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Abstract

This study investigates a dynamic switching method for signal relay protocols in Coop-
erative Pattern Division Multiple Access (Co-PDMA) networks. The proposed approach
aims to fully utilize the advantages of signal relays in fading-prone environment while
simultaneously reducing the network outage probability and improving the throughput
and energy efficiency. To demonstrate the necessity of implementing the dynamic switching
method for signal relay protocols, Co-PDMA networks with Decode-and-Forward (DF)
or Amplify-and-Forward (AF) protocols are explored over Nakagami-m fading. Based on
the analysis of these two scenarios, the overall outage probability, throughput, and energy
efficiency of the Co-PDMA network with a dynamic DF/AF protocol are determined. The
results demonstrate that the proposed method selects the optimal signal relay protocol
for forwarding user data in a simple and efficient manner across varying transmit signal-
to-noise ratios, quality of service, and signal relay locations. Compared with fixed signal
relay protocols, the proposed method is more conducive to achieving green communication
in Co-PDMA networks, as it enhances communication reliability and the total volume of
data transmitted.

Keywords: pattern division multiple access; DF/AF protocol; outage; throughput; energy
efficiency; Nakagami-m fading channel

1. Introduction
With the proliferation of (Internet of Things) IoT devices and wireless data demand,

wireless communication networks have higher requirements for spectrum efficiency, energy
efficiency and system capacity, especially sixth-generation (6G) wireless communication
networks. Non-Orthogonal Multiple Access (NOMA) is a key candidate technology for
Next-Generation Multiple Access (NGMA) that can significantly enhance spectral and
energy efficiency while ensuring user fairness and supporting massive device connec-
tivity [1]. Additionally, cooperative communication formed by deploying signal relays
in wireless communication networks is an effective means of improving coverage and
reliability [2,3]. This is because cooperative communication enhances signal quality from
the source transmitter to the destination receiver via signal relays under various fading
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conditions. Furthermore, cooperative communication technology is a fundamental technol-
ogy in the Space–Air–Ground Integrated Network (SAGIN) of 6G, as from the perspective
of cooperative communication, SAGIN can be viewed as a two-hop signal relay network
with space–air and air–ground cooperative links [4].

According to the different signal processing methods used before forwarding to the
destination receiver, the commonly used signal relay protocols mainly include the Decode-
and-Forward (DF) and Amplify-and-Forward (AF) protocols [5]. Research on cooperative
networks primarily focuses on resource optimization and performance analysis. In terms
of resource optimization in cooperative networks, refs. [6–10] optimized the average sys-
tem capacity, user reception signal-to-noise ratio (SNR), transmission power, achievable
rate, NOMA fairness, and power allocation. In performance analysis of cooperative net-
works, commonly used metrics include outage probability, ergodic rate, and bit error rate,
among others. The corresponding mathematical expressions are derived and validated
through Monte Carlo simulations. For instance, the authors of [11,12] derived the outage
probability, throughput, and diversity order for uplink/downlink Cooperative Pattern
Division Multiple Access (Co-PDMA) networks with an AF protocol under Rayleigh fading
channels. Moreover, an optimal antenna selection and switching scheme at signal relay
was proposed in [13], which evaluated the outage probability and ergodic rate for coop-
erative NOMA networks with the AF protocol. Owing to the high spectral efficiency of
Multi-Input Multi-Output NOMA (MIMO-NOMA), the authors of [14] applied AF signal
relay to MIMO-NOMA networks and characterized the network performance based on
the user rate and outage probability. Unlike the half-duplex AF signal relay used in the
aforementioned studies, the authors of [15] deployed the full-duplex AF signal relays in
cooperative NOMA networks to reduce the outage probability and improve the average
received signal-to-interference-plus-noise ratio (SINR), while also focusing on analyzing the
impact of channel parameters and self-interference on the performance of such networks.

Although the signal relay with the AF protocol relays the received signal directly to the
receiver after amplification, which has the advantages of simple processing and low delay,
it is susceptible to noise, which does not necessarily lead to good performance when the
channel state is poor. In contrast, the signal relay with the DF protocol eliminates noise at
the signal relay. In Rayleigh fading channels, the outage probability and throughput of Co-
PDMA networks with the DF protocol were provided by the authors in [16,17]. Additionally,
ref. [18] considered the application of a full-duplex DF signal relay in Co-PDMA networks to
reduce the signal relay processing delay. They evaluated the network outage performance
under Rayleigh fading channels. Considering that in practical scenarios, Channel State
Information (CSI) and successive interference cancellation may be imperfect, the impact of
channel estimation error and SIC error on the symbol error rate of cooperative NOMA with
the DF protocol was studied in [19]. However, when the DF protocol incorrectly decodes
the signal or fails to receive the signal, it cannot complete the cooperative transmission task,
not only failing to fully utilize the signal relay but also consuming unnecessary energy.

Networks that jointly consider signal relays with AF and DF protocols to fully leverage
the advantages of both were proposed in [20–23]. These networks consider the decoding
performance of signal relays with the DF protocol; that is, if the signal relay successfully
decodes the signal, the DF protocol is applied for cooperative communication. Conversely,
the AF protocol is selected to assist with communication. For example, ref. [20] considered
a capacity threshold to measure the decoding performance of signal relays with the DF
protocol, while [21–23] adopted an SNR threshold. These studies analyzed the outage
probability, throughput, and ergodic rate of the network.

However, despite the detailed computer simulation results provided by the authors
in [20], the corresponding mathematical expressions for the metrics are not derived. Ad-



Telecom 2025, 6, 64 3 of 23

ditionally, the analysis in [21–23] is conducted on Rayleigh fading channels. However,
Rayleigh fading channels cannot accurately capture the channel characteristics in complex
environments, such as urban or indoor settings; thus, a more precise model, such as the
Nakagami-m fading model, must be considered. Finally, as one of the NOMA schemes,
PDMA employs a sparse irregular Pattern Matrix (PM) to support overloaded users, and
user data are sparsely mapped onto a set of resources based on the assigned pattern [24,25].
However, the studies on Co-PDMA networks in [11,12] and [16–18] only focus on fixed
relay signal protocols, failing to fully leverage the advantages of both AF and DF protocols,
and the channel model used is the Rayleigh model, which may not accurately reflect the
performance of Co-PDMA networks.

Based on the above discussion, this paper explores dynamic switching methods for
signal relay protocols in Co-PDMA networks to fully leverage the advantages of signal
relay in fading-resistant environments, thereby achieving the goal of improving network
performance. This approach enables Co-PDMA networks to flexibly select the optimal
protocol for user communication based on the pre-assessed network performance under
various protocols to optimize the overall performance of the network. Additionally, to
more accurately reflect the network performance in complex environments, we analyze
the overall outage probability, throughput, and energy efficiency over Nakagami-m fading
channels and investigate the impact of the transmit SNR, quality of service, and signal relay
locations on these metrics. The main contributions of this paper are summarized as follows.

1. Closed-form expressions for the outage probability, throughput, and energy efficiency
of downlink Co-PDMA networks with DF or AF protocols over Nakagami-m fading
channels are provided. Notably, the Nakagami-m model encompasses the Rayleigh
model when the fading parameter equals 1, making our derived results valid for the
Rayleigh model as well.

2. A dynamic switching method for signal relay protocols is proposed to reduce the
overall outage probability, improve the throughput, and enhance energy efficiency.
Our method does not require determining the optimal switching threshold between
the DF and AF protocols. Furthermore, mathematical expressions for these metrics
are provided for the Co-PDMA network with a dynamic DF/AF protocol.

3. Monte Carlo simulations validate our theoretical analysis results. The results demon-
strate that the proposed method can simply and flexibly select the optimal protocol
for forwarding user data in all scenarios. Compared with the Co-PDMA network with
a fixed protocol, the considered network achieves a reduction in the overall outage
probability and improvements in throughput and energy efficiency. We also study
the influence of the transmit SNR, quality of service and signal relay locations on
network performance.

The rest of this paper is organized as follows. In Section 2, we introduce the PDMA
concept and the Co-PDMA network model with a dynamic DF/AF protocol. Section 3
describes the dynamic signal relay protocol switching method for Co-PDMA networks
and derives closed-form expressions for the overall outage probability, energy efficiency,
and throughput of the considered network. Section 4 presents simulation analysis. Finally,
Section 5 summarizes the paper, and discusses potential directions for future work.

2. System Model
2.1. Introduction to PDMA

As one of the NOMA schemes, PDMA utilizes the PDMA pattern gm ∈ RN×1 as
scheduling resources, which can map transmitted data onto either a resource block (RB) or
N resource elements (REs). An RB can consist of time resources, frequency resources, spatial



Telecom 2025, 6, 64 4 of 23

resources, or any combination thereof. Therefore, the data of M users is multiplexed onto
the same RB with different PDMA patterns, thereby achieving non-orthogonal transmission.
The PDMA patterns of M users over N REs constitutes a PDMA PM, denoted as

GN×M
PDMA = [g1, . . . , gM] =


g1,m . . . g1,M

. . .
. . . . . .

gN,m . . . gN,M

, (1)

where gm represents the PDMA pattern assigned to user m ∈ {1, . . . , M}, and gn,m ∈ {1, 0}
determines whether the data of user m is mapped onto the n-th RE. To mitigate error
propagation in the successive interference cancellation (SIC) receiver, PDMA patterns with
identical diversity orders should be avoided whenever possible. Additionally, the inner
product between PDMA patterns with the same diversity order is small. The PDMA PM
not only reflects the mapping of user data, but also embodies the overload factor. In PDMA
networks, the overload factor ρ is defined as the ratio of the number of columns to the
number of rows in the PDMA PM GN×M

PDMA, i.e., ρ = M/N, which indicates that N REs are
used to carry data from M users.

2.2. Network Description

A Co-PDMA network with a dynamic DF/AF protocol is considered, which aims
to reduce the overall outage probability of the network and improve the throughput and
energy efficiency of the network under short-delay conditions. As shown in Figure 1,
the KM edge users are divided into K groups, and a signal relay with a dynamic DF/AF
protocol is deployed within the downlink communication range of the base station to
facilitate communication between the base station and users. Grouping of cell-edge users
can be achieved through signal reception power or channel similarity. It is important to
emphasize that the investigation of algorithms for grouping cell-edge users falls outside
the focus of this study and will be explored as a potential area for future investigation.

 

Figure 1. Network model.

The signal relay with the dynamic DF/AF protocol operates in half-duplex mode and
can dynamically alternate between DF and AF protocols to enhance communication relia-
bility, throughput and energy efficiency. Compared to full duplex, the inherent limitation of
half-duplex operation (one-way transmission) determines that delay and synchronization
issues are difficult to completely eliminate, but their impact on network performance can
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be mitigated through optimized design, such as shortening switching time, enhancing
synchronization protocols, dynamically adjusting modulation and demodulation, pre-
allocating time slots and so on. It should be noted that the focus of this article is on system
performance evaluation based on optimizing latency and synchronization. The specific
details regarding which protocol the signal relay selects to assist communication will be
elaborated on in subsequent sections. Furthermore, the variables used in this section are
shown in Table 1.

Table 1. Table of variables used in Section 2.2.

Symbols Description

αm Power allocation factor for user m
P Transmit power of the base station and signal relay
xm with E

[
|xm|2

]
= 1 Signal for user m

dbu
m Distances from the base station to user m

dbr Distances from the base station to the signal relay
dru

m Distances from the signal relay to user m
ζ Path loss exponent
η Path loss at the reference distance of 1 m

Lbu
m = η

(
dbu

m

)−ζ

Lbr = η
(

dbr
)−ζ

Lru
m = η(dru

m )−ζ

Path loss models

n0 and t ∼ CN (0, n0) Noise power and Additive White Gaussian Noise
diag(a) Diagonal matrix composed of vector a
γ = P/n0 Transmit SNR

Channel model: To simplify the analysis process, let’s take one of these groups as an
example. We assume that the perfect CSI of all channels is available at the base station
to study the maximum performance. The channels from the base station to user m, the
base station to the signal relay, and the signal relay to user m are denoted as hbu

n,m, hbr
n , and

hru
n,m, respectively, where m and n represent the m-th user and the n-th RE, respectively.

These channels are subject to independent Nakagami-𝓂 distributions. Compared with
the Rayleigh channel model used in [11,12] and [16–18] for analyzing the performance
of Co-PDMA networks, the adopted Nakagami-𝓂 channel model can more accurately
characterize different fading environments, thereby providing a more precise representation
of the performance of the considered network. Thus, we have h ∼ Nakagami(𝓂, Ω),
where h ∈

{
hbu

n,m, hbr
n , hru

n,m

}
, and (𝓂, Ω) ∈

{(𝓂bu
m , Ωbu

m

)
,
(𝓂br, Ωbr

)
,
(𝓂br, Ωbr

)}
with

the fading severity parameter 𝓂 and the average power Ω. The probability density
function (PDF) and cumulative distribution function (CDF) of the channel power gain |h|2

are expressed as

PDF : f|h|2(x) =
(𝓂

Ω

)𝓂 x𝓂−1

Γ(𝓂)
e−
𝓂
Ω x, (2)

and
CDF : F|h|2(x) =

1
Γ(𝓂)

γ
(𝓂,

𝓂
Ω

x
)

, (3)

respectively, where the functions Γ(·) and γ(·, ·) correspond to the Gamma function and
the lower incomplete Gamma function, respectively [26].

Signal model: The modulation symbol for user m is denoted as
√

αmPxm with
∑M

m=1 αm = 1. At the transmitter of the base station,
√

αmPxm is mapped onto N REs,
generating the PDMA modulation vector vm =

√
αmPgmxm. By superimposing multiple
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PDMA modulation vectors, the transmit signal vector at the base station can be obtained
and given by

s =
M

∑
m=1

√
αmPgmxm =

M

∑
m=1

√
αmP[g1,m, . . . , gN,m]

Txm. (4)

The complete communication procedure is segmented into two time slots. During the
initial time slot, the base station concurrently transmits s to both the users and the signal
relay. During the subsequent time slot, the signal relay forwards the data to the users.
Furthermore, users adopt the selection combining technique for signal reception, whereas
a SIC method is applied to extract the intended signals.

During the initial time slot, the signal received by user m on the n-th RE can be
represented as

ybu
n,m =

√
Lbu

m hbu
n,m

M

∑
m=1

√
αmPgn,mxm + t. (5)

It is assumed that the channels on each resource element are fully correlated (this scenario
is considered in this paper). Consequently, the signal received by user m from the base
station can be expressed as

ybu
m =

[
ybu

1,m, . . . , ybu
N,m
]T

=
√

Lbu
m diag

(
hbu

m
)
s + t

=
√

Lbu
m diag

(
hbu

m
)
GN×M

PDMAx + t
=
√

Lbu
m Hbu

m x + t,

(6)

where x =
[√

α1Px1, . . . ,
√

αMPxM
]T represents the modulated symbol vector of M

users, Hbu
m = diag

(
hbu

m
)
GN×M

PDMA is the PDMA equivalent channel response matrix of

M users multiplexed on N REs with hbu
m =

[
hbu

1,m, . . . , hbu
N,m
]T

=
[
hbu

m , . . . , hbu
m
]T, and

t = [t, . . . , t]T ∈ CN×1 is the Additive White Gaussian Noise vector. Meanwhile, the
received signal at the signal relay can be given by

ybr =
√

LbrHbrx + t, (7)

where Hbr = diag
(
hbr)GN×M

PDMA with hbr =
[
hbr

1 , . . . , hbr
N
]T

=
[
hbr, . . . , hbr]T.

During the subsequent time slot, it is assumed that the PDMA patterns and power
allocation factors for the users remain unchanged, and the transmit power of the signal
relay is also P. When the signal relay forwards user data using the DF protocol, the received
signal at user m is represented as

yru,DF
m =

√
Lru

m Hru
m x + t, (8)

where Hru
m = diag

(
hru

m
)
GN×M

PDMA with hru
m =

[
hru

1,m, . . . , hru
N,m
]T

=
[
hru

m , . . . , hru
m
]T. When the

AF protocol is adopted at the signal relay, the received signal at user m is represented as

yru,AF
m = V

√
Lru

m diag
(
hru

m
)
ybr + t

= V
√

LbrLru
m Hmx + V

√
Lru

m diag(hru
m )t + t

, (9)

where V =
√

P/
(

PLbr
∣∣hbr

∣∣2 + n0
)

denotes the amplification coefficient with variable
gain [13,14] and Hm = diag(hru

m )Hbr.
SIC-based Detection: We assume that dbu

1 > . . . > dbu
M and dru

1 > . . . > dru
M, with the

corresponding channel quality sequentially improving. It is necessary that α1 > . . . > αM to
ensure fairness among users. This means that user 1 decodes x1 without performing the SIC
process, whereas other user signals are considered to be interference. User k ∈ {2, . . . , M}
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successfully decodes and eliminates the signals of the previous (k − 1) users, and then
decodes xk. Therefore, the SINR for decoding xi (m ≥ i) at user m, and the SINR for
decoding xm at the signal relay, are respectively written as [11,17]

γbu
m,xi

= αmPLbu
m

(
h̃bu

m

)H
[

n0IN + Lbu
m

M

∑
i=m+1

αiPh̃bu
i

(
h̃bu

i

)H
]−1

h̃bu
m , (10)

γru,DF
m,xi

= αmLru
m P
(

h̃ru
m

)H
[

n0IN + Lru
m

M

∑
i=m+1

αiPh̃ru
i

(
h̃ru

i

)H
]−1

h̃ru
m , (11)

γru,AF
m,xi

= αmγ2LbrLru
m (hm)

H

n0IN + γLbrhbr
(

hbr
)H

IN + γLru
m hru

m (hru
m )HIN

+γ2LbrLru
m

M
∑

i=m+1
αihi(hi)

H


−1

hm, (12)

and

γbr
xm = αmPLbr

(
h̃br

m

)H
[

n0IN + Lbr
M

∑
i=m+1

αiPh̃br
i

(
h̃br

i

)H
]−1

h̃br
m , (13)

where h̃bu
m , h̃ru

m , hm, and h̃br
m represent the m-th columns of Hbu

m , Hru
m , Hm, and Hbr, respec-

tively. Additionally, γm,xm represents the SINR of decoding the symbol xm at user m, i.e.,
γm,xm = γm.

3. Performance Evaluation
In this section, three key performance indicators—outage probability, system through-

put, and energy efficiency—are employed to evaluate the performance of the considered
network. To this end, we first analyze the outage probability of non-Co-PDMA networks,
Co-PDMA networks with the DF protocol, and Co-PDMA network with the AF proto-
cols. Then, we derive the overall outage probability, throughput, and energy efficiency
for Co-PDMA networks with the dynamic DF/AF protocol, where the throughput and
energy efficiency of Co-PDMA networks with the fixed protocol are also given. Although
Monte Carlo simulation is a robust tool for theoretical validation, deriving mathematical
expressions for performance metrics provides unique benefits. Specifically, these expres-
sions furnish analytical understanding by explicitly showing the impact of fundamental
parameters (e.g., power allocation, target data rates, channel gains, transmit SNR) on the
metrics. Additionally, mathematical expressions, notably closed-form solutions, facilitate
efficient computation of performance for given scenarios via direct parameter substitution,
dramatically reducing evaluation time. For convenience, Table 2 lists the variables used in
this section.

Table 2. Variables used in Section 3.

Symbols Description

x1 and x2 Roots of ax2 + bx + c = 0 with a ̸= 0 and ∆ = b2 − 4ac > 0
y1 = max{0, x1}, and y2 = max{0, x2} with x1 < x2

z1 = max{d, x1} and z2 = max{d, x2}
a = α1(α2 + α3)− ϕ1α2α3, b = 2α1 − ϕ1(α2 + α3), and c = −ϕ1

u1 = max{0, x1} and u2 = max{0, x2}
v1 = max{v0, x1} and v2 = max{v0, x2} with v0 = ϕ2/α2

w1 = max{w0, x1} and w2 = max{w0, x2} with w0 = max{ϕ2/α2, ϕ3/α3}
Z = 𝓂br/

(
ΩbrLbr

)
and Tm = 𝓂ru

m /(Ωru
m Lru

m )

Kl(·) Modified Bessel function of the second kind of order l.
Rm Target data rate
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Table 2. Cont.

Symbols Description

ϕm = 22Rm − 1 Outage threshold
pbu,m Outage probability for user m in the non-Co-PDMA network

pDF,m
Outage probability for user m in the Co-PDMA network with the
DF protocol

pbr Probability of successfully decoding user data at the signal relay

pDF,m
Probability of successfully decoding xm from the signal relay with
DF protocol at user m

pAF,m
Outage probability for user m in the Co-PDMA network with the
AF protocol

pAF,m
Probability of successfully decoding xm from the signal relay with
AF protocol at user m

p̃, pDF, and pAF
Overall outage probability of the Co-PDMA network with
dynamic DF/AF protocol, with DF protocol, and with AF protocol

R, RDF, and RAF Energy efficiency of the Co-PDMA network with dynamic DF/AF
protocol, with DF protocol, and with AF protocol

η, ηDF, and ηAF Throughput of the Co-PDMA network with dynamic DF/AF
protocol, with DF protocol, and with AF protocol

εbs Power amplifier efficiencies at the base station
εr Power amplifier efficiencies at the signal relay
Pbs Hardware static power consumption at the base station
Pr Hardware static power consumption at the signal relay
Pm Hardware static power consumption at use m
Ptotal Total power consumption

3.1. Outage Analysis

The outage probability directly characterizes the likelihood of successful user commu-
nication, reflecting the network’s reliability in the presence of channel fading, noise, and
multi-user interference; a higher outage probability signifies a poorer user experience. For
any given GN×M

PDMA, the outage probability for each user can be determined through compu-
tational simulations. However, for the case where user data is mapped onto N ≥ 3 resource
elements, as far as we know, precise analytical formulations for the outage probabilities of
certain users remain unattainable. For instance, for the PDMA PM with row weight of 4
and overload factor of 200%, i.e.,

G3×6
PDMA =

1 1 1 0 1 0
1 1 0 1 0 1
1 0 1 1 1 0

, (14)

a precise analytical formulation for the outage probability of user 1 cannot be provided.
Similarly, for the PDMA PM with row weight of 4 and overload factor of 150%, i.e.,

G4×6
PDMA =


1 0 1 1 1 0
1 1 0 1 0 1
1 1 1 0 1 0
1 1 1 0 0 1

. (15)

a precise analytical formulation for the outage probabilities of user 1, user 2, and user
3 cannot be provided. Although the PDMA PM with a higher row weight and a higher
overloading factor can achieve better performance, the increased row weight leads to higher
complexity in the PDMA PM, and the higher overload factor also escalates the complexity of
the receiver algorithm [25]. Considering the trade-off between performance and complexity,
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the PDMA PM G2×3
PDMA =

[
1 1 0
1 0 1

]
with a row weight of 2 and an overload factor of 150%

is the most representative matrix, offering the minimal unequal diversity degree. Thus,
taking G2×3

PDMA as a case study, closed-form solutions for the outage probabilities of users
within the PDMA network are developed over Nakagami-𝓂 fading channels. Notably, for
large-scale networks with changing Nakagami-𝓂 parameters, based on channel quality,
terminals can be divided into several PDMA user groups, with each group containing three
users. Each user is assigned a different PDMA pattern through the G2×3

PDMA matrix based
on resource allocation fairness. Furthermore, Lemma 1 and Lemma 2 are introduced to
facilitate the derivation of outage probability.

Lemma 1. Let X be a random variable with X > 0 and CDF FX(x). For constants a ̸= 0, b, and c,
where ∆ = b2 − 4ac > 0, the probability Pr

{
aX2 + bX + c > 0

}
can be given by

p̂(x) =

{
1 − FX(y2) + FX(y1), a > 0
FX(y2)− FX(y1), a < 0

. (16)

Proof of Lemma 1. See Appendix A. □

Note that the probability of real roots in this quadratic equation differs from existing
studies, such as [27,28]. This is because the coefficients in this quadratic equation are all
constants, rather than being independent and identically distributed uniform random
variables as typically considered.

Lemma 2. Let X be a random variable with X > 0 and CDF FX(x). For constants a ̸= 0, b, c, and
d > 0, where ∆ = b2 − 4ac > 0, the probability Pr

{
aX2 + bX + c > 0, X > d

}
can be derived as

p̂(x) =

{
1 − FX(z2) + FX(z1)− FX(d), a > 0
FX(z2)− FX(z1), a < 0

. (17)

Here, (16) reduces to Lemma 1 when d = 0.

Proof of Lemma 2. Lemma 2 can be obtained using a proof similar to that of Lemma 1. □

3.1.1. Communication Without Signal Relay

Due to the use of SIC at the receiver, an outage event for user m will not occur only
when the data of the previous m users is successfully decoded. Therefore, the outage
probability for user m in the non-Co-PDMA network can be expressed as

pbu,m = 1 − Pr
{

γbu
m,x1

> ϕ1, . . . , γbu
m,xm−1

> ϕm−1, γbu
m > ϕm

}
, (18)

where γbu
m,xi

is obtained from (10).
Next, in Theorem 1, we derive the closed-form expression for the outage probability

of users in the non-Co-PDMA network.

Theorem 1. The closed-form expression for the outage probability of users in the non-Co-PDMA
network can be respectively represented as

pbu,1 =


F

|hbu
1 |

2

(
u2

γLbu
1

)
− F

|hbu
1 |

2

(
u1

γLbu
1

)
, a > 0

1 − F
|hbu

1 |
2

(
u2

γLbu
1

)
+ F

|hbu
1 |

2

(
u1

γLbu
1

)
, a < 0

(19)
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pbu,2 =


F

|hbu
2 |

2

(
v2

γLbu
2

)
− F

|hbu
2 |

2

(
v1

γLbu
2

)
+ F

|hbu
2 |

2

(
v0

γLbu
2

)
, a > 0

1 − F
|hbu

2 |
2

(
v2

γLbu
2

)
+ F

|hbu
2 |

2

(
v1

γLbu
2

)
, a < 0

, (20)

and

pbu,3 =


F

|hbu
3 |

2

(
w2

γLbu
3

)
− F

|hbu
3 |

2

(
w1

γLbu
3

)
+ F

|hbu
3 |

2

(
w0

γLbu
3

)
, a > 0

1 − F
|hbu

3 |
2

(
w2

γLbu
3

)
+ F

|hbu
3 |

2

(
w1

γLbu
3

)
, a < 0

, (21)

where F
|hbu

m |2(x) is obtained from (3).

Proof of Theorem 1. See Appendix B. □

3.1.2. Cooperative Communication with DF or AF Protocol

In the Co-PDMA network with the DF protocol, the outage events for a user can be
categorized into two scenarios: (1) Both the signal relay and the user fail to decode the data
transmitted from the base station. (2) The signal relay successfully decodes the data from
the base station, but the user fails to decode the data transmitted from both the base station
and the signal relay. Therefore, the outage probability for user m in the Co-PDMA network
with the DF protocol can be expressed as

pDF,m = (1 − pbr)pbu,m + pbr

(
1 − pDF,m

)
pbu,m

=
(

1 − pbr pDF,m

)
× pbu,m

. (22)

Here, the probability of successfully decoding user data at the signal relay with the DF
protocol can be given by

pbr = Pr
{

γbr
x1

> ϕ1, . . . , γbr
xM

> ϕM

}
, (23)

and the probability of successfully decoding xm from the signal relay with DF protocol at
user m can be written as

pDF,m = Pr
{

γru,DF
m,x1

> ϕ1, . . . , γru,DF
m,xm−1

> ϕm−1, γru,DF
m > ϕm

}
. (24)

Moreover, pbu,m, γbr
xm , and γru,DF

m,xi are calculated from (18), (13), and (11), respectively.
In the Co-PDMA network with the AF protocol, an outage event occurs for user m if

the user fails to decode the data from both the base station and the signal relay. Therefore,
the outage probability for user m in the Co-PDMA network with the AF protocol can be
given by

pAF,m =
(

1 − pAF,m

)
× pbu,m, (25)

where the probability of successfully decoding xm from the signal relay with AF protocol at
user m can be written as

pAF,m = Pr
{

γru,AF
m,x1

> ϕ1, . . . , γru,AF
m,xm−1

> ϕm−1, γru,AF
m > ϕm

}
, (26)

and γru,AF
m,xi is obtained from (12).

Next, in Theorems 2 and 3, we summarize the closed-form expressions for the outage
probability of users in Co-PDMA networks with DF or AF protocols.

Theorem 2. The closed-form expression for the outage probability of users in the Co-PDMA network
with the DF protocol can be given by
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pDF,1 = pbu,1 ×



1 −
(

1 − F|hbr |2
(

w2
γLbr

)
+ F|hbr |2

(
w1

γLbr

)
− F|hbr |2

(
w0

γLbr

))
×
(

1 − F|hru
1 |2
(

u2
γLru

1

)
+ F|hru

1 |2
(

u1
γLru

1

)) , a > 0 1 −
(

F|hbr |2
(

w2
γLbr

)
− F|hbr |2

(
w1

γLbr

))
×
(

F|hru
1 |2
(

u2
γLru

1

)
− F|hru

1 |2
(

u1
γLru

1

)) , a < 0

, (27)

pDF,2 = pbu,2 ×



 1 −
(

1 − F|hbr |2
(

w2
γLbr

)
+ F|hbr |2

(
w1

γLbr

)
− F|hbr |2

(
w0

γLbr

))
×
(

1 − F|hru
2 |2
(

v2
γLru

2

)
+ F|hru

2 |2
(

v1
γLru

2

)
− F|hru

2 |2
(

v0
γLru

2

)) , a > 0 1 −
(

F|hbr |2
(

w2
γLbr

)
− F|hbr |2

(
w1

γLbr

))
×
(

F|hru
2 |2
(

v2
γLru

2

)
− F|hru

2 |2
(

v1
γLru

2

)) , a < 0

, (28)

and

pDF,3 = pbu,3 ×



 1 −
(

1 − F|hbr |2
(

w2
γLbr

)
+ F|hbr |2

(
w1

γLbr

)
− F|hbr |2

(
w0

γLbr

))
×
(

1 − F|hru
3 |2
(

w2
γLru

3

)
+ F|hru

3 |2
(

w1
γLru

3

)
− F|hru

3 |2
(

w0
γLru

3

)) , a > 0 1 −
(

F|hbr |2
(

w2
γLbr

)
− F|hbr |2

(
w1

γLbr

))
×
(

F|hru
3 |2
(

w2
γLru

3

)
− F|hru

3 |2
(

w1
γLru

3

)) , a < 0

, (29)

where F|hbr |2(x) and F|hru
m |2(x) are obtained by (3); pbu,m is obtained by Theorem 1.

Proof of Theorem 2. See Appendix C. □

Theorem 3. The closed-form expression for the outage probability of users in the Co-PDMA network
with the AF protocol can be derived as

pAF,1 = pbu,1 ×
{

FΩ1(u2)− FΩ1(u1), a > 0
1 − FΩ1(u2) + FΩ1(u1), a < 0

, (30)

pAF,2 = pbu,2 ×
{

FΩ2(v2)− FΩ2(v1) + FΩ2(v0), a > 0
1 − FΩ2(v2) + FΩ2(v1), a < 0

, (31)

and

pAF,3 = pbu,3 ×
{

FΩ3(w2)− FΩ3(w1) + FΩ3(w0), a > 0
1 − FΩ3(w2) + FΩ3(w1), a < 0

. (32)

Here, FΩm(x) is defined as

FΩm(ω) = 1 − 2Am
𝓂br−1

∑
k=0

1
k!

(
Z
γ

ω

)k k
∑

i=0

(
k
i

)
i+𝓂ru

m −1
∑

j=0

(
i +𝓂ru

m − 1
j

)
ωi+𝓂ru

m −1−j

×
(

Z
Tm

ω(ω + 1)
) j − k + 1

2 Kj−k+1

(
2
γ

√
TmZω(ω + 1)

)
,

(33)

when ω > 0, and FΩm(ω) = 0 when ω ≤ 0. Furthermore, Am = 1
Γ(𝓂ru

m )

(
Tm
γ

)𝓂ru
m

e−(Z+Tm) ω
γ .

Proof of Theorem 3. See Appendix D. □

3.2. Dynamic Switching Method for Signal Relay Protocols

The signal relay with DF or AF protocols analyzed above has its own advantages
in different scenarios. The analysis results in the next section will more clearly highlight
the respective advantages of the two protocols. Therefore, it is necessary to implement a
dynamic switching method for signal relay protocols to optimize network performance.
Figure 2 illustrates the dynamic switching method between DF and AF protocols at the
signal relay.
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Figure 2. Dynamic switching method for signal relay protocols.

We employ a method that dynamically switches signal relay protocols based on the
real-time evaluation of network performance metrics, such as the overall outage proba-
bility, throughput, and energy efficiency. Specifically, as shown in Figure 2, both signal
relay protocols are submitted to their respective analytical functions (i.e., performance
expressions). Based on the pre-evaluated performance, the protocol that yields the best
network performance is selected, and the chosen protocol is applied at the signal relay to
process the received signal and forward the user data. Compared with hard SNR threshold
methods, this approach does not require determining an optimal SNR threshold, offering
flexibility and simplicity [21–23]. This is because SNR threshold methods, if the threshold is
set low/high, may not be able to select the protocol that maximizes network performance,
necessitating the determination of an optimal SNR threshold to switch to the best protocol.
It can be expected that both methods achieve the same performance when the optimal
threshold is determined.

Next, based on the analysis results in Section 3.1 and the dynamic switching method
for signal relay protocols, we provide closed-form expressions for the overall outage
probability, throughput, and energy efficiency of the Co-PDMA network with the dynamic
DF/AF protocol.

Overall outage probability: As shown in Figure 2, the proposed method reduces the
overall outage probability of the Co-PDMA network. This is influenced by the overall
outage performance of the Co-PDMA network with the S ∈ {DF, AF} protocol. Thus, the
overall outage probability of the Co-PDMA network with the dynamic DF/AF protocol
can be formulated as

p̃ = min{pDF, pAF}, (34)

where the overall outage probability of the Co-PDMA network with S ∈ {DF, AF} protocol
is defined as

pS = 1 −
M

∏
m=1

(1 − pS,m), (35)

where pAF,m and pDF,m are obtained by Theorem 2 and Theorem 3, respectively. Equation
(34) shows that the proposed method improves the overall communication reliability of the
Co-PDMA network.

Throughput: This measures the total amount of data successfully transmitted by the
network per unit time and serves as a core metric for assessing spectral efficiency; higher
throughput typically indicates superior overall network performance. It depends on the
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outage probability at the target data rate. As shown in Figure 2, the throughput of the
Co-PDMA network with the dynamic DF/AF protocol can be formulated as

R = max
{

RDF, RAF}, (36)

where the throughput of the Co-PDMA network with S ∈ {DF, AF} protocol can be
expressed as

RS =
M

∑
m=1

Rm(1 − pS,m), (37)

We observe from (36) that the proposed method maximizes the throughput of the
Co-PDMA network.

Energy efficiency: This quantifies the network’s energy utilization efficiency; high
energy efficiency is critical for enabling green communications, ensuring network sus-
tainability, and optimizing cost-effectiveness. It is calculated as the throughput divided
by the total power consumption. In the considered network, the throughput is given by
(36), whereas the total power consumption includes static power consumption, dynamic
power consumption (Transmission power of the base station and signal relay), and power
amplifier efficiency. Therefore, the energy efficiency of the Co-PDMA network with the
dynamic DF/AF protocol can be calculated as

η = max
{

ηDF, ηAF} =
R

Ptotal
, (38)

where the energy efficiency of the Co-PDMA network with S ∈ {DF, AF} protocol can be
expressed as

ηS =
RS

Ptotal
, (39)

and the total power consumption Ptotal can be expressed as [29]

Ptotal = ε−1
bs P + Pbs + ε−1

r P + Pr +
M

∑
m=1

Pm. (40)

Equation (38) shows that the proposed approach favours a signal relay protocol that
makes energy efficiency more adequate.

4. Simulation Results
In this section, the efficacy of the dynamic switching method for signal relay protocols

in the downlink Co-PDMA network is confirmed through Monte Carlo simulation. Without
loss of generality, a non-Co-PDMA network, a Co-PDMA network utilizing the DF proto-
col, and a Co-PDMA network employing the AF protocol are compared as benchmarks
against a Co-PDMA network that implements the dynamic DF/AF protocol. The numerical
results of the outage probability, throughput and energy efficiency are presented. In the
simulation, the network we considered consisted of a base station, signal relay, and three
users. Similar to [30], we fix the positions of the base station, signal relay, and three users,
and a graphical presentation of the considered simulation network is shown in Figure 3.
We consider a simplified network model where the base station is located at the origin of a
two-dimensional coordinate system, with the signal relay, user 1, user 2, and user 3 posi-
tioned at +320 m, +600 m, +550 m, and +400 m along the x-axis, respectively. Accordingly,
based on these coordinates, we can calculate the distances from the base station to each
user, from the base station to the signal relay, and from the signal relay to each user. Unless
otherwise specified, the simulation parameters are detailed in Table 3.
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Figure 3. The graphical presentation of the considered simulation network.

Table 3. Simulation parameters.

Description Symbols and Values

Path loss exponent ζ = 2
Distance from the base station to three users (m) dbu

1 = 600, dbu
2 = 550, dbu

3 = 400
Distance from the base station to signal relay (m) dbr = 320
Distance from the signal relay to three users (m) dru

1 = 280, dru
2 = 230, dru

3 = 80
Path loss at the reference distance of 1 m (dB) η = −43.32
Fading severity parameter and average power (𝓂, Ω) = (2, 1)
Power allocation factors α1 = 0.5, α2 = 0.3, α3 = 0.2
Bandwidth and carrier frequency B = 100 MHz and fc = 3.5 GHz
Target data rates (bps/Hz) R1 = R2 = R3 = 1
Data rates (Mbps) R̂1 = R̂2 = R̂3 = 100
Noise power spectral density (dBm/Hz) −174
Noise coefficient at users (dB) 9
Noise power (dBm) n0 = −85
Transmit power range (dBm) P = [15, 33]
Transmit SNR range (dB) γ = P/n0 = [100, 118]
Hardware static power consumption [29] Pbs = 9 dBW *, Pr = Pm = 10 dBm
Power amplifier efficiencies [29] εbs = εr = 5/6

* dBW is a logarithmic power unit where 0 dBW = 1 W and 1 dBW = 30 dBm.

4.1. Outage Performance

Figure 4 illustrates the outage probability of users versus the transmit SNR in the
Co-PDMA network with DF or AF protocols. The outage probability curves of users in the
three networks are plotted based on Theorem 1, Theorem 2, and Theorem 3, respectively.
“Non-Co-PDMA” refers to a PDMA system without signal relay cooperation, “Co-PDMA
with DF protocol” refers to a PDMA system using the DF protocol, and “Co-PDMA with
AF protocol” refers to a PDMA system using the AF protocol. The figure shows that
the obtained numerical results match perfectly with the Monte Carlo simulation results,
thereby validating the accuracy of the theoretical analysis. One observation is that the
outage performance of users in Co-PDMA networks is superior to that in the non-Co-PDMA
network. This is because users in Co-PDMA networks can receive signals from multiple
independent paths, and the presence of signal relays reduces the impact of fading on the
transmitted signal, thereby enhancing the received signal strength at the users. Another
observation is that, at low transmit SNR, the outage performance of users in the Co-PDMA
network with the AF protocol is worse than that in the Co-PDMA network with the DF
protocol, while at high transmit SNR, the opposite is true. This observation motivates
the proposal of a dynamic switching method for signal relay protocols to optimize the
performance of Co-PDMA networks, thereby fully leveraging the advantages of cooperative
techniques in complex fading environments. Moreover, owing to the impact of path loss, a
higher transmit SNR is required to achieve a lower outage probability.
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Figure 4. Outage probability vs. transmit SNR.

As illustrated in Figure 4, neither the DF nor the AF protocol can guarantee the optimal
outage performance of the Co-PDMA network across different transmit SNRs. Therefore,
the dynamic switching method for signal relay protocols is proposed to optimize the
overall reliability of Co-PDMA networks based on actual conditions. Prior to forwarding
the superimposed signal, the base station pre-evaluates the network performance and
selects the optimal protocol to relay the superimposed signal to the users. Figure 5 plots
the overall outage probability of Co-PDMA networks versus the transmit SNR at different
target data rates. The simulation results show that the overall outage performance of
the Co-PDMA network with DF or AF protocol is significantly affected by the transmit
SNR and quality of service. These two protocols have their own advantages in some
cases. In contrast, the Co-PDMA network with the dynamic DF/AF protocol achieves
optimal outage performance across all transmit SNR and quality of service conditions. This
demonstrates the effectiveness of the proposed method.

 
Figure 5. Overall outage probability of Co-PDMA networks vs. transmit SNR.

Figure 6 presents the overall outage probability of Co-PDMA networks versus the
signal relay locations. By adjusting the value of dbr, the position of the signal relay can
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be altered, and the distance between the signal relay and users will also change as dbr

varies. It can be observed that the overall outage probability of Co-PDMA networks
initially decreases and then increases as dbr increases. This indicates the existence of a
solution that minimizes the overall outage probability of the Co-PDMA network for given
parameters. Additionally, it can be demonstrated that signal relays with the DF protocol
are more suitable for deployment closer to the base station, whereas signal relays with AF
the protocol are better suited for deployment at locations farther from the base station. This
highlights the advantage of the dynamic switching method for signal relay protocols, as the
Co-PDMA network with the dynamic DF/AF protocol consistently achieves optimal outage
performance compared to the Co-PDMA networks with the fixed signal relay protocol.

 
Figure 6. Overall outage probability of Co-PDMA vs. signal relay location with γ = 116 dB.

Unlike some previous works, our results in Figures 4–6 demonstrate that the AF
protocol generally outperforms the DF protocol due to fundamental operational limitations,
a phenomenon also observed in [21,22,31]. As shown in Figure 4, within the approximately
100–112 dB transmit SNR range, the DF protocol eliminates noise more effectively than the
AF protocol, resulting in better outage performance. However, within the approximately
112–118 dB transmit SNR range, the AF protocol demonstrates superior outage performance
despite its inability to eliminate noise. This advantage stems from its larger amplification
factor and its ability to bypass potential decoding-induced outages at the signal relay.
Figure 5 illustrates that for a target data rate of 1.1 bps/Hz, the signal relay adopts the DF
protocol to ensure quality of service by eliminating noise. For the settings with target data
rates 0.7 bps/Hz and 0.9 bps/Hz, the AF protocol is selected to amplify the received signal
to maintaining quality of service. As depicted in Figure 6, deploying the signal relay near
the base station ensures robust decoding performance for the DF protocol, which enhances
outage performance. However, as the signal relay moves away from the base station,
the decoding performance of the DF protocol deteriorates, leading to degraded outage
performance. In this case, amplifying the signal from the base station instead of decoding it
can enhance the received signal power at the users while voiding error propagation.

4.2. Throughput Performance

Figure 7 shows the throughput of Co-PDMA networks versus the target data rate.
The throughput curve of Co-PDMA networks is drawn according to (36). The figure
demonstrates that the Co-PDMA network with the dynamic DF/AF protocol can select
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the protocol with the highest throughput between DF and AF protocols. For example,
(1) when the transmit SNR and target data rate are set to 100 dB and 0.5 bps/Hz, re-
spectively, the signal relay with the dynamic DF/AF protocol selects the AF protocol to
optimize throughput. (2) When the transmit SNR and target data rate are set to 105 dB and
1.0 bps/Hz, respectively, the signal relay with the dynamic DF/AF protocol selects the DF
protocol. We also observed that as the target data rate increases, the throughput of Co-
PDMA networks initially increases and then decreases. This indicates that an appropriate
quality of service requirement can enhance the throughput of Co-PDMA networks.
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Figure 7. Throughput of Co-PDMA vs. target data rates, where the black arrow represents the change
of the transmit SNR.

For the low-rate wireless personal area network (LR-WPAN) defined by the IEEE Std
802.15.4-2006 [32], Figure 8 plots the throughput of the Co-PDMA networks versus the
transmit SNR and signal relay locations. Here, the bandwidth B = 2 MHz, frequency
fc = 915 MHz, path loss exponent ζ = 2.4, path loss at the reference distance of 1 m
η = −38 dB, noise power n0 = −102 dBm, data rates R̂1 = R̂2 = R̂3 = 250 kbps, target
data rates R1 = R2 = R3 = 0.125 bps/Hz, transmit power P = [−2, 10] dBm, and transmit
SNR γ = [100, 112] dB, and the remaining parameters settings are shown in Table 3. We
first note that the throughput of Co-PDMA networks has an upper limit constrained
by the sum of the target data rate because the outage probability of users in Co-PDMA
networks approaches zero in the high-SNR region. Furthermore, this figure shows that
the throughput of Co-PDMA networks is affected by the location of the signal relay in
addition to the transmit SNR and the target data rate. Therefore, the effect of signal relay
location on throughput should be considered to avoid wasting the transmit SNR when
deploying signal relays in a Co-PDMA network. This is because as the signal relay moves
away from the base station, the throughput shows a tendency to increase and then decrease.
Lastly, compared to Co-PDMA networks with the fixed signal relay protocol, the Co-PDMA
network with the dynamic DF/AF protocol can optimize throughput under any transmit
SNR and signal relay location conditions.
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Figure 8. Throughput of Co-PDMA vs. transmit SNR and signal relay location.

4.3. Energy Efficiency Performance

Figure 9 presents the energy efficiency of Co-PDMA networks versus the transmit
SNR and signal relay location. The parameter settings are listed in Table 3. It is obvious that
when the transmit SNR and signal relay location are changed, the trend of energy efficiency
is similar to that of throughput in Figure 8, i.e., the energy efficiency first increases and then
decreases with an increase in the transmit SNR, and first improves and then decreases as
the signal relay moves away from the base station. This figure also shows that the dynamic
DF/AF protocol helps achieve green communication because it can dynamically transform
and switch between DF and AF protocols to achieve higher throughput.
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Figure 9. Energy efficiency of Co-PDMA vs. SNR and signal relay location.

5. Conclusions
Upon analyzing the performance of Co-PDMA networks using DF and AF protocols,

we observe that both protocols exhibit their respective advantages under different transmit
SNR, quality of service, and signal relay location conditions. Consequently, we propose a
dynamic switching method for signal relay protocols designed to consistently select the
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optimal protocol for forwarding user data under different conditions, thereby optimizing
the overall outage probability, throughput, and energy efficiency of the Co-PDMA net-
work. Additionally, Monte Carlo simulations confirm the theoretical results presented in
closed form, and all simulations are implemented in MATLAB software version R2023b.
Furthermore, numerical analysis shows that the proposed method indeed enhances the
performance of Co-PDMA networks. Meanwhile, we also find that the proposed method
requires optimization of key parameters such as the transmit SNR, target data rate, and
signal relay position, in practical applications to achieve reliable and green communication
in Co-PDMA networks. Based on this work, in the future we will explore the optimiza-
tion of these parameters in conjunction with techniques such as multiple-input multiple-
output, reconfigurable intelligent surface, and simultaneous wireless information and
power transfer. The work of verifying performance in hardware will also be carried out in
subsequent research.
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Appendix A
p̂(x) depends on the positive and negative cases of a. So, two scenarios need to

be discussed.
When a > 0, the solution set for ax2 + bx + c > 0 is (−∞, x1)∪ (x2,+∞). This solution

set (−∞, x1) ∪ (x2,+∞) needs to be intersected with (0,+∞):
If x1 ≤ 0 and x2 > 0, then the solution set is (x2,+∞). In this case, we have

p̂(x) = Pr{X > x2} = 1 − FX(x2), (A1)

If x1 > 0 and x2 > 0, then the solution set is (0, x1) ∪ (x2,+∞). In this case, we have

p̂(x) = Pr{0 < X < x1}+ Pr{X > x2} = FX(x1) + 1 − FX(x2). (A2)

If x1 < 0 and x2 ≤ 0, then the solution set is (0,+∞). In this case, p̂(x) = 1.
Therefore, the derivation results at a > 0 can be uniformly expressed as

p̂(x) = FX(y1) + 1 − FX(y2). (A3)

Similarly, when a < 0, x1 ≤ 0, and x2 > 0, we have

p̂(x) = Pr{0 < X < x2} = FX(x2). (A4)

We also have
p̂(x) = Pr{x1 < X < x2} = FX(x2)− FX(x1) (A5)
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when a < 0, x1 > 0, x2 > 0, and p̂(x) = 0 when a < 0, x1 < 0, x2 ≤ 0. These
three outcomes can be expressed uniformly as

p̂(x) = FX(y2)− FX(y1) (A6)

By combining the discussions for the cases where a > 0 and a < 0, the proof of Lemma
1 is thereby completed.

Appendix B
In the case of no signal relay cooperative communication, according to (10), the SINR

of the decoded signal xi(m ≥ i) at user m can be calculated as

γbu
m,x1

=
Lbu

m
∣∣hbu

m
∣∣2α1γ

Lbu
m
∣∣hbu

m
∣∣2α2γ + 1

+
Lbu

m
∣∣hbu

m
∣∣2α1γ

Lbu
m
∣∣hbu

m
∣∣2α3γ + 1

, (A7)

γbu
m,x2

= Lbu
m
∣∣hbu

m
∣∣2α2γ, (A8)

and
γbu

m,x3
= Lbu

m
∣∣hbu

m
∣∣2α3γ (A9)

where m, i ∈ {1, 2, 3}.
Let Xm =

∣∣hbu
m
∣∣2. According to (18), the outage probability of user 1 can be expressed

as
pbu,1 = 1 − Pr

{
γbu

1 > ϕ1
}
= 1 − Pr

{
a
(

Lbu
1 γ
)2X2

1 + bLbu
1 γX1 + c > 0

}
(A10)

where γbu
1 can be obtained from (A8). With the help of Lemma 1, the result of (A11) can be

derived. According to (18), the outage probabilities of user 2 and user 2 can be expressed as

pbu,2 = 1 − Pr
{

γbu
2,x1

> ϕ1, γbu
2 > ϕ2

}
= 1 − Pr

{
a
(

Lbu
2 γ
)2

X2
2 + bLbu

2 γX2 + c > 0, X2 > v0
Lbu

2 γ

}
(A11)

and
pbu,3 = 1 − Pr

{
γbu

3,x1
> ϕ1, γbu

3,x2
> ϕ2, γbu

3 > ϕ3
}

= 1 − Pr
{

a
(

Lbu
3 γ
)2

X2
3 + bLbu

3 γX3 + c > 0, X3 > w0
Lbu

3 γ

}
,

(A12)

respectively, where γbu
2,x1

and γbu
3,x1

are obtained from (A8); γbu
2 and γbu

3,x2
are obtained from

(A9); γbu
3 is obtained from (A10). The result of (A12) and (A13) can be derived with the

help of Lemma 1. The proof is completed.

Appendix C
According to (13), there are

γbr
x1

=
Lbr
∣∣hbr

∣∣2α1γ

Lbr
∣∣hbr

∣∣2α2γ + 1
+

Lbr
∣∣hbr

∣∣2α1γ

Lbr
∣∣hbr

∣∣2α3γ + 1
, (A13)

γbr
x2

= Lbr∣∣hbr∣∣2α2γ, (A14)

and
γbr

x3
= Lbr∣∣hbr∣∣2α3γ. (A15)
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According to (23), the probability that the signal relay cooperative communica-
tion with the DF protocol successfully decodes the data of user 1, user 2 and user 3 is
expressed as

pbr = Pr
{

γbr
x1

> ϕ1, γbr
x2

> ϕ2, γbr
x3

> ϕ3

}
, (A16)

where γbr
x1

, γbr
x2

, and γbr
x3

are from (A14), (A15), and (A16), respectively. By using Lemma 2,
the mathematical expressions for the above probabilities can be obtained.

According to (11), the SINR for successfully decoding the data xi(m ≥ i) at user m
when receiving the signal transmitted by the signal relay can be calculated as

γru,DF
m,x1

=
Lru

m |hru
m |2α1γ

Lru
m |hru

m |2α2γ + 1
+

Lru
m |hru

m |2α1γ

Lru
m |hru

m |2α3γ + 1
, (A17)

γru,DF
m,x2

= Lru
m |hru

m |2α2γ, (A18)

and
γru,DF

m,x3
= Lru

m |hru
m |2α3γ, (A19)

where m, i ∈ {1, 2, 3}. Therefore, according to (24), the probabilities of successfully decod-
ing data x1, x2, and x3 at user 1, user 2, and user 3, respectively, when receiving the data
transmitted by the signal relay, are represented as

pDF,1 = Pr
{

γru,DF
1,x1

> ϕ1

}
, (A20)

pDF,2 = Pr
{

γru,DF
2,x1

> ϕ1, γru,DF
2 > ϕ2

}
, (A21)

and
pDF,3 = Pr

{
γru,DF

3,x1
> ϕ1, γru,DF

3,x2
> ϕ2, γru,DF

3 > ϕ3

}
, (A22)

where γru,DF
1 , γru,DF

2,x1
, and γru,DF

3,x1
are obtained from (A18); γru,DF

2 and γru,DF
3,x2

are obtained

from (A19); γru,DF
3 is obtained from (A20). By using the same proof method as in Theorem

1, the mathematical expressions for these three probabilities can be obtained (the detailed
proof process is omitted). Finally, Theorem 2 is concluded by bringing (A17) and (A21)–
(A23) into (22). The proof is completed.

Appendix D
According to (12), the SINR for successfully decoding the data xi(m ≥ i) at user m

when receiving the signal transmitted by the signal relay can be calculated as

γru,AF
m,x1 =

α1γ2|hru
m |2|hbr|2Lru

m Lbr

α2γ2|hru
m |2|hbr|2Lru

m Lbr+γ
(
|hru

m |2Lru
m +|hbr|2Lbr

)
+1

+
α1γ2|hru

m |2|hbr|2Lru
m Lbr

α3γ2|hru
m |2|hbr|2Lru

m Lbr+γ
(
|hru

m |2Lru
m +|hbr|2Lbr

)
+1

= α1Ωm
α2Ωm+1 + α1Ωm

α3Ωm+1 ,

(A23)

γru,AF
m,x2

=
α2γ2|hru

m |2
∣∣∣hbr

∣∣∣2Lru
m Lbr

γ
(
|hru

m |2Lru
m +

∣∣hbr
∣∣2Lbr

)
+ 1

= α2Ωm, (A24)

and

γru,AF
m,x3

=
α3γ2|hru

m |2
∣∣∣hbr

∣∣∣2Lru
m Lbr

γ
(
|hru

m |2Lru
m +

∣∣hbr
∣∣2Lbr

)
+ 1

= α3Ωm, (A25)
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where Ωm =
γ2|hru

m |2|hbr|2Lru
m Lbr

γ
(
|hru

m |2Lru
m +|hbr|2Lbr

)
+1

.

To calculate the outage probability of the user, the cumulative distribution function
FΩm(x) of Ωm needs to be determined first. FΩm(x) can be expressed as

FΩm(ω) = Pr

{
γ2|hru

m |2|hbr|2Lru
m Lbr

γ
(
|hru

m |2Lru
m +|hbr|2Lbr

)
+1

< ω

}
= Pr

{
|hru

m |2 < ω
γLru

m

}
+ Pr

{∣∣∣hbr
∣∣∣2 <

ω(γ|hru
m |2Lru

m +1)
γLbr(γ|hru

m |2Lru
m −ω)

, |hru
m |2 > ω

γLru
m

}
=
∫ ω

γLru
m

0 f|hru
m |2(x)dx +

∫ +∞
ω

γLru
m

∫ ω(Lru
m x+1)

γLbr(Lru
m x−ω)

0 f|hbr |2(y)dy

 f|hru
m |2(x)dx,

(A26)

which can be derived as

FΩm(ω) = 1 −
∫ +∞

ω
γLru

m

1
Γ
(𝓂br

)Γ

(𝓂br,
𝓂brω(Lru

m x + 1)
ΩbrγLbr(Lru

m x − ω)

)
f|hru

m |2(x)dx (A27)

by utilizing Equation (8.350.1) and Equation (8.356.3) from [26]. Using two consecutive
binomial expansions and with the help of Equation (3.471.9) from [26], (A28) is deduced to
be (33).

According to (25) and (26), the outage probabilities for user 1, user 2, and user 3 are
expressed as

pAF,1 = pbu,1 ×
(

1 − Pr
{

γru,AF
1 > ϕ1

})
, (A28)

pAF,2 = pbu,2 ×
(

1 − Pr
{

γru,AF
2,x1

> ϕ1, γru,AF
2 > ϕ2

})
, (A29)

and
pAF,3 = pbu,3 ×

(
1 − Pr

{
γru,AF

3,x1
> ϕ1, γru,AF

3,x2
> ϕ2, γru,AF

3 > ϕ3

})
, (A30)

respectively, where γru,AF
1 , γru,AF

2,x1
, and γru,AF

3,x1
are obtained from (A24); γru,AF

2 and γru,AF
3,x2

are

obtained from (A25); γru,AF
3 is obtained from (A26). By employing the same proof method

as in Theorem 1, pAF,1, pAF,2, and pAF,3 are derived. The proof is completed.
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