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Abstract—This paper studies downlink cellular networks re-

lying on non-orthogonal multiple access (NOMA). Specifically,

the access point (AP) is able to harvest wireless power from

the power beacon (PB). In the context of an AP facilitated with

multiple antennas, the transmit antenna selection procedure

is performed to process the downlink signal, with the trans-

mission guaranteed by energy harvesting. Therefore, a wire-

less power transfer-based network is introduced to overcome

power outages at the AP. In particular, an energy-constrained

AP harvests energy from the radio frequency signals trans-

mitted by the PB in order to assist in transmitting user data.

Outage performance and ergodic capacity are evaluated with

the use of closed-form expressions. In order to highlight some

insights, approximate computations are provided. Finally, nu-

merical simulations are performed to confirm the benefits of

combining the downlink NOMA transmission and the trans-

mit power scheme at the AP in order to serve a multitude of

users.

Keywords—ergodic capacity, NOMA, outage probability, power

beacon.

1. Introduction

The main requirements faced by 5G systems include the

following: high demand for data-intensive services and im-

proved bandwidth availability for cellular networks [1], [2].

For multiple accesses (MA) techniques in 5G, some

non-orthogonal techniques such as power domain non-

orthogonal multiple accesses (PD-NOMA) [3] and sparse

code multiple accesses (SCMA) [4], are introduced. In the

context of NOMA, PD-NOMA allocates a sub-carrier to

multiple users at the same time, by employing superim-

posed coding on the transmitter side, while user signals

are detected thanks to the successive interference cancella-

tion (SIC) method adopted at the receiver side. In SCMA,

each sub-carrier may be implemented by allocating differ-

ent codebooks on the transmitter side, while simultaneously

applying the message passing algorithm (MPA) for the re-

ceiver side to detect user signals.

PD-NOMA and SCMA have been recently considered, in

numerous works, as appropriate candidates enabling to de-

ploy the MA technique in a 5G context, [5]–[9]. Ding et

al. [5] studied PD-NOMA-based systems to evaluate their

user pairing-related abilities. By pairing users who en-

joy a good channel situation with those suffering from

poor channel conditions, overall throughput of the system

may be improved. Hanif et al. [6] proposed a multi-user,

multiple-input multiple-output (MIMO) PD-NOMA-based

system by relying the joint power allocation and preceding

design. They proposed a method for achieving the maxi-

mum system sum rate. It has been reported in many recent

works that wireless transfers of power from natural sources

may be achieved, and numerous advancements concern-

ing this technique have been reported [10]. For example,

multi-user communication scenarios were recommended in

emerging communication systems in order to implement

the Internet of Things (IoT) and fifth-generation (5G) net-

works [11], [12].

The benefits of energy harvesting were reported

in [13]–[20]. In paper [13], benefits for the operation of

wireless networks, stemming from the wireless power trans-

fer method were described. This work proposed a new ex-

pression for achieving optimal throughput in energy-aware

cooperative systems with a general time-power energy har-

vesting protocol, namely time-power switching-based relay-

ing (TPSR). In particular, the impact that relay node and

destination node hardware imperfections exert on two-way

relaying networks (TWRN) was shown. Interestingly, to

maximize system throughput, an optimized policy for joint

wireless information and energy transfers was determined

by identifying optimal time switching and power splitting

fractions.

In [16], the authors presented a small-cell network oper-

ating in the context of heterogeneous cellular networks,

for both downlink (DL) and uplink (UL) scenarios, relying

on three techniques, namely energy harvesting, full-duplex

transmission mode, and the power domain-based NOMA

scheme. Compared to the conventional half-duplex orthog-

onal multiple accesses (OMA) scheme that has been widely

implemented in current wireless communication systems,

the full-duplex (FD) NOMA relying on an energy harvest-
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ing scheme offers great potential in terms of a further en-

hancement of the system’s performance and has additional

advantages, such as spectral efficiency, connectivity-related

capabilities, and outage-related performance. In [18], the

authors studied a simultaneous wireless information and

power transfer for a NOMA network, with the relay being

an energy-constrained device. The relay harvests energy

from source radio frequency (RF) signals using the time-

switching protocol. Both imperfect channel state informa-

tion (ICSI) and residual hardware impairments (RHIs) were

considered. To characterize these effects in the network un-

der consideration, outage probability (OP) and throughput-

related expressions were designed.

Motivated by the recent publications [13]–[20], we con-

sider, in this study, a power beacon (PB) helping the ac-

cess point (AP) transmit signal at the downlink portion of

a NOMA system.

The remaining part of this paper is organized as follows.

Section 2 introduces the principle of a downlink NOMA

and describes how the signal may be processed and de-

tected at each of the receivers. Section 3 provides an anal-

ysis of outage probability and some useful insights. Sec-

tion 4 presents the results of simulations with two users,

thus allowing us to confirm some of the comparisons made.

A summary is provided in Section 5.

Table 1

Key parameters of the system model

Symbols Description

ai Power allocation coefficient

PS Transmit power at AP

PP Transmit power at PB

x̄i Information of Ui
Ri Target rate at Ui
T Total time used for energy harvesting

and information processing

η Energy harvesting efficiency

θ Time switching factor

2. System Model

In Fig. 1, the AP is equipped with multiple antennas, i.e.

N to guarantee the operation of such an AP on the down-

link, while the PB transfers wireless energy to the AP. The

AP transmits the superimposed signal to destinations U1,

U2 which will receive signal xS =
√

a1PSx1 +
√

a2PSx2, in

which a1 and a2 are power allocation factors. The condition

applying to the factors is that a1 +a2 = 1, with a2 > a1.

During the energy harvesting phase, the index of the best

antenna may be determined and the energy received from

the signal at the AP may be expressed as follows:

n∗=arg max
︸︷︷︸

n=1,2,...,N

X̄ , X̄ ∈
{

|h0,n|2, |hn,1|2, |hn,2|2
}

,
(1)

Fig. 1. Model of a power beacon-based downlink NOMA system.

and

yn
S =

√
PPh0,nxS +ωn

S , (2)

where PP is the transmit power at the PB, h0,n denotes

the power transfer channel with h0,n ∼CN (0,λ0), xS is the

energy signal vector satisfying the total power constraint

E
{

x2
1
}

= E
{

x2
2
}

= 1 in which E{.} is the expectation op-

erator and ωn
S denotes the additive white Gaussian noise

(AWGN) with ωn
S ∼CN (0,N0).

In this model, the power-splitting energy harvesting tech-

nique is employed [13]. Hence, the total harvested energy

at the end of the first phase is:

E = ηPPθT |h0,n|2 , (3)

where T is the block time in which a certain amount of

information is transmitted from the AP node to two user

nodes, θ is the fraction of the block time in which the

AP harvests energy from the PB’s information signal and

η (0 < η < 1) denotes the energy conversion efficiency.

In line with reports from several previous papers, we as-

sume that all of the harvested energy is used during the

information transmission phase. Hence, the transmit power

of the source is:

PS =
E

(1−θ)T
=

ηPPθ |h0,n|2
1−θ

. (4)

During the wireless information transfer (WIT) phase,

the AP employs the harvested energy to convey indepen-

dent signals, serving multiple users through the NOMA

paradigm.

In this case, the PB uses the beamforming technique in

order to enhance performance. As such, the signal received

by two users may be written as:

yn
Ui

= hn,i
(√

a1PSx̄1 +
√

a2PSx̄2
)
+
√

PPgixS +ωn
Ui

, (5)

where hn,i, i ∈ {1,2} denotes the main channel from AP to

Ui in which hn,1 ∼ CN (0,λ1) and with hn,2 ∼ CN (0,λ2),
while gi denotes interference from the PB to two users.
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The elements of hn,i and gi are independent and identically

distributed zero-mean complex Gaussian random variables

with variance λi and Ωi, respectively. x̄i denotes the source

symbol with unit power with E
{

x̄2
i
}

= 1. xS is the jamming

signal with unit power. Here, ωn
Ui

is the AWGN at user with

variance N0. Therefore, the received signal-to-interference-

plus-noise ratio (SINR) at U1 to detect U2 message x2 is

given by:

γU2→U1 '
a2PS|hn∗,1|2

a1PS|h1,n∗ |2 +PPΩ1 +N0

' ϕ2|h0,n∗ |2|hn∗,1|2

ϕ1|h0,n∗ |2|hn∗,1|2 +Θ1
,

(6)

where ρ = PP
N0

is the transmit signal-to-noise ratio (SNR)

at the source. ϕ1 = a1ηρθ
(1−θ) , ϕ2 = a2ηρθ

(1−θ) and Θ1 = ρΩ1 +1.

We assume that E

{

|gi|2
}

≈ Ωi, i ∈ {1,2}.

After SIC, the received SINR at U1 detecting its own mes-

sage x1 is:

γU1 '
ϕ1|h0,n∗ |2|hn∗,1|2

Θ1
. (7)

The received signal at U2 is yU2 in Eq. (5), and the SINR

at U2 is represented by:

γU2 '
ϕ2|h0,n∗ |2|hn∗,2|2

ϕ1|h0,n∗ |2|hn∗,2|2 +Θ2
, (8)

where Θ2 = ρΩ2 +1.

3. Outage Probability Analysis

3.1. Outage Probability of U1

According to the NOMA protocol, the complementary

events of an outage at U1 can be explained by the fact

that U1 may detect x2 as well as its own message x1. From

the above description, the outage probability of U1 can be

defined as:

OP1 =Pr(γU2→U1 < γth2 ∪ γU1 < γth1)

=1−Pr(γU2→U1 > γth2,γU1 > γth1)

=1−Pr
(

|h0,n∗ |2|hn∗,1|2 > χ
)

,

(9)

where the threshold SNRs are γth1 = 2
R1

1−θ −1, γth2 = 2
R2

1−θ −
1 in which Ri is the target rate at Ui, δ1 = Θ1γth1

ϕ1
, δ2 =

γth2Θ1
ϕ2−ϕ1γth2

and χ = max(δ1,δ2).

Before computing the outage probability, we assume that

all channel models are followed by Rayleigh fading. The

probability density function (PDF) of channel gains X̄ ,

X̄ ∈
{

|h0,n|2, |hn,1|2, |hn,2|2
}

, i.e. fX̄∗ (x) is given by [22,

Eq. (6)]:

fX∗ (x) =
N

∑
n=1

(
N
n

)
n(−1)n−1

λX̄
e
− nx

λX̄ . (10)

Proposition 1: The following PDF of f|h0,n∗ |2|hn∗,i|2 , i ∈
{1,2} is calculated as:

f|h0,n∗ |2|hn∗,i|2 (x) =
N

∑
n0=1

N

∑
ni=1

(
N
ni

)(
N
n0

)

× ni(−1)ni+n0−2

λi




λi

ni
−2

√

n0λix
λ0ni

K1

(

2
√

n0nix
λ0λi

)


 ,

(11)

where Kn (x) is the first-order modified Bessel function of

the second kind.

Proof 1: See Appendix A.

Proposition 2: The closed-form expression of approxi-

mated OP1 can be represented as:

OP1 ≈1−
N

∑
n0=1

N

∑
n1=1

(
N
n1

)(
N
n0

)

(−1)n1+n0−2

+
N

∑
n0=1

N

∑
n1=1

(
N
n1

)(
N
n0

)
n1(−1)n1+n0−2

λ1

× π2

2K

K

∑
k=1

√

1−ξ 2
k sec2

(
(ξk +1)π

4

)

ϒ(ξk) . ,

(12)

where ξk = cos
(

π(2k−1)
2K

)

, Ξ(a) = tan
(

(a+1)π
4

)

+ χ and

ϒ(a) =
√

n0λ1Ξ(a)
λ0n1

K1

(

2
√

n0n1Ξ(a)
λ0λ1

)

.

Proof 2: See Appendix B.

3.2. Outage Probability of U2

In a similar way, the outage probability at the second user

is computed as:

OP2 =1−Pr(γU2 > γth2)

=1−Pr
(

|h0,n∗ |2|hn∗,2|2 > δ̄2

)

,
(13)

where δ̄2 = γth2Θ2
ϕ2−ϕ1γth2

.

Similarly to the manner in which OP1 was solved, the close-

form expression of approximated OP2 may be computed as:

OP2 ≈ 1−
N

∑
n0=1

N

∑
n2=1

(
N
n2

)(
N
n0

)

(−1)n2+n0−2

+
N

∑
n0=1

N

∑
n2=1

Q

∑
q=1

(
N
n2

)(
N
n0

)
√

1−ξ 2
q n2π2

2Qλ2

× (−1)n2+n0−2Θ(ξq)sec2
(

(ξq +1)π
4

)

,

(14)

where ξq = cos
(

π(2q−1)
2Q

)

, Φ(a) =
[

tan
(

(a+1)π
4

)

+ δ̄2

]

and

Θ(a) =
√

n0λ2Φ(a)
λ0n2

K1

(

2
√

n0n2Φ(a)
λ0λ2

)

.
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3.3. Approximate Expression of Outage Probability for

Two Users

Based on the analytical results presented in Eq. (14) and

Eq. (12), when ρ → ∞, the approximate outage probabili-

ties of two users with χ ≈ 0 and δ̄2 ≈ 0 are given as:

OP
∞
1 ≈ 1−

N

∑
n0=1

N

∑
n1=1

(
N
n1

)(
N
n0

)

(−1)n1+n0−2

×
[

1− n1π2

2λ1K

K

∑
k=1

√

1−ξ 2
k sec2

(
(ξk +1)π

4

)

×

√

n0λ1Ξ̂(ξk)

λ0n1
K1



2

√

n0n1Ξ̂(ξk)

λ0λ1







 ,

(15)

and

OP
∞
2 ≈ 1−

N

∑
n0=1

N

∑
n2=1

(
N
n2

)(
N
n0

)

(−1)n2+n0−2
.

×
[

1− n2π2

2λ2Q

Q

∑
q=1

√

1−ξ 2
q sec2

(
(ξq +1)π

4

)

×

√

n0λ2Ξ̂(ξq)

λ0n2
K1



2

√

n0n2Ξ̂(ξq)

λ0λ2







 ,

(16)

where Ξ̂(a) =
[
tan
(
(α +1) π

4

)
+1
]
.

Next, in order to obtain more insights, diversity orders for

U1 and U2 are investigated. In particular, they may be

defined as [15, Eq. (18)]

da = − lim
︸︷︷︸

ρ→∞

log(OP∞
a )

log(ρ)
,a ∈ {1,2}. (17)

By substituting Eqs. (16) and (15) into Eq. (17), the di-

versity orders of U1 and U2 are given as:

d1 = d2 = 0. (18)

Remark. From Eq. (18) at high SNR, the outage proba-

bility of U1 and U2 approaches a fixed non-zero constant,

indicating that outage performance error floors exist.

3.4. Throughput for Two Users

Based on achievable outage probability, throughput in the

delay-limited transmission mode may be evaluated as [16,

Eq. (42)]:

τ? = (1−OP?)R? ,? ∈ {1,2} . (19)

4. Ergodic Capacity for Two Users

In this section, the ergodic capacity is further metric eval-

uated at U2 as [23]:

C2 = (1−θ)E [log2 (1+ γU2)] . (20)

Proposition 3: The closed-form expression for ergodic rate

of C2 is given by:

C2 =
N
∑

n0=1

N
∑

n2=1

(
N
n0

)(
N
n2

)

(1−θ)(−1)n0+n2−2

ln2

×
[

G3,1
1,3

(

Ψ̄
∣
∣
∣
∣

0
0,1,0

)

−G3,1
1,3

(

Ψ̃
∣
∣
∣
∣

0
0,1,0

)]

,

(21)

where Gm,n
p,q [.] is the Meijer G-function given in [21, Eq.

(9.301)], Ψ̄ = n2n0Θ2
λ2λ0(ϕ2+ϕ1)

and Ψ̃ = n2n0Θ2
λ2λ0ϕ1

.

Proof 3: See Appendix C.

Next, the ergodic capacity at U1 is given as:

C1 =(1−θ)E [log2 (1+ γU1)]

=(1−θ)E







log2







1+
ϕ1|h0,n∗ |2|hn∗,1|2

Θ1
︸ ︷︷ ︸

X













=
(1−θ)

ln2

∞∫

0

1−FX (x)
1+ x

dx .

(22)

Based on the formula (31) from appendix C, FX (x) is:

FX (x) =1−Pr
(

|h0,n∗ |2|hn∗,1|2 >
Θ1

ϕ1
x
)

=1−2
N

∑
n0=1

N

∑
n1=1

(
N
n0

)(
N
n1

)

(−1)n0+n1−2

×
√

n2n0Θ1x
λ2λ0ϕ1

K1

(

2

√

n2n0Θ1x
λ2λ0ϕ1

)

.

(23)

By replacing Eq. (23) with Eq. (22) and using [21, Eq.

(7.811.5), (9.34.3)], C1 may be defined as:

C1 =
N

∑
n0=1

N

∑
n1=1

(
N
n0

)(
N
n1

)
(1−θ) (−1)n0+n1−2

ln2

×G3,1
1,3

(
n2n0Θ1

λ2λ0ϕ1

∣
∣
∣
∣

0
0,1,0

)

.

(24)

5. Numerical Results

In this section, we simulate some theoretical results illus-

trated by specific figures in order to show the outage per-

formance of the system. The key parameters are presented

in Table 2. Additionally, the Gauss-Chebyshev parameter

is selected as K = Q = 100 to yield a close approximation.

Figure 2 shows an improvement in outage performance at

high transmit SNR. One may notice that lower outage prob-

ability rates may be achieved at SNR greater than 40 dB.

The outage performance of the second user outperforms

that of the first user. The higher the number of antennas at

the AP, the better the outage behavior. In particular, perfor-

mance is the best for the second user. It is further confirmed

that the approximated outage performance is very close to

the exact value at high SNR. The differences concerning
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Table 2

Definition of system parameters [25]

Parameter Notation Values

Power splitting factors a1,a2 0.1,0.9

Target SINR rates to

decode x1 and x2
R1 = R2 0.5

Energy conversion efficiency η 0.8

Fraction of the block time θ 0.2

Exponential distribution

random variables

λ0

λ1

λ2

Ω1 = Ω2

1

0.4

0.6

0.01

Fig. 2. Outage probability versus transmit SNR at AP with

varying number of transmit antennas.

performance of two users exist throughout the entire SNR

range. This is cause primarily by the fact that different

power allocation factors are assigned to the individual users.

In order to consider the impact that interference from the

PB has on the two users, the outage probability of NOMA

in the downlink mode is shown in Fig. 3. The performance

of NOMA improves remarkably with the different power

levels of interference channels. This is a promising result,

as lower interference boosts outage performance. These

outage trends for two users are similar to the trend shown

in Fig. 2. Consequently, limitation of the impact of inter-

ference channels contributes to enhancing the performance

of a NOMA system.

As can be seen from Fig. 4, with the increase of SNR,

the outage performance of NOMA is still better than that

of OMA as in Fig. 4. Interestingly, the saturation happens

Fig. 3. Outage performance of two users with different levels of

interference and N = 3.

Fig. 4. Comparison between OMA and NOMA with N = 3.

at high SNR. This result indicates that NOMA shows its

superiority compared with OMA.

In Fig. 5, one may observe that a large amount of en-

ergy harvested influences the outage performance of two

users. At a high region of θ , higher harvested energy

leads to higher SINR, then outage performance can be im-

proved significantly. Specifically, outage performance may

be changed significantly in the case of N = 3. Therefore,

a power beacon plays an important role in improving sys-

tem performance.

As seen from Fig. 6, the throughput of two users increases

significantly along with the increase in data rates. There are

specific optimal points along these throughput performance

5



Chi-Bao Le and Nhan Duc Nguyen

Fig. 5. Outage performance of two users vs. θ , with ρ = 40 dB.

curves. The throughput-related result is consistent with

outage performance of two users shown in the previous

figures.

Fig. 6. Throughput performance of two users, with N = 3, a1 =
0.05, a2 = 0.95 and ρ = 40 dB.

Specific ergodic capacity trends may be noticed with SNR

increasing from 0 to 50, as illustrated in Fig. 7. It is obvious

that high SNR rates lead to better ergodic performance,

but ergodic capacity increases significantly in the low SNR

range only, as demonstrated by the fact that the lines remain

unchanged at high SNR rates. In the considered cases, the

highest ergodic capacity may be observed when the AP is

facilitated with N = 3 antennas. This is cause by the fact

that the selected antennas contribute to the improvement in

ergodic capacity.

Fig. 7. Ergodic capacity versus transmit SNR.

Variations in the power splitting coefficient θ affect the

ergodic capacity as well as illustrated in Fig. 8. It is worth

noting that user U2 in the NOMA mode shows superior

performance for two cases N = 1, 3. This is caused mainly

by the fact that SINR depends on the level of power used to

transmit signals at the AP. In particular, the power splitting

coefficient of θ results in higher transmit power at the AP.

Fig. 8. Ergodic capacity versus power splitting coefficient θ ,

with ρ = 30 dB.

Similarly to Fig. 8, ergodic capacity may be improved once

the number of transmit antennas at the AP is increased, as

shown in Fig. 9. It is noteworthy that the ergodic capac-

ity of user U1 in the NOMA mode is likely affected by

varying N.

6
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Fig. 9. Ergodic capacity versus N, with ρ = 30 dB.

6. Conclusion

In this study, a downlink of NOMA relying on the WIT

scheme was considered. Specifically, by employing en-

ergy from the PB, the AP assists in transmitting the signal

to two users in the downlink mode. Performance of the

system depends on the amount of power harvested, mean-

ing that larger numbers of AP antennas contribute to im-

provement in performance. Furthermore, performance of

the system may be boosted by limiting the impact of in-

terference. Finally, we have analyzed performance of the

NOMA network and derived closed-form expressions for

outage probability, throughput, and ergodic capacity. It has

been shown that the theoretical approximations align per-

fectly with the simulation results. Additionally, the impact

of the WIT strategy is analyzed. For example, a signifi-

cant improvement is achieved in terms of outage behavior,

throughput and ergodic capacity.

Appendix A

From formula (10), we have f|h0,n∗ |2|hn∗,i|2 (x) are the

PDF of two random variables (RVs) |h0,n∗ |2|hn∗,i|2 with

i ∈ {1,2} is calculated by:

f|h0,n∗ |2|hn∗,i|2 (x) =Pr

(

|h0,n∗ |2 <
x

|hn∗,i|2

)

=

∞∫

0

f|hn∗,i|2 (y)
∞∫

0

f|h0,n∗ |2 (z)dydz

=
N

∑
n0=1

N

∑
ni=1

(
N
ni

)(
N
n0

)
ni(−1)ni+n0−2

λi

×
∞∫

0

e
− niy

λi

[

1− e
− n0x

λ0y

]

dy

=
N

∑
n0=1

N

∑
ni=1

(
N
ni

)(
N
n0

)
ni(−1)ni+n0−2

λi

×





∞∫

0

e
− niy

λi dy−
∞∫

0

e
− niy

λi
− n0x

λ0y dy



 .

(25)

Based on [14, Eq. (3.324.1)] and by applying some polyno-

mial expansion manipulations, we obtain the statistic func-

tion of two RVs |h0,n∗ |2|hn∗,i|2 as in Proposition 1.

Appendix B

Using the PDF from Eq. (11), the outage probability OP1
may be expressed by:

OP1 = 1−Pr
(

|h0,n∗ |2|hn∗,1|2 > χ
)

= 1−
∞∫

χ

f|h0,n∗ |2|hn∗,1|2 (x)dx

= 1−
N

∑
n0=1

N

∑
n1=1

(
N
n1

)(
N
n0

)
n1(−1)n1+n0−2

λ1

×
∞∫

χ




λ1

n1
−2

√

n0λ1x
λ0n1

K1

(

2
√

n0n1x
λ0λ1

)


dx

= 1−
N

∑
n0=1

N

∑
n1=1

(
N
n1

)(
N
n0

)

(−1)n1+n0−2

+2
N

∑
n0=1

N

∑
n1=1

(
N
n1

)(
N
n0

)
n1(−1)n1+n0−2

λ1

×
∞∫

χ

√

n0λ1x
λ0n1

K1

(

2
√

n0n1x
λ0λ1

)

︸ ︷︷ ︸

A

dx.

(26)

Unfortunately, identifying a closed-form expression for A

is a tough task, but an accurate approximation may be ob-

tained instead. With variable x = tan
[
(t +1)π

/
4
]
+ χ ⇒

dx = πsec2 [(t +1)π
/

4
]/

4 and the Gaussian-Chebyshev

quadrature from [24, Eq. (25.4.38)], A can be repre-

sented as:

A =
π
4

1∫

−1

sec2
[
(t +1)π

4

]
√

n0λ1
(
tan
[
(t +1)π

/
4
]
+ χ
)

λ0n1

×K1



2

√

n0n1
(
tan
[
(t +1)π

/
4
]
+ χ
)

λ0λ1



dt

≈ π2

K4

K

∑
k=1

√

1−ξ 2
k sec2

[
(ξk +1)π

4

]

ϒ(ξk) ,

(27)
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where sec2 (t) = 1
cos2(t) , ξk = cos

(
π(2k−1)

2K

)

, Ξ(t) =

tan
[

(t+1)π
4

]

+ χ and ϒ(t) =
√

n0λ1Ξ(t)
λ0n1

K1

[

2
√

n0n1Ξ(t)
λ0λ1

]

.

Combining Eq. (27) into Eq. (26), OP1 can be identified

by:

OP1 ≈1−
N

∑
n0=1

N

∑
n1=1

(
N
n1

)(
N
n0

)

(−1)n1+n0−2

+
N

∑
n0=1

N

∑
n1=1

(
N
n1

)(
N
n0

)
n1(−1)n1+n0−2

λ1

× π2

2K

K

∑
k=1

√

1−ξ 2
k sec2

[
(ξk +1)π

4

]

ϒ(ξk) .

(28)

Proof 2 is completed.

Appendix C

By the definition of the expectation operator and after

integration-by-part, C2 can then be evaluated as [23], [26]:

C2
∆
=(1−θ)E [log2 (1+ γU2)]

=
1−θ
ln2

∞∫

0

1
1+ x

[

1−F|h0,n∗ |2|hn∗,2|2 (x)
]

dx

=
1−θ
ln2

ϕ2
ϕ1∫

0

1
1+ x

F̄|h0,n∗ |2|hn∗,2|2
(

xΘ2

ϕ2 − xϕ1

)

dx,

(29)

where F̄|h0,n∗ |2|hn∗,2|2(x) = 1−F|h0,n∗ |2|hn∗,2|2(x). Note that

C2 is derived on the condition of ϕ2 −xϕ1 > 0. By chang-

ing variable t = xΘ2
ϕ2−xϕ1

and by performing a series of cal-

culations, Eq. (29) can be further derived as [27]:

C2 =
1−θ
ln2

∞∫

0

(

1

t +Θ2(ϕ2 +ϕ1)
−1 − 1

t +Θ2ϕ−1
1

)

× F̄|h0,n∗ |2|hn∗,2|2
(

xΘ2

ϕ2 − xϕ1

)

dt.

(30)

In Eq. (29), F|h0,n∗ |2|hn∗,2|2 (x) is calculated as:

F|h0,n∗ |2|hn∗,2|2 (x) = 1−Pr
(

|h0,n∗ |2|hn∗,2|2 > t
)

=1−
N

∑
n0=1

N

∑
n2=1

(
N
n0

)(
N
n2

)
n0(−1)n0+n2−2

λ0

×
∞∫

0

e
− n2t

λ2y−
n0y
λ0 dy

=1−2
N

∑
n0=1

N

∑
n2=1

(
N
n0

)(
N
n2

)

(−1)n0+n2−2

×
√

n2n0t
λ2λ0

K1

(

2
√

n2n0t
λ2λ0

)

.

(31)

By substituting Eq. (31) into Eq. (30), C2 can be given by:

C2 =
N

∑
n0=1

N

∑
n2=1

(
N
n0

)(
N
n2

)
(1−θ) (−1)n0+n2−2

ln2

×
∞∫

0

(

1

t +Θ2(ϕ2 +ϕ1)
−1 − 1

t +Θ2ϕ−1
1

)

×2
√

n2n0t
λ2λ0

K1

(

2
√

n2n0t
λ2λ0

)

dt .

(32)

Finally, with the help of [21, Eq. (7.811.5), (9.34.3)] and

after some manipulations, we can obtain (21).

Proof 3 is completed.
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