 &) (90 = <273 (45)
By =(1+ &) 7urx(1+ (1+ &%) (vu — % 7a))
+ (1 +&2(1+63)Vuya
By =— (1+x*)*Vava
and p* is the intersection of the first segment of 1(p) and Ry (p), which can be obtained by solving Kubischen
Polynoms as follows
Bip® + B3p® + Bip+ B; =0
Bi =n*1im12 (kG — ki (1+ 1))
B3 = vemy2((1+2x%) + &2 (1 + &%) yz)
+ 17365 (12Vi + )
By =n7:(m2Vi +mV2) + 1:Vi V2
By =—1:WV;

(46)

Proof. The proof is given in the Appendix D. O

From the two cases of the achievable sum rates expressed in (43) and (44), we analyze the OPS
ratio p° by case studies.
4.1.1. Case L: p™ < pPF
From Equation (43), we can calculate that the first segment is an increasing function of p and the
second segment is a decreasing function of p. Since RLY,, () in a continuous piecewise function, it is easy to
get that the optimal achievable sum rate is obtained at p*. Thus, in this case the optimum power splitting
ratio is p° = p*.
4.1.2. CaseII: o™ > pPF

min

From Proposition 1 and the monotonic of Ryia (p), we get that the maximum achievable sum rate exists
in the second segment of (44), i.e., p° € [pDF , p]. Thus, the OPS value is determined by Lg, p € [oDk , p™].
Because Is¢(0), o € [0,1] is a concave function, there should have three subcases to determine the optimal
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value by analyzing the location of the extrema of of Is¢(p). Denote o as the extrema of of Is¢(p), it can be
obtained by solving the following quadratic equation

B$p% + B p + B =0

=17 Vit (14x3) 73 =2 (1+67) (L2 y) 1P 75 v
BSX = 1175 Vi [ 20% (L+1) 13 (L426%)) 29 (L7 +7)]
B =9 Vu [K2(14+K2) 72+ (14262 +1] — (142, ) V2

(47)

Through analysis of the locations of the extreme value o™ of I (o), we can get three subcases for
Case II

e Subcase 1: p™ < pDF
Since Isg(p) is a decreasing function in the range of [0®, 1], it is easy to obtain that I, p € [DF 7]
is also a decreasing function. Thus in this case, the optimum power splitting ratio is p° = p2t .

e Subcase 2: o € [pPF  p*]
In this case, I;z(p) is an increasing function in the range of p € [p™™, p®]
function in the range of p € [0, p*]. Thus, Lsg, p € [phi,, o] is a concave function and obtain its
maximum at p° = p*.

e Subcase 3: p* > p*

and is a decreasing

Ii¢(p) is an increasing function in the range of [0,p®]. So in this case Iy, p € [phi,, p"] is an
increasing function of p. Its optimum is laid on the border p° = p*.

With the aforementioned analysis, we can obtain the optimal power splitting ratio for DF protocol,
which is expressed as follows

p*,  forp* < ppin
o ) pmins forp™ > pRl and o < pRi, 18
P =9 e + < DF DF ex _ 4 (48)
p™,  forp™ > ppin and pri, < 7 <p

DF

p*, forp™ > pniand p™ > p*

4.2. The Optimum PS Design of AF Protocol

Based on (16) and (17), we analyze the OPS ratio for the AF protocol starting from (16) and (17).

With the notice of that Y1 and Y, are both concave functions of p, it is easy to find that R4Y, is a concave

AF
function. The OPS of AF protocol can be obtained by equating a%;’” = 0. However, it is difficult to

directly calculate a closed form solution of the OPS ratio by solving a%%l:” = 0 because of complex

AF
high-order polynomial function of p in the numerator and denominator of algﬂ. Therefore, we turn to

utilize an approximate optimal solution for AF protocol with the consideration of high SNR regimes.
Using the fact that log, (1 + x) ~ log,(x) when x > 1, the instantaneous achievable rate of S; can
be simply approximated in high SNR regimes as

Eime
Eoveyi +npvi +E3V;

1
R; ~ 5 logy (49)

Since the convexity of log,(x) is the same with that of x, by analyzing the convexity of

S bre ;v it is easy to get that R; is concave function. And, thus, RAE (0) = Ry + Ry is concave
function.

The first derivatives of R4k, can be obtained as

AF
OR _ 9Ry | 3Ry (50)

d% o O
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The obtamed R is expressed on the top of next page.

AR, 1 (mmz(lﬂ )5+ —(14+K3) Vi) p* +2(1+x%) Vip— (141 V;
= 22 (-0l (G-I i (AR v - A Vp— (L) V]

(51)

By equating aRl + aa% to zero, we obtain that the OPS ratio that maximizes R4}, (o) must satisfy the

following equatlon:
Qip* + Qap + Qap® + Qup + Qs =0 (52)

where Q, = L,1 — Lpp,n € {1,2,--- ,5}. And L, ;, i € {1,2}, is expressed as follows

=qyil927i + 1vi — k1, Vi

Lz — (q27i + 177vi — K2 Vi) (@37 + i — K1, V5)
—|—2q11< Vi

Ly = — (q27i + n7i — &1, Vi3 Vi — it Vi (53)
—2(q37; + 77 — K. V)R

Ly = — 2 V;Vi+ (q37; + 177 — 2, Vi3V,

Ls,; =K V;V;

and q1 = (13 + 136> + 12)ys, g2 = K3 (L+x2)ys, g3 = > (2 + €2) e, k2, = 1+ x%, k2 = 14«2
The above function is a quartic polynomlal on p and has at most four real roots. Slnce RAE (p)isa

AF
concave function, at most one of these roots of 2 1’;’” = 0 is real and positive.

5. Numerical Results
5.1. Effects of Various Parameters on Ergodic Capacity

The purpose of this set of simulations is to validate the correctness of the ergodic capacity
expression derived and investigate the effect of various parameter settings on the ergodic capacities
for that uses the DF protocol or AF protocols. Parameters chosen are: k1 = k3 = Kave, o2 =10"°.
The channel gains are considered as Rayleign fading with pass loss, where the variances of the channel
coefficients satisfy A1 = A, = 1, and the pass loss exponent is set as m = 2.7. The transmit power
P} = P, = P;, which is within the region P; = [0,30] dBm.

Figure 2 shows the effect of x,v. on ergodic capacities. The utilized parameter settings
are: p = 05, di=dy=5m, and # = 0.8. The ideal hardware impairment situation
(Kave = 0; i.e., no hardware impairments) are presented as benchmark performance. This figure shows
that the ergodic capacities obtained by using the closed-form integral expressions are identical with
Monte Carlo simulations. When the effects of hardware impairments are considered, the ergodic
capacities tend to saturation with the increase of P;. And the higher the value of %,ye, the more
quickly the ergodic capacities saturate. This is because the distortion noises introduced by hardware
impairments also increase when P; increases, which will set a bound on the SNDR of each transmission
link. Meanwhile, we also find that the effect of xaye on the DF protocol is more obvious than that on
AF protocol. This is because in AF protocol, the amplification of useful signal is more effective than
distortion noise with the increase of P;, which will slow down the effect degree of the distortion noise,
thus do not contribute severe distortion noises than in the DF protocol in the high SNR region.
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Figure 2. The effect of xave on Ergodic Capacity for DF (upper) and AF (lower) Protocols.

The effects of relay deployment on ergodic capacities are presented in Figure 3 for the DF
protocol (left) and the AF protocol (right). The distance between S; and S, is fixed as d; +d> = 10 m,
where d;,i € {1,2} is the distance between S; and R. The utilized parameter settings are: kaye = 0.1,
p = 0.5, 7 = 0.8 and destination pair (d1,d2) = {(1,9),(3,7),(5,5),(7,3),(9,1)} m. It is observed that
the ergodic capacity obtained by the closed-form expressions coincide with that obtained by Monte
Carlo simulations (Simu). It is evident that the ergodic capacities when (d,d2) = {(1,9),(3,7)} m
are identical with that when (d1,d>) = {(9,1),(7,3)} m for both protocols, which infers that the
ergodic capacities of both protocols are symmetric with the increase of d;. This is because when set
P = P, and fix the distance between S and S, the system is symmetric, and thus contribute to a
symmetric performance. We also find that the DF protocol have the minimum ergodic capacities
when the distance pair are set as (d1,dz) = (5,5) m, the minimum ergodic capacities of AF protocol
is obtained when (dq,dz) = (5,5) m in the low SNR region, and varies to different destination pairs
when setting the transmit power P; to some certain values. This abnormal phenomenon of AF is due
to the amplification process.

DF Protocol AF Protocol

25

251

N

Ergodic Capacity
[
[6)]

[

O o % * +
o
S
(9]

20 30
P, dBm P, dBm

Figure 3. The effect of d1 on Ergodic Capacity for DF (left) and AF (right) Protocols.

The effect of energy efficient conversion ratio 1 on ergodic capacities are presented in
Figure 4 for the DF protocol (left) and the AF protocol (right) with parameters x,ve = 0.1,
7 =0.5,(dy,dy) = (55)m, n = [0.2,0.4,0.6,0.8]. It can be noticed that the ergodic capacities of
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both protocols obtained by the closed-form expressions are in accordance with that obtained via Monte
Carlo simulations (Simu). With the increase of 7 , it is observed that the ergodic capacity of both
protocol increase. This is because Py increases with the increase of #, which will enhance the transmit
capabilities of the BC phase. And since Py is provided by energy harvesting, the value of Py is usually
not very large. Thus the BC transmission ability dominates the value of ergodic capacity. Thus, with
the increase of 7, the ergodic capacities increase. The value of 1 also effects the saturation rate of the
DF protocol and the gap between the curves of AF protocol. This phenomenon is due to the value of
effects the value of distortion noises.

DF Protocol AF Protocol

3 25
O n=08 O n=0.8
¢ n=05 b ¢ n=05
251« n=02 ol * n=02 |
Simu Simu K
ol
2
S 15f
Q
]
O 15}
Q
°
o
=4 1r
w
1t
0.5f
0.5 1
i 2o FZ 22l
0 10 20 30 0 10 20 30
P dBm P dBm

Figure 4. The effect of # on Ergodic Capacity for DF (left) and AF (right) Protocols.

The effects of the power splitting ratio p on ergodic capacities are evaluated for DF (left) and
AF (right) protocols in Figure 5 under the parameters setting: 7 = 0.8, (d1,d2) = (5,5) m, Kave = 0.1,
p = [0.1,0.5,0.9]. The ergodic capacities of both protocols obtained by the closed-form expressions
are in accordance with that obtained via Monte Carlo simulations (Simu). It can be noticed that the
maximum ergodic capacities of both DF and AF protocols with p = 0.9 has best performance in low
P; region; while with the increase of P;, the maximum ergodic capacity change to the value with
parameter setting p = 0.5 and further change to that with p = 0.1. This configuration verifies that
the ergodic capacities can be enhanced through the design of p, which validates the meaning of OPS
design analyzed in Section 4.

DF Protocol AF Protocol

3 u 25 u
*  p=0.1 ke *  p=0.1
O p=05 ¢ p=05
250 o p=09 o] © p=09 , |
Simu Simu k
2l
2
e 15f
3 D
O 15} ]
L
8
j<d 1r
w
1}
0.5f
0.5f 1
o i i i i
0 10 20 30 0 10 20 30

PI dBm P‘ dBm

Figure 5. The effect of p on Ergodic Capacity for DF (left) and AF (right) Protocols.
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5.2. Effects of Various Parameters on OPS design

The purpose of this set of simulations is to validate the validness of the OPS design and investigate
the effect of parameters setting on OPS design for that uses the DF protocol or AF protocol. Since in
a practical scenario, the energy conversion efficiency can be known in advance, we mainly focus on
the effect of tranmitted power P;, impairments distortion level xayve and relay deployment d; on OPS
design in this section. Parameters chosen are: x; = k2 = Kave, c2 =10"°, n=208,d +d, =10m,
Al = )\2 =1,m= 2.7andP1 = Pz = P

To better understand the importance and the effect of OPS design, we use p as x-axis to see
the ergodic capacities (EC) and average achievable sum rate (ASR) changes with the increase of p.
In Figure 6, we present the effect of PS ratio on EC and on average ASR for DF protocol, where the EC is
obtained by using the derived closed-form expressions in Section 3.1 and the average ASR is obtained
by doing Monte Carlo simulation using (14). It can be notice that, there exists a maximum value for
both ergodic capacity and average ASR with the increase of p, and the value of p that maximize EC
and average ASR varies with different transmit power P; sets and different distortion level xaye sets.
The curves of EC and average ASR are not exactly the same, and with the increase of P; and xave,
the gaps becomes smaller. Though simulation inspect, we find that this is because due to different
calculating of EC and average ASR, the correlative influence introduced by multiple-access restraint
differs. In addition, with the increase of Py and «ave, the correlative influence comparatively decreases.

35

~ \«—— P=30dBm

15F N

Ergodic Capacity/ Average ASR

) —A— ASR, K =0.175

‘\ ;) €«— P‘:lsdBm —&— EC, K, =0.175

—&— ASR, K =0.08

—6— EC,k,, =0.08

0 i i I I .=

0 0.2 0.4 0.6 0.8
P

0.5

Figure 6. Comparison between ergodic capacity and average achievable sum rate versus p for DF protocol.

In Figure 7, the EC and average ASR with the increase of p for AF protocol are presented. The EC
is obtained by using the derived closed-form expressions in Section 3.2 and the average ASR is obtained
by doing Monte Carlo simulation using (18). It can be noted that the curves of EC coincide with the
curves of average ASR. This is because without the multiple-access constraint influence in AF protocol,
the calculation of EC is equal to the calculation of average ASR. In addition, we also find that the
transmit power P sets and the distortion level x,y. effect the OPS value.
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Figure 7. Comparison between ergodic capacity and average achievable sum rate versus p for AF protocol.

In the following configuration, we analyze the effect of parameters setting on OPS design, and the
OPS ratio is obtained aiming at maximizing the instantaneous achievable sum rate which is derived in
Section 4. Figure 8 shows the average achievable sum rate as a function of the transmit power P for DF
and AF protocols. The setting of distortion level xaye = {0.08,0.175} is adopted. Both the numerical
search (NS) and the OPS closed-form derived in Section 4 are used to find the OPS ratio and calculate
the corresponding achievable sum rate. The achievable sum rate with EPS is presented as benchmark
performance. It can be noted that the curves obtained by numerical search coincide with that obtained
by using closed-form OPS. It also shows that the OPS design outperforms EPS in each xaye setting, and
the gap grows with the increase of xave. The effect of OPS design with DF protocol is more obvious
than that with AF protocol.

35 T T
O K,,=008, OPS, AF

QO K,.70.175, OPS, AF

—%— K_,=0.08, EPS, AF

AHOO

—+— K, ,=0.175, EPS, AF
251 O «,,=0.08 OPS,DF
O K,,=0.175,0PS, DF
—— K =0.08, EPS, DF
——— K, =0.175, EPS, DF

15

Average ASR

0.5

0 5 10 15 20 25 30

Figure 8. Average achievable sum rate comparison versus P for DF and AF protocols.

Figure 9 presents the value of OPS ratio versus the transmit power P; for DF and AF protocols.
The setting of distortion level xayve = {0.08,0.175} is adopted. Seen from this figure, we find that the
OPS ratio obtained by closed-form coincides with that obtained by doing NS for DF protocol, and the
OPS ratio obtained by closed-form is quite similar with that obtained by doing NS for AF protocol.
It is easy to noted that the OPS ratio is a monotonic decreasing function with the increase of P for both
protocols. The reason for this phenomenon is because when the source provide high transmit power,
the recruit of harvested energy is more prone to satisfy the relay to destination transmission, and the
enhancement of system performance is relies on the source to relay transmission which means that
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more information needed to be split to information decoder circuit, i.e., (1 — p) enhances. We also
find that the OPS ratio with xave = 0.175 setting is higher than that with x,ye = 0.08 setting for both

protocols. The reason for this phenomenon will be discussed below Figure 11.

Optimal Power Splitting Ratio

> 0 <0

K_ =0.175, DF
ave

K_ =0.08, AF
ave

K =0.175, AF

ave

k_ =0.08, DF
ave

OPS NS

0.1
0

5

10

15
P, dBm

20 25 30

Figure 9. The effect of P; on OPS design for DF and AF protocols.

Figure 10 plots the achievable sum rate versus hardware impairments distortion level x,ye for
both DF and AF protocols with different transmit power P; = {15,30} dBm. The curves with black
solid line were generated by utilizing the OPS through numerical search (NS), and the curves with
mark were generated by utilizing the OPS derived in Section 4. EPS design is adopted as benchmark
performance. As shown in this figure, the achievable sum rate is decreasing and will tend to flatten out
as Kaye increases, and the lower the transmit power, the faster the rate approaching to flat. This figure
also verifies that OPS design outperforms EPS scheme, and the gaps of DF protocol between OPS and

EPS design is bigger than that of AF protocol.

Figure 10. Average achievable sum rate comparison versus x,ve for DF and AF protocols.

Average ASR
w
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The effect of xave on OPS design for DF and AF protocols are presented in Figure 11. This figure
presents that the OPS ratio obtained by closed-form is identical with that obtained by doing NS for
DF protocol, and for AF protocol, the OPS ratio obtained by closed-form is very close to that obtained
by doing NS. It is observed that the OPS ratio is a decreasing function of xave, and the decreasing
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slope increases with the increase of P;. This is because the higher xave makes worse decoding ability.
To enhance system performance, more energy need to be diverted to the ID circuit to satisfy the
decoding process, thus, OPS value decreases. We also find when «,ye is the same, the OPS value with
the higher P is lower than that with the lower P;. This is because in higher P; region, the harvested
energy is more prone to satisfy the BC transmission with small p.
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0 0.05 0.1 0.15 0.2
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Figure 11. The effect of x,ve on OPS design for DF and AF protocols.

With fixed xave = 0.1, we analyze the effect of relay deployment on average ASR with the set
of P, = {15,30} dBm for DF and AF protocols (d; is chosen as the x-axis) in Figure 12. This figure
verifies that the average ASR with OPS obtained in Section 4 and that obtained by using NS are the
same, and the OPS scheme outperform the EPS scheme. For DF protocol, the average ASR is a convex
function with the increase of d; for P+ = {15,30} dBm. While for AF protocol, the average ASR is
convex function when P; = 15 dBm, while when P; = 30 dBm, the average ASR is a concave function.
This phenomenon echoes the conclusion in Figure 3 (right) that when P; increase to high enough,
the relay is better to deploy close to any one of the source nodes.

Average ASR

O  P=30dBm, OPS, DF O P=30dBm, OPS, AF OPS, NS
1

0.5H o  PF15dBm, OPS, DF o  Pg=15dBm, OPS, AR 1
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i

i
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d

Figure 12. Average achievable sum rate comparison versus d; for DF and AF protocols.

Figure 13 plots the value of OPS ratio versus d; for DF and AF protocols. It shows that the OPS
ratio obtained by closed-form is identical with that obtained by doing NS for DF protocol, and for AF
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protocol, the OPS ratio obtained by closed-form is very close to that obtained by doing NS. With the
increase of dj, the OPS values of both DF and AF protocols are concave function. This is because
when P; = P, and d; + d2 = 10 m, the system has symmetric nature. In addition, when the relay is
deployed in the middle of S; and S, the harvested energy is the smallest with the fixed p, and the
harvested energy increase when the relay getting closer to any of the source node. Thus, to enhance
the performance, more energy is needed to be allocated to energy harvester when (dy,d») = (5,5),
and when d;,i = 1 or 2 decrease, less energy is needed to be allocate to energy harvester. We also find
that the curves with Pt = 30 dBm are lower than that with P; = 15 dBm. This is because with higher
Py, the harvested energy is more prone to satisfy the transmission with lower p.
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Figure 13. The effect of d; on OPS design for DF and AF protocols.

6. Conclusions

This paper analyzed the a rigorous analysis of a two-way energy harvesting relay network assuming
a realistic scenario that the transceiver and receiver hardware is imperfect and will cause distortions.
After analyzing two different transmission protocol (DF protocol and AF protocol), we derive the new
expression of sum rate with impairment distortions considered. Then, we derive the exact analytical
expression of ergodic capacity for both DF and AF relaying protocols. Furthermore, the OPS ratio
that maximize the instantaneous achievable sum rate is formulated and solved for both protocols.
Through numerical results we find that a continuous increase of the transmit power does not lead to a
continuous increase of the ergodic capacity or the achievable sum rate when HI is considered. Also, the
effect of HI is more obvious for DF protocol than for AF protocol with the increase of the transmit power.
It can be also noticed that the achievable sum-rate with the OPS design outperforms that with EPS design.
These results and observations provide very useful insights to guide the system optimization.
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Appendix A

Denote 71 = X, 72 = Y, the PDF of X and Y is fy(x) = fOOOAle’Alxdx,x >0, fyly) =
fOOOAze_Azy dy,y > 0, respectively, according to Lemma 1.



Sensors 2017, 17, 2604 23 of 29

We first derive the CDF of Y;g, which is given by

Fy,p (t) = Pr{Yig <t}
— Py (1—p)m
-F {(K%(l—P)+K§)’Y1+1 = t}

= Pr (1-p)X <t D
(G- p) + )X +1

- Pr{[(l —p)(1 = t?) + 6d]X < t}

From (A1), we note that when (1 — p)(1 — k%) + tx3 < 0, [(1 — p)(1 — t&?) + tx3] X is always
less equal than ¢(t > 0), which contribute to Fy,,(t) = 1. Whereas, when (1 — p)(1 — t«?) + tx3 > 0,
we have

t
Fy, . (t) =Pr{ X
g (£) f{ < (1_9)(1—t;<%)+1<§} (A2)

tA]

=1— ei (17p)(17tK%)+K%

o thy
Similar to the derivation of Fy,,, we can obtain Fy, (t) =1 —e (1-p(-t)+3  Thys, Fy,, can be
rewrite as shown in (21).
Next, we derive the CDF of Yg;, which is express as follows

Fyy (1) = Pr{Yp <t}

_ npX(X+Y)
a Pr{szpX(XJr ES7

= Pr {17p(1 —tKX(X+Y) < tVl}

(A3)

It is straightforward that Fy,, (f) = 1 when ¢ > % In addition, when ¢ < K%, Fy, (t) can be
derived as follows

Fy,, () = Pr {x(x+ Y) < W(lﬂft’(z)}

1V,
no(1—t2)X X}

tVy tVq .17x
12 _#2) 2
:/\/ np(1—tx ymo(l tes) X AlefAlx . AzefAzdedy (A4)
0 0
iz

:Pr{Y<

tV-
\/ _A 1.1
:/ no(1—+x2) AlefAlx(l_e Z(Up(l—tKZ) x X))dX
0
[tV [tV
—A 1 " _ _ tAyV; 1
:]__e ! ’7P(]4’<2) _AZ/ ’79(1*“‘2) e (Al AZ)X"FWJ(FMZ) de
0
Wi tAV,
2] —(A—As i1
fV we(i6?) AArAp) Gl dx,

0

Similar to the derivation of Fy
Equation (22) is obtained.

<« We can obtain Fy,, (t). Denote {; =
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The CDF of Y4 is derived in the following.

Fyy, (1) = Pr{Yya <t}

— Pr (1-p)(X+Y)
=F {(K§(1—p)+xg)(x+Y)+1 <t}

(A5)
= Pr{[(1-p)(1 - 1) — b3)(X + V) < t]
It is straightforward that Fy,,, (t) = 1 when t > (17;)% In addition, when t < (17;)%,

Fy,,, (t) can be derived as follows

t
P 1) = Pr{x e Y}

0 — tks — tx7p

t t 4
= [P e A g My (A0
0 0

¢ t
- —A -
:/p—txzftk%p A267A2y(1 e 1<ﬁ—tK2—fK%p y> )dy
0

- tAy B tA] t
—1—¢ [thz—t;c%p — Age Eptxz—tx%p p’ktxz—tx%p ei(AziAl)ydy
0
Thus, when A; = Ay,
A ‘A A
N R L S (a7
p—tk2—txip
and when A1 # Ay,
tA
__ 4 7ﬁ—tK2—tK2p _ (A=At
R () m1g T e T
Yma - e A2 — Al e (A8)
A __ A A __ 4
— 1 _|_ 1 [kt;cZ—tK%p _ 2 e (sz—nc%p
Ay — A Ay — A

The above derivations proof the Theorem 1.

Appendix B
Appendix B.1. The Derivation of C;g
We first derive C;r. Substituting (21) into (20), we obtain

tA;
. .t
pﬂg e (1-p)—t(1—p)x3 —tx3 (A9)

1 >
o~ [ (-
Cir = 3 an/o T
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t(2 PK1)

Denote z = i)’ and substitute it into (A9), we obtain
_ A
+o00 e Kz—pkz
iR 21n2/ 1 1 dz

%) (1 +2)2+z(1+2) (A10)
zA;

400 67 Kz—pk% 4 h K2

= 21n2/o AT DaT Aran e Whereu=r+27)

With some manipulation, it is easy to obtain that 0 can be decomposed into % +

1
T+2)(ut(T+u)z)
mf“’h‘?fe Ji = —1,]» =1+ u. Thus,

zA;

Foo P R
Cir = 21n2/ (1+z +(1+u)z>e 1dz

zAl- zA,-

1 oo]e x2 p;c 00]23 K2 pK
d
“2In2 /o 1+z +/ u+(1+u)z z
A
1 o Ai
= ie T
2 2[ —px7

A
2 e, A;
_*; E -
1+ 1<p+x2—p1c%>]

(A11)

Thus (26) is proofed.

Appendix B.2. The Derivation of Cg;
Substituting (22) into (20), we obtain that

tV
ATl 4 g, i gy (A12)

2e
Cri = 51m2 /0 1+t

#2

T2 and substitute it into (A12), we obtain

\/i—i-Agl

21n2 K21+z +2z(1+2) ‘

o Vg,

21n2 1+z)(1c2 F(1+x9)z) "

\/7 (e i ’1>dx

where {; = 0 “1e

Denote z =

Ri
(A13)
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With some manipulation, it is easy to obtain that Ww = Jﬁ + m,
where J3 = 1 + «2. Thus
—Aj, | S —Aj | A
(N O O S el I
Cri = / d d
R=om2 |Jo  1+z 27 @1tz ”
J3 ) 5
+ / ( A;idz
1+z K2+(1+K2)z o (A14)
oowefAlw 2]3 oowefAizu
]1 W+ dw
~ 2In2 W2 14+x2Jo Vi q2
" [ TR T Zp
J3 5 zVi
A;lid h =
+/ <1+z T (1) iCidz|  (where w K217p)
Referring to [28, 3.354, 2], (27) is obtained.
Appendix B.3. The Derivation of Cyac
(1) When A1 = Ap
Substituting (23) into (20), we obtain
tA
tA T ot (ko2
1 (1 | —25x tAye PP
C =_— [ —|e M) 2 |dt Al5
MAC ™ 2In2 Jo 1—¢ p—t(k2—px2) (A19)
2_ g2
Similar to the derivation of C;g, we denote z = ﬁt_(;c(ﬂiﬂ?;z), and (A15) can rewrite as
1
" _ zAz
1 2272 00 ]23 K jm(
(C —___ / K px /
MAC= 9102 0 1—|—ze dz+ u+(1+u)z
(A16)

A _zAy
0 14z x2—px? 0 u+(14u)z x2—px?

dz

Ap

The value of A1 can be derived following the derivation of C;g. In addition, A, can be obtained
by using the 1ntegral formula presented in [26, 3.353, 5], which is [ e M dx = (=1)"p"e"™E{(nu) +

X+
Y (k= 1)1(=B)"*u=F. Combined A; and A,, (28) is obtained.

(2) When Al 7é Az
Substituting (24) into (20), we obtain

A tAy
o T 1
1 © 1 | Age pt(x2—px7) Ase pt(x2—pxT)

_ 1 ~ A17
Cvac=a10 o 28|~ A=A AA | & (A17)
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2 2
Denote z = ’L’C(T%, Equation (A17) changes into the following equation with some
manipulations.
. 2ZA12 . ;Azz
(AZ_A1)71 KE—pK: KE—pKy
=——|1hA A
Cmac e |2), T dz+1 Ay s 172 dz
20 _ zZAy
o o K2pe o o Kpr
+)A / —————dz+ A / ———dz
R4z 0 ut(14+u)z fat 0 u+(1+u)z
_ (Ar-Aq)T! A exzf_%K%E Aq (AL8)
2In2 . "\ 22
4 4
ToZ A Ay oo A
+ 1A P, > : 2 +7]2 2 pptt iy [ — 21 2
ke—pxy ) 1+u p+Hc=—pK]
A
A1 stz Az
4 280 et opeip (12
T+u 1(p+x2—px§)
Thus, (29) is obtained.
Appendix C

As a simple extension, the two-way relaying system can be treated as two one-way relay systems.

We first obtain two suboptimal power splitting designs p;, i = 1,2, which maximize I;(p) or maximize
I)(p) to obtain Iy = I(p;).

R ; : . _ __(A=pn . _

Note that I;,i = 1,2 is determined by Y;(p) = C ((K%(lp)ﬂg)%ﬂ) and Y,;(p) =

( 107 (v1+72)
1077 (11+72) + V5
that Y;,(p) is a decreasing functions in the region of p € [0, 1], which decreases from a positive real

number to 0, while Y,;(p) is an increasing function, which increases from 0 to a positive real number.
Thus, Y;,(p) = Y,;(p) has one and only one solution p; (intersection), which is the optimum value
since p is continuous. This shows that the optimal value p; can be obtained can be obtained via (41a,b).

), where i,i = 1,2,i # 1. Through calculation of the second derivation, we find

Denote pPt = min(p1,02) and pRL, = max(p1,p2). By substituting p2f and pRE, into I(p),
we obtain two suboptimal values IDF .= J(pPf )and IDF = I(pRk)). It is easy to notice that

I(pPE — Ap) < I(pRE ), because in the range of p € [0, 2% ] both of I;(p) and Ix(p) are increasing

functions; and I(pRE + Ap) < I(pDE,), because in the range of p € [pDE 1] both of I;(p) and L (p)
are decreasing functions, where 0 < Ap < 1and {p25 — Ap,pRE + Ap} € [0,1]. In the range of
[PE  pDE 1, 1 (p) and I(p) have opposite monotonicity; thus there exist only one intersection point
within the range of [pPF  pDF ], which is the maximum value of I(p). With the above analysis, we can

rewrite I(p) as shown in (42).

Appendix D

As a simple extension, the two-way relaying system can be treated as two one-way relay systems.
We first obtain two suboptimal power splitting designs p;, i = 1,2, which maximize I; (p) or maximize
I)(p) to obtain Iy, ; = I(p;)-

. . . 1-
Note that I[;,i = 1,2 is determined by Y;(p) = C ((K%(l(p)%w) and Y,;(p) =

( 107 (v1+72)
v (11+72)+Vi
that Y;,(p) is a decreasing function in the region of p € [0, 1], which decreases from a positive real

number to 0, while Y,;(p) is an increasing function, which increases from 0 to a positive real number.
Thus, Y;,(p) = Y,;(p) has one and only one solution p; (intersection), which is the optimum value
since p is continuous. This shows that the optimal value p; can be obtained can be obtained via (41a,b).

), where i,i = 1,2,i # 1. Through calculation of the second derivation, we find
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Denote pPt = min(pq, 02) and pRh, = max(p1, p2). By substituting pPF and pRE, into I(p), we

obtain two suboptimal values IR} . = I(opf ) and IDE = I(pRi,)- Notice that I(oD5 — Ap) <
I(pPF ), because in the range of p € [0, D% ] both of I;(p) and L(p) are increasing functions; and
I(pRE + Ap) < I(pDE,), because in the range of p € [pDE, 1] both of I;(p) and I»(p) are decreasing
functions, where 0 < Ap < 1and {pPF — Ap, pDE + Ap} € [0,1]. In the range of [oPF , pDE 1, 11 (p)
and I;(p) have opposite monotonicity; thus there exist only one intersection point within the range
of [pRE , pDE ], which is the maximum value of I(p). With the above analysis, we can rewrite I(p) as

shown in (42).
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