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Abstract. In this paper, we study a mobile edge computing (MEC) net-
work based on uplink non-orthogonal multiple access (NOMA) scheme
with radio frequency energy harvesting (RF EH). Due to the energy and
compute resources constraint, two users cannot complete their tasks by
themselves within the maximum time delay. Therefore, they harvest the
RF energy from a nearby access point (AP) and use all that energy to
offload their tasks to the AP. We derive the closed-form expressions of the
successful computation probability (SCP) of the users to evaluate system
performance. We propose a algorithm based on genetic algorithm (GA)
that determines the system’s optimal time switching ratio to achieve the
maximum SCP, namely MSCP-GA. Furthermore, we consider the numer-
ical results to thoroughly understand the impact of parameters such as
transmit power, time switching ratio on the system performance. Monte
Carlo simulation is used to confirm the validity of our analysis.

Keywords: Mobile edge computing · Non-orthogonal multiple access ·
Uplink NOMA · Successful computation probability · MEC server ·
Genetic algorithm · Optimization

1 Introduction

In recent years, the next generation of wireless technology, i.e., 5G, has over-
grown with outstanding supports of extreme speeds and capacity [1]. Tech-
nological breakthroughs in 5G have paved the way for developing many high-
bandwidth applications such as virtual reality, augmented reality, autonomous
cars, mobile online games, massive connected Internet of Things (IoT) [2]. How-
ever, mobile devices (MD) are currently not keeping up with the demand from
these computation-intensive and latency-critical applications. It encouraged the
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development of Mobile Edge Computing (MEC), with the idea of shifting com-
putation and data storage servers closer to MD [3].

Many technologies and scenarios in the 5G pattern integrated with MEC, in
which NOMA and RF EH are two critical enabling technologies that researchers
are very interested in. Applying NOMA in the MEC network has many benefits,
including supporting many users, reducing latency and system energy consump-
tion [4–7].

Ye et al. proposed NOMA MEC network in [4], in which two users offload
their tasks to a MEC server located access point (AP) to ensure system delay
constraint. Authors have used the derivative approach to maximize system
performance in terms of successful computation probability (SCP) with three
schemes: complete local computation, partial computation offloading, and com-
plete offloading. In [5], Fang et al. proposed a multi-user NOMA MEC net-
work, in which M users are randomly distributed in a single cell and computed
by a MEC server located at BS center cell. The authors examined the system
over Rayleigh fading and perfect channel state information (pCSI) conditions.
A bisection searching algorithm is used to solve the problem of minimizing task
computation time. Ha et al. in [6] proposed a downlink NOMA MEC network
with two MEC APs to assist computation for a limited energy user. The authors
proposed an APS algorithm based on channel gain to enhance the system’s secu-
rity performance. All of the above studies confirm the advantages of adopting
NOMA over OMA when operating under the same schemes.

Besides, integrating RF EH techniques in MEC networks will solve limited
battery lifetime, unstable grid power supply, and low computing capability [8–
11]. Min et al. in [8] investigated the RF EH IoT healthcare monitoring system
based on MEC. Multiple sensors use their battery and RF energy to gather
parameters like blood pressure and electrocardiograms. They can operate their
tasks by themselves or receive computational help from the MEC server to make
urgent recommendations. The reinforcement learning algorithm is proposed to
use CSI information, input tasks, and computational resources to optimize the
sensors’ offloading strategy. In [9], the authors proposed the RF EH NOMA MEC
network operated with a two-phase protocol: wireless power transfer phase and
computation phase. Algorithms based on the iterative algorithm and an alter-
native optimization algorithm are proposed to solve the problem of maximizing
the system’s computational performance. Garcia et al. in [11] wireless-powered
multi-user NOMA MEC system assisted by a power beacon (PB) and AP in the
presence of an eavesdropper. Specifically, AP and PB broadcast the RF energy
to M users. Then, the users simultaneously offload the tasks to the MEC server
located at the AP using NOMA. The authors assume the AP has considerable
computational resources, so they ignore the computation time here. A solution
based on particle swarm optimization (PSO) is proposed to maximize the system
secrecy computation efficiency (SCE).

In this study, we consider the RF EH NOMA MEC system over Rayleigh
fading channel. The main contributions of our paper are as follows.
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– We investigated the RF EH NOMA MEC over Rayleigh fading.
– We derived the closed-form expression of successful computation probability

for this system. Furthermore, we provided numerical results to investigate
the impact of the network parameters, i.e., transmit power, time switching
ratio, the task length, bandwidth, to verify RF EH NOMA deployment’s
effectiveness in the MEC network.

– We proposed an optimization algorithm based on a genetic algorithm to find
the optimal time switching so that the SCP is maximized. Simulation results
show that our proposed algorithm can improve the SCP.

The rest of this paper is organized as follows. Section 2 presents the system
model. The performance of this considered system is analyzed in Sect. 3. We
present the optimization problem in term of SCP in Sect. 4. The numerical results
and discussion are shown in Sect. 5. Finally, we conclude our work in Sect. 6.

2 System Model

The system model for an uplink NOMA mobile edge computing network with
energy harvesting is depicted as Fig. 1, in which two energy-constrained users
(i.e., U1 and U2) offload their tasks to MEC access point (AP) through uplink
NOMA by using the harvetsed energy from AP. All devices are assumed to have
a single antenna and operate in the half-duplex mode. Assuming that U1 and U2

have L1-bit and L2-bit tasks, respectively, to be executed and they may not be
able to execute their tasks locally within the latency budget due to the limited
computational ability. Therefore, U1 and U2 offload their tasks to AP’s server
through wireless links subject to quasi-static Rayleigh fading. However, due to
energy constraint, before transmission, U1 and U2 harvest the RF energy from
AP and use this for offloading.

We propose a new protocol, called RF EH Uplink NOMA MEC scheme, for
MEC network as follows.

Fig. 1. System model for uplink NOMA MEC using RF EH network
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Fig. 2. Time flow chart for proposed system

- In the first phase (energy harvesting phase), the users harvest energy from
AP during the duration of τ0 = αT , where α denotes the time switching ratio,
i.e., 0 < α < 1, and T stands for transmission block time. During this energy
harvesting phase, the harvested energy of Ui, (i ∈ (1, 2)) is obtained by

Ei = ηP0giαT, (1)

where 0 < η ≤ 1 stands for the energy conversion efficiency of the energy receiver
[12], P0 denotes the transmit power of AP, gi denotes the channel power gain of
link Ui − AP.

- In the second phase (offloading phase), Ui apply uplink NOMA scheme to
offload their tasks to the AP’s server during duration τ1. On the basis of the
principle of NOMA, the received signal of offloading tasks at MEC server is
expressed as

yMEC = h1

√
P1x1 + h2

√
P2x2 + nMEC , (2)

where hi denotes the channel coefficient, xi stands for the offloading task of the
ith user, , i ∈ {1, 2}. nMEC ∼ CN (0, σ2) represents the AWGN at the MEC
server. Note that gi = |hi|2. The transmit power Pi calculated as follows

Pi =
Ei

(1 − α)T − τ
= aP0gi, (3)

where a
Δ= ηαT

(1−α)T−τ . τ stands for the computing time at MEC server defined as
follows:

τ =
ρ(L1 + L2)

f
, (4)

where ρ and f denote the number of required CPU cycles for each bit and the
CPU-cycle frequency of MEC server, respectively.

- In the third phase (computing phase), according to the principle of uplink
NOMA, AP first decodes the task xi with larger power level by treating the
remain with smaller power level as noise and then subtracts this component in
duration τ2. Hence, the signal-to-interference-plus-noise ratio (SINR) and the
signal-to-noise ratio (SNR) for the MEC server to decode xi are written as

if g1 > g2:

γ11 =
aγ0g

2
1

aγ0g22 + 1
, (5)

γ12 = aγ0g
2
2 , (6)
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else

γ22 =
aγ0g

2
2

aγ0g21 + 1
, (7)

γ21 = aγ0g
2
1 , (8)

where γ0 = P0
σ2 . Then, these tasks are executed on the MEC server in duration

τ3.
- Finally, in the last phase (result returning phase), Ui downloads the results

from AP during τ3.
The time flow chart for EH Uplink-NOMA MEC protocol is as Fig. 2, in which

τ3 is assumed very small compared to transmission time and thus is neglected
[4,7,13].

The i.i.d. quasi-static Rayleigh channel gains gi, i ∈ {1, 2}, follows expo-
nential distributions with parameters λi. Therefore, the cummulative density
function (CDF) and probability density function (PDF) of gi are respectively
given by

Fgi
(x) = 1 − e

− x
λi , (9)

fgi
(x) =

1
λi

e
− x

λi . (10)

3 Performance Analysis

In order to characterize the performance of a NOMA-MEC system, the successful
computation probability, namely Φs , is used as an important performance metric
[4,6,7]. It is defined as the probability that all tasks are successfully executed
within a given time T > 0, which is expressed as

Φs = Pr (max{t1, t2} + τ ≤ (1 − α)T ) , (11)

where t1 and t2 are the transmission latency of U1 and U2, respectively and
calculated as follows:

{
t1 = L1

(1−α)B log(1+γ11)
, t2 = L2

(1−α)B log(1+γ12)
, g1 > g2

t1 = L1
(1−α)B log(1+γ21)

, t2 = L2
(1−α)B log(1+γ22)

, g1 < g2
(12)

where B denotes the channel bandwidth.
In order to evaluate the performance of this considered NOMA MEC system,

we obtain the following lemmas.
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Lemma 1
Under quasi-static Rayleigh fading, the closed-form expression of the SCP ΦU1

s

for this considered uplink RF EH NOMA MEC system is given by

ΦU1
s =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

π
Nλ2

∑N
j=1 exp

⎛

⎝−
√

γth1

(
θ2

j+
1

aγ0

)
λ1

− θj

λ2

⎞

⎠
√

1−φj

1+φj

+ λ2
λ1+λ2

exp
[
−

(
1

λ1
+ 1

λ2

) √
γth1
aγ0

]
, γth1 > 1

πc
2Nλ2

∑N
j=1 exp

⎛

⎝−
√

γth1

(
x2

j+
1

aγ0

)
λ1

− xj

λ2

⎞

⎠
√

1 − φ2
j

+ λ1
λ1+λ2

exp
[
−

(
1

λ1
+ 1

λ2

)
c
]

+ λ2
λ1+λ2

exp
[
−

(
1

λ1
+ 1

λ2

) √
γth1
aγ0

]
, γth1 < 1

(13)

where γth1 = 2
L1

Ω1(1−α)B − 1, Ω1 = (1 − α)T − ρL1
f , c =

√
γth1

aγ0(1−γth1)
,

θj = − ln
(

φj+1
2

)
, xj = (φj+1)c

2 , φj = cos
(
2j−1
2N π

)
, and N is the complexity-

vs-accuracy trade-off coefficient.

Proof. See Appendix A.

Lemma 2
Under quasi-static Rayleigh fading, the closed-form expression of the SCP ΦU2

s

for this considered uplink RF EH NOMA MEC system is given by

ΦU2
s =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

π
Nλ1

∑N
j=1 exp

⎛

⎝−
√

γth2

(
θ2

j+
1

aγ0

)
λ2

− θj

λ1

⎞

⎠
√

1−φj

1+φj

+ λ1
λ1+λ2

exp
[
−

(
1

λ1
+ 1

λ2

) √
γth2
aγ0

]
, γth2 > 1

πc
2Nλ1

∑N
j=1 exp

⎛

⎝−
√

γth2

(
x2

j+
1

aγ0

)
λ2

− xj

λ1

⎞

⎠
√

1 − φ2
j

+ λ2
λ1+λ2

exp
[
−

(
1

λ1
+ 1

λ2

)
c
]

+ λ1
λ1+λ2

exp
[
−

(
1

λ1
+ 1

λ2

) √
γth2
aγ0

]
, γth2 < 1

(14)

where γth2 = 2
L2

Ω2(1−α)B − 1, Ω2 = (1 − α)T − ρL2
f , c =

√
γth2

aγ0(1−γth2)
,

θj = − ln
(

φj+1
2

)
, xj = (φj+1)c

2 , φj = cos
(
2j−1
2N π

)
, and N is the complexity-

vs-accuracy trade-off coefficient.

Proof. The proof of Lemma 2 is similar to the proof of Lemma 1; see Appendix
A.
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Lemma 3
Under quasi-static Rayleigh fading, the closed-form expression of the SCP Φs

for this considered uplink RF EH NOMA MEC system is given by

Φs =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

π
Nλ2

∑N
j=1 exp

⎛

⎝−
√

γth

(
θ2

j+
1

aγ0

)
λ1

− θj

λ2

⎞

⎠
√

1−φj

1+φj

− πb
2Nλ2

∑N
j=1 exp

⎛

⎝−
√

γth

(
x2

j+
1

aγ0

)
λ1

− xj

λ2

⎞

⎠
√

1 − φ2
j ,

+ π
Nλ1

∑N
j=1 exp

⎛

⎝−
√

γth

(
θ2

j+
1

aγ0

)
λ2

− θj

λ1

⎞

⎠
√

1−φj

1+φj

− πb
2Nλ1

∑N
j=1 exp

⎛

⎝−
√

γth

(
x2

j+
1

aγ0

)
λ2

− xj

λ1

⎞

⎠
√

1 − φ2
j , γth > 1

π(c−b)
2Nλ2

∑N
j=1 exp

⎛

⎝−
√

γth

(
y2

j+
1

aγ0

)
λ1

− yj

λ2

⎞

⎠
√

1 − φ2
j

+ λ1
λ1+λ2

exp
[
−
(

1
λ1

+ 1
λ2

)
c
]

+π(c−b)
2Nλ2

∑N
j=1 exp

⎛

⎝−
√

γth

(
y2

j+
1

aγ0

)
λ1

− yj

λ2

⎞

⎠
√

1 − φ2
j

+ λ1
λ1+λ2

exp
[
−
(

1
λ1

+ 1
λ2

)
c
]
, γth < 1

(15)

where γth = 2
L

Ω(1−α)B − 1, Ω = (1 − α)T − ρL
f , b =

√
γth

aγ0
, c =

√
γth

aγ0(1−γth)
,

θj = − ln
(

φj+1
2

)
, xj = (φj+1)c

2 , yj = (φj+1)(c−b)
2 + b, φj = cos

(
2j−1
2N π

)
, and N

is the complexity-vs-accuracy trade-off coefficient.

Proof. See Appendix B.

4 SCP Optimization Problem and Solution

Based on the proposed system above, maximal the successful computation prob-
ability problem (MSCP) of users are declared the following:

(MSCP) : max
α

(Φs) (16a)

subject to : max{t1, t2} + τ ≤ (1 − α)T (16b)
0 < α < 1 (16c)

where constraints (16b) ensure that all tasks are processed within the maxi-
mum allowed delay. Constraints (16c) describe the time switching ratio.

To solve the MSCP, we propose to use the genetic algorithm (GA), namely
MSCP-GA, described in Algorithm 1. GA is classified in evolutionary algorithms,
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simulating biological evolution in nature and following Darwin’s theory of evolu-
tion, [14,15]. In GA, each chromosome in the population is the problem solution.
We initialized a population with 50 random individuals. We deploy the uniform
crossovers for the population as follow:

α ← εαp1 + (1 − ε)αp2 (17)

where α is the offspring time switching ratio, αp1 and αp2 are parents, ε is the
random number from 0 to 1 that determine how many of the genes needed from
parents, ε ∼ U(0, 1).

We use the roulette wheel selection technique [14] for selecting the individual
parents. That means the better the fitness value will have more opportunities to
be selected for the crossover process. Next, the random mutation was used on
the population as follow:

α ← αμβ (18)

where μ is mutation rate, and β is the same length as the chromosome, and the
elements in it are randomly selected 0 and 1.

Finally, the new population is formed based on the best fitness value. We
get an optimal time switching ratio when the algorithm reaches the maximum
number of iterations.

Algorithm 1. Maximal the successful computation probability based on Genetic
Algorithm (MSCP-GA)
1: procedure MSCP-GA(Φs)
2: Input N, Ps, f, ρ, B, T, L1, L2

3: Output α∗

4: Initialize population size nPop, crossover rate χ, mutation rate μ, the maximum
evolutionary generation MaxIt.

5: while i < MaxIt do
6: Use the fitness function (15) to evaluate the population.
7: Crossover using (17) and Mutation using (18).
8: Selection new populations.
9: i = i + 1

10: end while
11: Return α∗

In the next section, we discuss the proposed algorithm complexity. The Heap
Sorting algorithm is used to order the population and to get the best solutions.
The number of operations required for the selection process is nPop log(nPop).
The number of operations required for crossover process and mutation process
is ξ nPop

2 and μ.nPop. Thus, the algorithm complexity of MSCP-GA is given by:

TC = MaxIt.(nPop. log(nPop) + ξ.
nPop

2
+ μ.nPop) (19)
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5 Numerical Results and Discussion

In this section, we provide the numerical results in terms of successful com-
putation probability Φs to reveal the impact of key system parameters to the
system performance. The simulation parameters used in this work are provided
in Table 1 [6,16].

Table 1. Simulation parameters

Parameters Notation Typical Values

Number of antennas of each device N 1

Transmit power Ps 0–30dB

CPU-cycle frequency of MEC server f 1 GHz

The number of CPU cycles for each bit ρ 10

Channel bandwidth B 1 GHz

The threshold of latency T 10 ms

The number of data bits of U1 L1 60 Kbits

The number of data bits of U2 L2 20 Kbits

The population size nPop 50

Crossover rate χ 0.6

Mutation rate μ 0.001

The maximum evolutionary generation MaxIt 50

The impact of average transmit SNR (γ0) and time switching ratio (α) on
system performance in terms of successful computation probability Φs is shown
in Fig. 3, 4 and 5. It is easy to observe that both user’s SCP increases as γ0
increases. It demonstrates that increasing the transmit power can improve the
system performance. Next, the effect of α is also clearly shown in the two pictures
above. When increasing α from 0 to 1, the SCP tends to increase gradually,
achieving its maximum value and gradually decreasing. It can be explained that
when α increases, the users will have more time to harvest RF energy and use
that plentiful energy in offloading tasks. However, when α gets closer to 1, users
do not have enough time to offload their tasks, resulting in an SCP decrease. It
also proves the existence of α∗ makes the SCP reach maximum value.

Figure 6 depicts the impact of the length of task of U1 and bandwidth on
system performance. In this experiment, we gradually increase the U1 task length
while keeping the task length of U2. We observed that the increase in the length
of the task of U1 reduces its performance. However, it contributes to improving
the probability of successful computation for U2. Another observation is that
increasing the bandwidth can improve system performance. In the case of very
high bandwidth, the task’s length does not affect system performance much.
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Fig. 3. ΦU1
s and ΦU2

s vs. time switching ratio α with different γ0.

Fig. 4. ΦU1
s and ΦU2

s vs. average transmit SNR γ0 with different α.

Figure 7 describes MSCP-GA rapidly converges with the setting parameters
given in Table 1. Figure 8 describes comparison among the optimal algorithm
and non-optimal approach in term of SCP. With the non-optimal approach, we
use fixed time switching ratio, 0.1, 0.4 and 0.8, respectively, to evaluate system
performance. The results show that the use of the MSCP-GA algorithm gives
higher efficiency than not using the optimal algorithm. Furthermore, to highlight
the advantages of MSCP-GA, we also compared it to the MSCP-based on brute
force optimization (MSCP-BF) [17] case. The results show that two optimal
algorithms give the same results. However, it should be noted that the algorithm
complexity of MSCP-BF is higher than that of MSCP-GA. The results show that
our proposed algorithm improves system performance.
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Fig. 5. Φs vs. time switching ratio α with different γ0.

Fig. 6. Φs vs. the length of task of U1 with different B.

Fig. 7. Algorithm convergence when operating with different transmit power.
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Fig. 8. System performance comparison among the optimal algorithm and non-optimal
approach.

6 Conclusion

In this paper, we considered the uplink RF EH NOMA MEC network. Specif-
ically, two energy-constraint users harvest RF energy from AP to offload their
tasks. We derived the expression of the successful computation probability of
two users and of system. We proposed a low-complexity approach based on the
GA and achieved optimal system performance. Simulation results confirmed the
superiority of the proposed algorithm in comparison with the traditional app-
roach.

Appendix A: Proof of Lemma 1

Here, we derive the closed-form expression of ΦU1
s as follows.

ΦU1
s = Pr (g1 > g2, γ11 > γth1) + Pr (g1 < g2, γ21 > γth1)

= Pr
(

g1 > g2,
aγ0g

2
1

aγ0g22 + 1
> γth1

)

︸ ︷︷ ︸
I1

+ Pr
(
g1 < g2, aγ0g

2
1 > γth1

)

︸ ︷︷ ︸
I2

(A-1)
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I1 = Pr

(

g1 > g2, g1 >

√

γth1

(
g22 +

1
aγ0

))

=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Pr
(

g1 >

√
γth1

(
g22 + 1

aγ0

))
, γth1 > 1

Pr
(

g1 >

√
γth1

(
g22 + 1

aγ0

)
, g2 <

√
γth1

aγ0(1−γth1)

)

+ Pr
(
g1 > g2, g2 >

√
γth1

aγ0(1−γth)

)
, γth1 < 1

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∫ ∞
0

[
1 − Fg1

(√
γth

(
x2 + 1

aγ0

))]
fg2(x)dx, γth > 1

∫ c

0

[
1 − Fg1

(√
γth

(
x2 + 1

aγ0

))]
fg2(x)dx

+
∫ ∞

c
[1 − Fg1 (x)] fg2(x)dx, γth < 1

(a)
=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

π
Nλ2

∑N
j=1 exp

⎛

⎝−
√

γth

(
θ2

j+
1

aγ0

)
λ1

− θj

λ2

⎞

⎠
√

1−φj

1+φj
, γth > 1

πc
2Nλ2

∑N
j=1 exp

⎛

⎝−
√

γth

(
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(
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. (A-2)

where c =
√

γth

aγ0(1−γth)
, step (a) is obtained by applying the Gaussian-Chebyshev

quadrature method [18] in which θj = − ln
(

φj+1
2

)
, xj = (φj+1)c

2 , φj = cos
(
2j−1
2N π

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

Next, we obtain the expression of integral I2 as follows:

I2 = Pr
(√

γth1

aγ0
< g1 < g2

)
=

∫ ∞
√

γth1
aγ0

[
Fg1(x) − Fg1

(√
γth1

aγ0

)]
fg2(x)dx

=
λ2

λ1 + λ2
exp

[
−
(

1
λ1

+
1
λ2

)√
γth1

aγ0

]
.

(A-3)

From (A-1), (A-2), (A-3), we obtain the result as (13). This concludes our
proof.
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Appendix B: Proof of Lemma 3

Here, we derive the closed-form expression of Φs as follows.

Φs = Pr (g1 > g2, γ11 > γth, γ12 > γth) + Pr (g1 < g2, γ21 > γth, γ22 > γth)

= Pr
(

g1 > g2,
aγ0g

2
1

aγ0g22 + 1
> γth, aγ0g

2
2 > γth

)

︸ ︷︷ ︸
I3

+ Pr
(

g1 < g2, aγ0g
2
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aγ0g
2
2
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)

︸ ︷︷ ︸
I4

(B-1)

I3 = Pr
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(B-2)

where b =
√

γth

aγ0
, c =

√
γth

aγ0(1−γth)
, step (c) is obtained by applying the Gaussian-

Chebyshev quadrature method in which θj = − ln
(

φj+1
2

)
, xj = (φj+1)c

2 , yj =
(φj+1)(c−b)

2 + b, φj = cos
(
2j−1
2N π

)
, and N is the complexity-vs-accuracy trade-off

coefficient.
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Similarly, we obtain the expression of integral I4 as follows:

I4 =

⎧
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]
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(B-3)

From (B-1), (B-2), (B-3), we obtain the result as (15). This concludes our
proof.
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