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1 Introduction
For the past few years, the sixth generation (6G) mobile communication technology has 
attracted a lot of attentions because of its high transmission rate, high reliability and high 
capacity. Thus, it has great practical and economic values for the industry and Internet 
of Things (IoT) [1–4]. The application scenario of the IoT is an integration of a variety 
of emerging technologies, which has become the most popular research at present. The 
rise of the IoT has put forward higher requirements for communication technology. On 
the other hand, the main challenges of future wireless networks are large-scale access, 
high energy consumption and hardware costs. Therefore, it is imperative to find solu-
tions with low power consumption and high economic benefits for future wireless net-
works to meet users’ high requirements for quality of service (QoS) and data rate [5, 6]. 
Fortunately, the concepts of ambient backscatter and reconfigurable intelligent surface 
(RIS), which are passive devices, have been introduced into wireless communication 
research [7–9]. And instead of using active transmitters, they utilize the surrounding 
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radio frequency (RF) signals as a passive source, thus not resulting in extra power con-
sumption and no need for specialized energy supply [10]. The difference between back-
scatter and RIS is that the orientations of reflected signals using RIS are controlled by 
phase angles. Therefore, RIS performs better in solving the problem of energy consump-
tion and hardware cost reduction in wireless communication systems.

As a new paradigm, RIS is equipped with multiple reflective elements composed of 
two-dimensional artificial electromagnetic materials. Each reflective element is con-
trolled by the software, then the reflected phase and angle of the incident RF signal can 
be flexibly adjusted. By adjusting the phase angle of RIS, the ideal effect is obtained and 
the performance of wireless communication system is improved [11]. RIS can be flexibly 
configured on walls, ceilings, and outer surfaces of buildings, and the channel capacity 
can be effectively increased with the participation of RIS. It has extremely low power 
consumption and is friendly to the environment, which can availably improve the energy 
efficiency of the communication systems [12]. Compared with the existing technolo-
gies, RIS can achieve deterministic and programmable control of wireless environment 
behavior. Based on these advantages, a great deal of research works have focused on 
these aspects of RIS. In [13], the authors developed an optimization of joint the trans-
mit power allocation and the phases shifts of the surface reflecting elements of each link 
to maximize energy efficient of downlink RIS-assisted multi-user communication sys-
tems. To maximize the energy efficiency for all users, the authors in [14] put forward 
a joint radio resource and passive beamforming optimization scheme, which adopted 
the Lagrange dual theory and a semidefinite programming method for the downlink 
RIS-assisted wireless-powered communication network. An outage-constrained beam-
forming algorithm for RIS-assisted wireless-powered communication networks was pro-
posed in [15]. The author solved the issue of minimizing the total transmission power 
of the RIS wireless system in [16]. For the performance analysis aspects, Jung et al. ana-
lyzed the reliability of the RIS systems and derived the expressions for the sum rate of 
the uplink RIS systems as well as outage probability [17]. The authors of [18] analyzed 
the capacity degradation problem of RIS network with hardware impairments. In addi-
tion, some researchers also studied RIS in combination with other promising technol-
ogies, such as millimeter wave (mmWave) multiple-input multiple-output (MIMO), 
simultaneous wireless information and power transfer (SWIPT) and non-orthogonal 
multiple access (NOMA). In [19], the channel estimation scheme of RIS-aided mmWave 
MIMO system was designed through adopting a two-stage iterative reweighted method 
to obtained the perfect channel state information. In [20], the authors proposed an adap-
tive phase shifter design of RIS-aided mmWave MIMO system based on the hierarchi-
cal codebooks and mobile station feedback. Ding et al. [21] proposed a simple design of 
RIS-assisted NOMA downlink transmission, which can improve the spectral efficiency 
and connectivity. Further, the authors maximized the sum rate of all users by using sem-
idefinite relaxation method in [22]. All these above studies show a bright future for RIS 
in combination with other technologies.

NOMA is another promising technology for the beyond fifth generation (B5G) which 
has attracted wide attention in academia and industry [23–26]. NOMA is considered 
to have obvious advantages in solving problems of spectrum scarce and devices access, 
and is an effective method to solve large-scale access and QoS [27, 28]. The pivotal idea 



Page 3 of 16Li et al. J Wireless Com Network        (2021) 2021:198  

of NOMA is that multiple users at the transmitter and receiver share the same time/
frequency domain resources, and the transmitter directly sends the superposition codes 
of multiple users. In order to ensure fairness, the allocation power to users is inversely 
proportional with channel gain. That is, users with large channel gain allocate less power, 
vice versa. At the receivers, the interference information can be recovered by using suc-
cessive interference cancellation (SIC) [29]. To this end, NOMA technology has been 
widely recognized as an effective solution to improve the quality of mobile network 
access, and has been identified as a promising prospect [30]. However, the NOMA tech-
nology is not without its drawbacks. The realization of NOMA technology requires 
high-complexity and/or multiple equipments. It is difficult to achieve good performance 
with NOMA alone when the wireless system has numerous users. Fortunately, RIS pro-
vides a new idea for this situation. Many studies have also shown that RIS can effec-
tively improve the NOMA system’s performance. In [31], the performances of NOMA 
and orthogonal multiple access (OMA) of the RIS-assisted downlink communication 
network were compared, and a low-complexity algorithm with close to optimal perfor-
mance was proposed. Reference [32] studied coherent phase shifting and random dis-
crete phase shifting on the impact of the RIS-aided NOMA system. The performance 
of physical layer security was studied in [33]. The outage probability of the RIS-aided 
NOMA system with hardware impairments was derived in [34]. Further, authors in [35] 
investigated the physical layer security of the RIS-aided NOMA system in the presence 
of an eavesdropper with residual hardware impairments, where the expression for the 
secrecy outage probability of the considered systems was obtained.

It is noted that the current researches on the RIS-aided NOMA communication system 
mainly focus on the analysis of channel capacity and outage probability, etc., and have not 
considered the influence of delay on system performance. Thus, it is impossible to make 
an accurate analysis of the communication real-time business requirements. For purpose 
of analyzing the influence of delay on the communication system, Wu et al. put forward 
the concept of effective capacity (EC) in [36], which is used to quantify the accessibility 
of various wireless systems under the limit of the delay QoS. EC can provide a key point 
to characterize the impact of statistical delay QoS on system performance. In addtion, 
in [37], a unified pattern for analyzing effective rate in wireless communication system 
based on multi-input single-output (MISO) with arbitrary correlated generalized K fad-
ing channels and hyper Fox’s H fading channels was proposed. To reduce complexity and 
energy consumption, a transmit antenna selection (TAS) scheme was designed, and the 
closed form expression of MISO TAS systems was derived in [38]. The work of [38] was 
further extended into generalized fading channels in [39], where the approximate EC of 
MISO systems with κ − µ shadowing fading channels was investigated by using moment 
matching method. Moreover, the EC of Rician fading channels of MISO systems was 
derived in [40], and the EC of Weibull fading channels of MISO systems was derived in 
[41]. To get the impact of system parameters and make a further study, they all derived 
the tractable expressions of EC in both high and low signal-to-noise-ratio (SNR) regions.

To the best of the authors knowledge, the effects of delay and QoS on the performance 
of RIS-assisted NOMA systems have not been studied in the open literature. The very 
few works have been published in [34]–[41]. The authors of [34] studied the outage 
probability of the RIS-aided NOMA system with hardware impairments, yet, the effect 
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of delay on the RIS-aided NOMA system was not involved. The authors of [42] con-
sidered NOMA with delay QoS constraints and EC with power control. On the simi-
lar grounds, the promising RIS technology is not taken into account. The approximated 
effective rate of RIS-assisted communications was analyzed by deriving closed-form 
expressions in [43]. However it considers the traditional OMA scenario. Compared with 
the above works, the main contribution of this paper is to study the effect of delay on 
the RIS-assisted NOMA system performance and accommodate delay QoS constraints 
so that NOMA can be employed for delay-sensitive transmissions. The details of this 
paper’s contributions are summarized as follows:

• We consider a downlink RIS-aided NOMA system, where the source (S) sends infor-
mation to two users by using NOMA protocol with the aid of RIS with N reflection 
elements. Considering delay-sensitive requirements, we introduce a key performance 
evaluation metric of EC into the considered system.

• We first derive the approximate expressions for the EC of the near and far users. The 
EC of RIS-aided NOMA system for the near user (NU) relies on transmission power, 
power allocation coefficients ( ξn , ξf  ), number of RIS N, QoS exponent α , bandwith B, 
while the EC for the far user (FU) only determined by bandwith B and power alloca-
tion factors ( ξn , ξf ).

• We deduce the asymptotic behavior of EC in the low SNR approximation by invoking 
Taylor expansion. Moreover, in order to compare, we provide the results of OMA.

The rest of this paper’s structure is as follows. The system model of this paper and the 
concept of the EC are introduced in Sect. 2. In Sect. 3, we derive the analytical expres-
sion for the EC of RIS-aided NOMA system as well as the asymptotic analysis in the low 
SNR area. The simulation results and the conclusion of this paper are given in Sects. 3.2 
and 4, respectively.

The main notations used in this paper are as follows. In this paper, we use capital bold-
face to indicate a matrix and lowercase boldface to indicate a vector. We use E{·} for 
the expectation operation. Bessel functions of the second kind are denoted by Kv(·) . The 
conjugate transpose of a matrix or vector is denoted by the notations (·)H . CN ∼

(

µ, σ 2
)

 
denotes Gaussian which has the mean of µ and the variance of σ 2 . The probability den-
sity function (PDF) of a random variable X is expressed by fX (·).

2  Methods
2.1  System model

We consider a RIS-aided NOMA network as illustrated in Fig. 1, which includes a S, a 
RIS consists with N reflection elements, a FU and a NU. There is no direct connection 
between the S and the users due to the heavy shadowing and/or obstacle. We assume 
that: (1) All nodes are single antenna; (2) All channels obey independent Rayleigh fad-
ing. It is noted that although the Rayleigh channel is not fully applicable in the physi-
cal model of RIS, for the sake of simple analysis, the Rayleigh channel is adopted in 
this paper, and other fading channels will be studied in our future research. We denote 
hsr =

[

h1sr...h
n
sr...h

N
sr

]

 , where hsr ∼ (0,�sr) as the baseband equivalent fading channels 
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between S and RIS. hrn =
[

h1rn...h
n
rn...h

N
rn

]

 and hrf =
[

h1rf ...h
n
rf ...h

N
rf

]

 , respectively, denote 
channels from the RIS to NU and FU, where hrn ∼ (0,�rn) and hrf ∼ (0,�rf ).

According to the NOMA principle, the S first sends superposed signals to NU and FU. 
The total transmit power of the S is denoted by Ps . The power allocation coefficients of 
NU and FU are ξn and ξf  with ξn < ξf  , ξn + ξf = 1 , respectively. Following principle of 
NOMA, the received signals at users are given as

where � = diag
(

βejθ1 , ...,βejθn , ...,βejθN
)

 is a diagonal matrix, β ∈ [0, 1] denotes the fixed 
reflection amplitude coefficient and θn ∈ [0, 2π) denotes the phase shift of the n-th 
reflecting element of the RIS. nn and nf  are the additive white Gaussian noise (AWGN) at 
NU and FU with satisfying nn ∼ N

(

0, σ 2
n

)

 and nf ∼ N

(

0, σ 2
f

)

.

For NU, by using the NOMA protocol, interference from FU is eliminated due to the 
existence of SIC, then the signal-to-interference-plus-noise-ratio (SINR) of NU can be 
given as

For FU, different from NU, the interference from NU cannot be cancelled. Thus, we 
obtain SINR at FU as

2.2  Effective capacity

Effective capacity is the maximum constant arrival rate at the queue of the transmit-
ter under the condition of satisfying statistical QoS constraints [36]. The mathematical 
expression is given by

(1)yn =h
H
sr�hrn

(

√

ξnPsxn +
√

ξf Psxf

)

+ nn,

(2)yf =h
H
sr�hrf

(

√

ξnPsxn +
√

ξf Psxf

)

+ nf ,

(3)γn =
ξnPs

∣

∣h
H
sr�hrn

∣

∣

2

σ 2
.

(4)γf =
ξf Ps

∣

∣h
H
sr�hrf

∣

∣

2

σ 2 + ξnPs
∣

∣hHsr�hrf

∣

∣

2
.

Fig. 1 System Model
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where t is the block-length; s(t) is the cumulative service process; α is QoS exponent, 
which is related with both delay violation probability and length of a queue. When α 
approaches zero, it corresponds to delay tolerance communication, while when α 
approaches infinity, it turns to delay limited communication. It is given by

where L is the equilibrium queue-length of the buffer at the transmitter.
In this study, it is assumed that the S has perfect channel state information (CSI), so 

cumulative service process s(t) at time slot t can be represented by Shannon capacity 
c(t) . The mathematical expression of c(t) can be given by

where B is bandwidth.
We assume that independent and identical block fading channels, so Eq. (5) can be 

rewritten as

3  Performance analysis
In this section, we derive the approximate analytical closed-form expressions for the EC 
of NU and FU in the high and low SNRs. In  high SNR regions, we use the dominant 
term to approximate SINR, and carry out the approximate analysis. While in the low 
SNR analysis, we deduce the asymptotic analysis by invoking the Taylor series.

3.1  Approximate analysis

In this section, we derive the closed-form expressions of EC of NU and FU, which are 
obtained by taking SNR large.

Theorem 1 The closed-form expression at NU is given by

where Ŵ(·) is the gamma function.

1  Proof
See the “Appendix 1”. �

(5)EC(α) = − lim
t→∞

1

αt
ln
[

E
(

e−αs(t)
)]

,

(6)α = − lim
x→∞

ln Pr (L > x)

x
,

(7)c(t) = Blog2(1+ γ (t)),

(8)EC(α) = −
1

α
ln
[

E
(

e−αc(t)
)]

.

(9)
ECn(α) =

B

ln (2)
ln

(

ξnPsβ
2

σ 2

)

+
2B

ln (2)
ln (σaσb)+

1

α
ln (Ŵ(N ))

−
1

α
ln

(

Ŵ

(

−
αB

ln (2)
+ N

)

Ŵ

(

−
αB

ln (2)
+ 1

))

.
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Theorem 2 The closed-form expression at FU is given by

1  Proof
See the “Appendix 2”. �

1  Remark 1
Because the high SNR approximation is used in the calculation, from Theorems 1 and 2, 
we can see that: (1) For NU, the EC is logarithmic to the transmit power Ps and channel 
parameters σa, σb ; (2) The EC value of FU is a constant in the high SNR.

3.2  Low‑SNR approximate analysis

For the case of low SNR, a similar methodology to that in [39] is adopted. At NU and FU, 
γ → 0+ , the second-order Taylor expansion of SNR is used. The expression of EC is given 
by

where 
·

EC (α) and 
··

EC (α) denote the first- and second-order derivatives of the approxi-
mate EC with regard to the SNR γ → 0+ , respectively.

For NU, they can be shown that

where Q = ξnβ
2
(

a
T
b
)2 , using Eq. (24) of “Appendix 1”, the mean values of Q and Q2 can 

be, respectively, given by

Substitute Eqs. (12)–(15) into Eq. (11), we obtain the EC expression of NU with low SNR 
approximation.

Similarly, we can obtain FU by using the similar methodology of NU as

(10)ECf (α) = −
B

ln (2)
ln

(

ξn

ξf

)

.

(11)EC(α) =
·

EC (α)γ +
··

EC (α)
γ 2

2
+ o

(

γ 2
)

,

(12)
·

ECn (α) =
BE(Q)

ln (2)
,

(13)
··

ECn (α) =
B

ln (2)

(

−αB

ln (2)
− 1

)

E
(

Q2
)

+
αB2

ln2(2)
(E(Q))2,

(14)E(Q) =
ξnβ

2Ŵ(N + 2)Ŵ(3)(σaσb)
5

Ŵ(N )
,

(15)E
(

Q2
)

=

(

ξnβ
2
)2
(σaσb)

4Ŵ(N + 2)Ŵ(3)

Ŵ(N )
.
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where G = ξf β
2
(

a
T
c
)2 , F = ξnβ

2
(

a
T
c
)2 . The means of G, GF and G2 are, respectively, 

given by

Substitute Eqs. (16)–(20) into Eq. (11), we obtain the EC expression of FU with low SNR 
approximation.

1  Remark 2

It can be seen from the second-order Taylor expansion of low SNR that: (1) The EC is the 
sum of power functions related to the transmission SNR. (2) When the power allocation 
coefficient increases, the EC of NU increases.

4  Results and discussion
In this section, numerical analysis is provided to verify the accuracy of the analysis 
results for the considered system. In the case of a random channel, we implement the 
generation of Rayleigh random variables in 105 . We set the parameters as follows: band-
width B = 1 , variance of system noise σ 2 = 1 , reflection amplitude coefficient β = 1 . 

(16)
·

ECf (α) =
BE(G)

ln (2)
,

(17)
··

ECf (α) = −
B

ln (2)

(

αB

ln (2)
+ 1

)

E
(

G2
)

+
2

α
E(GF)−

B

ln (2)
(E(G))2,

(18)E(G) =
ξf β

2Ŵ(N + 2)Ŵ(3)(σaσc)
5

Ŵ(N )
,

(19)E
(

G2
)

=

(

ξf β
2
)2
(σaσc)

4Ŵ(N + 2)Ŵ(3)

Ŵ(N )
,

(20)E(GF) =
ξnξf β

4(σaσc)
4Ŵ(N + 2)Ŵ(3)

Ŵ(N )
.

Table 1 Parameters for numerical results

Parameters Values

Monte Carlo simulations repeated 10
5

Bandwidth 1

The reflection amplitude coefficient 1

The power allocation factor for FU ξf = 0.9

The power allocation factor for NU ξn = 0.1

The variance of system noise 1

The number of RIS 1, 3, 5
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The purpose is to see the influence of the transmitted power and the number of RIS on 
the EC of the system. For power allocation factor of NOMA, we set ξf = 0.9 , ξn = 0.1 . 
Unless other stated, the parameter settings for numerical results used in this simulation 
are listed in Table 1.

As shown in Fig.  2, it illustrates the effect of SNR on the EC of NU and FU with 
the Monte Carlo results, respectively. The behavior of ECs becomes tight when 
SNR increases based on Eqs. (9) and (10), this is because high SNR approximation 
is used in the derivation. The simulation results show that the EC of NU increases 
linearly with the increase in SNR. But as SNR value increases, the theoretical EC of 
FU increases slowly and converges to a ceiling because FU suffers from NU’s inter-
ference when it detects its own signals. The approximation of EC is a constant as we 
analyzed in Remark 1. In addition, it is clear to see the important influence of the 
number of RIS elements N on the EC when applying N = 1, 3, 5 . That is the EC cer-
tainly increases as the number of RIS elements N increases, which is consistent with 
the result in [44].

Figures  3 and 4 plot the relationship ECs versus SNR in the case of NOMA and 
OMA for the NU and FU, respectively. We can observe that the EC of NU for RIS-
aided NOMA is superior to RIS-aided OMA. However, FU suffers from NU’s interfer-
ence in NOMA is the reason why the EC of FU in OMA is better than that of NOMA. 
Hence, we conclude that RIS-aided NOMA can significantly improve the EC of NU 
but not FU. Moreover, in order to better analyze the EC of the whole system, the sum 
EC of RIS-aided NOMA and OMA are compared in Fig. 5 for different number of RIS 
elements. The simulations show that for the whole system, the EC is excellent when 
NOMA is applied. Thus it can be seen the sum EC is dominated by NU. Another 
observation is that the increase in the number of RIS elements N has a positive effect 
on the sum EC of the system.
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To exhibit the impact of low SNR on the EC, the approximate behavior of the EC in 
the case of low SNR is shown in Fig. 6. We take the SNR from − 25 to − 10 dB and the 
number of RIS elements N = 3 as an example. The low SNR approximation of NU, 
FU and the sum EC of the system is compared. The good match between the approxi-
mation and the simulation in low SNR condition confirms the derived expressions. 
Besides, the result shows that the EC increases exponentially as SNR increasing in the 
condition of low SNR regions.
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5  Conclusion
In this paper, we considered a downlink wireless communication system with RIS-aided 
NOMA technology. To consider delay-sensitive requirements, the EC as the evaluation 
metric was taken into account. First, we derived the approximate expressions for the 
EC of NU and FU. Through the simulation, the main influence factors of the EC were 
the number of RIS N, transmit power budget Ps and QoS exponent α , as well as power 
allocation coefficients ξn , ξf  and bandwith B. In addition, we provided the relationship 
between ECs and SNR both for NOMA and OMA and concluded that the EC is excel-
lent when applies NOMA for the whole system. Finally, the asymptotic expression of EC 
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by invoking Taylor expansion at low SNR was given, which offers a theoretical basis for 
the actual deployment of the system.

To sum up, the wireless communication system combined RIS with NOMA has strong 
advantages and can meet the requirements of large-scale connection. Our work will pro-
vide some guidance for the design and performance evaluation for the future research 
works in the RIS-NOMA aspects.

Appendix

Appendix 1: Proof of Theorem 1
Let’s express hsr , hrn and hrf in the form of hsr = aejµm , hrn = bejνm and hrf = cej�m , where 
a = (a1, ..., an, ..., aN ) , b = (b1, ..., bn, ..., bN ) , c = (c1, ..., cn, ..., cN ) , and variances are σ 2

a , σ 2
b  , 

and σ 2
c  , respectively. In this paper, we assume there are no phase shift errors, that is to say: 

θm = −µm − νm and θm = −µm − �m . So we can rewrite the SNR of NU is rewritten as

By applying [45], let U �
= a

T
b , we can give the PDF for U:

According to probability theory, we can get the PDF of X = U2

Based on the definition of the EC in Eq. (8), we can write the expression of the EC at NU 
as

According to the definition of expectation in probability knowledge, E
(

e−αBlog2(1+γn)
)

 is 

written as

where δ = ξnPsβ
2

σ 2  . Then we replace Eq. (23) to Eq. (25), we have

(21)γn =
ξnPsβ

2
∣

∣a
T
b
∣

∣

2

σ 2
,

(22)fU (u) =
4uN

Ŵ(N )(σaσb)
N+1

KN−1

(

2u

σaσb

)

,

(23)
fX (x) =

2x
N−1
2 KN−1

(

2x
1
2

σaσb

)

Ŵ(N )(σaσb)
N+1

,

(24)ECn(α) = −
1

α
ln
[

E
(

e−αBlog2(1+γn)
)]

,

(25)E
(

e−αBlog2(1+γn)
)

=

∫ ∞

0
e−αBlog2(1+δx)f (x)dx,

(26)
E
(

e−αBlog2(1+γn)
)

=

∫ ∞

0
e−αBlog2(1+δx)

2x
N−1
2 KN−1

(

2x
1
2

σaσb

)

Ŵ(N )(σaσb)
N+1

dx,
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In fact, δ term is a variate which is quite greater than 1, x is a number from zero to infin-
ity. When δ → ∞ , we have the following approximation 1+ δx ≈ δx , based on the above 
discussion, Eq. (26) is written as

We can rewrite e−αBlog2(δx) as (δx)−
αB
ln(2) by the exponential algorithm. Now, using [46], 

Eq. (6.561.16)], Eq. (27) is written as

Finally, substituting Eq. (28) for Eq. (24), we can get the EC of NU, as is showed in Eq. 
(9). So, the proof is completed.

Appendix 2: Proof of Theorem 2
Similar to NU, the SNR of FU as

The same, we can get the PDF of V =
∣

∣a
T
c
∣

∣

2

The expression of the EC of FU as

Then, E
(

e−αBlog2
(

1+γf
)

)

 is written as

For 
(

ξf Psβ
2y

σ 2+Psβ2ξny

)

− αB
ln(2)

 , y is a number from zero to infinity, when y → ∞ , we have the fol-

lowing approximation 
(

ξf Psβ
2y

σ 2+Psβ2ξny

)

− αB
ln(2)

≈

(

ξf y

ξny

)

− αB
ln(2)

 . And then use the same calcula-

tion as NU, we can get the EC at FU, as is showed in Eq. (10) finally. The proof is 
completed.

(27)E
(

e−αBlog2(1+γn)
)

=
2

Ŵ(N )(σaσb)
N+1

∫ ∞

0
e−αBlog2(δx)x

N−1
2 KN−1

(

2x
1
2

σaσb

)

dx,

(28)E
(

e−αBlog2(1+γn)
)

=
Ŵ

(

− αB
ln (2)

+ N
)

Ŵ

(

− αB
ln (2)

+ 1
)

δ
αB

ln (2) (σaσb)
2αB
ln (2) Ŵ(N )

.

(29)γf =
ξf Psβ

2
∣

∣a
T
c
∣

∣

2

σ 2 + ξnPsβ2
∣

∣aT c
∣

∣

2
,

(30)
fV (v) =

2v
N−1
2 KN−1

(

2v
1
2

σaσc

)

Ŵ(N )(σaσc)
N+1

,

(31)ECf (α) = −
1

α
ln
[

E
(

e−αBlog2
(

1+γf
)

)]

,

(32)

E
(

e−αBlog2
(

1+γf
)

)

=
2

Ŵ(N )(σaσc)
N+1

∫ ∞

0

(

ξf Psβ
2y

σ 2 + ξnPsβ2y

)

− αB
ln(2)

y
N−1
2 KN−1

(

2y
1
2

σaσc

)

dy.
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