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ABSTRACT The quality of service (QoS) and quality of experience (QoE) metrics are vital performance
indicators in cellular systems. This article presents an analytical study on indoor non-orthogonal multiple
access (NOMA) systems empowered by intelligent reflecting surfaces (IRS) in generalized κ − μ fading
channels. In particular, we consider the network’s QoS through various performance metrics such as
outage probability (OP), ergodic capacity (EC), average bit error rate (BER), and system throughput, for
which we derive exact and asymptotic closed-form expressions. Furthermore, in contrast to measuring
the conventional QoE of a user, we propose to apply the mean score opinion (MOS) factor, in which the
objective technical criterion is mutated into a subjective user-recognized quality. To quantify this, a MOS-
based QoE evaluation model is applied to an interactive Web browsing service. The results demonstrate
the impact of IRS on the QoS and QoE of the indoor NOMA users, as well as the effect of manipulating
the channel fading components, power allocation coefficients, and path loss factors. It will be shown that
careful manipulation of such parameters, coupled with the use of IRS, produces spectacular improvements
in system performance. Monte Carlo simulations are performed to corroborate the accuracy of the derived
analytical results.

INDEX TERMS Non-orthogonal multiple access (NOMA), quality of service (QoS), quality of experience
(QoE), and intelligent reflecting surface (IRS).

I. INTRODUCTION

DRIVEN by the dramatic demands for higher data
rates and lower latency in 6G wireless networks,

non-orthogonal multiple access (NOMA) and intelligent
reflecting surfaces (IRS) have been considered potential tech-
niques for future networks, [1], [2], [3]. In general, IRS is
used to manipulate the mobile user’s propagation environ-
ment to produce constructive multipath at the receiver, which
in turn leads to tremendous enhancements in data through-
put [4], [5]. Other advantages of IRS are low complexity, low
power consumption, low infrastructure cost, and high spec-
tral efficiency. Unlike traditional orthogonal multiple access
(OMA) which serves onen individual user per resource block,
the key concept of NOMA is to serve multiple users in each
resource block. Therefore, NOMA is more suited for mas-
sive connectivity and low latency, due allowing dynamic
spectrum sharing among users while achieving their quality

of service (QoS) requirements [6], [7]. NOMA can also be
combined with other wireless communication technologies,
such as IRS, to actively manage the wireless communica-
tion environment to improve the reception reliability at a
minimal cost [8]. As such, these two enabling technologies
are complementary to each other, in the sense that NOMA
enhances the spectral efficiency while IRS facilitates con-
structive propagation environments to maximize the received
signal power [9], [10].
Several studies hae investigated the combination of

NOMA with IRS. For example, Ding and Poor in [2]
proposed a new design of NOMA transmission with IRS,
which offers a low-cost antenna array involving a large num-
ber of IRS elements. This is done to ensure that multiple
users can be served in each orthogonal spatial direction
as compared to space division multiple access (SDMA).
They also studied hardware impairments on the proposed
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IRS-NOMA design, as well as the system performance under
practical conditions. In [11], the authors integrated IRS with
NOMA/OMA systems and proposed discrete phase shifts for
the IRS reflection in order to decrease the transmit power for
specific user rates. The results revealed that NOMA may be
considered worse than TDMA for near-IRS users with sym-
metric rates. Thus, to overcome this problem, they proposed
pairing the user with asymmetric rates. Moreover, IRS has
been applied along with various wireless communication
technologies in different scenarios due to its low power
consumption property and channel manoeuvrability [12].
For example, the authors in [13], [14] studied the poten-
tial benefits of IRS on multiple UAVs and analyzed different
performance metrics such as the symbol error rate (SER) and
the average capacity. The practical assumption of phase error
is considered in these studies on IRS, where the number of
reflectors has a significant impact on the accuracy of phase
estimation. Therefore, different theorems such as Sinusoidal
Addition Theorem (SAT) and Central Limit Theorem (CLT)
have been proposed to analyze a range of different numbers
of IRS reflectors. Furthermore, asymptotic closed expres-
sions were obtained for the probability of outage (OP) and
the probability of the average symbol error of an IRS-assisted
wireless power transfer (WPT) system in [12], demonstrating
the strong performance improvement due to the IRS compo-
nent. Furthermore, other research studies have recently been
conducted on the combination of IRS and NOMA [15], [16],
[17], [18]. Ding et al. in [15] investigated the impact of two
types of IRS phase change (coherent phase shift and ran-
dom discrete phase shift) on the performance of a NOMA
network under various conditions. In [16], the authors anal-
ysed an IRS-assisted NOMA system and evaluated the
OP and average channel capacity with exact closed-form
expressions. Their findings indicate that the performance
of IRS-supported NOMA networks is superior to that of
an OMA system. Taking into account numerous antennas,
Zhu et al. [17] evaluated an IRS-aided downlink multiple
input single output (MISO) system by optimizing the beam
formation vector and IRS phase change matrix simulta-
neously to decrease the transmission power. Furthermore,
Fang et al. in [18], studied an IRS-assisted wireless power
NOMA network where energy efficiency is optimized under
the constraints of minimising the power consumption and
maximising the sum data rate. In NOMA networks, differ-
ent performance indicators have been investigated to measure
the quality of service level (QoS), such as outage probability
(OP), throughput, energy efficiency (EE), latency, etc. For
example, Yahya et al. in [19] derived exact and asymptotic
expressions for BER of NOMA systems under the assump-
tion of a conventional fading channel with arbitrary number
of phase-shift keying modulation orders. The results demon-
strated the relationship between the power coefficients and
the modulation order N, where the BER suffers increased
inter-user interference as the modulation order increases.
The authors determined the best optimal power alloca-
tion to minimize the system’s average BER. Furthermore,

ElHalawany et al. in [20] studied the performance of NOMA
downlink and derived closed-form expressions of different
QoS metrics including the ergodic capacity (EC), average
BER, and OP, in which a shadowed fading model κ − μ

is applied. Furthermore, Alqahtani et al. in [21] studied the
QoS of multiple NOMA users by analysing OP, the aver-
age BER and the ergodic capacity (EC). The study showed
that the interplay between the channel fading components,
power allocation factors, and target data rates have significant
impacts on QoS. However, users may experience different
levels of quality of experience (QoE) even with the same
throughput due to considerable variations in the type of appli-
cations and user preferences. The mean opinion score (MOS)
is often used to assess the customer satisfaction with services
such as video streaming, file download, and online brows-
ing [22]. Sun et al. in [23] investigated the resource allocation
problem for NOMA by applying the MOS to evaluate the
user’s QoE and maximize it. Furthermore, the authors in [24]
proposed a QoE-assisted resource allocation algorithm for
multi-cell-NOMA (MC-NOMA) network.

A. MOTIVATION AND CONTRIBUTION
In the above mentioned studies, it was assumed that the
NOMA signal propagates through outdoor to outdoor chan-
nels. However, users could be indoors while being served
by an outdoor BS. Therefore, the outdoor-to-indoor chan-
nel, or vice versa, is an important scenario that warrants
investigation. As a consequence, the effectiveness of receiv-
ing reliable and strong transmission signals for indoor users
gradually decreases due to restrictions inside the building
and the path-loss. Therefore, we propose applying an IRS
close to the BS to enhance the signal strength of indoor
users as well as to improve the overall performance of the
system. This approach effectively improves the performance
of indoor users by acting as a virtual MIMO system to
reduce the complexity while maintaining good energy effi-
ciency as it lead to alleviating the limitations caused by the
channel conditions of the indoor users. Unlike the progress
published in [25], [26], where the proposed system model
works under the assumption of orthogonal multiple access
(OMA) system, the presented research in this paper focusses
on the application of NOMA in future wireless networks.
Beside, prior work in this area provides a limited analyt-
ical investigation on the combination of IRS and NOMA
technologies, while this work attempts to provide a com-
prehensive investigation. In addition, and to the best of our
knowledge, no analytical work has been carried out on the
QoS and QoE performance of indoor IRS-NOMA systems
over κ −μ fading channels. Thus, in this paper, our aim is to
investigate QoS and QoE for multiple indoor IRS-assisted
NOMA users over generalized fading channels. Although
the open literature presents multiple studies on conventional
outdoor NOMA integrated with IRS, these are not directly
applicable for the case of indoor NOMA. Specifically, we
investigate the proposed system model where the downlink
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FIGURE 1. System model.

superimposed signal propagates via outdoor-to-indoor chan-
nels and we analyze the performance of the indoor NOMA
users when considering the instantaneous channel gains of
all the links. The contributions of this paper can thus be
summarized as follows:

• Derive an expression for the SINR of multiple indoor
users to find exact and asymptotic OP expressions over
a generalised κ-μ fading channel when the user’s data
rate demand falls below certain QoS requirements.

• With the aid of the Fox H-function and the Meijer
G-function, we derive exact and asymptotic analytical
expressions for EC. In addition, closed-form expressions
are obtained for the throughput of a three-indoor-user
NOMA system under ideal assumptions.

• Evaluate the link performance and provide exact and
asymptotic closed-form BER expressions for M-QAM
modulation.

• Study the quality of experience of the indoor NOMA
users when supported by IRS.

• Evaluate the performance of NOMA downlink signals
propagating through outdoor-to-indoor channels, where
they are ranked based on their instantaneous fading
coefficients, and study the impact of the path loss
characteristics on the indoor and outdoor users.

• Validate the accuracy of the derived expressions using
Monte Carlo simulations.

The rest of this paper is organized as follows. Section II
discusses the system model in this work. Section III provides
the SINR analysis, OP, EC, BER, and throughput. The MOS
based QoE evaluation model is presented in Section IV.
Finally, the results of this work are discussed in Section V,
while the conclusion is provided in Section VI.

II. SYSTEM MODEL
In this paper, an IRS-non-orthogonal multiple accessess
(NOMAs) downlink system is considered, which consists of
a single base station (BS), a single IRS panel equipped with
N passive reflective elements and deployed close enough to
the BS, and multiple legitimate indoor users. The main goal
of applying such IRS model is to achieve high energy effi-
cient transmission at low complexity setup. Assuming that

TABLE 1. The list of symbols and notations used in this paper.

the IRS has N reflectors with independent reflection phases,
this leads to the realization of having an N-stream virtual
MIMO system [25]. This approach was validated with the
aid of a test-bed platform in [25], [26]. In spite of the setup’s
simplicity of the considered system model, the idea was to
reserve the consumed energy used by multiple antennas and
reduce the cost of the required infrastructure by employing
an IRS close to the BS to communicate multiple outdoor to
indoor users. In other words, the IRS is applied to enable
energy-efficient and low-complexity application of MIMO
transmitters [25]. Similar to the ones existing in the liter-
ature, many trusted research works such as [2] and [27]
present straightforward system models to achieve effective
methods of sustainable resources and discuss different ana-
lytical and optimized views. Therefore, this work attempts to
study different performance metrics of pairing indoor users
with outdoor BS through a passive IRS. However, the chan-
nel phase complexity caused by the IRS and its imperfections
are out of the scope for this work, and the channel attenu-
ation between the BS and the IRS is negligible [25], [26].
Hence, the considered IRS adjusts the phases of its reflector
elements to cancel the channel phase terms to maximize the
instantaneous signal-to-noise ratio (SNR), and the induced
phase of each element is manipulated and optimized towards
achieving this.
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A. PATH LOSS MODEL
In this article, all active wireless channels are assumed to
be independent and identically distributed (i.i.d.) and follow
the generalised κ −μ fading model, where the channel state
information (CSI) is assumed to be available at the BS.
Furthermore, the legitimate received nodes can detect the
NOMA signal over a single hop between the IRS and the
indoor user, which is affected by the outdoor-to-indoor path
loss. Therefore, the path loss model of the indoor NOMA
environment, discussed in [28], is applied, and the total path
loss for Ui can be calculated as

PLi = Lfs + Lt + Lin (1)

where Lfs represents the loss of the free space path, which
can be given as 32.45 + 20log10((drb + di)) + 20log10(f ),
where di is the distance between the wall of the building
and Ui, where i ∈ {1, 2, 3}, and drb is the distance between
the IRS and the wall of the external building. Furthermore,
Lt is known as the loss of the propagation transition path
that involves the perpendicular loss Lpc and the parallel
penetration loss Lpt. It can be given as

Lt = Lpc + Lpt × (1 − sin(θ))2 (2)

where θ indicates the grazing angle between the IRS and the
exterior wall of the building, given as θ = cos−1(drb/dout).
Furthermore, the loss of the indoor propagation path, Lin,
is obtained by the mean loss of the path selected from the
interior side of the exterior wall, which can be calculated as

Lin = max
{
�ϑ, χ(di − 2)(1 − sin(θ))2

}
(3)

where χ is the parameter of loss of the indoor path, � is the
number of internal walls, and ϑ is the loss of the internal
walls.

B. FADING CHANNEL DISTRIBUTION
κ − μ distribution involves small-scale variations in line
of sight (LOS) signal scenarios. Hence, a fading κ − μ

signal represents different clusters, (μ > 0), of multipath
and scattered waves of similar power, as well as, arbitrary
dominant power components established within each cluster.
Therefore, the rate between these total components of the
power is given as (κ > 0). Furthermore, the appropriate
probability density function (PDF) for the system model
considered is given in the form of a sum of N i.i.d. κ − μ

random variables (RV) as in [29].

fγ (γ ) = μ(1 + κ)

(
μ+1

2

)
γ

(
μ−1

2

)

κ

(
μ−1

2

)
e(μκ)γ̄

(
μ+1

2

) exp

(−μ(1 + κ)γ

γ̄

)

× Iμ−1

(
2μ

√
κ(1 + κ)γ

γ̄

)
(4)

where the instantaneous SNR is illustrated as γ � ρ|�|2 =
P
σ 2 |�|2. The notations of ρ, � and P are defined as the
transmitted SNR, the channel frequency response, and the
transmit power, respectively. In addition to that, the average

SNR can be given as γ̄ � E[γ ] = 
 P
σ 2 with the expec-

tation of E[.] and 
 defines the mean power of �, i.e.,
E|
| = [|�|2]. Iv(.) is the modified Bessel function of
the first kind. To achieve more tractable analysis, (4) cab
be reduced to a further equivalent expression, particularly
for Iv(.), by employing the series representation of Iv(.)
represented in [30, eq. (8.445)]. Therefore, (4) is rewritten as

fγ (γ ) = 1

e(Nμκ)

∞∑
c=0

(Nμ)2c+Nμ κc (1 + κ)c+Nμ

c! �(c+ Nμ) γ̄ (c+Nμ)

× γ (c+Nμ−1) exp

(
−Nμ(1 + κ)γ

γ̄

)
. (5)

Moreover, the related cumulative distribution function
(CDF) of the sum of N fading channels of κ −μ is achieved
by integrating the above PDF and is given in the form of
the Fox H-function with the aid of [31, eq. (8.4.3.1) and
(8.4.6.5)] and [32, eq. (6.2.8)]. Thus,

Fγ (γ ) = 1

e(Nμκ)

∞∑
c=0

(Nκμ)c

c! �(c+ Nμ)

× H1,1
1,2

[
Nμ(1 + κ)γ

γ̄

∣∣∣∣
(1, 1)

(c+ Nμ, 1), (0, 1)

]
. (6)

III. PERFORMANCE ANALYSIS
A. ANALYSIS OF SINR
The signal received by each user can be mathematically
described as

yi =
(

N∑
n=1

�i,ne
jφi,n

)
×
(∑

i

√
aiPsxi

)

︸ ︷︷ ︸
xsc

+ni. (7)

where Ps is the total transmission power in BS, and xsc
defines the superimposed signal, in which x1, x2 and x3
represent the data symbols of U1, U2 and U3, respectively.
Furthermore, ai represents the power allocation factor of
the user i, and is given accordingly as

∑3
i ai = 1 and

a3 ≤ a2 ≤ a1. �i,n = αi,nejθi,n illustrates the channel coeffi-
cient between the ith user and the nth passive reflector of the
IRS, n ∈ {1, 2, . . . ,N}, where αn and θn define its magnitude
and phase, respectively. Hence, �1,n, �2,n and �3,n represents
the channel coefficients of U1, U2 and U3, respectively. We
assume that each induced phase of the IRS passive reflector
is given as (φi,n = −θi,n), which leads to the maximum SNR.
Without loss of generality, the average channel gain between
the BS and all indoor users are considered to be in ascend-
ing order as |∑N

n=1 �1,n|2 ≤ |∑N
n=1 �2,n|2 ≤ |∑N

n=1 �3,n|2,
where we consider the effects of path loss and small-scale
fading, which is modelled as the sum of N i.i.d. κ − μ

random variables (RV) in this work. Furthermore, ni indi-
cates the additive white Gaussian noise (AWGN), where
ni ∼ CN (0, σ 2

i ). Thereafter, we assume that the noise pow-
ers of all users are identical in this work. Therefore, the
signal-to-interference noise ratio (SINR) received at U1 is
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given below.

γ
x1
U1

= a1Psζ1

a2Psζ1 + a3Psζ1 + σ 2
= a1γ1

a2γ1 + a3γ1 + 1
, (8)

where ζ1 = |∑N
n=1 �1,n|2, ρ = Ps

σ 2 and γ1
�= ρζ1, which is

the instantaneous SNR at U1.
In accordance with the NOMA principle, U2 can detect

U1’s signal and treat it as interference to be eliminated, and
then decode its own signal while U3’s signal is treated as
noise. This invokes the successive interference cancellation
(SIC) principle. Subsequently, the SINR at U2 is given to
detect the symbols x1 and x2, respectively, as follows.

γ
x1→x2
U2

= a1Psζ2

a2Psζ2 + a3Psζ2 + σ 2
= a1γ2

a2γ2 + a3γ2 + 1
(9)

γ
x2
U2

= a2Psζ2

a3Psζ2 + σ 2
= a2γ2

a3γ2 + 1
, (10)

where ζ2 = |∑N
n=1 �2,n|2 and γ2

�= ρζ2, which is the instan-
taneous SNR at U2. Similarly, U3 treats the signals of other
users as interference and applies SIC to decode and eliminate
them to obtain its own signal. Therefore, the SINR at U3 to
detect the symbols x1, x2, and x3 are given, respectively, as
follows.

γ
x1→x2
U3

= a1Psζ3

a2Psζ3 + a3Psζ3 + σ 2
= a1γ3

a2γ3 + a3γ3 + 1
(11)

γ
x2→x3
U3

= a2Psζ3

a3Psζ3 + σ 2
= a2γ3

a3γ3 + 1
(12)

γ
x3
U3

= a3Psζ3

σ 2
= a3γ3, (13)

where ζ3 = |∑N
n=1 �3,n|2 and γ3

�= ρζ3, which is the
instantaneous SNR at U3.

B. OUTAGE PERFORMANCE (OP)
Essentially, the OP analysis involves the scenario in which
the individual user’s data rate must satisfy a certain quality
of service (QoS). Therefore, the outage event of U1 appears
when its SINR or data rate is less than a threshold or a
predefined data rate, and it can be expressed as

PoutU1
= Pr

(
γ
x1
U1

< γth1

)
︸ ︷︷ ︸

E11

, (14)

where γth1 = 2R1 − 1, and R1 is the target data rate of U1.
Now, submitting (8) into E11 yields the following expression.

E11 = Pr

(
γ1 <

γth1(
a1−a2γth1 −a3γth1

) �= ε1

)
= Fγ (ε1). (15)

Now, (6) is substituted into (15), and then the result is re-
substituted into (14), resulting in

PoutU1
= 1 −

(
1 − 1

e(Nμκ)

∞∑
c=0

(Nκμ)c

c! �(c+ Nμ)

× H1,1
1,2

[
Nμ(1 + κ)ε1

γ̄1

∣∣∣∣
(1, 1)

(c+ Nμ, 1), (0, 1)

])
.

(16)

Similarly, U2 can be out of service if its SINR or U1’s
SINR are below certain thresholds. In other words, outage
events of U2 are considered when the U1’ s signal is incor-
rectly decoded at U2 during the SIC process or if its own
signal (x2) is also improperly decoded. As a result, the OP
of U2 can be obtained as follows.

PoutU2
= 1 − Pr

(
γ
x1→x2
U2

> γth1 , γ
x2
U2

> γth2

)

= 1 −
[(

1 − Pr
(
γ
x1→x2
U2

< γth1

))(
1 − Pr

(
γ
x2
U2

< γth2

))]
.

(17)

By substituting (10) and (11) into (17), and following the
same procedures as (14)-(16), the OP of U2 can be given in
closed form as follows

PoutU2
= 1 −

2∏
i=1

(
1 − 1

e(Nμκ)

∞∑
c=0

(Nκμ)c

c! �(c+ Nμ)

H1,1
1,2

[
Nμ(1 + κ)ε2,i

γ̄2

∣∣∣∣
(1, 1)

(c+ Nμ, 1), (0, 1)

])
.

(18)

where ε2,1 = ε1 and ε2,2 = γth2
(a2−a3γth2 )

.
In a similar fashion, U3 can experience an outage if its own

SINR or U1’s SINR or U2’s SINR are below certain thresh-
olds. Consequently, the outage events of U3 are presented
when the U1’s or U2’s signals are imprecisely decoded by U3
during the SIC process or if its own signal (x3) is also incor-
rectly decoded. Thereafter, the OP of U3 can be illustrated
as follows.

PoutU3
= 1 − Pr

(
γ
x1→x2
U3

> γth1 , γ
x2→x3
U3

> γth2 , γ
x3
U3

> γth3

)

= 1 −
[(

1 − Pr
(
γ
x1→x2
U3

< γth1

))
(

1 − Pr
(
γ
x2→x3
U3

< γth2

))(
1 − Pr

(
γ
x3
U3

< γth3

))]
.

(19)

We follow the same previous steps to find the final format
of OP of U3 as follows.

PoutU3
= 1 −

3∏
i=1

(
1 − 1

e(Nμκ)

∞∑
c=0

(Nκμ)c

c! �(c+ Nμ)

× H1,2
1,1

[
Nμ(1 + κ)ε3,i

γ̄3

∣∣∣∣
(1, 1)

(c+ Nμ, 1), (0, 1)

])
, (20)

where ε3,1 = ε1, ε3,2 = ε2,2 and ε3,3 = γth3
a3 .

To seek further insight, we aim to investigate the asymp-
totic OP at high SNR, i.e., (γ̄ → ∞). Therefore, we use
the following asymptotic expression of the Fox H function
given in [33] as follows.

lim
z→0

Hm,n
p,q

∼=
m∑
j=1

[
hiz

bj
βj + O

(
z
bj + 1

βj

)]
, (24)
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where O indicates the high order and hj is defined as follows.

hj =
∏m

i=1,i �=j �
(
bi − bjβi

βj

)∏n
i=1 �

(
1 − ai + bjai

βj

)

βj
∏p

i=1+n �
(
ai − bjai

βj

)∏q
i=1+m �

(
1 − bi + bjβi

βj

) .

(25)

Now, the asymptotic OP expressions of all users are
achieved by applying the above identity to (16), (18)
and (20), and they are stated at the bottom of the next
page.

C. THROUGHPUT ANALYSIS
The system throughput of each user in a delay-limited trans-
mission mode can be evaluated by its OP or ergodic capacity.
Therefore, the corresponding outage throughput of a two-user
NOMA system is given as follows.

TOP
i = (

1 − Pouti

)× Ri, (26)

where Ri is the individual data rate of user i. Therefore, we
substitute (16), (18) and (20) in (26), separately, to obtain
the throughput of all legitimate users.

D. AVERAGE BIT ERROR RATE (BER)
It is common practise to assess the quality of communica-
tion links in the presence of fading by characterising the
conditional function of (BER) over the probability density
function of the instantaneous signal-to-noise ratio (SNR) of
the fading channel. For a wide range of wireless systems,
the expressions for BER can be given as in [34] as follows.

P̄el =
∫ ∞

0
Pel fγl(γ )dγ, (27)

where l ∈ {1, 2, 3}. In this subsection, we consider three
different indoor NOMA users with similar modulation orders
using QAM, i.e., Ml = 4 ∀l, l ∈ 1, 2, 3, and the average
BER performance is investigated over κ-μ fading model.
The conditional BER (Pel ) of the three users can be given,
respectively, in terms of Q(.) as in [21].

Pe1 = 1

4

4∑
i=1

Q
(√

λ3,iγ1

)
(28)

Pe2 = 1

4

14∑
i=5

ci × Q
(√

λ3,iγ1

)
(29)

Pe3 = 1

4

33∑
i=15

di × Q
(√

λ3,iγ1

)
(30)

where di = [4,−2, 2, 1,−1, 1,−2, 2,−2, 1, 1,−1, 1,−1, 2,

−1,−1, 1,−1], ci = [1,−1, 2, 1,−1, 2, 1,−1, 1,−1], and
γ3,i can be found in [21, Table 1]. Now, we submit (28)
in (27). Thus, the following expression is obtained.

Pe1 = 1

4

4∑
i=1

[
D1

∫ ∞

0
γ1

c+Nμ−1exp

(
−Nμ(1 + κ)γ

γ̄

)

Q
(√

λ3,iγ1

)
fγl(γ )dγ

]
. (31)

where D1 = 1
e(Nμκ)

∑∞
c=0

(Nμ)2c+Nμκc(1+κ)c+Nμ

c! �(c+Nμ)γ̄
(c+Nμ)
1

. With the

aid of [31, eq. (8.4.3.1), (8.4.14.2), and (8.4.16.1)],
[32, eq. (6.2.8)], and the identity of Q(x) = 1

2erfc(
x√
2
), the

integral in (28) can be evaluated as follows.

I1 = 1√
π

∫ ∞

0
γ

(c+Nμ−1)
1 G1,0

0,1

[
Nμ(1 + κ)γ

γ̄

∣∣∣∣
−
0

]

× G2,0
1,2

[
λ3,iγ1

2

∣∣∣∣
1

0, 1
2

]
dγ1. (32)

The integral above in (32) can be solved by using the Mellin
transform of the two-fox H function, given in [35], as

I1 = 1√
π

(
λ3,i

2

)−(c+Nμ)

(33)

× H1,2
2,2

[
Nμ(1 + κ)

γ̄1
δ−1

∣∣∣∣
(1 − c− Nμ, 1)

(
1
2 − c− Nμ, 1

)

(0, 1) (−c− Nμ, 1)

]
,

(34)

where δ = (
λ3,i
2 ). Substituting (33) into (31), the average

BER of U1 is given at the bottom of the page. Likewise,
we follow the same procedures as applied for U1 to obtain
the average BER of the remaining users. As a result, (36)
and (37), given at the bottom of the page, express the average
BER of U2 and U3, respectively.
At high SNR, the asymptotic expression of the average

BER can be achieved for all users by using the identity
of (20) in (35)-(37). Therefore, the closed asymptotic expres-
sions of all users are given at the bottom of the next page
in (38)-(40).

PoutU1
(∞) = 1 −

(
1 − 1

e(Nμκ)

∞∑
c=0

(Nκμ)c

c! �(1 + c+ Nμ)
×
(
Nμ(1 + κ)ε1

γ̄1

)c+Nμ
)

. (21)

PoutU2
(∞) = 1 −

2∏
i=1

(
1 − 1

e(Nμκ)

∞∑
c=0

(Nκμ)c

c! �(1 + c+ Nμ)
×
(
Nμ(1 + κ)ε2,i

γ̄2

)c+Nμ
)

. (22)

PoutU3
(∞) = 1 −

3∏
i=1

(
1 − 1

e(Nμκ)

∞∑
c=0

(Nκμ)c

c! �(1 + c+ Nμ)
×
(
Nμ(1 + κ)ε3,i

γ̄3

)c+Nμ
)

. (23)

VOLUME 3, 2022 2277



ALQAHTANI AND ALSUSA: ON THE QUALITY OF SERVICE AND EXPERIENCE IN IRS-NOMA

TABLE 2. Definitions for the symbols used in formulations.

E. AVERAGE CHANNEL CAPACITY
The Shannon channel fading capacity, which is also known
as the ergodic capacity in (bits/s/Hz), is defined in [34] as

C̄l = BW

∞∫

0

log2(1 + γl)fγl(γl)dγl. (41)

where BW indicates the total bandwidth, and l ∈ {1, 2, 3}.
For the case of l = 1, we substitute (8) in (41) and

recall the identity of loge(x) = ln(x)/ ln(e). Thus, after
some algebraic manipulations, we can obtain the following
expression.

C̄1 = BW

ln(2)

⎡
⎢⎢⎢⎣
∫ ∞

0
ln(1 + γ1)fγ1(γ1)dγ1

︸ ︷︷ ︸
I1

−
∫ ∞

0
ln(1 + �γ1)fγ1(γ1)dγ1

︸ ︷︷ ︸
I2

⎤
⎥⎥⎥⎦, (42)

where � = (1−a1). Substituting (5) and (8) into the integral
of I1, and applying further manipulations, the following is
obtained.

I1 =
∫ ∞

0
γ1

c+Nμ−1exp

(
−Nμ(1 + κ)γ1

γ̄1

)

× ln(1 + γ1)dγ1 × D1, (43)

where D1 is defined in (31). The above integral can be
expressed in a compact form by rewriting exponential and
logarithmic functions in their alternative Meijer G function
formats defined in [31, eq. (8.4.3.1) and (8.4.6.5)]. Thus,

I1 = D1 ×
∫ ∞

0
γ

(C+Nμ−1)
1 G1,0

0,1

[
γ1Nμ(1 + κ)

γ̄1

∣∣∣∣
−
0

]

× G1,2
2,2

[
γ1

∣∣∣∣
1, 1
1, 0

]
dγ1. (44)

To solve the above integral in a closed form, we aim to
perform the identity in [36]. Thus, the following expression
is obtained.

I1 = G1,3
3,2

[(
Nμ(1 + κ)

γ̄1

)−1∣∣∣∣
1, 1, 1 − (c+ Nμ)

1, 0

]

× D1ϒ1, (45)

P̄e1 = 1

4

4∑
i=1

(
1√
π
D1(δ)

−(c+Nμ) × H1,2
2,2

[
Nμ(1 + κ)

γ̄1
(δ)−1

∣∣∣∣
(1 − c− Nμ, 1)

(
1
2 − c− Nμ, 1

)

(0, 1) (−c− Nμ, 1)

])
. (35)

P̄e2 = 1

4

14∑
i=5

(
1√
π
D2 ci(δ)

−(c+Nμ) × H1,2
2,2

[
Nμ(1 + κ)

γ̄2
(δ)−1

∣∣∣∣
(1 − c− Nμ, 1)

(
1
2 − c− Nμ, 1

)

(0, 1) (−c− Nμ, 1)

])
. (36)

P̄e3 = 1

4

33∑
i=15

(
1√
π
D3 di(δ)

−(c+Nμ) × H1,2
2,2

[
Nμ(1 + κ)

γ̄3
(δ)−1

∣∣∣∣
(1 − c− Nμ, 1)

(
1
2 − c− Nμ, 1

)

(0, 1) (−c− Nμ, 1)

])
. (37)

P̄e1
(∞) = 1

4

4∑
i=1

⎡
⎣ 1√

π
D1(δ)

−(c+Nμ) ×
�(c+ Nμ)�

(
1
2 + c+ Nμ

)

�(1 + c+ Nμ)

⎤
⎦. (38)

P̄e2
(∞) = 1

4

14∑
i=5

⎛
⎝ 1√

π
D2 ci(δ)

−(c+Nμ) ×
�(c+ Nμ)�

(
1
2 + c+ Nμ

)

�(1 + c+ Nμ)

⎤
⎦. (39)

P̄e3
(∞) = 1

4

33∑
i=15

⎛
⎝ 1√

π
D3 di(δ)

−(c+Nμ) ×
�(c+ Nμ)�

(
1
2 + c+ Nμ

)

�(1 + c+ Nμ)

⎤
⎦. (40)
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where ϒ1 = (
Nμ(1+κ)

γ̄1
)−(c+Nμ). Now, we follow the same

derivation from (42)-(44) to solve the integral of I2. Thus,
the following result is achieved.

I2 = G1,3
3,2

[
�

(
Nμ(1 + κ)

γ̄1

)−1∣∣∣∣
1, 1, 1 − (c+ Nμ)

1, 0

]

× D1ϒ1. (46)

Now, we submit the results obtained in (45) and (46)
to (42). Thus, the final exact expression of the aver-
age channel capacity of U1 is expressed in (47) at the
bottom of the page. To reach the remaining achievable aver-
age capacity of U2 and U3, a similar derivation approach
from (42)-(47) is applied for both users. Therefore, (48)
and (49), shown at the bottom of the page, represent
closed-form expressions of ergodic capacity for U2 and
U3, respectively. Therefore, ϒl = (

Nμ(1+κ)
γ̄l

)−(c+Nμ) and

Dl = 1
e(Nμκ)

∑∞
c=0

N(μ)2c+Nμκc(1+κ)c+Nμ

c! �(c+Nμ)(γ̄l)
(c+Nμ) , where l ∈ {1, 2, 3}.

F. CONVERGENCE OF THE INFINITE SERIES
An alternative form of (4) has been obtained in (5) y applying
a series representation for the Bessel function of the first kind
Iv(.) represented in [30, eq. (8.445)]; that is

Iv(x) =
∞∑
c=0

1

c! �(c+ v+ 1)

( x
2

)2m+v
(50)

As a result, the infinite series form offered in (16) can be
shortened to a few terms and used to approximate the OP
expression. Thus, (16) can be rewritten as follow.

PoutU1
≥ 1 −

(
1 − 1

e(Nμκ)

T∑
c=0

(Nκμ)c

c! �(c+ Nμ)

× H1,1
1,2

[
Nμ(1 + κ)ε1

γ̄1

∣∣∣∣
(1, 1)

(c+ Nμ, 1), (0, 1)

])
.

(51)

Depending on how severe the fading is, T, the number of
terms in each series, should be changed. As can be noticed
in Fig. 2, When the channel exhibits extreme fading, i.e.,
(κ = 0, μ = 2), a limited number of terms is necessary to
produce a precise approximation. In this scenario, a total of
T = 5 terms are employed. However, in a less severe fading

FIGURE 2. OP of three users versus SNR.

situation (κ = 4.5, μ = 4.5), as shown in Fig. 8, additional
terms are essential for improved accuracy (a total of T = 25
terms are utilized in this case). One notable feature of the
suggested approach is that it converges to the exact OP
for large SNR, even though only a few terms in the series
are used. This approach is intended to be applied to any
remaining exact and asymptotic expressions that incorporate
a series representation in this work.

IV. MOS-BASED QOE EVALUATION MODEL FOR WEB
BROWSING
MOS is normally employed to measure the user’s QoE for
services such as Web browsing, video streaming, and file
download. In this work, we concentrate on Web browsing
applications as it is one of the most widely used applica-
tions in wireless networks. MOS delineates the subjective
human awareness of quality for the purpose of Web brows-
ing applications to the objective metrics. According to [37],
the appropriate model that described MOS for Web browsing
applications is defined as:

MOSweb = −ξ1ln(d(Ri) + ξ2, (52)

C̄1 = BW

ln(2)
D1ϒ1 ×

(
G1,3

3,2

[(
Nμ(1 + κ)

γ̄1

)−1∣∣∣∣
1, 1, 1 − (c+ Nμ)

1, 0

]
− G1,3

3,2

[
�

(
Nμ(1 + κ)

γ̄1

)−1∣∣∣∣
1, 1, 1 − (c+ Nμ)

1, 0

])

(47)

C̄2 = BW

ln(2)
D2ϒ2 ×

(
G1,3

3,2

[
�

(
Nμ(1 + κ)

γ̄2

)−1∣∣∣∣
1, 1, 1 − (c+ Nμ)

1, 0

]
− G1,3

3,2

[
a3

(
Nμ(1 + κ)

γ̄2

)−1∣∣∣∣
1, 1, 1 − (c+ Nμ)

1, 0

])

(48)

C̄3 = BW

ln(2)
D3ϒ3 ×

(
G1,3

3,2

[
a3

(
Nμ(1 + κ)

γ̄3

)−1∣∣∣∣
1, 1, 1 − (c+ Nμ)

1, 0

])
(49)
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where ξ1 and ξ2 are obtained by analyzing the experi-
mental results of Web browsing, which are constant and
set to become 1.120 and 4.6746, respectively, as in [38].
d(Ri) indicates the delay time that is consumed between a
request, made by a user, for a Web page and the display
of the Web contents. It mainly relies on different compo-
nents such as the Web page size, known as the round trip
time (RTT), and the effects of the applied transfer of data
protocols. Hence, we consider Hypertext Transfer Protocol
(HTTP) and Transmission Control Protocol (TCP) in this
work. Therefore, d(Ri) can be given accordingly to [38] as
follows.

d(Ri) = 3RTT + FS

Ri
+ L

(
MSS

Ri
+ RTT

)

− 2MSS
(
2L − 1

)

Ri
(53)

where RTT stands for the round trip time in seconds, MSS
defines the maximum segment size in bits, and FS is the Web
page size in bits. However, the number of slow begin cycles
with idle duration can be represented by L = min{L1,L2},
where L1 indicates the number of cycles required for the
congestion window to achieve the bandwidth-delay product
and L2 represents the amount of slow begin cycles required
until the entire Web page size is successfully transmitted.
Both factors can be given as follows.

L1 = log2

(
Ri × RTT

MSS
+ 1

)
− 1 (54)

L2 = log2

(
FS

2 × MSS
+ 1

)
− 1. (55)

According to [24], RTT has an insignificant impact on
MOS compared to the other factors of data rate, Web page,
etc. In addition, RTT is expected to drop to less than 10 ms in
5G and beyond, therefore, RTT ≈ 0ms is assumed. As a con-
sequence, (53) can be rewritten accordingly to d(Ri) = FS

Ri
.

Thus, the MOS function of each assigned user can be
expressed as follows.

MOSweb = ξ1ln(d(Ri)) + �, (56)

where � = ξ2 + ξ1ln(BWFS ).

V. NUMERICAL RESULTS
In this part, various graphs of numerical and Monte Carlo
simulation results are presented to validate the derived
closed-form expressions and provide some insight into the
performance of the system under consideration. The main
simulation parameters, applied to this work, are listed in
Table 3. Furthermore, the channel is classified as quasi-
static, as in it remains constant for the period of one symbol
but varies randomly across successive symbol intervals. The
simulation processes 106 symbols in each run.

Fig. 2 illustrates the OP versus SNR for three NOMA
users for different numbers of passive reflectors. It can
be seen that the IRS has a significant impact on outage
performance of all the users. Therefore, as the number of

TABLE 3. Simulation parameters.

FIGURE 3. BER of three users versus SNR.

passive reflectors N on the IRS increases, the OP of all users
decreases. For example, an improvement of about 20 dB is
gained for U3 to achieve 10−3 of OP when N increases to 15.

Fig. 3 shows the BER performance versus SNR for the
three users considering the exist and the absence of IRS
reflectors, that is N = {1, 5, 15}. As can be seen from this
figure that increasing the number of IRS reflectors can lead
to reducing the BER. For example, when N = 1, U1 requires
more than 40 dB to reach 10−2 of the target BER, however,
if N increases by 15, then U1 needs approximately 25 dB
less to achieve the similar BER target. This analysis can be
repeated to all remaining users over different aspect of BER
targets. Furthermore, this figure shows the performance of
BER at high average SNR, where an accurate match of the
exact and asymptotic curves is achieved at high SNR.
Fig. 4 demonstrates the significant improvement in total

throughput for each user when considering a different num-
ber of N reflectors. It can be observed that a low SNR is
required to meet the predefined data rate for each user at
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FIGURE 4. Performance of three users throughput versus SNR,
R1 = 0.5, R2 = 1, R3 = 2.

FIGURE 5. Ergodic capacity (EC) of three users versus SNR.

high values of N. For instance, in Fig. 4b, U3 requires about
15 dB less than in the case of N = 2 to satisfy its target
data rate. It further confirms the advantages of applying more
passive reflectors in IRS.
Fig. 5 shows the ergodic capacity (EC) of three indoor

NOMA users versus their transmitted SNR in dB. As it
is expected that U3 has the potential amount of capacity
compared with the other users in all scenarios of N values
due to its channel privileges. However, U1, which suffers
more than others, can be improved by increasing the number
of N reflectors. For example, in the worst case of SNR, i.e.,

FIGURE 6. Mean opinion score (MOS) of three users versus SNR.

when SNR is less than 20 dB, U1’s capacity is dramatically
increased when N = 15.

On the other hand, Fig. 6 presents the MOS of each user
with different values of N, where MOS measures QoE. In the
case of N = 2, it is observed that the MOS of U3 overlaps
with U2 at about 22 dB and with U1 at very low SNR.
However, a critical overlap point is sketched at about 18 dB
between both users in Fig. 6b, where N = 15. This is due
to the different impacts caused by different factors, such as
amount of IRS reflectors, channel gains, power allocation
coefficients, intra-cell interference, distance from the BS,
etc. Hence, manipulating these factors can lead to different
outcomes for MOS. Furthermore, noticeable improvements
in MOS can be gained by increasing the total number of
IRS passive reflectors.
Fig. 7 shows the sum MOS of all users versus the Web

page size within certain value of 10 dB SNR and different
numbers of N. The results show that a large improvement of
MOS can be achieved with a low Web page size, however,
the larger the size of the Web page, the lower the MOS.
Moreover, increasing the number of N reflectors in the IRS
improves the sum MOS. Furthermore, the key difference in
the sum improvement of MOS gained by low N is approx-
imately 8 times the enhancement obtained at high N. The
reason behind this behavior is related to the same impact
factors mentioned in the previous figure.

VI. CONCLUSION
This paper considered the QoS and QoE of IRS-assisted
indoor NOMA systems in κ−μ fading channels. Specifically,
we studied the OP, EC, BER, throughput, and the MOS-based
QoE of the considered system model. The accuracy of the
derived closed-form expressions was corroborated by Monte
Carlo simulations. The results demonstrate the impact of
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FIGURE 7. Sum mean opinion score (MOS) of three users versus Web page size,
SNR=10 dB.

FIGURE 8. Series approximation for the OP considering less sever fading, i.e.,
κ = 4.5, μ = 4.5. The figure presents the performance of the series approximation
proposed in (16) for the OP of multiple NOMA users.

IRS, particularly as we increase the number of reflectors, on
enhancing the overall user experience and service, as well
as improving the MOS in the case of small Web page sizes.
Furthermore, the presented results provide an insight into
the system’s performance with respect to various important
factors, such as the fading components κ and μ, the power
allocation factors, the predefined data rates, the distance from
the BS and the components of indoor environments.
Future directions of this work may focus on analysing

and optimizing other realistic model that involve different

challenges such as multiple transmitting and receiving anten-
nas, multiple NOMA users, imperfect SIC, practical CSI,
and phase estimation errors. In addition to that, studying
more performance metrics of both QoS and QoE under
different channel fading and deployments of IRS-NOMA
configurations could also be of interest to the community.

LIST OF ACRONYMS
5G fifth generation
6G Sixth generation
AWGN additive white Gaussian noise
BER bit error rate
BS base station
BW system bandwidth
CDF cumulative distribution function
CDMA code-division multiple access
CSI channel state information
EC ergodic capacity
HTTP hypertext Transfer Protocol
i.i.d. independent and identically distributed
IRS intelligent reflecting surfaces
LOS line of sight
MISO multiple input single output
MOS mean score opinion
MSS maximum segment size
NLOS non-line of sight
NOMA non-orthogonal multiple accesses
OMA orthogonal multiple access
OP outage probability
PDF probability density function
QAM quadrature amplitude phase
QoE quality of experience
QoS quality of service
RTT round trip time
RV random variables
SC superposition coding
SIC successive interference cancellation
SINR signal to interference plus noise ratio
SNR signal-to-noise ratio
TCP transmission Control Protocol
WPT wireless power transfer

REFERENCES
[1] L. Dai, B. Wang, Y. Yuan, S. Han, I. Chih-lin, and Z. Wang,

“Non-orthogonal multiple access for 5G: Solutions, challenges, oppor-
tunities, and future research trends,” IEEE Commun. Mag., vol. 53,
no. 9, pp. 74–81, Sep. 2015.

[2] Z. Ding and H. V. Poor, “A simple design of IRS-NOMA trans-
mission,” IEEE Commun. Lett., vol. 24, no. 5, pp. 1119–1123,
May 2020.

[3] B. Makki, K. Chitti, A. Behravan, and M.-S. Alouini, “A survey of
NOMA: Current status and open research challenges,” IEEE Open J.
Commun. Soc., vol. 1, pp. 179–189, 2020.

[4] M. Z. Chowdhury, M. Shahjalal, S. Ahmed, and Y. M. Jang, “6G
wireless communication systems: Applications, requirements, tech-
nologies, challenges, and research directions,” IEEE Open J. Commun.
Soc., vol. 1, pp. 957–975, 2020.

[5] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, “Reconfigurable intelligent surfaces for energy efficiency
in wireless communication,” IEEE Trans. Wireless Commun., vol. 18,
no. 8, pp. 4157–4170, Aug. 2019.

2282 VOLUME 3, 2022



[6] Z. Ding, X. Lei, G. K. Karagiannidis, R. Schober, J. Yuan, and
V. K. Bhargava, “A survey on non-orthogonal multiple access for
5G networks: Research challenges and future trends,” IEEE J. Sel.
Areas Commun., vol. 35, no. 10, pp. 2181–2195, Oct. 2017.

[7] Z. Ding, Z. Yang, P. Fan, and H. V. Poor, “On the performance of
non-orthogonal multiple access in 5G systems with randomly deployed
users,” IEEE Signal Process. Lett., vol. 21, no. 12, pp. 1501–1505,
Dec. 2014.

[8] M. Fu, Y. Zhou, and Y. Shi, “Intelligent reflecting surface for downlink
non-orthogonal multiple access networks,” in Proc. IEEE Globecom
Workshops (GC Wkshps), 2019, pp. 1–6.

[9] B. K. S. Lima et al., “Aerial intelligent reflecting surfaces in
MIMO-NOMA networks: Fundamentals, potential achievements, and
challenges,” IEEE Open J. Commun. Soc., vol. 3, pp. 1007–1024,
2022.

[10] Z. Ding et al., “A state-of-the-art survey on reconfigurable intelli-
gent surface-assisted non-orthogonal multiple access networks,” Proc.
IEEE, vol. 110, no. 9, pp. 1358–1379, Sep. 2022.

[11] B. Zheng, Q. Wu, and R. Zhang, “Intelligent reflecting surface-assisted
multiple access with user pairing: NOMA or OMA?” IEEE Commun.
Lett., vol. 24, no. 4, pp. 753–757, Apr. 2020.

[12] F. E. Bouanani, S. Muhaidat, P. C. Sofotasios, O. A. Dobre, and
O. S. Badarneh, “Performance analysis of intelligent reflecting surface
aided wireless networks with wireless power transfer,” IEEE Commun.
Lett., vol. 25, no. 3, pp. 793–797, Mar. 2021.

[13] M. Al-Jarrah, E. Alsusa, A. Al-Dweik, and D. K. C. So, “Capacity
analysis of IRS-based UAV communications with imperfect phase
compensation,” IEEE Wireless Commun. Lett., vol. 10, no. 7,
pp. 1479–1483, Jul. 2021.

[14] M. Al-Jarrah, A. Al-Dweik, E. Alsusa, Y. Iraqi, and M.-S. Alouini,
“On the performance of IRS-assisted multi-layer UAV communications
with imperfect phase compensation,” IEEE Trans. Commun., vol. 69,
no. 12, pp. 8551–8568, Dec. 2021.

[15] Z. Ding, R. Schober, and H. V. Poor, “On the impact of phase shift-
ing designs on IRS-NOMA,” IEEE Commun. Lett., vol. 9, no. 10,
pp. 1596–1600, Oct. 2020.

[16] T. Hou, Y. Liu, Z. Song, X. Sun, Y. Chen, and L. Hanzo,
“Reconfigurable intelligent surface aided NOMA networks,” IEEE
J. Sel. Areas Commun., vol. 38, no. 11, pp. 2575–2588, Nov. 2020.

[17] J. Zhu, Y. Huang, J. Wang, K. Navaie, and Z. Ding, “Power effi-
cient IRS-assisted NOMA,” IEEE Trans. Commun., vol. 69, no. 2,
pp. 900–913, Feb. 2021.

[18] F. Fang, Y. Xu, Q.-V. Pham, and Z. Ding, “Energy-efficient design
of IRS-NOMA networks,” IEEE Trans. Veh. Technol., vol. 69, no. 11,
pp. 14088–14092, Nov. 2020.

[19] H. Yahya, E. Alsusa, and A. Al-Dweik, “Exact BER analy-
sis of NOMA with arbitrary number of users and modulation
orders,” IEEE Trans. Commun., vol. 69, no. 9, pp. 6330–6344,
Sep. 2021.

[20] B. M. ElHalawany, F. Jameel, D. B. da Costa, U. S. Dias, and K. Wu,
“Performance analysis of downlink NOMA systems over κ-μ shad-
owed fading channels,” IEEE Trans. Veh. Technol., vol. 69, no. 1,
pp. 1046–1050, Jan. 2020.

[21] A. Alqahtani, E. Alsusa, A. Al-Dweik, and M. Al-Jarrah,
“Performance analysis for downlink NOMA over α-μ general-
ized fading channels,” IEEE Trans. Veh. Technol., vol. 70, no. 7,
pp. 6814–6825, Jul. 2021.

[22] H. Shao, H. Zhao, Y. Sun, J. Zhang, and Y. Xu, “QoE-aware down-
link user-cell association in small cell networks: A transfer-matching
game theoretic solution with peer effects,” IEEE Access, vol. 4,
pp. 10029–10041, 2016.

[23] Y. Sun, H. Shao, Z. Du, and J. Cai, “QoE-oriented resource allocation
for downlink non-orthogonal multiple access,” IEEE Commun. Lett.,
vol. 25, no. 7, pp. 2362–2365, Jul. 2021.

[24] J. Cui, Y. Liu, Z. Ding, P. Fan, and A. Nallanathan, “QoE-based
resource allocation for multi-cell NOMA networks,” IEEE Trans.
Wireless Commun., vol. 17, no. 9, pp. 6160–6176, Sep. 2018.

[25] E. Basar, M. D. Renzo, J. De Rosny, M. Debbah, M.-S. Alouini,
and R. Zhang, “Wireless communications through reconfigurable
intelligent surfaces,” IEEE Access, vol. 7, pp. 116753–116773,
2019.

[26] E. Basar, “Transmission through large intelligent surfaces: A new fron-
tier in wireless communications,” in Proc. Eur. Conf. Netw. Commun.
(EuCNC), 2019, pp. 112–117.

[27] Y. Cheng, K. H. Li, Y. Liu, K. C. Teh, and H. V. Poor, “Downlink
and uplink intelligent reflecting surface aided networks: NOMA and
OMA,” IEEE Trans. Wireless Commun., vol. 20, no. 6, pp. 3988–4000,
Jun. 2021.

[28] A. Alqahtani, E. A. Alsusa, and A. Al-Dweik. “UAV-enabled cooper-
ative NOMA with indoor-outdoor user-paring and SWIPT in κ-μ
channels.” TechRxiv. 2021. [Online]. Available: https://doi.org/10.
36227/techrxiv.16653094.v1

[29] M. Hamza and M. Hadzialic, “BEP/SEP and outage performance
analysis of L-branch maximal-ratio combiner for κ − μ fading,” Int.
J. Digit. Multimedia Broadcast., vol. 2009, pp. 1–8, Jan. 2019.

[30] A. Jeffrey and D. Zwillinger, Table of Integrals, Series, and Products,
7th ed. Waltham, MA, USA: Academic, 2007.

[31] A. Prudnikov, Y. Brychkov, and O. Marichev, Integrals and Series.
More Special Functions, vol. 3. London, U.K.: Godron Breach Sci.,
1990.

[32] M. Springer and K. M. R. Collection, The Algebra of Random
Variables. New York, NY, USA: Wiley, 1979.

[33] A. A. Kilbas and M. Saigo, “On the H-function,” J. Appl. Math. Stoch.
Anal., vol. 12, no. 2, pp. 191–204, 1999.

[34] M. K. Simon and M.-S. Alouini, Digital Communication Over Fading
Channels, 2nd ed. New York, NY, USA: Wiley, 2004.

[35] A. Mathai, R. Saxena, and H. Haubold, The H-Function: Theory and
Applications. New York, NY, USA: Springer, 2009.

[36] K. Peppas, F. Lazarakis, A. Alexandridis, and K. Dangakis, “Simple,
accurate formula for the average bit error probability of multiple-
input multiple-output free-space optical links over negative exponential
turbulence channels,” Opt. Lett., vol. 37, pp. 3243–3245, Aug. 2012.

[37] M. Rugelj, U. Sedlar, M. Volk, J. Sterle, M. Hajdinjak, and A. Kos,
“Novel cross-layer QoE-aware radio resource allocation algorithms in
multiuser OFDMA systems,” IEEE Trans. Commun., vol. 62, no. 9,
pp. 3196–3208, Sep. 2014.

[38] P. Ameigeiras, J. J. Ramos-Munoz, J. Navarro-Ortiz, P. Mogensen, and
J. M. Lopez-Soler, “QoE oriented cross-layer design of a resource allo-
cation algorithm in beyond 3G systems,” Comput. Commun., vol. 33,
no. 5, pp. 571–582, 2010.

ADEL ALQAHTANI (Member, IEEE) received the
Ph.D. degree in electrical and electronic engineer-
ing from the University of Manchester, U.K., in
2022, and the M.Sc. degree in telecommunications
from George Mason University, USA, in 2017.
He is currently an Assistant Professor with the
Department of Electrical Engineering, King Khalid
University, Saudi Arabia. His research interests
include 5G, 6G and beyond wireless communi-
cation networks, NOMA technology, cooperative
relay networks, resource allocation optimization,

and re-configurable intelligent surfaces.

EMAD ALSUSA (Senior Member, IEEE) is the
Head of the Communication and RF Research
Group with the Department of Electrical and
Electronic Engineering, University of Manchester.
His research interest is in the area of wire-
less networks and signal processing with par-
ticular focus on future ultra-efficient networks
through the design of novel techniques for radio
resource management, interference manipulation,
secrete key exchange, and energy neutrality. He
has received a number of awards, including the

Best Paper Awards in the IEEE international Symposium on Power
Line Communications in 2014, the IEEE Wireless Communications and
Networking Conference in 2019, the IEEE International Symposium on
Networks, and the Computers and Communications (ISNCC’21). He served
as a Conference General Co/Chair of the IEEE OnlineGreencom in
2017 and Sustainability through ICT Summit in 2019, as well as the
TPC Symposia-Co/Chair in several IEEE conferences, including VTC’16,
GISN’16, PIMRC’17, Globecom’18, and Globecom’23. He is a U.K.
representative in the International Union of Radio Science.

VOLUME 3, 2022 2283



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


