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Abstract. This paper presents an ambient backscatter communication
(AmBC)-based offloading framework for multi-user non-orthogonal mul-
tiple access (NOMA) mobile edge computing (MEC) network. Specifi-
cally, in this system multiple resource-constrained mobile users deploy
the best user selection and AmBC techniques, as well as the NOMA
scheme offloading their tasks to an edge server located at the access point
with the help of simultaneous transmitting and reflecting reconfigurable
intelligent surface (STAR-RIS). Accordingly, an AmBC-based offloading
framework, namely A-STAR, is proposed for this considered system, and
a closed-form expression of successful computation probability (SCP) is
derived to evaluate the system’s latency performance. Numerical results
under the Monte-Carlo simulation are provided to verify the correctness
of our analysis according to the proposed framework.

Keywords: mobile edge computing · non-orthogonal multiple access ·
simultaneous transmitting and reflecting reconfigurable intelligent
surface · ambient backscatter communication · successful computation
probability

1 Introduction

The rapid deployment of real-time applications, such as virtual/augmented real-
ity (VR/AR), unmanned aerial vehicles (UAVs), autonomous driving, and tactile
Internet of Things (IoTs), has led to a blooming demand for mobile big data
c© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2024

Published by Springer Nature Switzerland AG 2024. All Rights Reserved

N.-S. Vo et al. (Eds.): INISCOM 2024, LNICST 595, pp. 93–108, 2024.

https://doi.org/10.1007/978-3-031-67357-3_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-67357-3_7&domain=pdf
https://doi.org/10.1007/978-3-031-67357-3_7


94 D.-B. Ha et al.

transmitting and computing rates. In order to solve the data transmission prob-
lem, there are many techniques applied in previous generations (5G and previ-
ous 5G), such as massive multiple-input and multiple-output (MIMO), relaying,
selection combining (SC)/maximal ratio combing (MRC), NOMA, backscatter
communication, UAV-aided techniques [1–4]. Besides these, some new techni-
cal solutions are proposed for the next generation networks (beyond 5G/6G),
such as ultra-massive MIMO, intelligent reflecting surface (IRS) or STAR-RIS,
millimeter and Terahertz waves, quantum communication, and so on [5]. The
combining of these techniques can increase the data transmission and computa-
tion rates as well as improve the performance of wireless networks addressing the
demand for applications [6]. For example, the work of [7] described the combina-
tion of massive MIMO in Terahertz bands; UAV-based MIMO NOMA network
was presented in [8]; IRS and NOMA are integrated in [9]; IRS and MIMO with
optimization are introduced in [10], and so on.

In our work, we consider the emerging technologies, i.e., ambient backscatter
communication (AmBC), STAR-RIS, and NOMA, applied in mobile edge com-
puting (MEC) systems. The MEC technique is a solution to deal with data pro-
cessing problem by moving the servers to the network’s edge for supporting users.
Meantime, AmBC is a technique using ambient radio frequency (RF) signals for
both energy harvesting and backscattering. This technology allows very low-
power communication [11]. Furthermore, the NOMA technique has been intro-
duced recently and is quickly becoming a promising solution to improve spectrum
utilization and user capacity by deploying different transmit power levels for each
user with the same frequency, time, and code domain [12]. Finally, simultane-
ous transmitting and reflecting reconfigurable intelligent surfaces (STAR-RIS)
can desirably control wireless channels and significantly enhance network per-
formance by leveraging the higher design flexibility and full-space coverage [13].
It is necessary that the integration of these techniques needs to be investigated
to evaluate their effectiveness in wireless communication.

1.1 Related Works

In this sub-section, we describe a review of related literature connected to our
topic.

According to our knowledge, not many works focus on our related topic. In
works [14–16], the integration of STAR-RIS and NOMA in wireless communi-
cation networks was studied, in which STAR-RIS is divided into a number of
subsurfaces to serve specific multiple users. These results reveal that the com-
bination of STAR-RIS and NOMA can improve the performance of wireless
communication networks. Furthermore, the interaction between STAR-RIS and
NOMA can enhance the flexibility of network design. A joint architecture of
backscattering and uplink NOMA MEC IoT networks was introduced in [17]. In
this work, the authors jointly optimized the communication resource of each IoT
node and the computation capability of both IoT nodes and the MEC server. The
authors in [18] studied the hybrid design of backscattering, RF energy harvesting,
and IRS in the MEC network with the time-division multiple access (TDMA)
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scheme. They simultaneously maximized system throughput and energy con-
sumption using the Tchebycheff method according to the time/power allocation
ratio, local computing frequencies, execution times, backscattering coefficients,
and RIS phase shifts. However, the above-mentioned works have not investi-
gated the combination of AmBC, STAR-RIS, and uplink NOMA techniques in
multi-user MEC networks.

1.2 Contributions and Organization

Difference with the above literature, in this work, we study a joint design of
AmBC, uplink NOMA, and STAR-RIS in a multi-user MEC system with a
user selection scheme. In which two users selected from two clusters employ
AmBC and deploy the uplink NOMA scheme to offload their tasks to the edge
server located at the access point with the assistance of STAR-RIS. The main
contributions of our paper are summarized as follows:

– Firstly, we propose a joint design of a multi-user AmBC-based STAR-RIS-
aided uplink NOMA MEC system. Accordingly, we also introduce an offload-
ing framework, namely A-STAR, for this proposed system with the best user
selection scheme over dissimilar fading channels.

– Secondly, the close-form expression of the successful computation probability
(SCP) is derived using the statistical characteristics of new channel power
gains.

– Finally, we evaluate SCP with essential system parameters, including average
transmit signal-to-noise ratio (SNR), the number of elements of STAR-RIS,
and power allocation ratio, to thoroughly comprehend the system’s behavior.

Our paper is organized as follows: Sect. 2 presents the system model and com-
munication protocol. The performance analysis is described in Sect. 3. Section 4
provides the numerical results. We conclude our work in Sect. 5.

2 System Model

2.1 System Model and A-STAR Framework Description

Fig. 1 depicts a multi-user AmBC-based STAR-RIS-aided NOMA MEC system
model. This system consists of a radio frequency station (S), a cluster of M
users with high priority, denoted by A = {A1, A2, ..., AM}, a cluster of N users
with low priority, denoted by B = {B1, B2, ..., BN}, an edge server (E) deployed
at the access point (AP), and a STAR-RIS (R) with K1 elements for fully
transmission and K2 elements for fully reflection located between user clusters
and E. Specifically, prior to offloading, a user Am ∈ A (1 ≤ m ≤ M) and
a user Bn ∈ B (1 ≤ n ≤ N) are paired to perform the NOMA scheme for
fully offloading by utilizing AmBC. This user-pairing technique is often used in
research to ensure the delay in successive interference cancellation (SIC) deployed
at AP is significantly reduced [19]. Assuming that STAR-RIS employs K1 fully
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transmission elements to aid Am, meantime it uses K2 fully reflection elements
to assist Bm offloading their tasks to E. All users in A and B as well as the AP
are single-antenna devices, and they operate in half-duplex mode.

Fig. 1. The proposed STAR-RIS-assisted AmBC-NOMA-MEC system model

Fig. 2. Time diagram of the A-STAR framework for the proposed system

Based on the proposed system model, we develop an offloading framework
that ensures the system’s latency requirement, namely A-STAR. Precisely, A-
STAR which has time diagram in Fig. 2, consists of 4 phases, described in detail
as follows:

– Parameter determining phase: In this phase, the channel parameters are
estimated. According to the channel state information, a pair of best users
{A∗, B∗} is selected from A and B. The controller in Fig. 1 controls the
transmission and reflection elements by adjusting their amplitude/phase in
real-time. In the scope of our work, we consider the communication between
users and AP as well as the task execution at E. Therefore, we do not hold
this duration in the proposed framework and set τ0 = 0.

– AmBC phase: The user pair {A∗, B∗} fully offload their tasks by employing
AmBC and applying uplink NOMA scheme under the help of STAR-RIS
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during duration τ1. According to the NOMA scheme, AP employs SIC to
decode the required signal. Specifically, E decodes the information of A∗ first,
subtracts it from the received composite signal, and obtains the information
of B∗ later.

– Task execution phase: During this phase, the E’s server will execute all
the received computation tasks with a duration of τ2.

– Downloading phase: During the last phase, the resultant calculation infor-
mation will be broadcasted to A and B by applying downlink NOMA during
a duration of τ3. Following [20,21], τ3 is significantly short compared to τ1
and τ2, hence it is ignored.

2.2 User Selection Scheme

The best users in clusters A and B are selected for transmission based on the
channels from users to the RF station. Given this context, a pair of users in two
clusters, A and B, are selected to maximize the channel power gains of the links
from user to S. Thus, the selected users in cluster A and B are respectively
given by:

A∗ = arg max
1≤m≤M

{
|gSAm

|2
}

, (1)

B∗ = arg max
1≤n≤N

{
|gSBn

|2
}

. (2)

Accordingly, the channel power gains of this selected links {S − A∗, S − B∗} are
respectively expressed as

X1
Δ= gA = max

1≤m≤M

{
|gSAm

|2
}

, (3)

X2
Δ= gB = max

1≤n≤N

{
|gSBn

|2
}

. (4)

Under Rayleigh fading, the cumulative distribution function (CDF) and prob-
ability density function (PDF) of channel power gains gi (i ∈ {1, 2}) are respec-
tively given by

FXi
(x) =

(
1 − e− x

λ0

)P

=
P∑

p=0

(
P
p

)
(−1)p

e− px
λ0 , (5)

fXi
(x) =

P∑
p=1

(
P
p

)
(−1)p+1

p

λ0
e− px

λ0 , (6)

where P ∈ {M,N} , λ0 = E [Xi]. E(.) stands for the expectation operator.
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2.3 STAR-RIS Adjustment

In our proposed system model, the STAR-RIS comprising of K1 elements for
transmission and K2 elements for reflection operates following to the mode selec-
tion protocol [13]. For the sake of simplicity, assume that all STAR-RIS elements
transmit and reflect the incoming signals independently. Due to the effect of
attenuation, only the signals reflected by the STAR-RIS for the first time are
considered, and others will be ignored. Therefore, the signal received from all
STAR-RIS elements can be modelled as a combination of their respective trans-
mitted or reflected signals. The small-scale fading vectors of transmission links
(Am-R, R − E) and reflection links (Bm-R, R − E) denoted by ht1 ∈ C

K1×1,
ht2 ∈ C

K1×1, hr1 ∈ C
K2×1, and hr2 ∈ C

K2×1, respectively. They are also
expressed as

ht1 = [ht11, ht12, ..., ht1K1 ] , (7)

ht2 = [ht21, ht22, ..., ht2K1 ]
T

, (8)

hr1 = [hr11, hr12, ..., hr1K2 ] , (9)

hr2 = [hr21, hr22, ..., hr2K2 ]
T

. (10)

The new combination channel coefficients of links from A∗ and B∗ to E
via STAR-RIS can be expressed as hA = ht1Φ1ht2 and hB = hr1Φ2hr2,
respectively. In which, we define Φ1

Δ= diag
[
α1e

jθ1 , α2e
jθ2 , ..., αK1e

jθK1
]

as a
diagonal matrix with the amplitude αk ∈ [0, 1] and phase-shift θk ∈ [0, 2π)
are the variables of kth transmitting element of STAR-RIS; meanwhile, Φ2

Δ=
diag

[
β1e

jφ1 , β2e
jφ2 , ..., βK2e

jφK2
]

is defined as a diagonal matrix with amplitude
βk ∈ [0, 1] and phase-shift φk ∈ [0, 2π) are the variables of kth reflecting element
of STAR-RIS, j =

√−1. For simplicity, we assume that αk = α, βk = β, ∀k.
Note that, for applying the NOMA scheme, the amplitudes of STAR-RIS ele-
ments are adjusted to meet the condition α > β. Furthermore, in order to assist
user’s best offloading, the STAR-RIS is reconfigured to the maximum value,
i.e., Y1 = max{|hA|2} and Y2 = max{|hB |2}, by adjusting the phase-shift vari-
ables [22]. Therefore, after deploying the optimal phases θk for transmission, the
channel power gain of link A∗ − R − E is given by

Y1 =

(
α

K1∑
k=1

|ht1k||ht2k|
)2

, (11)

where θk = arg(ht1kht2k), ∀k ∈ {1, 2, ..,K1}.
Similarly, after deploying the optimal phases φk for reflection, the channel

power gain of link B∗ − R − E is expressed as

Y2 =

(
β

K2∑
k=1

|hr1k||hr2k|
)2

, (12)

where φk = arg(hr1khr2k), ∀k ∈ {1, 2, ..,K2}.
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According to [22], the CDF and PDF of the random variable Yi, i ∈ {1, 2} as
follows:

FYi
(x) = e− λi

2

∞∑
l=0

λl
iγ

(
l + 1

2 , x
2Ki(1−νi)ξ

)

l!2lΓ
(
l + 1

2

) , (13)

fYi
(x) =

∞∑
l=0

e
− x

2Ki(1−νi)ξ
− λi

2 λl
ix

l− 1
2

l!22l+ 1
2 Γ

(
l + 1

2

)
[Ki(1 − νi)ξ]

l+ 1
2
, (14)

where

ν1 =
1

mt1mt2

[
Γ

(
mt1 + 1

2

)
Γ (mt1)

]2 [
Γ

(
mt2 + 1

2

)
Γ (mt2)

]2

, (15)

ν2 =
1

mr1mr2

[
Γ

(
mr1 + 1

2

)
Γ (mr1)

]2 [
Γ

(
mr2 + 1

2

)
Γ (mr2)

]2

, (16)

ξ ∈ {α2, β2}, λi = Kiνi

1−νi
and γ(., .) is the lower incomplete gamma function.

2.4 New Channel Statistics

By applying AmBC, we form the integrated channel power gains of triple-hop
links S − A∗ − R − E and S − B∗ − R − E as follows:

Z1 = X1Y1 = gA

(
α

K1∑
k=1

|ht1k||ht2k|
)2

, (17)

Z2 = X2Y2 = gB

(
β

K2∑
k=1

|hr1k||hr2k|
)2

. (18)

During AmBC phase, E employs SIC to decode the signal from A∗, xA∗ , first
by treating the signal from B∗, xB∗ , as a noise. Thus, the signal-to-interference-
plus-noise ratio (SINR) to detect xA∗ at E is given by

γA =
γ0Z1

γ0Z2 + 1
, (19)

where γ0
Δ= PS

σ2 is the average transmit SNR of S, PS is the transmit power of S.
The signal-to-noise ratio (SNR) at E after subtracting xA∗ from the received

superimposed signal to detect xB∗ is written as

γB = γ0Z2. (20)

New channel statistics for the power gains (Z1 and Z2) can be obtained by
the following Lemma:
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Lemma 1. The CDF and PDF of variable Zi(i ∈ {1, 2}) defined as (17) and
(18) can be written as

FZi
(x) = 1 + e− λi

2

P∑
p=1

∞∑
q=0

(
P
p

)
(−1)pλq

i

q!2(2q− 1
2 )Γ

(
q + 1

2

)
)

×
(√

2px

λ0Ki(1 − νi)ξ

)q+ 1
2

Kq+ 1
2

(√
2px

λ0Ki(1 − νi)ξ

)
, (21)

fZi
(x) = e− λi

2

P∑
p=1

∞∑
q=0

(
P
p

)
(−1)p+1λq

i

q!2(2q+ 1
2 )Γ

(
q + 1

2

)
)

× 1
x

(√
2px

λ0Ki(1 − νi)ξ

)q+ 3
2

Kq− 1
2

(√
2px

λ0Ki(1 − νi)ξ

)
, (22)

where P ∈ {M,N}, Kν(.) denotes the modified Bessel function of the second
kind of νth-order.

Proof. See Appendix A.

3 Performance Analysis

The successful computation probability (SCP) is an important metric to eval-
uate the latency performance of MEC systems [23]. In this section, we present
the derivation of closed-form expression of SCP. This metric is defined as the
probability that system latency is lower than the maximum allowed time, i.e.,

SCP = Pr (τ1 + τ2 < T ) , (23)

where

τ1 = max
{

LA

CA
,
LB

CB

}
, (24)

τ2 =
cL

f
, (25)

CA = W log2 (1 + γA), CB = W log2 (1 + γB), L = LA + LB , c and f denote
the number of CPU cycles needed for executing each bit and the CPU-cycle
frequency of the MEC server at E, respectively, and W denotes the channel
bandwidth. Thus, we state Theorem 1 describing the SCP expression as follows:
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Theorem 1. The SCP of the proposed AmBC-based STAR-RIS-aided NOMA
MEC system operating under the A-STAR framework is given by:

SCP =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, if T − τ2 ≤ 0,

πe− λ1+λ2
2

Q

∑M
p1=1

∑N
p2=1

∑∞
q1=0

∑∞
q2=0

∑Q
q=1

(
M

p1

) (
N

p2

)

(−1)p1+p2λ
q1
1 λ

q2
2

q1!q2!22(q1+q2)Γ(q1+
1
2 )Γ(q2+

1
2 )zq

√
1−ωq

1+ωq(
1
α

√
2p1ΛA(γ0zq+1)
λ0K1(1−ν1)γ0

)q1+
1
2

(
1
β

√
2p2zq

λ0K2(1−ν2)

)q2+
3
2

Kq1+
1
2

(
1
α

√
2p1ΛA(γ0zq+1)
λ0K1(1−ν1)γ0

)
Kq2− 1

2

(
1
β

√
2p2zq

λ0K2(1−ν2)

)
, if T − τ2 > 0,

(26)

where ΛA = 2
LA

W (T −τ2) −1, ΛB = 2
LB

W (T −τ2) −1, zq = − ln (ωq+1)a
2 , a = exp

(
−ΛB

γ0

)
,

ωq = cos
(

2q−1
2Q π

)
, and Q is the complexity-vs-accuracy trade-off coefficient.

Proof. See Appendix B.

4 Numerical Results and Discussion

This section provides the numerical results regarding the SCP of AmBC-based
STAR-RIS-aided NOMA MEC system. Monte-Carlo simulations are employed
to confirm the analytical results. Similar to the work of [24], we provide the
typical values of simulation parameters utilized in our work as Table 1.

Figure 3 draws the curve of SCP versus the average transmit SNR with dif-
ferent numbers of STAR-RIS’s elements. From this figure, we can observe that
SCP upgrades when γ0 and/or K1 and/or K2 increase. It means that the per-
formance of this considered system can be improved by increasing the transmit
power and/or the number of STAR-RIS’s elements. In other words, STAR-RIS
can effectively assisted NOMA users to offload their tasks to MEC servers.

Figures 4 and 5 depicts the impact of the number of users in clusters A and
B. From these figures, we can see that SCP increases when M and/or N increase.
It means that the increasing of number of users allows we choose the better user
to offload its task to AP. However, the increasing of the number of high-priority
users improves the performance less than comparing to the increasing of the
number of low-priority users.

Figure 6 illustrates the effect of the power allocation ratio ξ on the SCP of
our considered system with different average transmit SNR values. Note that
the variation of ξ ∈ {α2, β2} can be obtained by adjusting the amplitudes of
each STAR-RIS’s element. This adjustment can meet the condition of successive
interference cancellation when the paired users have similar channel gains. We
can observe from this figure that the system can reach to the best performance
in the middle range of ξ value. In other words, there exists a pair of optimal
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Table 1. Simulation Parameters

Parameters Notation Typical Values

Environment Rayleigh,
Nakagami-m

Rayleigh fading parameter λ0 1

Nakagami-m parameters for transmission mt1, mt2 3, 3

Nakagami-m parameters for reflection mr1, mr2 2, 2

The number of transmission elements K1 6

The number of reflection elements K2 4

Transmission amplitude α2 0.75

Reflection amplitude β2 0.25

The average transmit SNR γ0 0 - 30 dBm

The CPU-cycle frequency of MEC server f 1 GHz

The number of CPU cycles for computing each
bit at MEC server

c 2

Channel bandwidth W 500 MHz

The length of task A, task B {LA, LB} {0.6, 0.4} Mbits

The threshold of latency T 20 ms

Number of points for Gaussian-Chebyshev
quadrature method

Q 50

Fig. 3. SCP vs. the average transmit SNR γ0 with different number of STAR-RIS’s
elements
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Fig. 4. SCP vs. γ0 with different number of users in A

Fig. 5. SCP vs. γ0 with different number of users in B
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Fig. 6. SCP vs. power allocation ratio with different average transmit SNR values

values {α∗, β∗} that we can adjust the STAR-RIS’s amplitudes to make SCP
achieving the highest point.

Figure 3, 4, 5 and 6 show that the simulated values match the computational
theory. That proved the correctness of our analysis.

5 Conclusion

In this paper, we have proposed a joint design for MEC network in which the
combination of AmBC, STAR-RIS, uplink NOMA, and user selection schemes
is applied. Accordingly, a new offloading A-STAR framework is introduced, and
the expression of successful computation probability is derived by utilizing the
statistical characteristics of multi-hop channels. Finally, the impacts of system
key parameters on this considered network’s performance were investigated to
reveal that the increasing of the number of users and/or the number of STAR-
RIS’s elements and/or transmit power can enhance the latency performance.
In our future work, we will consider the optimization problem of this proposed
system.

Acknowledgment. This research is funded by Vietnam National Foundation for Sci-
ence and Technology Development (NAFOSTED) under grant number 102.04–2021.11.
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APPENDIX A: PROOF OF LEMMA 1

The CDF of variable Zi(i ∈ {1, 2}) can be expressed as

FZi
(x) = Pr (Zi < x) = Pr (XiYi < x) =

∞∫

0

FXi

(
x

y

)
fYi

(y)dy (A-1)

By substituting (5) and (14) into the integral in (A-1), after some manipu-
lations and employing the equation (3.471.9) in [25], we obtain

FZi
(x) = 1 + e− λi

2

P∑
p=1

∞∑
q=0

(
P
p

)
(−1)pλq

i

q!2(2q− 1
2 )Γ

(
q + 1

2

)
)

×
(√

2px

λ0Ki(1 − νi)ξ

)q+ 1
2

Kq+ 1
2

(√
2px

λ0Ki(1 − νi)ξ

)
.

(A-2)

Next, we derivative (A-2) by applying the result of (8.486–14) in [25] to get the
PDF as follows:

fZi
(x) = e− λi

2

P∑
p=1

∞∑
q=0

(
P
p

)
(−1)p+1λq

i

q!2(2q+ 1
2 )Γ

(
q + 1

2

)
)

× 1
x

(√
2px

λ0Ki(1 − νi)ξ

)q+ 3
2

Kq− 1
2

(√
2px

λ0Ki(1 − νi)ξ

)
.

(A-3)

This concludes our proof.

APPENDIX B: PROOF OF THEOREM 1

Based on the definition formula, SCP can be rewritten as follows:

SCP = Pr
(

LA

W log2 (1 + γA)
< T − τ2,

LB

W log2 (1 + γB)
< T − τ2

)

=

{
0, if T − τ2 ≤ 0

Pr
(

γ0Z1
γ0Z2+1 > ΛA, γ0Z2 > ΛB

)
, if T − τ2 > 0

=

{
0, if T − τ2 ≤ 0

Pr
(
Z1 > ΛA

γ0
(γ0Z2 + 1), Z2 > ΛB

γ0

)
, if T − τ2 > 0

=

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

0, if T − τ2 ≤ 0

1 − FZ2

(
ΛB

γ0

)
−

∞∫

ΛB
γ0

FZ1

(
ΛA(γ0z + 1)

γ0

)
fZ2(z)dz

︸ ︷︷ ︸
I

, if T − τ2 > 0 .

(B-1)
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where ΛA = 2
LA

W (T −τ2) − 1, ΛB = 2
LB

W (T −τ2) − 1.
By substituting (A-2) and (A-3) into (B-1), the integral I can be rewritten

as

I = 1 − FZ2(
ΛB

γ0
) −

M∑
p1=1

N∑
p2=1

∞∑
q1=0

∞∑
q2=0

(
M
p1

)(
N
p2

)

(−1)p1+p2λq1
1 λq2

2 e− λ1+λ2
2

q1!q2!2(2q1+2q2)Γ
(
q1 + 1

2

)
)Γ

(
q2 + 1

2

)
)

∞∫

ΛB
γ0

(
1
α

√
2p1ΛA(γ0z + 1)
λ0K1(1 − ν1)γ0

)q1+
1
2

Kq1+
1
2

(
1
α

√
2p1ΛA(γ0z + 1)
λ0K1(1 − ν1)γ0

)

(
1
β

√
2p2z

λ0K2(1 − ν2)

)q2+
3
2

Kq2− 1
2

(
1
β

√
2p2z

λ0K2(1 − ν2)

)
dz

z
.

(B-2)

By setting t = e−z and applying the Gaussian-Chebyshev quadrature method
to calculate the integral, we obtain the following result:

I = 1 − FZ2(
ΛB

γ0
) − πe− λ1+λ2

2

Q

M∑
p1=1

N∑
p2=1

∞∑
q1=0

∞∑
q2=0

Q∑
q=1

(
M
p1

) (
N
p2

)

(−1)p1+p2λq1
1 λq2

2

q1!q2!2(2q1+2q2)Γ
(
q1 + 1

2

)
Γ

(
q2 + 1

2

)
zq

√
1 − ωq

1 + ωq

(
1
α

√
2p1ΛA(γ0zq + 1)
λ0K1(1 − ν1)γ0

)q1+
1
2

Kq1+
1
2

(
1
α

√
2p1ΛA(γ0zq + 1)
λ0K1(1 − ν1)γ0

)

(
1
β

√
2p2zq

λ0K2(1 − ν2)

)q2+
3
2

Kq2− 1
2

(
1
β

√
2p2zq

λ0K2(1 − ν2)

)
,

(B-3)

where zq = − ln (ωq+1)a
2 , a = exp

(
−ΛB

γ0

)
, ωq = cos

(
2q−1
2Q π

)
, and Q is the

complexity-vs-accuracy trade-off coefficient. By substituting (B-3) into (B-1),
the proof is completed.
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