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Spectrum and energy efficiency with simultaneous wireless information and power transfer (SWIPT) to prolong the lifetime of
power-constrained wireless devices in cooperative relaying nonorthogonal multiple access (CR-NOMA) has received great
attention in the last decade. This paper investigates a two-way relay channel in a CR-NOMA system where two users exchange
data with the assistance of a relay. Power-splitting relaying (PSR) and time-switching relaying (TSR) protocols are employed at
the relay to harvest RF energy and process information from two users. We firstly derive the exact expressions of outage
probability (OP) and system throughput (ST). The impacts of signal quality, energy coefficients, the distance of the nodes, and
the data rate of two users on these performance metrics are then evaluated through several system settings to reflect practical
network scenarios. It is shown that the OP and ST of the TSR are superior to that of the PSR protocol. Specifically, numerical
results indicate that a higher throughput of up to 8% can be achieved with the TSR when compared to the PSR. It is further
revealed that the OP and ST of the PSR are strongly affected by energy harvesting (EH) coefficients, while the performance

obtained with the TSR is nearly independent of the EH capability at the relay.

1. Introduction

The introduction of the nonorthogonal multiple access
(NOMA) concept to enhance spectrum efficiency, system
throughput, latency, and user fairness has smoothed the
path to the development of 5G wireless communication
networks [1]. These crucial characteristics are limited in
the traditional orthogonal multiple access (OMA) over
either time or frequency domain. A variety of NOMA forms
have been studied by many research groups [2, 3] among
which power-domain NOMA (PD-NOMA) allows multiple
users to be served in the same frequency and time resources
but still ensures user fairness. In the PD-NOMA, the far-end
user with poor channel conditions is allocated more power
than the near-end user who experiences much better chan-
nel conditions [4]. At the transmitter, the signals of all users
are combined using the superimposed coding (SC) tech-
nique. This combined signal is then sequentially decoded

at the receivers using a successive interference cancellation
(SIC) mechanism [5-8].

Inspired by the advantages of the PD-NOMA technique,
cooperative relaying NOMA (CR-NOMA) has been devel-
oped to broaden the coverage region of radio frequency
(RF) waves of the source and increase the integrity of the sig-
nal [9-12]. In the CR-NOMA, the far-end user is generally
assumed that it cannot directly receive the transmit signal
from the source due to physical obstacles or far distance.
Thus, to ensure the transmit signal from the source can
reach this user, a near-end user acts as a one-way relay to
forward the signal to the far end in one direction [13]. The
CR-NOMA has been extended for two-way relay networks
(TWRNS) [12-14] that allow two users to exchange their
information via a relay employing multiple antennas. In
[15], the outage performance of a TWRN was evaluated
based on a relay selection scheme. The performance in terms
of outage probability (OP) and ergodic rate of the two-way
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relay NOMA systems was derived for both perfect and
imperfect SIC as well as the existence of an eaves-
dropper [11, 12].

L.1. Related Works. The energy in wireless devices is always
constrained by the limited battery supply power. To prolong
their lifetime, several solutions have been studied to combat
the energy inefficiency problem as well as to provide green
and effective communications [16]. In particular, over wire-
less media, RF signals can carry both energy and informa-
tion. Such a useful endless energy source can be exploited
to provide a supplementary power supply in wireless com-
munication systems. In CR-NOMA, simultaneous wireless
information and power transfer (SWIPT) [11, 17, 18] tech-
niques can be employed for simultaneous energy harvesting
(EH) and information processing (IP) at the relays. Power
splitting- (PS-) and time switching- (TS-) based SWIPT is
commonly exploited in receiver designs for EH and IP in
wireless networks [19]. In the PS technique, the received
power is split into two parts in which one is for the IP and
the other is for the EH. In contrast, the TS technique per-
forms switching the received signal between the EH and
the IP. Recently, wireless-powered communications in
TWRN have received great attention [13, 16, 20]. The
authors in [13] proposed a novel full-duplex cooperative
nonorthogonal multiple access (FD CNOMA) system in
which a decode-and-forward- (DF-) based two-way relay
was exploited in delay-limited transmission (DLT) and
delay-tolerant transmission (DTT) modes. The outage per-
formance of the FD CNOMA system with both SIC and
imperfect SIC was derived. In [16], the performance of the
EH scheme for a TWRN was investigated showing that the
hybrid-decode-amplify-and-forward (HDAF) protocol out-
performs both two conventional DF and AF protocols.
Further, with the diversity technique at the receivers, the
system outage probability of the proposed system can be
reduced significantly to satisfy the requirements of some
practical applications.

In [20], a PS approach-based SWIPT with a DF scheme
was employed at the two-way relay to harvest energy from
RF signals. SWIPT for the AF-based TWRNs was adopted
in [21-23]. In [24], the authors investigated the resource
allocation problem employing a robust multiuser wireless-
powered full-duplex communication system, where the
full-duplex information transmitter, powered by the multi-
antenna energy transmitter, intends to send a confidential
message to the information receiver. In this paper, we
employ and compare two energy harvesting protocols,
three-phase-PSR-based relay and five-phase-TSR-based
relay, SWIPT with the DF scheme used at the two-way relay.

1.2. Motivation and Contribution. Motivated by spectrum
efficiency and energy efficiency and user fairness issues, this
paper develops two power-splitting relaying (PSR) and time-
switching relaying (TSR) protocols SWIPT-based coopera-
tive NOMA in DF-based TWRNs. Closed-form expressions
of the performance metric in terms of OP and system
throughput are derived. The main contributions of the paper
are outlined as follows:
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(i) A SWIPT-based CR-NOMA is developed for a
TWRN consisting of two users and a relay node
employing PSR and TSR EH protocols in DLT mode

(ii) Exact expressions of outage probability (OP) and
system throughput (ST) are derived for both PSR
and TSR protocols in the TWRN

(iii) The impacts of signal quality (i.e., transmitting
signal-to-noise ratio (SNR)), EH coefficients, dis-
tance between users and relay node, and target data
rate on the OP and ST are evaluated to identify their
appropriateness in practical system models such as
within buildings, urban, suburban, and rural

(iv) Numerical results are presented to verify the analyt-
ically derived expressions of OP and ST of both PSR
and TSR protocols in CR-NOMA -based TWRN:Ss. It
is shown that the TSR protocol is superior to PSR
achieving either a lower OP or a higher ST. It is fur-
ther observed that the OP of both protocols suffers
from significant changes according to the variation
of the SNR and EH capability at the relay, distance
between the nodes, and also the target rate

1.3. Organization. We structure the rest of the paper as fol-
lows. Section 2 presents the overall system model of the pro-
posed two-way relay channel in a CR-NOMA system and
assumptions. Section 3 describes in detail the performance
analysis of both PSR and TSR protocols. Section 4 shows
the simulation results. Finally, Section 5 concludes this paper
and summarizes the key findings.

Notations. In this paper, E[-] represents expectation opera-
tion. f,(x)(-) and Fy(x)(-) represent the probability density
function (PDF) and the cumulative distribution function
(CDF) of a random variable Y € {h;, g,}(x), respectively.
|h;|> and |g,|> denote channel gains. f,(i€1,2), 0< B, <1,
denote the power splitting ratio at D; and D,, respectively.
Assuming f3; = 3,.

2. System Model

The operation principle of the TWRN model can be described
as follows. Firstly, we assume that there is no direct link
between users D, and D, due to physical obstacles and D, is
farther from R than D,. Secondly, the users D, and D,
exchange their information via the relay R’s assistance. Specif-
ically, D, and D, transmit their signals x; and x, with the
transmit power P, and Pj, to R, respectively, and R harvests
the energy from D, and D,. R then transmits the superim-
posed NOMA signal with the power P,%, X € {PSR, TSR},
which is combined by x, and x,, to D, and D,. Lastly, each
pair of separate transmitting/receiving antennas is equipped
for each user and the relay to ensure two-way transmission.
Specifically, we use one transmitting antenna and one receiv-
ing antenna at each user as well as at the relay. All wireless
links are assumed to experience Rayleigh fading along with
Additive White Gaussian Noise (AWGN) having zero mean
and variance N,. As shown in Figure 1, h;, g,, h,, and g,
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FIGURE 1: System model.

are the channel power gains of the links D, — R, R— D,
D, — R, and R — D,, respectively, each of which has an
average channel gain of ,, i € {1,2}. x; and x, denote the
transmitted signals from D; and D,. It is assumed that all
nodes in the system model are accountable for applying the
proposed design in this paper based on the available channel
state information related to all wireless links. Without loss of
generality, it is assumed that the fading gains in all related links
are the Rayleigh distribution, and their probability density
function (PDF) of exponentially random variables is given by

1
finpx)= Q—e*"’ﬂh,, ie{1,2},
i h[
1 )
—x/Q,. :
fgpx)= o ¢ M, e {1,2}.
g

The cumulative distribution function (CDF) of exponen-
tially random variables is given by

Fyp(x)=1-e%, ie{1,2},

Flp(x)=1-¢™%, ie{1,2}.

2.1. Energy Harvesting at R. At R, two energy harvesting pro-
tocols including three-phase-PSR-based R and five-phase-
TSR-based R are sequentially considered.

2.1.1. Energy Harvesting at Three-Phase-PSR-Based R.
Figure 2 illustrates the communication block diagram of
the three-phase-PSR-based R protocol for EH and IP at the
relay. P, and P;, are the power of the received signal y, (t)
at the relay, and T is the total transmitting time.

T is divided into three different time slots. In the first
time slot «;, the relay harvests the energy E, and the trans-
mitted signal x, from D, and decodes x,. In the second time
slot «,, the relay harvests the energy E, and the signal x,
from D, and decodes x,. Finally, the remaining time slot
(1 - a; — a,), the relay forwards the signals to two users D,
and D,, o;(i€1,2), 0<a; <1, and assuming «; > a,.

In the first time slot and the second time slot of T, the
power of the received signals, i.e., ;P and f8,Pp, , are used
for the EH, and the remaining power, ie., (1-f3,)P, and
(1= p,)Pp,, are used for the IP at D; and D,, respectively.
We denote x; and x, as the normalized transmitted signals
by D, and D, with unity power, ie., E[x}] = E[x3] = 1. The
total transmission process is divided into a series of time
slots. During the nth time slot, D, and D, transmit x, (¢)
and x,(t) with the power of P, and Pp, , respectively, while
the relay transmits the superimposed NOMA signal x,(t)
with the power of PX. Thus, the transmitted signal expres-
sion at D, (i € 1,2) is given by

Di(1)= (1/Po1a(1), (3)
Dy(t) = (1/Po,0:(1)), 4)

where a, and a, denote the power allocation coefficients for
data symbol x,; and x,, respectively. The observed signal at R
can be given by

Y, (8= 1Dy (1) + g (6) = by ([P, 1) + g, (1),

YrD, (t) =hyD,(t) + ng (t) = h, (\/PT)sz(t)) +ng (b)

yr(t) =JRrD, (£) *+Vrp, (£)

=h, (\/rmxl(t)) +h, (\/PT)zxz(t)) + 1g(t), )

where assuming ny(t) = np (t) + ng (t) is AWGN with zero
mean and variance N, at R.

The harvested energy is consumed by the relay for for-
warding the information from the relay to the user. With a
given 3,(i€1,2), it can affect the throughput of the users.
The following sections analyze the EH and the IP at the
PSR protocol exploiting the relay.

The power splitter divides the received signal y, (t) into

B;: 1-f; ratio in which /By, (t) is used for the EH and
/1-=By,(t) is used for the IP.

The received power at R to harvest the energy is given as

Yeng(t) = \/EiyR(t) =B (\/;);:xl(t))
+ \/ﬁ_zhz(\/rpzxz(tD + <\/ﬁ1+ \/ﬁ_z> ng(t)-
(6)

The harvested energy EPDSIR at R due to the user D, is
given by

Ep" =Py, [l . (7)
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FIGURE 2: The PSR-based R protocol of EH and IP.

The harvested energy EgiR at R due to the user D, is
given by

Ezp)iR =1,Pp, |h2|20‘2- (8)

Assuming Pj, =P, =P, the total harvested energy at
the relay is given by

2
EPSR _ Z EPSR

R
B B o)
=np,Pp, |1y |2“1 +n1B,Pp, |h2|2“2
= ’7P(ﬁ1 ‘h1|20‘1 + /32|h2|2“2)>

where EFS® is the total harvested energy at the relay and 0

<n <1 is the energy conversion efliciency. # depends on
the EH circuitry.
The harvested power at the relay is given by

2 2
PPSR _ Eg _ NP (B |l [y + Bylhy| ) (10)
r (o) + ay) o+ a, '

2.1.2. Energy Harvesting at Five-Phase-TSR-Based R. Similar
to three-phase-PSR-based R, the communication block dia-
gram of the TSR-based R protocol for EH and IP at the relay
is plotted in Figure 3. T denotes the total transmitting time
block. As shown in Figure 3, R harvests the energy from
D, in the first time slot «T/2, R harvests the energy from
D, in the second time slot a«T/2, D, transmits the informa-
tion to R in the third time slot (1 — «)T/3, D, transmits the
information to R in the fourth time slot (1 - «)T/3, and R
transmits the signals to D; (i =1,2) in the remaining time
slot (1 —a)T/3.
The harvested energy at R due to D, is given by

aT
gt =npo (%) (1)
The harvested energy at R due to D, is given by

T
gt = iof (%) (12)

The total harvested energy at the relay is given by

2
T
ETSR - ZEE?R =Ep" + ES =naP(|hy|* +|hy)%) (5)’
i1
(13)

where a, 0 < a < 1, is the fraction of the time block in which
relay harvests energy from the source signal.

The normalized transmit power at R is obtained from
the harvested energy ELS® over the time (1 —a)T/3 to for-

ward the decoded signals to D; (i =1, 2):

ETSR 3ETSR 3
TSR _ tot — tot — P(lh 2 h 2 .
r (1-a/3)T (1-a)T 2(1_06)’7“ (| + [ha])

(14)
2.2. Information Processing

2.2.1. Information Processing at Three-Phase-PSR-Based R.
The received signal at R for PSR protocol to process infor-
mation is given by

)’fﬁ%(t) =4/ (1= B)yr(t) = \/ (1- ﬁl)PDlhlxl(t)
+/ (1= B,)Pp,hyx,(t) (15)

+ (V=B + V=B ) malt):

The data yf3%(t) is converted to a sampled baseband

data yfps,%(k) by the RFBCU at R. Similar to [25] (Eq. (20)),

Vi (k) can be expressed as

Yisk() = /(1 = B)ya(K) = /(1= B, Phyx (k)
+ /(1= B,)Phyx, (k)
+ (V=B + V(1= By)) ma(t) + (k).
(16)

where ng(k) is AWGN at the RFBCU of R.

2.2.2. Information Processing at Five-Phase-TSR-Based R. To
decode the data of D, and D,, the RFBCU at R converts the
received RF data y,(t) in Equation (3) into a sampled base-
band data y[3} (k) in the first interval time (1 - «)T/2. The
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FiGure 3: The TSR-based R protocol of EH and IP.

sampled signal {3 (k) is explicitly expressed as follows [25]

(Eq. (3)):
Viox(k) = Phyx, (k) + Phyx, (k) + ng(k) + nig (k). (17)
Based on the NOMA principle as well as perfect SIC, the
relay first decodes the signal x, which is transmitted by the

user with more allocated power. The signal-to-interference
plus noise ratio (SINR) at the relay is given by

B 1//111”|hl|2
LR

=0 _ (18)
1/’12P|hz|2 +1

where p = P/N| is the signal-to-noise ratio (SNR).

1_51

After decoding and cancelling x; from the received sig-
nals, the relay decodes x,, and its SINR is given by

Yar :W12P|h2|27 (19)

where v/, (i €1, 2) is the IP coefficient of the PSR and TSR at
the relay and is given by

1-5

vy, = Y= , for PSR,
3-Bi-Bt2y/(1-B)(1-5) 3-Bi-Bt2y/(1-B)(1-5y) (20)
1
Vi, =YL= 5 for TSR.
2.2.3. Information Processing at the Users D(i€l,2). Vip = a,PY|g,|’ 4 \gz|21l’EP(|h1 I+ |h2|2)

According to the NOMA principle, the relay forwards the

superposition coding signal, ie, 1/Py(\/ax; +/ax,)
(X € PSR, TSR), to two users D; and D,. Hence, the received
signal at D;(i € 1,2) is expressed by

Vb, :gi<\/ a,Pix, + \/ “2P§x2> +tHhp, (21)

where g,(g € {1,2}) is the Rayleigh channel from the relay
to D;. a, and a, are power allocation coeflicients of x; and
x,, respectively. np, is the AWGN with zero mean and vari-
ance N, at D,.

Following the NOMA principle, x,, namely, the desired
signal of D,, is allocated more power than x, to ensure fair-
ness between D, and D,. Therefore, a, > a, and a, +a, = 1.

The signals yp, (i € 1,2) are received by D, and D,. The
strength of the signal x, is higher than that of signal x,
due to a, > a,. The signal x, is detected by D,, and its SINR
is given by

&,PY g, + Ny ay| gyl wep(Jhy > +[hyf?) +17
(22)

where v, is the EH coefficient of PSR and TSR at the relay
and is given by

By, for PSR,
= 23
Ve ﬂ , forTSR. (23)
2(1-a)

The SINR to detect x; at D, is given by

a,P,|g, _ ar|g,Pyep (Il + h|*) .

0,P,|g\]* + Ny ayg, Pygp (|l + hy|*) +1
(24)

Yip, =
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TaBLE 1: Definition of system parameters.

Parameters Notations Values

The power allocation coefficients {a),a,} {0.8,0.2}

The power allocation ratios {By B>} {0.2,0.2}

The time slots {a, a,} {1/3,1/3}

The total transmitting time T 1

The path-loss exponent m 3

The normalized distance between D, and R d 0.3

The target rates of two links (Link1, Link2) {R;,R,} {3(BPCU), 1(BPCU)}

The energy conversion efficiency coefficient n {0.8}

The channel gains

{dmd™), (1-dy ™, (1-d) ™}

2
-.-'—5‘
<
Ne)
810*1— rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
[= e . S A
(9]
o Do S N
s
= .
R B R S R <A R S
: : : : 34 35 36
1072 T T T T T T T
=20 -10 0 10 20 30 40 50 60
SNR p (dB)

V¥ Sim:Linkl-Exact-NOMA
—— Ana:Link1-Exact-NOMA
% Sim:Link2-Exact-NOMA

—— Ana:Link2-Exact-NOMA
——- High SNR-NOMA

FIGURE 4: OP versus transmitting SNR for PSR (blue line) and TSR (red line) protocols.

After SIC x, at D,, x, is decoded by D, and its SINR is
given by

Yap, = a,Pf|g,’ = “2|g1|2‘l’EP(|h1|2 + |h2|2)- (25)

3. Performance Analysis
3.1. Outage Performance

3.1.1. The OP of the Link D, — R — D, (Link1). Based on
NOMA, the OP of Linkl is described as follows. The relay

detects the signal x;, then D, also detects the signal x;.
Therefore, the OP of Linkl is given by

Pp,x=1- Pr(Y1,R >V, Y10, > V:hz) > (26)

where y,, = 2R — 1 is the threshold SINR in which R, is the

target rate of this link. The following finding of the OP of
Link1 is given by Theorem 1.
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Theorem 1. The OP of Linkl is given by

26~ P/, +90 ™
Pp x= —_— Q, K, |2,/ =
DZ,X { Q Qh ¢ ¢(P gz Q
N 1 @
ngghzg
e, fea, K ( [< )H
Proof. See Appendix A. O

3.1.2. The OP of the Link D, — R — D, (Link2). Similarly,
the OP of Link?2 is described as follows. The relay detects the
signal x, and then detects the signal x,, and then, D, also
detects the signal x; and wishes to successfully detect the sig-
nal x,.

Therefore, the OP of Link2 is given by

Pp x=1-Pr (Yl,R > Yihy V2R > Vy, > VY10, = Viny Yap, = Yy, )>
(28)

where y,, = 2R — 1 is the threshold SINR in which R, is the

target rate of Link2. The following finding of the OP of
Link2 is given by Theorem 2.

Theorem 2. The OP of Link2 is given by

b . &P/, +09 ) @ 6@
P o e, @) 0,
&~ PO, 010, (D+6)-D¢

" o )

1 00 @/x+8
+ J e’xgj
th Qg 1P 0

Proof. See Appendix B. O

efy/leJ./thl dxdy] )

3.2. The System Throughput. In this system model, Linkl
and Link2 simultaneously transmit signals x; and x, at a
constant rate of R, and R,, respectively. Therefore, the sys-
tem throughput depends only on the OP caused by the wire-
less fading channels, which is calculated by

Tx = (1=Pp x)R + (1 =Pp x)R,. (30)

4. Simulation Results

In this section, several numerical results are provided to ver-
ify the analytical results which were discussed in the afore-
mentioned sections. In particular, the main parameters of
the system model can be seen in Table 1.

Figure 4 describes the OP of Linkl and Link2 versus
SNR. The SNR is set from -20 to 60dB. It is seen that the
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OP of both links for TSR is always lower than that for PSR.
Specifically, in SNR range of from -20 to -15dB, both links
have the OP of 10° which results in the outage for these both
links. In SNR range of from -15 to 5dB, while LinkI is still in
the outage, the OP of Linkl decreases quickly. In SNR range
of from 5 to 35dB, the OP of Link2 starts decreasing
strongly while that of Linkl reduces gradually and is asymp-
totic to the high SNR curve (i.e., about 1.2 x 107!). In SNR
range of from 35 to 40 dB, the OP of Linkl still keeps con-
stant and the OP of Link2 decreases gradually and then is
asymptotic to the high SNR curve. In the remaining SNR,
the OP of both users is constant and overlaps the high
SNR curve. It is observed that the slope of the curves of
Linkl is earlier than that of Link2. In addition, in the com-
parison between the two links, the OP of Linkl is always
lower than that of Link2. These can be explained based on
Equations (25) and (27).

Similarly, Figure 5 plots the OP of two links versus
power splitting ratio 8 for PSR protocol and time switching
fraction « for TSR protocol with the assumption that o = f3.
The OP of Link1 for both protocols PSR and TSR is always
lower than that of Link2. The gap of the OP between these
two links is about 60%. In particular, the OP of Linkl for
PSR is always higher than that for TSR. However, this OP
of Link2 for both PSR and TSR has a change in different j3
ranges. Specifically, in f range of from 0.1 to around 0.32,
the OP of Link2 for TSR is lower than that for PSR while this
OP for TSR is higher than that for PSR in the remaining
range. An observation from the figure shows that the curves

of the OP have a small change during the 8 axis. They con-
siderably vary in 8 range of from 0.1 to 0.2 and from 0.8 to
0.9. It implies that when f3 is chosen in a range of 0.2 to 0.8,
the OP of the system is almost kept constant. It is because
Equations (25) and (27) contain the terms v,, ¥, which
directly depend on variables of 8 and a.

The dependence of the OP on SNR and distance between
the nodes is shown in Figure 6. When the distance d
increases, the OP for both chain links are also increased.
Similar to Figure 4, it is seen that the shape of the OP curves
seems to be uniform. This means that the OP of both links
decreases quickly in a certain SNR range and then keeps
constant in the remaining SNR range. It is noted that when
SNR tends towards higher value (about from 20 to 60 dB),
the OP is asymptotical to high SNR curves and then overlaps
each other. The larger the distance d, the higher the outage
probability and the more quickly the asymptote to high
SNR curves.

Figure 7 shows the change of the OP according to differ-
ent values of target rate R and SNR. When the SNR range is
from -20 to 30dB, the OP of both links decreases very
quickly and its slopes are very high. The higher the target
rate, the lower the OP. Link1l has a low OP as compared to
Link2 in the SNR range of from -20 to 30 dB. The OP for this
link changes more quickly than that for Link2. However, in
the SNR range of from 30 to 60 dB, these outage probabilities
tend to constant curves in which their values are equal to
that of high SNR curves. In most cases, the PSR always
achieves a higher OP as compared to TSR.
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Figure 7: OP versus SNR and different values of R (PSR (blue line) and TSR (red line)).
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System Throughput (BPCU)
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FI1GURE 8: The system throughput versus SNR for PSR (blue line) and TSR (red line) protocols.
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System Throughput (BPCU)
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¥k Sim-System Throughput TSR
—— Asymptotic-System Throughput TSR

0.5 0.6 0.7 0.8 0.9 1
B

B Sim-System Throughput PSR
—— Asymptotic-System Throughput PSR

FIGURE 9: The system throughput versus the transmitting EH coefficients for PSR (blue line) and TSR (red line) protocols.

Figure 8 plots the system throughput for two protocols
versus SNR. The SNR is set from -10 to 2dB. It is observed
that the system throughput increases with an increasing
SNR. The PSR always obtains a lower throughput over the
TSR in the overall scale of SNR. However, the gap between
the two curves is almost constant and small. The ratio of
the throughput between PSR and TSR is about 8%. To
explain this difference, it is based on Equations (25) and
(27). Furthermore, the increase of the system throughput
according to SNR can be demonstrated by Equations (25)
and (27).

Figure 9 shows the dependence of the system throughput
for TPS and PSR versus energy harvesting coeflicients. The
system throughput for both protocols increases linearly in
the f3 range of from 0 to 0.1. In the remaining f range, the
system throughput for TSR is almost constant while that
for PSR tends to decrease. In particular, the system through-
put for PSR decreases strongly in the f3 range of from 0.7 to
1. This implies that the system throughput for TSR is not
affected by the energy harvesting coefficients in most cases
while that for PSR considerably suffers from the impacts of
these coefficients. It can be explained based on Equations
(21) and (28). Furthermore, the TSR always achieves a high
throughput than PSR.

5. Conclusion

Two three-phase-PSR-based D, and five-phase-TSR based
D, protocols for EH and IP in a two-way relay CR-NOMA

system have been presented in this paper. The closed-form
expressions of OP and throughput for Link] and Link2 were
derived. The dependence of OP and throughput on SNR,
energy harvesting coeflicients, distance between the nodes,
and target rate were also evaluated. The simulation results
showed that the TSR achieved a lower OP and a higher sys-
tem throughput over the TSR. The OP decreased signifi-
cantly in the low SNR region and is asymptotic to the high
SNR curve in the high SNR region. The system throughput
was almost kept constant in the  range. Furthermore, the
larger the distance and target rate, the worse the OP.

Appendix

A. Proof of Theorem 1

In this appendix, we present the proof of (27). Plugging (18)
and (22) into (26), (26) is rewritten as follows:

2
Py =1 —Pr( vielh|

“1‘!]2|2‘/’5P(|h1‘2 + |h2|2) > Ve
’ yiplhyf* +1 ‘

th,> aze‘gz‘zv/}sp(lhl |2 + ‘hZ‘z) +1

Y, 2 2 2 2 Yin
2 (y,plh,|" +1), h|*+|h > —2 >
p%( 1PIhy] ) 19, (| 1+ 2|) D(a, - y,a,)

[C)]
:1_Pr<\h1|2>¢(W1P|hz\2+1)’|h1|2 e |h2|2>,
2

:1—Pr<\h1|2>

(A1)
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where @ =y, /py;,© = YIhZ/e(al = 7242)
® [} ® [}
Py =1— |Pr( | > D (y,p|hy) + 1), |hy)* > - ) (h >—— —1|h - )
D, (‘ 1] (Wiplhaf* + 1), |hy| (@yp+1)|g,)>  (Pyp+1) ImF |9,/° ol o < (@yp+D)gyf*  (Pyrp+1)
I, I
(A2)

where Pr(-) denotes the probability function. We have the
following formulas to use for the calculation. I, can be calcu-
lated as follows:

=P > O(wiplhaf 1), o>

) o )
(@yp+1)|g,)>  (Pyip+1)

= eI > O(wiplhs +1), > 2 -0
19,
:J f\gz\l(x)J f\hz\z()’)J
0 PIx=6 ]

(v1py+1)

S (2)dxdydz

1 0O 0O 0O
5 oo J e”‘/ngJ e'y’th[ e dxdydz
9" "= %hy 0 plx=6 Dy py+1)

R T (119, 4Pyl )
= [ e 92[ e 2 1Py dxdy
ngghz Jo PIx=8
T N e P90 oo
= J e HZJ e dxdy = J e 0, g
ngghz 0 PIx—8 ngghz¢ 0

(A.3)

Applying the formula jgoe‘ﬁ/4x_yxdx= BlyK,(+/By),

where K (+) denotes the first-order modified Bessel function
of the second kind [26] (Eq. (3.324.1)).
The expression I, is given by

e*@/th +¢5 00

I = J e—4¢(p/4x—x/.()g2 dx
0,04 ),
DIQy, +¢S (A'4)
2¢ 00 ¢
=0 0,9 VK 3G )
9,"“hy 9>

where ¢ =0/(Py;p+1),6=D/(Py;p+1),¢ = (1/Q, +

Dy /Yy, ).
Similarly, I, can be computed as follows:

® D
L=Pr( | |* > D (y,p|hy | + 1), |hy| < - )
=B > Ol ) < G - T

= pe(I > @yl +1). P < z -0)
2

00 @lx—0
=Jo S )[0 U ()’)[ Olx- f\hx\z(z)dXdde

1 00 @/x—8 00
= 7J e %J e’ thj e dxdydz
ng th ‘th 0 0 O/x-y

1 0O rp/x—0
— e*)(/()g2 -0/, x e
hy JO 0

’y(lm’iz’m”l)dxdy

i)
B

1 00 Q/x—8
— J e—x/Q -0/0, x J e—yE dxdy
0

b

00
&0, —®/.th 1- ef(q)/xfz?)f) dx
0,0,

0O
[ TR Io 5' 10, Ux(010, +59) dx}
0

00 ) {
2 2k |2 -2, /t0 K, |2, /=
\/ Qh; ! < \/Qh|ng> ‘ C o < Qﬂz)

where § = (1/Q, -1/, ),{=(0/Q, +&p).
By replacing I, and I, into (A.2), the formula of (27) can
be derived. The proof is completed.
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B. Proof of Theorem 2

In this appendix, we present the proof of (29). Plugging (18),

(19), (24), and (25) into (28), (28) is rewritten as follows:

g, Pygp (b’ + haf)
az‘gl‘z‘/’bp(‘h I+ ‘hz‘z) +1

=B > O(yplif ). > s - > ®)
1

2
Py -1 _Pr< il

>V Vel > vy
VPl A1 Vi ViPlha|™ > vy,
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> Yy a¥epl g [P (1l + 1) > v, )

@
=l—[Pr(\h1|l>®(\//1p|h2\z+l) |hy)? >—75 hy)? ><D>+Pr<|h\ > o7 = |hyl? by < oF I — =8, |y ><1>>]
1

~8.]g, <

=1- P"(‘h1|z>®(‘4’1P|hz\z+l) ol > — \g P
1

@ - @ @ -
+Prf b >@ )2+ 1), |h,* > D, |g,[* > — +Pr( | [P > — —|h — > @) |,
@+ 8)) r(\ 1 (viplhol +1), || 9] (<D+8)> r<\ P \51\ = |mo% g, < i \z+5 [ha )

A

where @ =y, /py;, D= Yen,/ PV © = Vi, [WpP(a1 = Vi 82)>
=max (O, yy, /a,¥yp), @ =t/[y,p® + 1], 6 = /[y, p® + 1].

Applying the PDF and CDF, J,, J,, and J; can be com-
puted as follows:

_ 2 2 2, ® 2 o
Jl—Pr(th > @(yiplhal + 1) ol > 5 = 0.Jaf < (QM))
w/(®+6) 00
=[] A [ Fup @tyiey 1)y

P/, r/ (Do)

0O
e—x/leJ (U, ip®I0,)) 1 dy
, J0 @/x—8

%, r/ (®+5)

5, J0

00

e J e dxdy
91 @/x—0
_q>/.(2, 109 Jm/ (@m)

efx/Q!71 7¢d)/xdx.
T 0,0,¢ 9,820, 9

(B.2)
Applying [jt* e "Y' dt = a=*y(a, ax, ab), where y(.)

represents the generalized incomplete gamma [25].
The expressions J, is given by

. o0/, +0¢ 1 ® ¢>(D
10,0 '\, (@v0) @

91

(B.3)

where ¢ = (1/Q), +y,p®/Q, ).

I s

(B.1)

The expressions J, is given by

]2:Pr<h12>®(‘/’1."|h22+1) ‘h‘ >, |91| >

- - )] 001 P (@Cwpy +1)

@/

(D/th 00 00
= 7J e J e dxdy
Qg Dy, ) o/ (D15) o)
01,010, (D+5)-Dy
¢

The expressions J; is given by

(B.4)
o] 19,

14 @ -
J;=Pr( b > — )% |9, < ,|hyP > @
( |9, o +8

- sz P (x)JjMf 6,2 0) [1 ~ Fyp (; - x)] dxdy

1 00 @/x+8
— J e_x/QhZJ e—y/Qg] e_I/th ({’,/y—x)dxdy
th 051 o 0

1 00 @/x+0
i
th Qg 1 @ 0

where §=1/Q, —1/Q, . By replacing J,, J,, and J; into
(B.1), the formula of (29) can be derived. The proof is
completed.

et dy,

(B.5)
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