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Abstract

This paper investigates the relay selection problem and proposes a three-stage relay
selection strategy with power allocation (TRSPA) for a spectrum-sensing-based full-
duplex (FD) user relaying cooperative non-orthogonal multiple access (CNOMA) scheme.
Uniformly-distributed strong user relays in the investigated scheme help a weak user com-
municates with the base station in an efficient and reliable way. The proposed TRSPA strat-
egy maximizes the transmission data rate of the selected relay while ensuring successful
transmissions for the weak user by precisely narrowing down relay candidates step-by-step
and dynamically allocating optimal power coefficients. Exact and asymptotic outage prob-
abilities and ergodic rates are worked out. Accordingly, diversity orders and spatial multi-
plexing gains are derived. We further exploit the impact of self-interference (SI) on TRSPA
for FD-CNOMA and then compare its performance with TRSPA applied in other relaying
modes, that is half-duplex and orthogonal multiple access. Finally, simulation results reveal
that: (i) theoretical derivation results are correct; (ii) TRSPA always outperforms other relay
selection strategies in terms of outage probability and ergodic rate; and (iii) TRSPA for FD-
CNOMA in a real-world scenario achieves better performance than other relaying modes
in spite of the adverse effect of SI in FD mode.

1 INTRODUCTION

With the rapid advancement in the Internet of Things and the
mobile communication networks, enormous amounts of wire-
less connections and dramatically increasing mobile data traf-
fic are emerging [1, 2]. Considering limited wireless resources,
conventional orthogonal multiple access (OMA) can hardly
cope with such overwhelming development trends due to the
insufficient utilization of spectrum resources caused by the
following inherent features of real-time machine type com-
munication devices (MTCDs). (i) Transmissions are generally
infrequent with large inter-arrival time [3]. Spectrum resources
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are wasted when MTCDs finish transmissions and stop occu-
pying the spectrum bands. (ii) The target transmission rate
of a MTCD is fixed [3] and relatively low [4]. Even if the
MTCD occupies the spectrum band, the spectrum efficiency
is still quite small and the spectrum resource is actually under-
utilized. Therefore, a novel access method with a significant
improvement in resource utilization efficiency is in great
demand.

To solve the above wastage issues, spectrum sensing and non-
orthogonal multiple access (NOMA) [5] techniques are adopted
in an access method proposed in [6]. The proposed method is
a cooperative NOMA (CNOMA) [7, 8] scheme, where a strong
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user with good channel conditions works as a full-duplex (FD)
relay to assist another user with weak channel conditions to
forward its signals by transmitting a superimposed NOMA
signal consisting of messages from both users to the base
station (BS). The BS then decodes the NOMA signal according
to the successive interference cancellation (SIC) protocol [9]. In
this way, each spectrum band is shared by multiple users with
good and bad channel conditions. The corresponding spectrum
efficiency is therefore increased compared with the traditional
OMA scheme where each spectrum band is completely occu-
pied by the weak user alone [5]. Thus, the above-mentioned
wastage issue of under-utilized spectrum resource is solved.
Moreover, FD-CNOMA requires the user relay to identify
unoccupied spectrum resources for signal transmissions by
spectrum sensing. In this way, the wastage issue of idle spec-
trum resources is avoided. Considering additional time resource
costs of the half-duplex (HD) mode caused by alternatively
receiving and transmitting, FD mode is employed. FD has the
potential to yield higher data transmission rate than HD. We
only have one concern about FD, that is self-interference (SI).
Thanks to the rapidly developing SI suppression techniques
[10], there is a strong possibility for realizing the advantages
of FD mode. We will insightfully discuss the impact of SI on
FD later.

1.1 Motivation

This paper investigates relay selection (RS) for FD-CNOMA.
RS research contributions mainly include two categories based
on the relaying mode adopted by relays, namely HD and FD.
Ding et al. proposed a RS strategy for a CNOMA system to
achieve the minimal overall outage probability [11]. Yang et al.
considered the unicast traffic where one BS communicated with
two mobile users with the aid of multiple dedicated relays [12].
Two kinds of RS strategies for CNOMA networks with decode-
and-forward and amplify-and-forward relaying protocols were
proposed, respectively. For a multicast cognitive CNOMA sys-
tem, Lv et al. presented three different secondary user schedul-
ing strategies based on the available channel state information
(CSI) to exploit the inherent spatial diversity [13]. Xu et al.
investigated optimal RS schemes for CNOMA networks with
multiple dedicated relays by adaptively ordering users based on
instantaneous CSI rather than quality of service (QoS) require-
ments [14]. Related works [11–14] are all based on HD relay-
ing. These achievements have laid a solid foundation for the
understanding of RS strategies for HD-CNOMA. However, the
improvement of reliability and capacity comes at the price of
resource utilization efficiency reduction due to the additional
time resource cost during HD cooperation [15], which may off-
set the capacity gain promised by cooperation communication.
In contrast, FD mode is capable of overcoming the capacity
loss in HD-CNOMA systems since FD wireless device trans-
mits and receives simultaneously [16]. But RS for FD relaying
CNOMA is far from being well studied. The only relevant find-
ing was presented in [4]. Yue et al. investigated the impact of

RS on the performance of CNOMA, where relays were capa-
ble of working in either FD or HD mode [4]. In their proposed
RS scheme, on the condition of ensuring the data rate of distant
user, they served the nearby user with data rate as large as pos-
sible for selecting a relay. However, their proposed RS scheme
has the following two drawbacks. Firstly, a fixed power alloca-
tion was used by [4]. Optimizing the power allocation coeffi-
cients based on CSI will further improve the performance of
CNOMA [13]. To the best of our knowledge, there are no exist-
ing works investigating a dynamic power-allocation-based RS
scheme for CNOMA networks with FD relays. Secondly, the RS
scheme presented in [4] is a centralized system. Channel estima-
tion, relay selection and relevant data processing are controlled
and completed by the BS itself, leading to a large demand of
control signalling and system overhead.

Additionally, a general conclusion of research findings about
CNOMA, such as [4, 17, 18] and [19], is that FD relaying
CNOMA is superior to HD-based CNOMA in the low signal-
to-noise ratio (SNR) region but not in the high SNR region due
to effects of residual SI. However, this conclusion still lacks a
clear and explicit guidance to choose which relaying mode in
practice. This is another focus of this paper.

1.2 Contribution

Motivated by Section 1.1, we take a further step and propose a
three-stage RS strategy with dynamic power allocation (TRSPA)
for the FD-CNOMA scheme to overcome the two drawbacks
of [4].

Due to the limited transmission capability [20] and the possi-
ble severe fading effect caused by physical obstacles or remote
cell-edge location, a MTCD is regarded as the weak user and it
desires the assistance from other user relays. Real-time MTCDs
are sensitive to time delay and they have the priority to access
spectrum bands [3] to satisfy their QoS requirements first. In
contrast, cellular user relays are not sensitive to time delay,
which makes them suitable to access a spectrum band oppor-
tunistically when the QoS requirements of real-time MTCDs
are met. Thus, the purpose of our proposed relay selection
strategy TRSPA is to find out the best user relay to max-
imize the ergodic rate of that selected relay on the condi-
tion of guaranteeing successful transmissions of the MTCD’s
signal.

During the first stage of TRSPA, each relay senses the spec-
trum band to determine whether MTCD exists or not and
then relays with positive sensing results further decode MTCD’s
signal. The first stage guarantees successful transmissions of
the MTCD’s signal to the user relay candidates. The second
stage aims to further ensure the MTCD’s successful transmis-
sions from remaining relay candidates to the BS. In the third
stage, the best relay is selected from remaining candidates and
in the meanwhile, power allocation coefficients are determined
according to instantaneous CSI to realize the optimization
purpose of TRSPA. Different from [4] with fixed power allo-
cations, power allocation coefficients adopted by our proposed
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TRSPA scheme are dynamically adjusted to optimal values all
the time, in order to maximize the ergodic rate of the selected
user relay and to realize successful transmissions of the MTCD’s
signal. Relevant proofs will be presented in our paper to illus-
trate these power allocation coefficients are indeed the optimal
results. Furthermore, different from [4], the system considered
in our paper is in fact a distributed system. Signal detection and
decoding, power allocation, and relay selection are entirely com-
pleted by relays, instead of the BS. The role of the BS in our con-
sidered system model is merely a receiver, but not a controller.
This kind of distributed system is more flexible and efficient
with less control signalling and system overhead compared with
the centralized system presented by [4].

Finally, we also reveal the practical impact of SI on TRSPA for
FD-CNOMA in terms of outage probability and ergodic rate.

The major contributions of this paper are summarized as fol-
lows.

∙ We investigate a three-stage RS strategy for a FD-CNOMA
scheme with spectrum sensing. With a dynamic power alloca-
tion method, TRSPA is proved to achieve the optimal outage
probability and on this basis, the largest ergodic rate, among
all possible RS strategies.

∙ We characterize the performance of TRSPA for FD-
CNOMA with imperfect SI cancellation. We derive the
closed-form expressions of outage probability and ergodic
rate. From the standpoint of practicality, relays are modelled
as uniformly distributed. Also, we confirm that the diversity
order of the weak user is worked out to be zero due to the
effects of residual SI. The spatial multiplexing gain of strong
user relay is worked out to be one, which is its achievable
maximum value.

∙ Different from the inexplicit conclusion of other works, we
straightforwardly reveal that even with the adverse effects of
SI, FD-CNOMA with reasonable SI suppression capabili-
ties still achieves superior performance over HD-CNOMA
and cooperative OMA (COMA). We confirm that FD is the
most sensible choice when designing a TRSPA strategy in
reality.

The main notations are shown as follows: E (⋅) denotes the
expectation operation; log(⋅), lg(⋅), and ln(⋅) denote the base-2,
base-10, and natural logarithmic functions, respectively.

The rest of this paper is organized as follows. In Section 2,
we describe the network model of the considered FD relaying
CNOMA scenario. Section 3 presents the performance eval-
uation results of the proposed relay selection strategy TRSPA
in terms of outage probability and ergodic rate. Accordingly,
diversity orders and spatial multiplexing gains are derived.
Next, Section 4 further exploits the impact of SI on TRSPA
for FD-CNOMA and then compares its performance with
TRSPA applied in other relaying modes, namely HD and OMA.
Section 5 provides numerical simulation results to validate
theoretical derivation results and to illustrate the superior per-
formance of the proposed relay selection strategy compared to
other RS strategies and other relaying modes. Finally, Section 6
gives some concluding remarks.

Ω

FIGURE 1 System model

2 NETWORK MODEL

2.1 Network description

We consider a FD relaying CNOMA scenario consisting of one
BS, K FD user relays (D1,k with 1 ≤ k ≤ K ) and one user (D2),
in the uplink communication system as shown in Figure 1. 
denotes the set of relays in the network. The relays are equipped
with two antennas, one for reception and one for transmis-
sion, while all other nodes are equipped with a single antenna.
Like [18] and [21], this paper assumes there does not exist any
direct link between the BS and the weak user D2 because of
D2’s limited transmission capability [20] and the severe shadow-
ing effects caused by physical obstacles. In such case, D2 can-
not upload signals to the BS all by itself, which is the main
reason why it desires the assistance of a selected relay D1,k∗

(D1,k∗ ∈ ) by our proposed relay selection strategy TRSPA
in Section 2.3. User relays that are not selected will send their
respective messages to the BS using resource blocks other than
the one occupied by D2 and D1,k∗ , which is the same with a
traditional OMA scheme. Therefore, we only focus on the per-
formance of D2 and D1,k∗ . We assume that D2 is located at the
origin of a disc with a radius of RD . K relays are uniformly dis-
tributed in that disc. Wireless links are assumed to follow inde-
pendent non-selective block Rayleigh fading [22–27] and are
corrupted by additive white Gaussian noise with a power value

of N0. h1,k =
h√

1+d𝛼1,k

and h2,k =
h′√

1+r𝛼2,k

[4], respectively, rep-

resent the channel coefficients of D1,k → BS and D2 → D1,k
links, where d1,k is the distance between D1,k and the BS, and
r2,k is the distance between D2 and D1,k. h and h′ are inde-
pendent Rayleigh fading channel gains and 𝛼 represents the
path loss exponent. We assume that d1,k ≫ r2,k [4]. Moreover,

d1,k =
√

d 2
D2,BS

+ r2
2,k − 2d

D2,BS
r2,k cos(𝜃k ), where dD2,BS is the

distance between D2 and the BS and 𝜃k denotes the angle
∠D1,kD2 BS. For the sake of practicality, we assume that resid-
ual loop self-interference (LI) exists at D1,k. The LI signal is
assumed to be additive Gaussian signal with zero mean [6, 28].
The assumption of a Gaussian distribution might hold in reality
because of the various sources of imperfections in the cancella-
tion process based on the central limit theorem. Moreover, the
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variance of this Gaussian LI signal is ΩLI Pr based on [10] and
[29], where Pr is the normalized transmit power of each relay
and ΩLI is its LI cancellation coefficient. x1,k and x2 are mes-
sages transmitted by D1,k and D2. We consider the case that
x1,k and x2 form a NOMA group, as the two-user NOMA case
is reasonably followed in [4, 13, 17–19] and [21]. Such case is
also investigated in the Third Generation Partnership Project.
In fact, the subsequent analysis can be extended for a multiple-
user scenario by clustering.

To prepare for the proposal of TRSPA, we take an arbi-
trary user relay D1,k as an example to describe how a user relay
assists D2 in the FD-CNOMA scheme presented in Figure 1. D2
appears and disappears randomly. D1,k detects the received sig-
nal and determines whether D2 exists or not. If D1,k’s detection
result shows the existence of D2, D1,k will then try to decode
x2. After D1,k has successfully obtained x2, D1,k transmits a
superimposed NOMA signal consisting of x2 and x1,k to the BS.
Based on SIC [9], the BS will successively decode messages of
D2 and D1,k. Otherwise, if the detection result claims D2 does
not exist, D1,k will directly transmit its own message using full
power. BS then directly decodes x1,k.

2.2 Signal model

The signal received by D1,k is yr
D1,k

[l ] ={√
Psh2,kx2[l ] +𝜛1xLI ,k[l ] + nD1,k

[l ], H1

𝜛1xLI ,k[l ] + nD1,k
[l ], H0

, where xLI ,k

denotes the LI signal at D1,k and nD1,k
is the noise signal,

during the l-th time slot. Ps is the normalized transmit power of
D2. In the following analysis, we assume that Pr = Ps

1 [17–19,
21]. H1 and H0 refer to the hypotheses that D2 exists or not,
respectively. 𝜛1 is an indicator variable, where 𝜛1 = 1 denotes
the relay working in FD mode. For comparison, we will also
study HD and OMA modes where 𝜛1 = 0.

Recalling the FD-CNOMA scheme illustrated in Section 2.1,
if D1,k claims the existence of D2, D1,k will decode x2 from its
received signal with the signal-to-interference-plus-noise ratio
(SINR) of

𝛾D2→D1,k
=

||h2,k
||2𝜌

𝜛1ΩLI𝜌 + 1
, (1)

where
Pr

N0
=

Ps

N0

Δ
= 𝜌 is the transmit SNR. We first con-

sider the case that D1,k correctly decodes D2. D1,k transmits
the superimposed NOMA signal yt

D1,k
[l ] =

√
Pr a1,kx1,k[l ] +√

Pr a2,kx2[l − 𝜏], where 𝜏 represents the processing delay at
D1,k with an integer 𝜏 ≥ 1. a1,k and a2,k are power allocation
coefficients for x1,k and x2, respectively, where a1,k + a2,k = 1.
The received signal at the BS is yr

BS
[l ] = h1,kyt

D1,k
[l ] + nBS [l ],

where nBS denotes the noise signal at the BS. Similar to [4, 11]
and [13], D2 and D1,k are sorted based on their QoS priority

1 This is assumed to simplify the derivation process. A similar technique can be applied
when Pr ≠ Ps .

during SIC. D2 should access the spectrum band with a high
priority, as discussed in Section 1. Therefore, during SIC, the BS
first decodes x2 with the SINR value of

𝛾D2→D1,k→BS =
a2,k

||h1,k
||2𝜌

a1,k
||h1,k

||2𝜌 + 1
. (2)

After decoding x2 and subtracting it from yr
BS

, the BS will
decode x1,k with a SNR value of

𝛾D1,k→BS = a1,k
||h1,k

||2𝜌. (3)

We then consider the case that D1,k fails to detect and obtain
x2. It will directly send its own message to the BS with full power
so that the power resource is sufficiently utilized. Under such
condition, the received SNR value at the BS when it decodes
x1,k is given by

�̂�D1,k→BS = ||h1,k
||2𝜌. (4)

2.3 Relay selection strategy

In this subsection, both our proposed TRSPA strategy and
other relay selection benchmarks with various relaying modes
are presented to prepare for subsequent comparison.

2.3.1 Three-stage relay selection with power
allocation

In the first stage, all relays sense the spectrum band to determine
whether D2 exists or not and then relays with positive sensing
results further decode x2. Therefore, the following subset 1
(1 ⊆ ) is built.

1 =
{

D1,k ∶ 1 ≤ k ≤ K ,

TED,k ≥ 𝜆, log
(

1 + 𝛾D2→D1,k

) ≥ R2

}
,

(5)

where R2 is the target data rate of x2; TED,k =
1

L

∑L

l=1 (yr
D1,k

[l ])2 represents the test statistic of energy detec-
tion (ED) by D1,k; L represents the sampling number; 𝜆 is the
detection threshold of ED, which is determined by the preset
false alarm probability P

pre

f
. As stated in [6], FD-CNOMA

adopts the widely used ED, since it is efficient and simple to be
implemented in hardware.

In the second stage, we intend to find out all relays within 1
which are able to successfully forward x2 to the BS. If the BS
fails to decode x2 even when a1,k = 0, then the corresponding
D1,k will by no means succeed. Therefore, we substitute a1,k =
0 into (2) and get the maximum value of 𝛾D2→D1,k→BS , that

is 𝛾D2→D1,k→BS ,MAX = |h1,k|2𝜌. As long as log(1 + |h1,k|2𝜌) ≥
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R2, D1,k is likely to realize the successful transmission of x2. In
conclusion, the second stage is to build the following subset 2
(2 ⊆ 1) to enable the BS to decode x2 correctly.

2 =
{

D1,k ∶ D1,k ∈ 1, log
(

1 + ||h1,k
||2𝜌) ≥ R2

}
. (6)

For the third stage, we select the relay D1,k∗ by (7).

k∗ = arg
k∈{1,2,…,K }

max ||h1,k
||2 s.t. D1,k ∈ 2. (7)

According to [13], the relay with maximum |h1,k|2 can be found
out by a virtual timer. Each relay D1,k (D1,k ∈ 2) starts a virtual

timer initiated by tn = t0 exp(−|h1,k|2), where t0 is a constant.
The timer of D1,k with the best channel condition to the BS (i.e.
the selected relay D1,k∗ ) will expire first. Then D1,k∗ broadcasts
a flag message signalling its presence and other relays back off.
Moreover, the optimal power allocation coefficient is dynami-
cally worked out based on CSI as shown in (8).

a1,k =
||h1,k

||2𝜌 − T2||h1,k
||2𝜌(1 + T2)

, (8)

where T2 = 2R2 − 1 is the target SNR when decoding x2. The
purpose of our proposed relay selection strategy TRSPA is to
find out the best user relay in order to maximize the ergodic
rate of that selected relay on the condition of guaranteeing
successful transmissions of D2’s signal, which means x2 is suc-
cessfully decoded by the BS. Here we claim that the power allo-
cation coefficient given by (8) is optimal and relevant proofs
will be presented in Theorem 1 and Theorem 2 by illustrating
(8) indeed enables TRSPA to achieve that goal.

It is noted that if |1| = 0 or |2| = 0, where |1| and |2|
refer to the sizes of 1 and 2, respectively, it is impossible for
any relay to realize the successful transmission of x2. Similar
to the case of (4), relays will then directly transmit their own
messages with full power. In order to achieve the largest data
transmission rate, the selected relay is given by

k∗ = arg
k∈{12⋯K }

max �̂�D1,k→BS s.t. D1,k ∈ 

= arg
k∈{12⋯K }

max ||h1,k
||2 s.t. D1,k ∈  . (9)

Theorem 1. For a FD-CNOMA scheme, the power allocation coef-

ficient given by (8) enables the proposed TRSPA strategy to minimize the

outage probability of D2.

Proof. As above-stated, the premise is to ensure successful trans-
missions of D2’s signal. Therefore, in this proof, we aim to
illustrate that with the power allocation coefficient given by
(8), our proposed TRSPA scheme achieves the optimal out-
age performance, that is D1,k̃ with a channel coefficient of
h1,k̃ between itself and the BS is chosen by any other RS
strategy with power coefficients a1,k̃ and a2,k̃. If x2 is suc-

cessfully decoded by the BS with the assistance of D1,k̃, then
a2,k̃|h1,k̃|2𝜌

a1,k̃|h1,k̃|2𝜌+1
≥ T2 must be true based on (2). We also learn that|1| ≠ 0, since at least D1,k̃ obtains x2. Moreover, based on

a2,k̃|h1,k̃|2𝜌
a1,k̃|h1,k̃|2𝜌+1

≥ T2, we have 0 ≤ a1,k̃|h1,k̃|2𝜌 ≤ |h1,k̃|2𝜌−T2

1+T2
, which

means T2 ≤ |h1,k̃|2𝜌. Thus, D1,k̃ ∈ 2 according to (6) and we
get |2| ≠ 0. Since |1| ≠ 0 and |2| ≠ 0, the selected relay by
TRSPA is k∗ = arg

k∈{1,2,…,K }
max |h1,k|2 s.t. D1,k ∈ 2 and the

corresponding power coefficient is a1,k∗ =
|h1,k∗ |2𝜌−T2|h1,k∗ |2𝜌(1+T2 )

based

on (7) and (8). In such case, 𝛾D2→D1,k→BS =
a2,k∗ |h1,k∗ |2𝜌

a1,k∗ |h1,k∗ |2𝜌+1
=

T2, which means x2 can also be correctly decoded by the BS with
the assistance of the selected D1,k∗ by our proposed TRSPA
strategy. In conclusion, as long as there exists any RS strategy
with any power allocation coefficient, which realizes success-
ful decoding, our proposed TRSPA will be capable of doing
so as well. Therefore, our proposed power allocation method
(8) enables TRSPA to realize the smallest outage probability
among all possible relay selection strategies with any possi-
ble power allocation coefficient. In other words, from the per-
spective of outage performance for D2, the power allocation
coefficient (8) is proved to be optimal, which completes the
proof. □

Theorem 2. The power allocation coefficient given by (8) enables the

proposed TRSPA to achieve the largest ergodic rate for the selected user

relay when x2 is successfully decoded by the BS.

Proof. As above-stated, our purpose is to find out the best user
relay to maximize its ergodic rate on the condition of guaran-
teeing successful transmissions of D2’s signal. Therefore, in this
proof, we aim to illustrate that with the power allocation coef-
ficient given by (8), our proposed TRSPA scheme achieves the
largest ergodic rate for the selected user relay when x2 is suc-
cessfully decoded by the BS.

We continue with the proof of Theorem 1. When x2

is successfully decoded by the BS, we have
a2,k̃|h1,k̃|2𝜌

a1,k̃|h1,k̃|2𝜌+1
≥

T2. Therefore, a1,k̃|h1,k̃|2𝜌 ≤ |h1,k̃|2𝜌−T2

1+T2
≤ |h1,k|2MAX

𝜌−T2

1+T2
, where|h1,k|2MAX

represents the largest channel power gain among
all relays within 2 (|2| ≠ 0 based on Theorem 1).
According to (7) and (8), the selected relay by our pro-

posed TRSPA strategy satisfies a1,k∗ |h1,k∗ |2𝜌 = |h1,k|2MAX
𝜌−T2

1+T2
.

Therefore, log(1 + a1,k̃|h1,k̃|2𝜌) ≤ log(1 + a1,k∗ |h1,k∗ |2𝜌), that
is 𝛾D1,k̃→BS ≤ 𝛾D1,k∗→BS . That is to say our proposed power
allocation method (8) enables TRSPA to realize the largest
ergodic rate of the selected relay among all possible relay selec-
tion strategies with any possible power allocation coefficient.
In other words, from the perspective of ergodic rate for the
selected user relay, the power allocation coefficient (8) is proved
to be optimal, which completes the proof. □
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In conclusion, the proposed power allocation coefficient (8)
is proved to achieve the optimal outage performance, on which
basis, the largest ergodic rate, among all possible methods.
Considering the above-mentioned purpose of our relay selec-
tion strategy, (8) indeed enables the proposed TRSPA to maxi-
mize the ergodic rate of the selected relay on the condition of
guaranteeing successful transmissions of D2’s signal. Therefore,
the power allocation coefficient given by (8) is proved to be
optimal.

2.3.2 Max-min relay selection

k∗
Max−Min

= arg
k

max{min[|h1,k|2, |h2,k|2] ∶ D1,k ∈ } [30].

2.3.3 Single-stage relay selection

Based on [4], single-stage relay selection (SRS) strategy

chooses the relay k∗
SRS

= arg
k

max {min[log(1 +
|h2,k|2𝜌

𝜛1ΩLI 𝜌+1
), log

(1 +
aSRS

2,k |h1,k|2𝜌
aSRS

1,k |h1,k|2𝜌+1
)]}, where aSRS

1,k and aSRS
2,k are the predefined

power coefficients for the user relay and the weak user.

2.3.4 Two-stage relay selection

According to the reference [11], Two-stage relay selection
(TRS) first builds a subset TRS = {D1,k ∶ 1 ≤ k ≤ K , log

(1 +
|h2,k|2𝜌

𝜛1ΩLI 𝜌+1
) ≥ R2, log(1 +

aTRS
2,k |h1,k|2𝜌

aTRS
1,k |h1,k|2𝜌+1

) ≥ R2}, where aTRS
1,k

and aTRS
2,k are the predefined power coefficients. For compar-

ison fairness, we assume that relays in a TRS strategy also
have the capability of spectrum sensing. Then the second
stage is to select a relay D1,k∗

TRS
within TRS where k∗

TRS
=

arg
k

max{log(1 + aTRS
1,k |h1,k|2𝜌) ∶ D1,k ∈ TRS }.

2.3.5 HD-CNOMA

The critical difference between the HD counterpart (i.e. HD-
CNOMA) [31] and FD-CNOMA is whether user relays work in
HD or FD relaying modes.

2.3.6 COMA

Inspired by [17], the COMA counterpart is improved as fol-
lows for comparison fairness. In the first slot, the user relay
determines whether D2 exists or not by spectrum sensing. If
the detection result claims the existence of D2, the relay will
decode x2 and then successively transmit x1,k and x2 in the next
two slots. Otherwise, it will only transmit x1,k in the next two
slots.

3 ANALYTICAL PERFORMANCE
EVALUATION

3.1 Outage probability of D2

3.1.1 Outage probability of D2 and diversity
analysis under H1

Denote 𝜑1 as the event that all relays fail to detect and decode x2
correctively. If there exist some relays (e.g. j relays, 1 ≤ j ≤ K )
successfully obtaining x2, we denote 𝜑2 as the event that none
of them are capable of forwarding x2 to the BS. The outage
event of x2 is then expressed as 𝜑 = 𝜑1 ∪ 𝜑2, and thus the out-
age probability of D2 for TRSPA in a FD-CNOMA scheme (i.e.
TRSPA-FD) is

PTRSPA−FD
D2

= Pr (𝜑1) + Pr (𝜑2) = Pr (|1| = 0)

+

K∑
j=1

Pr ( |2| = 0||1| = j ) =
(
1 − PFD

sd

)K

+

K∑
j=1

C
j

K

(
PFD

sd

) j(
1 − PFD

sd

)K− j(
1 − J FD

d

) j

=
((

1 − PFD
sd

)
+ PFD

sd

(
1 − J FD

d

))K
, (10)

where PFD
sd

is the probability for an arbitrary relay to success-
fully detect and decode x2; J FD

d
represents the probability for the

BS to correctly decode x2 forwarded by an arbitrary relay; and

C
j

K
=

K !

j !(K− j )!
. PFD

sd
and J FD

d
are formulated as

PFD
sd

= ∫
∞

0
PFD

d
(x ) Pr

(
𝛾D2→D1,k

> T2

)
fX (x )dx

= ∫
∞

𝜛1ΩLI𝜌 + 1
𝜌

T2

PFD
d

(x ) fX (x )dx (11)

J FD
d

= Pr
(
𝛾D2→D1,k→BS ,MAX > T2

)
= Pr

(||h1,k
||2𝜌 > T2

)
≈ e

−
(

1+d𝛼
D2 ,BS

)
T2
𝜌 , (12)

where PFD
d

(x ) is the detection probability of ED by
D1,k to detect x2. It is a function associated with|h2,k|2, which is denoted as x. fX (x ) is the probabil-
ity density function (PDF) of x. On the condition of

d1,k =
√

d 2
D2,BS

+ r2
2,k − 2d

D2,BS
r2,k cos(𝜃k ) and d1,k ≫ r2,k

as stated in Section 2.1, the distance between D1,k and the BS
is approximated as the distance between the BS and D2, that is
d1,k ≈ d

D2,BS
[4]. According to the central limit theorem, the
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detection probability PFD
d

(x ) is

PFD
d

(x ) = Q

⎛⎜⎜⎜⎝
Q−1(P

pre

f
)
√

2

L
(1 +𝜛1ΩLI𝜌) − 𝜌x√

2∕L(1 +𝜛1ΩLI𝜌 + 𝜌x )

⎞⎟⎟⎟⎠ , (13)

where Q(⋅) is the Marcum Q-function. Moreover, relays are
uniformly distributed within the disc around D2. Thus, the

PDF of r2,k is fR (r2,k ) =
2r2,k

R2
D

. Given h2,k =
h′√

1+r𝛼2,k

, the

cumulative distribution function (CDF) of |h2,k|2 is expressed
as

FX (x ) = ∫ RD

0

(
1 − e

−
(

1+r𝛼2,k

)
x
)

2r2,k

R2
D

d r2,k. (14)

According to Gaussian-Chebyshev quadrature [32], FX (x )

is further calculated as FX (x ) ≈
𝜋

2N

∑N

n=1

√
1 − 𝜙2

n (1 − e−cnx )

(𝜙n + 1), where cn = 1 + (
RD

2
(𝜙n + 1))𝛼 and 𝜙n = cos(

2n−1

2N
𝜋)

[4]. N is the complexity-vs-accuracy tradeoff parameter. There-
fore, the PDF of |h2,k|2 is

fX (x ) ≈
𝜋

2N

∑N

n=1

√
1 − 𝜙2

n (𝜙n + 1)cne−cnx . (15)

Substituting (13) and (15) into (11), the expression of PFD
sd

can
be obtained as shown in (16) and (17) after tedious algebraic
manipulations and integral calculations.

PFD
sd

=
𝜋

4N

N∑
n=1

(√
1 − 𝜙2

n (𝜙n + 1)e−pnT2

)
−

√
𝜋

2N

pn

cn

×

∞∑
𝜓=0

N∑
n=1

(−1)𝜓
(

1√
2

)2𝜓+1

(𝜓!)(2𝜓 + 1)

√
1 − 𝜙2

n (𝜙n + 1)cnepnΘn,𝜓

(16)

Θn,𝜓

=

(
−
√

L

2

)2𝜓+1
e−pn (T2+1)

pn
+

2𝜓+1∑
𝜉=1

C
𝜉

2𝜓+1

(
−

√
L

2

)2𝜓+1−𝜉

×B𝜉

(
(−1)𝜉 p

𝜉−1
n Ei

(
−pnu

)(
𝜉 − 1

)
!

+
e−pnu

u𝜉−1

𝜉−2∑
𝜔=0

(−1)𝜔 p𝜔n u𝜔(
𝜉 − 1

)(
𝜉 − 2

)
⋯

(
𝜉 − 𝜔 − 1

)⎞⎟⎟⎠ ,
(17)

where B =
Q−1(P

pre

f
)
√

2∕L+1√
2∕L

, u = T2 + 1, pn = cn
𝜛1ΩLI 𝜌+1

𝜌
and

Ei(⋅) is the exponential integral function.

Substituting J FD
d

and PFD
sd

obtained from (12), (16) and (17)
into (10), we get the outage probability PTRSPA−FD

D2
.

Corollary 1. On the basis of the derivation result (10) for TRSPA-

FD, we make the following changes to obtain the outage probabilities

PTRSPA−HD
D2

and PTRSPA−OMA
D2

of D2 for TRSPA-HD and TRSPA-

OMA, which respectively refer to TRSPA working in HD-CNOMA

and COMA schemes: (i) substitute 𝜛1 = 0 into (10) since HD-

CNOMA and COMA are not affected by LI and (ii) change T2
into 𝜙HD,2 = 22R2 − 1 and 𝜙OMA,2 = 23R2 − 1 which are the tar-

get SNRs during decoding x2 in HD-CNOMA and COMA schemes,

respectively, since each of their entire transmission processes finish in two or

three time slots based on Section 2.3.

We further analyze the diversity order for D2 which is defined
as

d TRSPA−FD
D2

= − lim
𝜌→∞

lg
(

PTRSPA−FD
D2

)
lg 𝜌

. (18)

When 𝜌 → ∞, we get lim
𝜌→∞

J FD
d

Δ
= J

FD,∞
d

≈ 1 based on (12)

and e
−

1

𝜌 ≈ 1 −
1

𝜌
. With lim

𝜌→∞

𝜛1ΩLI 𝜌+1

𝜌
= 𝜛1ΩLI , we obtain

the asymptotic value of PFD
sd

, that is lim
𝜌→∞

PFD
sd

= P
FD,∞

sd

Δ
= PFD

SD
.

Given (10), the asymptotic outage probability of D2 for TRSPA-
FD is

lim
𝜌→∞

PTRSPA−FD
D2

Δ
= P

TRSPA−FD,∞
D2

=
(
1 − PFD

SD

)K
. (19)

Substituting (19) into (18), we learn that D2’s diversity order
equals zero, that is d TRSPA−FD

D2
= 0.

Remark 1. The diversity order of TRSPA-FD is zero due to
the effect of residual LI. Therefore, a floor exists for D2’s out-
age probability.

As to TRSPA-HD, according to (11), its successful detecting
and decoding probability PHD

sd
when 𝜌 → ∞ is approximated

as P
HD,∞

sd
= lim

𝜌→∞
∫ ∞
𝜙HD,2

𝜌

PHD
d

(x ) fX (x )dx, where PHD
d

(x ) is

the detection probability of an arbitrary relay in a TRSPA-HD

system. lim
𝜌→∞

PHD
d

(x ) = Q

(
Q−1(P

pre

f
)
√

2∕L−𝜌x√
2∕L(1+𝜌x )

)
according to

(13). Therefore, P
HD,∞

sd
is further written as P

HD,∞
sd

= lim
𝜌→∞

∫ ∞
𝜙HD,2

𝜌

fX (x )dx = 1 − lim
𝜌→∞

FX (
𝜙HD,2

𝜌
). According to (14),

lim
𝜌→∞

FX (
𝜙HD,2

𝜌
) is approximated as lim

𝜌→∞

𝜙HD,2

𝜌
∫ RD

0
(1 + r𝛼2,k )

2r2,k

R2
D

d r2,k. Let R = ∫ RD

0
(1 + r𝛼2,k )

2r2,k

R2
D

d r2,k = 1 +
2

𝛼+2
R𝛼

D

and we get lim
𝜌→∞

FX (
𝜙HD,2

𝜌
) ≈ lim

𝜌→∞
R
𝜙HD,2

𝜌
. Then P

HD,∞
sd

=

1 − lim
𝜌→∞

FX (
𝜙HD,2

𝜌
) ≈ 1 − lim

𝜌→∞
R
𝜙HD,2

𝜌
. Based on (10), the
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asymptotic outage probability of D2 for TRSPA-HD when
𝜌 → ∞ is

P
TRSPA−HD,∞

D2
=
((

1 + d𝛼
D2,BS

)
𝜙HD,2 + R𝜙HD,2

)K(
1

𝜌

)K

.

(20)
Substituting (20) into (18), we get d TRSPA−HD

D2
= K .

Similarly, we also work out the asymptotic outage probability
of D2 for TRSPA-OMA:

P
TRSPA−OMA,∞

D2

=
((

1 + d𝛼
D2,BS

)
𝜙OMA,2 + R𝜙OMA,2

)K(
1

𝜌

)K

.
(21)

Substituting (21) into (18), we learn that the diversity order for
TRSPA-OMA equals K.

Remark 2. Diversity orders of TRSPA for HD-CNOMA and
COMA schemes both equal K.

3.1.2 Outage probability of D2 and diversity
analysis under H0

D2 does not exist herein.

3.2 Ergodic rate of D1,k∗

3.2.1 Ergodic rate of D1,k∗ and spatial
multiplexing gain under H1

The CDF FY (y) of the received SNR (i.e. Y) at the BS when
decoding x1,k∗ is a critical parameter when deriving D1,k∗ ’s
ergodic rate. We next work out FY (y) in three independent
cases.

The first case E1, j refers to |1| = j ≠ 0 and |2| = 0,
which means none of the j relays within 1 could enable
the BS to successfully decode x2 even if they allocate all
power to x2. k∗ = arg

k

max{|h1,k|2 ∶ D1,k ∈ } accord-

ing to Section 2.3. Then the received SINR at the BS to

decode x1,k∗ is �̂�D1,k∗→BS |E1, j = max
k∈ |h1,k|2𝜌 Δ

= Y |E1, j . In

the second case E2,i, j when |1| = j ≠ 0 and |2| = i ≠ 0,

k∗ = arg
k

max{|h1,k|2 ∶ D1,k ∈ 2} according to (7) and

a1,k∗ =
|h1,k∗ |2𝜌−T2|h1,k∗ |2𝜌(1+T2 )

according to (8). Then the received

SINR value under E2,i, j at the BS to decode x1,k∗ is

𝛾D1,k∗→BS |E2,i, j = max
k∈2

a1,k|h1,k|2𝜌 = max
k∈2

|h1,k|2𝜌−T2

1+T2

Δ
=

Y |E2,i, j . As to the third case E3 when |1| = 0, similar

with E1, j , k∗ = arg
k

max{|h1,k|2 ∶ D1,k ∈ } according to

Section 2.3. Then the received SINR under E3 at the BS to

decode x1,k∗ is �̂�D1,k∗→BS |E3 = max
k∈ |h1,k|2𝜌 Δ

= Y |E3.

Given the fact that the outage probability of a practical sys-
tem is usually extremely small to guarantee the reliability and
robustness [3, 33], the CDF of Y can be formulated as (22) by
combining all these three cases.

FY (y) =
K∑

j=1

Pr (|1| = j ≠ 0, |2| = 0)

Pr
((

�̂�D1,k∗→BS
|||E1, j

)
< y

)
+ Pr (|1| = 0)

Pr
((

�̂�D1,k∗→BS
|||E3

)
< y

)
+

K∑
j=1

j∑
i=1

Pr (|1| = j ≠ 0, |2| = i ≠ 0)

Pr
((

𝛾D1,k∗→BS
|||E2,i, j

)
< y

)

=

K∑
j=1

C
j

K

(
PFD

sd

) j(
1 − PFD

sd

)K− j(
1 − J FD

d

) j
⎛⎜⎜⎝1 − e

−
(
1+d 𝛼

D2 ,BS

) y

𝜌
⎞⎟⎟⎠

K

+
(
1 − PFD

sd

)K
⎛⎜⎜⎝1 − e

−
(

1+d 𝛼
D2 ,BS

) y

𝜌
⎞⎟⎟⎠

K

+

K∑
j=1

C
j

K

(
PFD

sd

) j(
1 − PFD

sd

)K− j

⎛⎜⎜⎜⎜⎝
j∑

i=1

C i
j

(
J FD
d

)i(
1 − J FD

d

) j−i

⎛⎜⎜⎜⎝1 − e
−
(

1+d 𝛼
D2 ,BS

) (1 + T2)y + T2

𝜌

⎞⎟⎟⎟⎠
i⎞⎟⎟⎟⎟⎠
.

(22)
The achievable rate of D1,k∗ is RTRSPA−FD

D1,k∗
|H1 = log(1 +Y ).

Then the ergodic rate under H1 is E [RTRSPA−FD
D1

|H1] =

E [log(1 +Y )] =
1

ln 2
∫ ∞

0
1

1+y
(1 − FY (y))dy [17, 21]. According

to ∫ ∞

0
1

1+y
e
−(1+d𝛼

D2 ,BS
)

y

𝜌
m

dy = −e
(1+d𝛼

D2 ,BS
)

m

𝜌 Ei(−(1 + d𝛼
D2,BS

)
m

𝜌
)

[34] and (22), we have

E
[
RTRSPA−FD

D1,k∗
|H1

]
= J1 + J2 + J3, (23)

where

J1 =
1

ln 2

K∑
j=1

C
j

K

(
PFD

sd

) j(
1 − PFD

sd

)K− j(
1 − J FD

d

) j

×

⎛⎜⎜⎜⎝
K∑

m=1

C m
K

(−1)m
e

(
1+d𝛼

D2 ,BS

)m

𝜌 Ei

⎛⎜⎜⎜⎝−
(

1 + d𝛼
D2,BS

)
m

𝜌

⎞⎟⎟⎟⎠
⎞⎟⎟⎟⎠,

(24)
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J2 =
1

ln 2

K∑
j=1

C
j

K

(
PFD

sd

) j(
1 − PFD

sd

)K− j
j∑

i=1

C i
j

(
J FD
d

)i

×
(
1 − J FD

d

) j−i
i∑

m=1

C m
i

(−1)m
e

(
1+d𝛼

D2 ,BS

)
(1+2T2 )m

𝜌

×Ei

⎛⎜⎜⎜⎝−
(

1 + d𝛼
D2,BS

)
(1 + T2)m

𝜌

⎞⎟⎟⎟⎠,
(25)

J3 =
1

ln 2

(
1 − PFD

sd

)K

×

K∑
m=1

C m
K

(−1)m
e

(
1+d𝛼

D2 ,BS

)m

𝜌 Ei

⎛⎜⎜⎜⎝−
(

1 + d𝛼
D2,BS

)
m

𝜌

⎞⎟⎟⎟⎠.
(26)

Corollary 2. Based on (23) for TRSPA-FD, we make the follow-

ing changes to obtain the ergodic rate of TRSPA-HD: (i) let 𝜛1 =
0; (ii) change T2 into 𝜙HD,2 = 22R2 − 1; and (iii) rewrite (23)

into E [RTRSPA−HD
D1,k∗

|H1] =
1

2
(J1 + J2 + J3). As to TRSPA-OMA,

besides assigning 𝜛1 = 0, changing T2 into 𝜙OMA,2 = 23R2 − 1, and

rewriting (23) into E [RTRSPA−OMA
D1,k∗

|H1] =
2

3
J1 +

1

3
J2 +

2

3
J3, J2 also

needs to be modified into JOMA,2 as (27),

JOMA,2 =
1

ln 2

K∑
j=1

C
j

K

(
POMA

sd

) j(
1 − POMA

sd

)K− j

×

j∑
i=1

C i
j

(
J OMA
d

)i(
1 − J OMA

d

) j−i
i∑

m=1

C m
i

(−1)m
e

(
1+d𝛼

D2 ,BS

)
m

𝜌

Ei

(
−

(
1+d𝛼

D2 ,BS

)
m

𝜌

)
(27)

where the parameters POMA
sd

and J OMA
d

are defined in a TRSPA-OMA

scheme with the same physical meanings as PFD
sd

and J FD
d

in (11) and

(12).

Then we evaluate the slope of the ergodic rate curve in the
high SNR region. Its physical meaning is spatial multiplexing
gain [35]. It is defined as

S TRSPA−FD
D1,k∗

|H1 = lim
𝜌→∞

E
[

RTRSPA−FD
D1,k∗

|||H1

]
log 𝜌

. (28)

Using Ei(−
1

𝜌
) → ln

1

𝜌
+CE where CE is the Euler constant,

the asymptotic ergodic rate of D1,k∗ for TRSPA-FD when 𝜌 →
∞ can be written as (29)-(32) according to (23)-(26).

E
[
R

TRSPA−FD,∞
D1,k∗

|H1

]
= J∞1 + J∞2 + J∞3 , (29)

where J1, J2 and J3 are approximated as J∞1 , J∞2 and J∞3 when
𝜌 → ∞, respectively.

J∞1 = 0. (30)

J∞2 =
1

ln 2

K∑
j=1

C
j

K

(
PFD

SD

) j(
1 − PFD

SD

)K− j
j∑

i=1

C i
j

×

((
1 + d𝛼

D2,BS

)T2

𝜌

) j−i i∑
m=1

C m
i

(−1)m

×

⎛⎜⎜⎜⎝ln

(
1 + d𝛼

D2,BS

)
(1 + T2)m

𝜌
+CE

⎞⎟⎟⎟⎠.
(31)

J∞3 =
1

ln 2

(
1 − PFD

SD

)K

×

K∑
m=1

C m
K

(−1)m

⎛⎜⎜⎜⎝ln

(
1 + d𝛼

D2,BS

)
m

𝜌
+CE

⎞⎟⎟⎟⎠.
(32)

Accordingly, substituting (30), lim
𝜌→∞

J∞2

log 𝜌
=

K∑
j=1

C
j

K
(PFD

SD
) j

(1 − PFD
SD

)K− j (
j∑

m=1
C m

i (−1)m+1) and lim
𝜌→∞

J∞3

log 𝜌
= (1 − PFD

SD
)K

K∑
m=1

C m
K

(−1)m+1 into (29), we work out the spatial multiplexing

gain in (33) for TRSPA-FD.

S TRSPA−FD
D1,k∗

|H1 =

K∑
j=1

C
j

K

(
PFD

SD

) j(
1 − PFD

SD

)L− j

×

j∑
m=1

C m
i

(−1)m+1
+
(
1 − PFD

SD

)K
K∑

m=1

C m
K

(−1)m+1
= 1.

(33)
Similarly, we also obtain the spatial multiplexing gains

S TRSPA−HD
D1,k∗

|H1 =
1

2
and S TRSPA−OMA

D1,k∗
|H1 =

1

3
.

In a system with A1 transmit antennas and A2 receive anten-
nas, the maximum spatial multiplexing gain is min(A1,A2) [36].
Given the investigated system model in Section 2.1, the maxi-
mum spatial multiplexing gain of D1,k∗ is 1.

Remark 3. The spatial multiplexing gain for D1,k∗ in a TRSPA-
FD system under H1 is 1 and it is the achievable max-
imum value in the considered system. As to TRSPA-HD

and TRSPA-OMA, their spatial multiplexing gains are only
1

2

and
1

3
.
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3.2.2 Ergodic rate of D1,k∗ and spatial
multiplexing gain under H0

Under H0, all relays cannot obtain D2’s message
since D2 does not exist. According to (9), k∗ =

arg
k

max{|h1,k|2 ∶ D1,k ∈ }. Then D1,k∗ ’s data rate is

RTRSPA−FD
D1,k∗

|H0 = log(1 + �̂�D1,k∗→BS ) = log(1 + |h1,k∗ |2𝜌).

Therefore, the ergodic rate of D1,k∗ is E [RTRSPA−FD
D1,k∗

|H0] =

E [log(1 + max |h1,k|2𝜌
⏟⎴⎴⏟⎴⎴⏟

Ŷ

)] =
1

ln 2
∫ ∞

0
1

1+ŷ
(1 − FŶ (ŷ))d ŷ,

where FŶ (ŷ) is the CDF of Ŷ . We know that FŶ (ŷ) =

Pr(max |h1,k|2𝜌 < ŷ) = (1 − e
−(1+d𝛼

D2 ,BS
)

ŷ

𝜌 )K . The ergodic
rate of D1,k∗ under H0 is thus written as E [RTRSPA−FD

D1,k∗
|H0] =

1

ln 2
∫ ∞

0
1

1+ŷ
(

K∑
j=1

C
j

K
(−1) j

e
−(1+d𝛼

D2 ,BS
)

ŷ

𝜌
j
)d ŷ. According to [34],

we further get

E
[
RTRSPA−FD

D1,k∗
|H0

]
=

1
ln 2

K∑
j=1

C
j

K
(−1) j

×

(
−e

(
1+d𝛼

D2 ,BS

)
j

𝜌 Ei
(
−
(

1 + d𝛼
D2,BS

)
j

𝜌

))
.

(34)

Corollary 3. Ergodic rates of D1,k∗ under H0 for TRSPA-HD and

TRSPA-OMA are written as

E
[
RTRSPA−HD

D1,k∗
|H0

]
=

1
2 ln 2

K∑
j=1

C
j

K
(−1) j

×

(
−e

(
1+d𝛼

D2 ,BS

)
j

𝜌 Ei
(
−
(

1 + d𝛼
D2,BS

)
j

𝜌

)) (35)

E
[
RTRSPA−OMA

D1,k∗
|H0

]
=

2
3 ln 2

K∑
j=1

C
j

K
(−1) j

×
⎛⎜⎜⎝−e

(
1+d𝛼

D2 ,BS

) j

𝜌Ei

(
−
(

1 + d𝛼
D2,BS

) j

𝜌

)⎞⎟⎟⎠.
(36)

We know that Ei(−
1

𝜌
) ≈ ln

1

𝜌
+CE and e

−
1

𝜌 ≈ 1 −
1

𝜌
when

𝜌 → ∞. Based on (34), the asymptotic ergodic rate of D1,k∗

under H0 for TRSPA-FD is written as

E
[
R

TRSPA−FD,∞
D1,k∗

|H0

]

=
−1
ln 2

K∑
j=1

C
j

K
(−1) j

⎛⎜⎜⎜⎝ln

(
1 + d𝛼

D2,BS

)
j

𝜌
+CE

⎞⎟⎟⎟⎠.
(37)

Substituting (37) into (28), the spatial multiplexing gain of
TRSPA-FD is worked out to be 1, that is S TRSPA−FD

D1,k∗
|H0 =

1. Similarly, spatial multiplexing gains of TRSPA-HD and

TRSPA-OMA are
1

2
and

2

3
, that is S TRSPA−HD

D1,k∗
|H0 =

1

2
and

S TRSPA−OMA
D1,k∗

|H0 =
2

3
.

Remark 4. The spatial multiplexing gain for D1,k∗ in a TRSPA-
FD system under H0 is 1 and it is the achievable maximum value
of our considered system. As to TRSPA-HD and TRSPA-OMA,

their spatial multiplexing gains are only
1

2
and

2

3
.

4 PERFORMANCE COMPARISON

The above section already considers the impact of resid-
ual LI caused by the practical assumption of imperfect self-
interference cancellation. According to Remarks 1–4 and
research findings associated with CNOMA, FD-CNOMA out-
performs HD-CNOMA and COMA in the low SNR region.
However, it gradually loses its advantage as SNR increases, since
LI gets stronger in the high SNR region. The intensity of LI
seems to be the dominant factor of performance comparison
result. Motivated by this, we further presents comparison results
under the consideration of reasonable LI intensity to explicitly
answer the question which relaying mode the proposed TRSPA
strategy should choose in practice.

4.1 Outage probability

The general comparison result of FD-relaying-related research
works [17–19] is that FD performs better than HD and OMA
in the low SNR region but it will be outperformed in the high
SNR region. It is of great practical significance to compare the
results of TRSPA-FD, TRSPA-HD and TRSPA-OMA with rea-
sonable SI suppression capabilities, especially in the high SNR
region.

Based on [10] and [29], existing SI suppression techniques
are able to reduce the intensity of LI to the same level as noise
floor, that is ΩLI Pr = N0. Substituting ΩLI Pr = N0 into (11)
and (13), when 𝜌 → ∞, PFD

sd
of TRSPA-FD is approximated as

P
FD,∞

sd , LI=noi
= lim

𝜌→∞∫
∞

2T2
𝜌

PFD
d

(x ) fX (x )dx

≈ 1 − lim
𝜌→∞

FX

(
2T2

𝜌

)
= 1 − lim

𝜌→∞
R

2T2

𝜌
.

(38)

The asymptotic outage probability of TRSPA-FD in (19)
becomes

P
TRSPA−FD,∞

D2, LI=noi
=
((

1 + d𝛼
D2,BS

)
T2 + 2RT2

)K(
1

𝜌

)K

. (39)
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Substituting (39) into (18), the corresponding diversity order

is worked out as d TRSPA−FD
D2, LI=noi

= − lim
𝜌→∞

lg(PTRSPA−FD,∞
D2 , LI=noi

)

lg 𝜌
= K in a

practical scenario. The outage probability of TRSPA-FD there-
fore decreases at the same rate as TRSPA-HD and TRSPA-
OMA as 𝜌 gets larger. Also, their performance comparison
result will not fluctuate with the change of 𝜌. The one with a
better performance is always better. We next need to further
demonstrate that FD is the best one.

We define the outage performance gain of TRSPA-FD over

TRSPA-HD as GFD, HD = −10 lg
P

TRSPA−FD,∞
D2 , LI=noi

P
TRSPA−HD,∞
D2

. According to

(39) and (20), GFD, HD is calculated as

GFD, HD = −10K lg

((
1+d𝛼

D2 ,BS

)
T2+2RT2

)
((

1+d𝛼
D2 ,BS

)
𝜙HD,2+R𝜙HD,2

) . (40)

Since 𝜙HD,2 − T2 = (2R2 − 1)2 > 0 is true for any positive
number R2, we have 𝜙HD,2 > 2T2 > T2. Thus, GFD, HD is pos-
itive, verifying that TRSPA-FD achieves a better outage per-
formance than TRSPA-HD. The outage performance gain of
TRSPA-FD compared to TRSPA-OMA is

GFD, OMA = −10K lg

((
1+d𝛼

D2 ,BS

)
T2+2RT2

)
((

1+d𝛼
D2 ,BS

)
𝜙OMA,2+R𝜙OMA,2

) . (41)

Since 𝜙OMA,2 > 𝜙HD,2 > 2T2 > T2, GFD, OMA must be a posi-
tive constant.

Remark 5. Given reasonable SI suppression capabilities,
TRSPA-FD always achieves better outage performance than
TRSPA-HD and TRSPA-OMA and it will never be exceeded no
matter how large the SNR is. Therefore, different from the gen-
eral conclusion of other researchers, we confirm that FD is the
outage-optimal choice when designing a practical TRSPA sys-
tem.

4.2 Ergodic rate

We substitute ΩLI Pr = N0 into (30), (31) and
(32). By using (38), they become J∞1, LI=noi

= 0,

J∞2, LI=noi
=

1

ln 2

K∑
j=1

C
j

K
(PFD

sd , LI=noi
) j ×(1 − PFD

sd , LI=noi
)K− j

j∑
i=1

C i
j (

(1+d𝛼
D2 ,BS

)T2

𝜌
) j−i ×

i∑
m=1

C m
i (−1)m ln(

(1+d𝛼
D2 ,BS

)(1+T2 )m

𝜌
+CE )

and J∞3, LI=noi
= 0. Furthermore, we have

lim
𝜌→∞

J∞1, LI=noi
+J∞2, LI=noi

+J∞3, LI=noi

log 𝜌
= lim

𝜌→∞

K∑
i=1

C i
K

((1 + d𝛼
D2,BS

)
T2

𝜌
)
K−i

= 1. According to (28) and (29), the spatial multiplexing gain of
D1,k∗ for TRSPA-FD in practical scenarios is equal to 1, which
is the same as Remark 3.

Remark 6. Given reasonable SI suppression capabilities of FD
user relays, the spatial multiplexing gain of TRSPA-FD still
achieves 1, which is the same as Remark 3. It is the maxi-
mum achievable value, and is larger than those of TRSPA-HD
and TRSPA-OMA.

However, there is only one concern about the superiority
illustration of TRSPA-FD in terms of ergodic rate. Accord-
ing to Section 4, TRSPA-HD and TRSPA-OMA always achieve
worse outage performance than TRSPA-FD. Their user relays
are more likely to fail to obtain x2. So they tend to allocate more
power to relays in order to fully utilize the power resources
according to the proposed TRSPA stated in Section 2.3. In
such cases, these benchmarks may achieve larger ergodic rates
than TRSPA-FD, however, at the cost of worse outage perfor-
mance. As stated in Section 1, the transmissions of user relays’
messages are executed on the condition that D2’s QoS require-
ment is satisfied. Such a sacrifice of outage performance is not
allowed. Moreover, the ergodic rate comparison under unequal
premises of outage probabilities is not fair. Motivated by these,
we next compare TRSPA-FD’s ergodic rate with the bench-
marks under the same constraint of predetermined outage per-
formance requirement.

Given the preset outage performance requirement P
req

out , the
outage probability obtained from (21) is directly set to be P

req
out .

Then the required transmit SNR by TRSPA-OMA is

𝜌req = (1 + d𝛼
D2,BS

+ R)(23R2 − 1)∕(P
req

out )
1

K . (42)

According to E [RTRSPA−OMA,∞
D1,k∗

|H1] =
1

3 ln 2

K∑
m=1

C m
K

(−1)m+1

(ln
(1+d𝛼

SB
)m

𝜌req

+CE ), the derivative function

d (E [RTRSPA−OMA,∞
D1,k∗

|H1])

d (log 𝜌req )
=

1

3
is obtained. We know from (42) that

𝜌req is determined by R2 and it increases with R2. Thus, we need
to further work out the derivative function with respect to the

independent variable R2. Let W = (1 + d𝛼
D2,BS

+ R)∕(P
req

out )
1

K .

Then 𝜌req can be written as W (23R2 − 1) based on (42).
Accordingly, the derivative of log 𝜌req with respect to R2

is approximated as
d (log 𝜌req )

d (R2 )
≈ 3. Therefore, under the

restriction of P
req

out , E [RTRSPA−OMA,∞
D1,k∗

|H1] rises at a rate of

d (E [RTRSPA−OMA,∞
D1,k∗

|H1])

d (R2 )
≈

1

3
× 3 = 1 regarding R2.

As to TRSPA-FD, its SNR is 𝜌req as well for comparison fair-

ness. We substitute ΩLI Pr = N0 and T2 = (
𝜌req

W
+ 1)

1

3 − 1 into
(30), (31) and (32). Then by using (38), they become J∞1, LI=noi

=

0, J∞2, LI=noi
=

1

ln 2

K∑
m=1

C m
K

(−1)m (ln
(1+d𝛼

D2 ,BS
)(
𝜌req

W
+1)

1
3

m

𝜌req

+CE )

and J∞3, LI=noi
= 0, respectively. Therefore, we get

lim
𝜌→∞

J∞1, LI=noi
+J∞2, LI=noi

+J∞3, LI=noi

log 𝜌
=

2

3
. According to (29),
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we learn that lim
𝜌→∞

E [RTRSPA−FD,∞
D1,k∗

|H1]

log 𝜌
=

2

3
in this case.

E [RTRSPA−FD,∞
D1,k∗

|H1] increases at a rate of
d (E [RTRSPA−FD,∞

D1,k∗
|H1])

d (R2 )
=

d (E [RTRSPA−FD,∞
D1,k∗

|H1])

d (log 𝜌req )

d (log 𝜌req )

d (R2 )
≈

2

3
× 3 = 2. Similarly, as R2

rises, the ergodic rate for TRSPA-HD rises at a rate of
d (E [RTRSPA−HD,∞

D1,k∗
|H1])

d (R2 )
≈

1

6
× 3 =

1

2
.

Noted that TRSPA-OMA’s outage probability is set to be P
req

out

as shown in (42). We learn from (40) and (41) that the out-
age probabilities for TRSPA-FD and TRSPA-HD are actually
smaller than that of TRSPA-OMA, that is P

req
out , when they con-

sume the same transmit power 𝜌req . That is to say, all of these
three schemes satisfy the predetermined outage performance
requirement. So we summarize Remark 7.

Remark 7. Under the same restriction of the preset outage per-
formance requirement, as R2 increases (i.e. the required SNR
𝜌req gets larger correspondingly), the ergodic rates of TRSPA-

FD, TRSPA-HD and TRSPA-OMA increase at rates of 2,
1

2
and

1, respectively.

In conclusion, on the premise that the outage performance
requirement is guaranteed, TRSPA-FD’s ergodic rate rises the
most rapidly in the high SNR region. Together with its supe-
rior performance presented in subsequent simulation compari-
son where SNR rises from a small value, we confirm that FD
is always the ergodic-rate-optimal choice for a TRSPA system,
regardless of the value of SNR.

5 NUMERICAL RESULTS

We present numerical simulation results to (i) validate the
derived expressions in Section 3; (ii) compare the performance
of our proposed TRSPA with various benchmarks introduced in
Section 2.3, including Max-Min [30], SRS [4] and TRS [11], and
(iii) verify the superiority of TRSPA-FD over TRSPA-HD and
TRSPA-OMA, where TRSPA-FD, TRSPA-HD and TRSPA-
OMA refer to the proposed TRSPA strategy working in FD-
CNOMA [6], HD-CNOMA [31] and COMA [17] schemes,
respectively. Unless otherwise stated, the simulation parameters
are summarized as follows: 𝛼= 2, RD = 2 m, dD2,BS = 10 m,

N = 15 and K = 2 [4], L = 30 and P
pre

f
= 0.1 [6]; power coef-

ficients of relays for benchmarks are aMax−Min
1,k = aSRS

1,k = aTRS
1,k =

0.25 [11]; R2 = 0.5 bit per channel user (BPCU) and ΩLI =
−15 dB [17].

We compare the simulated outage performance of D2 versus
transmit SNR for the proposed TRSPA-FD scheme with dif-
ferent ΩLI s and other benchmarks under H1 in Figure 2. Cor-
responding theoretical derivation results are presented in Fig-
ure 3 to validate the correctness. In Figure 3, the exact results
of TRSPA-FD, TRSPA-HD and TRSPA-OMA are worked out
based on (10) and Corollary 1, respectively. Outage floor of
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FIGURE 2 Simulated outage probabilities of D2 versus transmit SNR for
TRSPA-FD and benchmarks with different ΩLI s under the hypothesis of H1
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FIGURE 3 Exact and simulated outage probabilities of D2 versus transmit
SNR for TRSPA-FD and benchmarks with different ΩLI s under the hypothesis
of H1

TRSPA-FD is obtained from (19). The well-matched simulation
and exact results and the well-approximated simulation results
and outage floors validate these derived results. An outage floor
for TRSPA-FD exists in Figure 3 due to effects of residual LI in
a FD relaying mode, verifying Remark 1. When it comes to the
performance comparison, it is observed from Figure 2 that the
proposed TRSPA strategy with proper power allocation coef-
ficients always achieves better outage performance than other
RS strategies, verifying Theorem 1. As to TRSPA applied to
different relaying modes, TRSPA-FD outperforms TRSPA-HD
and TRSPA-OMA in the low SNR region, since TRSPA-FD
completes each transmission process of D2 in one time slot
while TRSPA-HD and TRSPA-OMA, respectively, need two
and three time slots. However, as SNR gets larger, over 30 dB in
the case of ΩLI = −15 dB, the outage performance of TRSPA-
FD is outperformed by benchmarks, since the intensity of LI
gradually becomes stronger, limiting the outage performance of
FD mode. This conclusion is consistent with those in [17, 18]
and [19]. We also learn from Figure 2 that a smaller LI cancella-
tion coefficient leads to a better outage performance.

According to [10] and [29], existing SI suppression tech-
niques are capable of reducing the intensity of LI to the same
level as noise floor, which means ΩLI Pr = N0. Therefore, we
will take a step further than existing works [17, 18] and [19].
We compare the performance of TRSPA when applied to dif-
ferent relaying modes with reasonable SI suppression capabil-
ities. Figure 4 compares the simulated outage performance of
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FIGURE 4 Simulated outage probabilities of D2 versus transmit SNR
for TRSPA-FD with reasonable SI suppression capabilities, TRSPA-HD and
TRSPA-OMA with different relay numbers K s under the hypothesis of H1
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FIGURE 5 Simulated, exact and asymptotic outage probabilities of D2
when K = 2 versus transmit SNR for TRSPA-FD with reasonable SI suppres-
sion capabilities, TRSPA-HD and TRSPA-OMA under the hypothesis of H1

TRSPA-FD with TRSPA-HD and TRSPA-OMA in such case,
while Figure 5 presents their simulated, exact and asymptotic
values. Figure 4 illustrates the superior performance of TRSPA-
FD in practical scenarios regardless of the SNR being high or
low. The achieved diversity order of TRSPA-FD is equal to K

in Figure 4, instead of zero. This observation verifies Remark 5
and is the most critical difference from Figures 2 and 3. Also, the
outage performance of TRSPA-FD is not limited by any floor in
practical scenarios. TRSPA-FD always achieves the best outage
performance throughout the entire SNR range. Additionally, we
learn that more relays lead to smaller outage probabilities due to
higher diversity gains. Finally, the well-approximated curves in
Figure 5 validate derivation results (20) (21) and (39).

Figure 6 presents the simulated ergodic rates of D1,k∗ for
TRSPA-FD and other benchmarks versus transmit SNR under
H1. We assume that R2 = 0.1 BPCU [4]. Their exact and asymp-
totic results are presented in Figure 7 which are obtained
from (23), Corollary 2 and (29). Well-matched results validate
these expressions. Using the two points (40 dB, 5.64BPCU) and
(50 dB, 8.96BPCU) on the asymptotic curve of TRSPA-FD in
Figure 7, we can compute the slope which is 3.32∕10 = 0.332.
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FIGURE 6 Simulated ergodic rates of D1,k∗ versus transmit SNR for
TRSPA and benchmarks under the hypothesis of H1
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FIGURE 7 Simulated, exact and asymptotic ergodic rates of D1,k∗ versus
transmit SNR for TRSPA and benchmarks under the hypothesis of H1

The result verifies Remark 3 because 0.332 × 10 lg 2 = 1. When
it comes to the performance comparison, according to Figure 6,
the proposed TRSPA-FD scheme achieves a larger ergodic rate
for D1,k∗ compared with other RS strategies and relaying modes,
because of i) its dynamic power allocation method, and ii) its
feature of allowing D1,k∗ to transmit all the time. We know
that D1,k∗ has to wait for its turn in TRSPA-HD and TRSPA-
OMA schemes.

We present the simulated ergodic rate results under different
numbers of relays for TRSPA-FD with reasonable SI suppres-
sion capabilities, TRSPA-HD and TRSPA-OMA in Figure 8.
Figure 9 further presents their exact and asymptotic curves.
In a similar method with Figure 7, the slopes of the ergodic
rate curves in Figure 9 at the high SNR region for TRSPA-FD,

TRSPA-HD and TRSPA-OMA are found to be 1,
1

2
, and

1

3
,

respectively. The results verify Remark 3 and Remark 6. When
it comes to performance comparison, we learn from Figure 8
that K = 3 achieves a larger ergodic rate than K = 2 due to
a larger spatial diversity gain. It is observed that the ergodic
rate of TRSPA-FD with reasonable SI suppression capabilities is
larger than those of benchmarks due to simultaneously receiving
and transmitting. However, there exists an exception. By care-
ful observation on Figure 8, the ergodic rate of TRSPA-FD is
found to be slightly exceeded by that of TRSPA-OMA when the
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FIGURE 8 Simulated ergodic rates of D1,k∗ versus transmit SNR for
TRSPA-FD with reasonable SI suppression capabilities, TRSPA-HD and
TRSPA-OMA with different relay numbers Ks under the hypothesis of H1
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FIGURE 9 Simulated, exact and asymptotic ergodic rates of D1,k∗ when
K = 2 versus transmit SNR for TRSPA-FD with reasonable SI suppression
capabilities, TRSPA-HD and TRSPA-OMA under the hypothesis of H1

transmit SNR is 15 dB. Such a phenomenon is already analyzed
theoretically in Section 4. Based on Section 4, TRSPA-OMA’s
larger ergodic rate is obtained at the cost of worse outage per-
formance. For the sake of practicality and fairness, we will fur-
ther compare their achieved ergodic rates under the same outage
performance requirement.

We compare TRSPA-FD with reasonable SI suppression
capabilities, TRSPA-HD and TRDPA-OMA in Figures 10 and
11 under the same outage performance requirement P

req
out .

Assume that P
req

out = 0.001 and dD2,BS = 20 m. As R2 increases,
the required transmit SNR by TRSPA-OMA is worked out
based on (10) and Corollary 1 in a numerical method. Note
that PTRSPA−OMA

D2
= P

req
out is used when working out that SNR

value to guarantee the outage performance requirement. With
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FIGURE 10 Simulated and exact outage probabilities of D2 versus R2
for TRSPA-FD with reasonable SI suppression capabilities, TRSPA-HD and
TRSPA-OMA constrained by the predetermined outage performance require-
ment under the hypothesis of H1
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FIGURE 11 Simulated and exact ergodic rates of D1,k∗ versus R2
for TRSPA-FD with reasonable SI suppression capabilities, TRSPA-HD and
TRSPA-OMA constrained by the predetermined outage performance require-
ment under the hypothesis of H1

the same SNR value for comparison fairness, we also plot the
outage probability curves of TRSPA-FD and TRSPA-HD in
Figure 10. As the x-axis increases from a small value, which
implies that the transmit SNR rises from small as well accord-
ing to (42), TRSPA-FD achieves the best outage performance.
When R2 continues to increase, TRSPA-FD continues to out-
perform other benchmarks. In summary, its outage probability
is the lowest regardless of the SNR being large or small. It is
shown in Figure 10 that the outage probabilities of all schemes
are no larger than P

req
out . Therefore they indeed satisfy the pre-

set QoS requirement, which is the premise of the ergodic rate
comparison in Figure 11.

Under the outage probabilities shown in Figure 10, we
compare the achieved ergodic rates of TRSPA-FD and bench-
marks in Figure 11. When R2 increases (i.e. the corresponding
SNR increases) from a small value, TRSPA-FD achieves the
largest ergodic rate compared with benchmarks. As R2 keeps
increasing, the ergodic rate of TRSPA-FD rises at a rate of 2,
which is larger than those of TRSPA-HD and TRSPA-OMA.
The observation verifies Remark 7. Therefore, TRSPA-FD
always achieves the largest ergodic rate at all SNR values. Given
the comparison results in Figure 10, we can conclude that
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FIGURE 12 Simulated, exact and asymptotic ergodic rates of D1,k∗ versus
transmit SNR for TRSPA-FD and various benchmarks under the hypothesis of
H0

TRSPA-FD always outperforms other benchmarks in terms of
ergodic rate, regardless of the value of SNR, under the practical
restriction of outage performance requirement.

Figure 12 shows the ergodic rates of D1,k∗ for TRSPA-FD
and benchmarks under H0. The exact and asymptotic values are
worked out by (34)-(37). From Figure 12, we find that the slopes
of ergodic rate curves for TRSPA-FD, TRSPA-HD and TRSPA-

OMA in the high SNR region are respectively 1,
1

2
and

2

3
. These

values verify Remark 4. TRSPA-FD always obtains the largest
ergodic rate under H0 due to the benefit of using FD mode.
Moreover, all RS strategies achieve larger ergodic rates under
H0 than H1 (see Figure 8). It is because D1,k∗ transmits its sig-
nal using full power under H0 but it allocates partial power to
forward D2’s signal under H1.

6 CONCLUSION

This paper has proposed a power-allocation-based relay selec-
tion strategy TRSPA for FD-CNOMA with spectrum sensing,
where “strong” user relays assist a “weak” user to transmit
signals to the BS. Owing to optimal power allocations, TRSPA
maximizes the ergodic rate of the selected relay on the condition
of the weak user’s successful transmissions. Uniform distribu-
tion has been employed for practically modelling the locations
of relays. Exact and asymptotic expressions of outage proba-
bility and ergodic rate have been worked out. Accordingly, the
diversity order is calculated to be zero, which means imperfectly
cancelled LI severely restricts the outage performance. The
spatial multiplexing gain is calculated to be one, which achieves
its maximum achievable value. We then insightfully exploit the
performance of TRSPA for FD-CNOMA with reasonable SI
suppression capabilities, and compare it with TRSPA-HD and
TRSPA-OMA. It is concluded that FD relaying mode is both
outage optimal and ergodic-rate optimal for a practical TRSPA
system. Finally, simulation results illustrate that our derivations
are correct and that TRSPA is superior to other RS strategies
including Max-Min, SRS and TRS. Even though LI impairs the
advantages of the FD mode, current SI suppression techniques
already enable TRSPA applied in the FD mode to achieve better

performance than other relaying modes, that is TRSPA-HD
and TRSPA-OMA.
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