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ABSTRACT Massive connectivity and green communication will be important problems for the upcoming
sixth generation (6G). Reconfigurable intelligent surfaces (RIS) and non-orthogonal multiple access
(NOMA) have recently been presented as two major solutions to address the aforementioned issues. The
main purpose of this paper is to investigate a downlink RIS-aided NOMA system in which the source intends
to communicate with the two NOMA consumers over RIS for solving above problems. Our contributions
include studying system performance in terms of ergodic rate and effective capacity, which is an essential
assessment measure for delay-sensitive systems. In particular, we obtain analytical formulas for the ergodic
rate and the effective capacity of nearby and distant users. In addition, we present orthogonal multiple
access (OMA) data for comparison. The followings are the findings of this paper: 1) the ergodic rate and
effective capacity of RIS-NOMA networks are superior to those of RIS-assisted OMA networks; 2) the
system performance of RIS-NOMA networks can be significantly improved as the number of reflecting
elements and Nakafami-m factor increases to improve the ergodic rate and effective capacity of both two
users; 3) when compared to OMA, NOMA system has higher ergodic rate and effective capacity due to the
short transmission time.

INDEX TERMS Non-orthogonal multiple access, reconfigurable intelligent surface, ergodic capacity,
effective capacity.

I. INTRODUCTION sixth-generation (6G) has garnered a lot of interest in
Due to its high transmission rate, high reliability, high capac- recent years [1]. Reconfigurable intelligent surface (RIS)
ity, high spectrum efficiency, and high energy efficiency, is a brand-new kind of passive device made up of several

two-dimensional artificial electromagnetic materials that is
The associate editor coordinating the review of this manuscript and expected to be a strong candidate for the future 6G standard.
approving it for publication was Mohammad J. Abdel-Rahman . As a result, it offers significant business and economic
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benefits to the sector and the Internet of Things (IoT)
[2], [3], [4], [5]. The IoT application scenario combines a
number of developing technologies, and it is now the subject
of the most popular study. The development of the IoT
has raised the bar for communication technologies. On the
other hand, expensive hardware, widespread access, and high
energy consumption are the key issues facing future wireless
networks. Therefore, in order to satisfy the increasing
demands of consumers for quality of service (QoS) and
data rate, it is essential to identify solutions with low power
consumption, low cost, high efficiency, and high economic
advantages [6], [7]. Thankfully, passive technologies like
ambient backscatter and RIS have been included in wireless
communication research [8], [9], [10], [11], [12]. Research
on RIS has so far covered a wide range of topics, including
optimization of secrecy rate [13], investigation of outage
performance [14], [15], [16], conjunction with unmanned
aerial vehicle [17], etc. The reflected elements are regulated
by phase angles, as opposed to backscatter. As a result, RIS
outperforms in terms of reducing energy usage and hardware
costs in wireless communication systems.

As a novel paradigm, RIS is furnished with several
reflecting components made of two-dimensional electro-
magnetic artificial materials. The software regulates each
reflecting component, allowing for flexible adjustment of
the reflected radio frequency (RF) signal’s phase and angle.
The perfect result is achieved and the performance of
wireless communication systems is enhanced by modifying
the phase angle of RIS [18]. Buildings’ outside surfaces,
walls, and ceilings may all be outfitted with RIS in a
variety of ways, effectively increasing channel capacity.
It uses incredibly little electricity and is environmentally
benign, both of which can help the communication systems’
energy efficiency [19]. In comparison to earlier technologies,
the RIS can govern wireless environment behavior in a
predictable and programmable manner. Numerous studies
have concentrated on these RIS components because of these
benefits. For wireless communication networks powered by
RIS, an outage-constrained beamforming method was put out
in [20]. The capacity degradation issue of the RIS network
with hardware deficiencies was examined by the authors
of [21] and [22]. Additionally, several researchers examined
RIS in conjunction with other promising technologies,
including as non-orthogonal multiple access (NOMA) [23],
[24], simultaneous wireless information and power transfer
(SWIPT), and multiple input multiple output (MIMO) in
the mmWave range. According to [25], a two-stage iterative
reweighted technique was used to develop the channel
estimate scheme of the RIS-aided MIMO system in order to
get the ideal channel state information. According to [26],
the authors suggested an adaptive phase shifter solution for
a RIS-assisted MIMO system using mobile station feedback
and hierarchical codebooks. A straightforward approach for
RIS-assisted NOMA downlink transmission that can increase
connectivity and spectrum efficiency was put out by Ding and
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Vincent Poor [27]. Additionally, the authors in [28] used the
semidefinite relaxation approach to optimize the cumulative
rate of all users. All of this research indicate that RIS has a
promising future when used in conjunction with additional
technologies.

Non-orthogonal multiple access (NOMA) NOMA is a
prospective technology for BSG (beyond the fifth generation)
that has gained a lot of interest in both academia and
business. [29], [30], [31]. NOMA is seen as having clear
advantages in addressing issues with device access and
spectrum scarcity, and it works well to address QoS and
large-scale access [32], [33], [34]. The essential tenet of
NOMA is that numerous users share identical time/frequency
domain capabilities at the transmitter and receiver and that the
transmitter communicates the superposition codes of multiple
users directly. Users are given power in an equitable manner,
with channel gain being inversely correlated with power
distribution. Accordingly, users with high channel gains
allocated less power, and conversely. Through successive
interference cancellation (SIC), the interference information
may be obtained from the receivers [35]. In order to achieve
this, NOMA technology has been widely acknowledged
as a practical way to raise the caliber of mobile network
access and as a potential future development. However,
there are certain shortcomings with the NOMA technology.
The application of NOMA technology necessitates complex
equipment. With NOMA alone, it is challenging to obtain
decent performance when the wireless system has a large
user base. RIS, fortunately, offers a fresh thought for this
circumstance. Numerous studies have also demonstrated how
well RIS may boost the functionality of the NOMA system.
In [36], NOMA and orthogonal multiple access (OMA)
performance of the RIS-assisted downlink communication
network were examined, and a low-complexity strategy with
near-optimal performance was proposed. Reference [37]
investigated the effects of coherent phase shifting and random
discrete phase shifting on the NOMA system with RIS
assistance. In [38] and [39], the effectiveness of physical
layer security was investigated. The outage performance of
RIS-aided NOMA system under hardware impairment was
investigated in [40] and [41].

The current study on the RIS-aided NOMA network
does not account for the influence of delay on system
performance, which is primarily concerned with the analysis
of channel capacity and outage likelihood, among other
things. As a result, it is difficult to correctly understand
the business requirements for real-time communication.
You et al. introduced the idea of effective capacity in [42]
with the intention of studying the impact of delay on
the communication system. Effective capacity is employed
to measure the availability of multiple wireless networks
within the limits of latency QoS. Effective capacity is a key
consideration when explaining the effects of statistical delay
QoS on system performance. They all produced tractable
formulations of effective capacity in both high and low
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signal-to-noise ratio (SNR) regions in order to understand
the influence of system characteristics and conduct future
research.

The estimated effective rate of RIS-aided communications
was explored using closed-form formulae in [43]. It does,
however, analyze the standard Rayleigh channel case. In com-
parison to the preceding studies, the primary contribution of
this research is to investigate the ergodic rates, the influence
of delay on the RIS-assisted NOMA system performance,
and to accommodate delay QoS requirements so that NOMA
may be used for delay-sensitive transmissions. Table 1 shows
the comparison between our work and related papers. The
following are the specifics of this paper’s contributions:

o« We propose a RIS-aided NOMA network in which
the source (S) provides data to two NOMA user and
RIS with N reflection components. We integrate a
fundamental performance assessment metric of ergodic
rate and effective capacity into the investigated system
to account for delay-sensitive needs.

o For our proposed RIS-NOMA network, we obtain the
closed-form approximation rate for the ergodic rate
of a pair of NOMA users across Nakagami-m fading
channels. In terms of the ergodic rate, we show that
RIS-NOMA outperforms RIS-OMA. We have evidence
that the ergodic rate of RIS-NOMA increases as the
number of reflecting components increases.

« We begin by calculating the approximate expressions for
the distant user’s effective capacity and the closed-form
for the near user. The effective capacity of a RIS-aided
NOMA system for the near user (D) and far user (D7)
are also derived.

The following are the primary notations used in this paper.
We use capital boldface to signify a matrix and lowercase
boldface to represent a vector in this work. For the expectation
operation, we employ E[-]. K, (.) denotes Bessel functions
of the second kind. The symbol (.)” represents the conjugate
transpose of a matrix or vector. diag (.) represents a diagonal
matrix. CN" ~ (i, No) is the Gaussian with the mean u
and the variance Ny. The abbreviations and acronyms are
presented in Section II.

Il. SYSTEM MODEL AND CHANNEL CHARACTERISTICS

A. SYSTEM DESCRIPTION

In this paper, we consider the following RIS-aided NOMA
network: a source (S), a RIS consisting of N reflection
components, a far user (D7) and a near user (D1). Because
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FIGURE 1. System model of NOMA-assisted RIS system.

of the obstructed and/or impediment, there is no direct
link between the S and the users. We assume: (1) that
all nodes have a single antenna; and (2) that all channels
follow independent Nakagami-m fading. Let denote hg =
{ho.1, ..., hon, ..., hon} 1s the channel coefficients of S-
RIS, hy = {h1,...,h1, ..., N} 13 the channel
coefficients of RIS-Dy, and hy = {hy1,...,hopn, ..., ho N}
is the channel coefficients of RIS-D,. With the NOMA
principle, the transmit power at S is Pg transmit the
superposed signals «/aj Psx1 ++/azPsx>, where x| and x, are
the signals for D1 and D», respectively, aj, a; are the power
allocation coefficients. The received signals at users are given
as

3p, = ! @ho (VarPsxi +VaPsea) + wop (1)
—_—

Wanted signal AWGN

p, = hi @hg (\/ a1 Psx) + \/cﬁm) + wp, , (2
——
AWGN

‘Wanted signal
CN (0,Ng), i € {1,2} is the additive
white Gaussian noise (AWGN) with the power Ny. & 2
diag[B1¢1, P22, ..., Bndn] 1s a diagonal matrix, which
accounts for the effective phase shift applied by recon-
figurable intelligent surfaces, 8, € [0, 1] represents the
amplitude reflection coefficient of RIS, while ¢, = elon j=
V=1,Yn=1,2,...,N and 6, € [0, 27) denotes the phase
shift introduced by the n-th intelligent surface. It is assumed
that the CSIs are perfectly known at the RIS controller [48],
[49] and we set B, ..., By = 1 for simplicity.
For the RIS NOMA networks, the signal-plus-interference-
to-noise ratio (SINR) at D to decode the signal x» and x] by

where wp, ~
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using SIC are obtained as

arPs|h! oho|’
a1 Ps|hf dho|* + N
_ axp|n b’
B a1p|h7<bho|2 + 1’

2
) “

YDix, =

3

?D],xl =ayp ‘hTI (Dh()

in which p = % denotes the average transmit signal-to-noise
radio (SNR). The SINR at D, to decode the own signal x; is
given by
2
_ ayp|hl @hy|
arp|h dho|” + 1

a2P5|h5]¢)ho|2
a1P5’hg®h0|2 + No

YD, = &)

Let denote the phases of channels as ! = #% 4 4! and
62 = 69 + 62. In this paper, we assume that §! = —@! and
02 = —62, then we have A = > |ho.u| |1, and B =
251\7:1 |h0,n| |h2,n|. Next, Egs. (4) and (5) are rewritten as

axp|BI?

_ 2 _
YD1, x; = alP|A| ) YD, =

= (6)
aiplB* + 1

B. CHANNEL CHARACTERISTICS

Then, under the Nakagami-m fading, the probability density
function (PDF) and the cumulative distribution function
(CDF) of W = {ho.n, hi,n, h2,n} respectively are given
by [50]

2x2mW*1 mw my _mez
=Ty () 0
14 (mw, S—W)
Flw) (x) = W, (7b)

where I (1) is the Gamma function, y (-, -) is the lower
incomplete Gamma function, my is the shape parameter and
Qw > 0 denotes the average power of channel. The PDF of

ZQL’ ie{l,?2}, QZ 2 ‘hO‘n’ ]h,n‘ can be calculated as

oo1
fry () = / g O) i, (’—“)dy. ®)
" 2 y y

With help (7a) and [51, Eq. (3.471.9)], the PDF of fZQi (x)
is given by "

4xmh0+mhl-—1 Mg T, My +mp;
fZQi (x) = N
n r (mho) r (mh[.) Qho th
My My
X K, — 2 | ——x]), 9
My =Ny ( QhOthx) ( )

Vn. Furthermore, the

where my, = my,,, and my; = my,

in’

o
k-th moment of Zy: , defined as Kz, k)= [ xkuQl. (x)dx.
n 0 n
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By using [51, Eq. (6.561.16)], the k-th moment 1z, (k) is

obtained as follows !
(g + k/2) T (i, + k/2) (szhoszh,, )5

r (mho) r (mhi) '

r
nz, (k) =
n Mp,Mp;

(10)

With (7a) and (7b), it makes difficult to derive the
expression closed-form of Zgi . Thus, based on the k-th

moment of Q, we can modify Q to Gamma distribution.

Then, the PDF and CDF of Qﬁ, is given as
a0 o ;-1
; o
(ﬁ Qﬁ) * -8

fQ;(x)%We o, (11a)
Foi (x) ~ )/(:‘[Q(I"(x—’QﬂiQ)gx), (11b)
in which
aQizN(E[ZQ;,])ZZ N[uz, »] .
Covalzg ], @ g, 0]
o = Elzg] uzy () um

" Var [ZQZ] - Hz, @) [uzQ; 1)

where E[-] and Var[-] denote expectation operation and
variance, respectively.

Define X = Y? with X and Y are arbitrary, we have
Fx (x) = Fy (V) and fx (x) = ﬁ;fy (v/x). Using this

property, the PDF and CDF of |Q£1|2 can be obtained as

respectively
o ;=2
a4
(o)
n —B,i
figp @ = ~—2——"aY a3
and
7 (v, fo,v5)
F|Q;-1|z ®=———=. (14)

r (“Q:;)
1ll. ERGODIC RATE
In adaptive-rate transmission systems, the ergodic rate is a
popular system performance statistic. The ergodic rates of
two users for RIS-NOMA networks are examined in this
section.

A. ERGODIC RATE OF D,

According to the SIC principle, if D correctly detects the
signal of D5, the attainable rate of D| may be givenby Rp, =
log (1 + ¥p, x,)- Because of (6), the ergodic rate of Dy for
RIS-NOMA networks is stated as

Ry =E{log, (1+7p,.,)}- (15)
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The ergodic rate of D; is obtained in the following
Proposition 1

Proposition 1: The closed-form approximation of Ergodic
rate at user D for RIS-NOMA can be given by

Rerg ~ T al’o 1 —u2
Dy 4T ( Q )Pln2 Z\/i
w sec2 [ Z w+D\T (aQ'l" ﬂQé@)
4 14+ a1pg (Up) ,
(16)
where G () = tan w) and v, = cos (%”)

Proof: See Appendix A.

B. ERGODIC RATE OF D,

Assuming D, can detect its own signal x2, Rp, =
log (1 + )702) may be used to calculate D,’s feasible rate. The
ergodic rate of D, is represented as

Ry =E {log (14 vp,)} - (17)

Proposition 2: The closed-form approximation of ergodic
rate at user D, for RIS-NOMA can be calculated as

P 3,2
Tas \/1 Yp

2Pa;T (aQ’%) n2 = 1+ A (v)

A (vp)

Xy (aQ%’ /SQ%\/P (a2 — a1 (vp)) ) (18)

where A () = %;1-1) and v, has already been announced
above.
Proof: See Appendix B.

erg
Rp, =

IV. EFFECTIVE CAPACITY

The effective capacity is a combined mathematical frame-
work described as the maximum constant arrival rate that the
service process can maintain while meeting quality of service
(QoS) standards [52]. In a block fading channel, the user’s
effective capacity is defined as

1
E(p,0) = —Elogz E{a+»~*}). (19)

where ¢ = 0TB / In2 in which B is the block length and T
is the bandwidth. & > 0 denotes a mathematical term that
extends the idea of delay outage probability, and written by
In [P
0=— lim n [Pr(Q > Xax)] 7 (20)

Xmax —> 0 Xmax

where O denote the steady-state queue length at the
transmitter buffer and x,,,, is the predicted queue length
threshold. &6 — oo denotes a very severe delay requirement,
whereas 6 — 0 denotes a very lax delay need.
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A. EFFECTIVE CAPACITY OF D,
The definition’s expression for the effective capacity of Dy is
calculated by

Ep, =— %1(’%2 (]E {(1 + 77Dl'x‘)ig})

] o0
:—Elogz /(l-i—x)*{f);l)m x)dx|. @D
0

Proposition 3: The analytical equation for the effective
capacity of Dj in the RIS NOMA networks is provided as

o] k
N 2 SRR

= — —log
¢ ar(ag) & MO

LA\ /20—y —k
T (aQ'l’ ) r ( ‘"%, )} : (22)
2 2

where ¥ = aL

Proof: See Appendlx C.

B. EFFECTIVE CAPACITY OF D,
The definition states that the effective capacity of D, is
represented as

1 -
&p, = — Elogz (E {(1 + J/Dz) C})
1 o0
= Elogz / (14 x) " fp, (¥)dx | . (23)
0

Proposition 4: The closed-form the effective capacity of
D> in the RIS NOMA networks is provided by

a2 5

L | ra(fg) L 19
Ep, ~ ——log, — 7
£ S (o) 2502 )

) ‘g A(w)
y A (up) ’ =N ’
P

@ —aA (v,))

(24)
Proof: See Appendix D.

V. NUMERICAL RESULTS
In this part, numerical findings for the performance evalua-
tion of the considered network are provided. Meanwhile, the
results of the Monte Carlo simulation are averaged across
10° separate runs. The fading parameters were set to m =
mp, = my, = my,. We denote “Ana.” and “Sim.” as
analytical computation and Monte-Carlo computing-based
simulations, respectively, in the figures below. Table 2 shows
the parameters. The Gauss-Chebyshev parameter is set to
= 100 in [53] for a close approximation simulation.
Figure 2 displays the ergodic rates of two users in
RIS-NOMA networks compared to the transmit SNR. The
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TABLE 2. The parameters for numerical results [54].

Parameter Simulation Values
The power allocation factor of D1 a; = 0.1
The power allocation factor of Do a2 = 0.9
Number of RIS components (V) N =16
Fading Parameter m =2
Bandwidth B = 200 kHz
Block length T = 6.5ms
QoS exponent 0=0.5
Mean channel gains Qpg =Qpy =y, =1

—%— Conventional OMA §§
[[—O—User 2 — NOMA, Ana. ,/
8 H—O—User 1 — NOMA, Ana. &

Ergodic Data (bit/s/Hz)
o

Solid Line: N =8
Dashed Line: N = 16

-20 -10 0 10 20 30
p (dB)

FIGURE 2. Ergodic rate versus transmit SNR at source.

5
Solid Line: m = 1
Dashed Line: m = 5

~

©

- - Conventional OMA

-O-User 2 — NOMA, Ana.

-y~ User 1 — NOMA, Ana.||
-+ Sim.

-20 -10 0 10 20 30
p (dB)

Ergodic Data (bit/s/Hz)
L

FIGURE 3. Impact of fading severity parameters on the ergodic rate, with
N =8.

picture shows that the ergodic rate curves Monte Carlo
simulation and the generated analytical ergodic rate findings
for RIS-NOMA are perfectly compatible, demonstrating the
correctness of the derived theoretical ergodic rate results. The
D, ergodic rate for RIS-NOMA is higher at high SNR than
the user ergodic rate for RIS-OMA. The SNR slope of D; for
RIS-NOMA is greater than that of D for RIS-OMA, which
explains this. Dy’s ergodic rate for RIS-NOMA is lower at
high SNR than D;’s for RIS-NOMA and user’s for RIS-
OMA. This is due to the fact that D, for RIS-NOMA has
a smaller high SNR slope than both D; and the user for
RIS-OMA.

Fig. 3 investigates the impacts of m on the ergodic rate
performance. When m = 5, the ergodic rate performance

181276

Solid Line: m = 1
| Dashed Line: m = 5

—— Conventional OMA

—0O—User 2 — NOMA, Ana.

—(—User 1 — NOMA, Ana.
+ Sim.

Frgodic Data (bit/s/Hz)
IS

1 2 3 4 5 6 7 8 9 10
N

FIGURE 4. The ergodic rate versus N for various m, with p = 10 dB.

¢

—%— Conventional OMA
5r —(O—User 2 — NOMA, Ana.| -
—(—"User 1 — NOMA, Ana.
-+ Sim.

Ergodic Data (bit/s/Hz)

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
ai

FIGURE 5. The impact of @, on ergodic rate, with o =30 dB and m = 2.

for all p improves. Furthermore, performance improves as
o increases. However, the curves saturate for D, when p
is large, and when p is greater than 15 dB, performance
improves at D and Conventional OMA.

Fig. 4 depicts the effect of N on ergodic rate performance
for different values of m when p = 10 dB. The ergodic
rate performance increases with increasing N, but saturates
for higher values of N at Dj, since the ergodic rate varies
logarithmically with N, regardless of m.

According to Fig. 5, theoretical and simulation findings
show that power allocation coefficient a; contributes con-
siderably to performance indicators, such as ergodic rate.
The rationale for the varied trends in ergodic capacity for
two users is described by p, which relies heavily on such
power coefficient; hence, the fairness of two users should
be reasonably decided. Similarly, because there is no power
allocation in the OMA situation, it is just influenced by p.

Fig. 6 shows the trends in the effective capacity of two
users, the whole RIS-NOMA networks and conventional
OMA in relation SNR. Next, we set N to 4, 6 to 0.5, and
m to 2. The correctness of the closed-form equations for
the effective capacity in the instance of the RIS-NOMA
networks is demonstrated in Fig. 6. The first point is that
Dy’s effective capacity performance is superior to D1’s. This
benefit of D, is magnified in the case of high SNR regions.
Furthermore, to compare the effective capacities of the RIS
in OMA and NOMA situations, we give effective capacity
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T. C. Hung et al.: Performance Analysis of Ergodic Rate and Effective Capacity

IEEE Access

—— Conventional OMA
—(—User 1 — NOMA, Ana.
[ —O—"User 2 — NOMA, Ana.
—/—Sum NOMA

+ Sim.

o

2D

Effective Capacity (bits/s/Hz)
w

0 5 10 15 20 25 30
p (dB)

FIGURE 6. The effective capacity versus the transmit p in RIS-NOMA and
RIS-OMA, with N =4 and m = 2.

T 15 T T T T

£ ——User 1, p = 5dB

i fﬁ —#%—User 1, p = 10dB| |

g + Sim.

£ 05

é 0.2 0.‘4 O.‘S 0.‘8 1‘ 1.‘2 1.4 16 1. ;
QoS exponent ()

2 @ R

) —O User 2, p=5dB ||

i‘f’ ——User 2, p = 10dB| |

3 -+ Sim.

gt

Zosk . . . . . b d

£ 02 04 06 08 1 12 14 16 18

QoS exponent ()

FIGURE 7. Effects of the QoS exponent ¢ on the effective capacity, with
m=2.

curves for users and OMA. According to the simulation, the
effective capacities of D, and D rise monotonically with
respect to SNR in the OMA situation. In addition, the total
RIS-NOMA networks are shown in Fig. 6 with a triangular
line. The effective capacity of RIS-NOMA networks as a
whole is much greater than that of two users and traditional
RIS-OMA networks. Finally, it is important to remember that,
depending on the real situation, RIS-NOMA networks may
adjust how much they reflect and/or transmit, which might
lead to better performance.

Fig. 7 shows the influence of QoS exponent 6 on effective
capacity with p = 5dB and 10dB. As previously stated,
a bigger 0 indicates a tighter QoS delay requirement and a
reduced effective capacity. When 6 increases, the effective
capacity of both D and D, decreases to varying degrees.
Concurrently, it is determined that a larger p indicates a
greater effective capacity, which is also verified by Fig. 6.
Increasing p, on the other hand, does not improve the
effective capacity of D as much as D.

We display Fig. 8 with the number of RIS elements as
the variable to further explore and explain the relationship
between the number of RIS elements and the effective
capacity. We see that as the number of RIS elements rises,
so does the effective capacity of D and D,. As anticipated,
the addition of more RIS pieces would result in more spatial
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FIGURE 9. The effective capacity versus m in RIS-NOMA and RIS-OMA,
with N =4 and p = 10 dB.

variety and improved user performance. The other finding is
that a rise in p results in an increase in the effective capacity
of users. In particular, it is shown that when the number of
RIS elements is low, the value of p has a significant impact
on the effective capacity of Dj.

Fig. 9 shows the influence of m on effective capacity with
N =4 and p = 10 dB. Sum NOMA consistently shows the
highest effective capacity, indicating its superior performance
compared to the other schemes. Conventional OMA has the
lowest capacity, remaining relatively flat as m increases. The
NOMA scheme for D and D, shows improvements over
OMA, with D achieving slightly better performance than D;.
The simulation results closely match the analytical results,
confirming the validity of the analysis. As m increases, the
effective capacity for all schemes improves, with NOMA
showing a significant advantage over OMA, particularly in
the sum capacity.

VI. CONCLUSION

This study examines the system performance of RIS-assisted
downlink NOMA communication networks in terms of
effective capacity and ergodic rate over Nakagami-m fading
channels. For RIS-NOMA networks, the precise and approx-
imation formulae for the ergodic rate and effective capacity
of two users have been found. The closed-form analytical
formulations matched the Monte Carlo simulations quite
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well. According to simulation studies, the ergodic rate and
effective capacity of RIS-NOMA outperform that of RIS-
OMA. Furthermore, it has been established that increasing
the number of reflecting components and the Nakagami-
m factor improves the system performance of RIS-NOMA
networks. Finally, the theoretical direction provided by this
analytical framework will be beneficial to the RIS-NOMA
networks. We will explore expanding the research to include
numerous users in the future based on this work. Furthermore,
efficient power allocation and numerous antennas of device
nodes are attractive research areas.

APPENDIX A

PROOF OF PROPOSITION 1

By replacing (6) in (15), the ergodic rate at D; can be
calculated as

RoE = E {log (1 n a1p|A|2)}
I —Fy,p ()
ap A
_ap / SN 25)
In2 14+ a1py
0
The CDF of |A|2 can be written as

Fap ) = Pr(|A|2 < x) = M. (26)

r (aQ,l)

Substituting (26) into (25), RD is written as

7T (e0) fovh) .
I+ apy Y

RpS = 27)

ap /
F(O‘Q,ﬁ)lnzo
Let t = %arctan(x) — 1 = tan w) = x =

%sec2 (W) dt = dx with sec (x) = (Cos(x)) (27) is
expressed as

wayp /1 ) (O{Q},’ ﬂQ}l‘/g_(t)) sec? (%)
41112_1 (I+a1pg )T (“Q,%)

erg .
RDI = dt,

(28)

_ w(t+1)
where G (1) = tan ( =7 ).

Unfortunately, it is difficult to derive a closed-form
expression for (28), an accurate approximation can be
obtained using Gaussian-Chebyshev quadrature [55, E
(25.4.38)], Rgg is given as

er; I 01;0
RD‘gNzu“( )Pln2z\/:
(7 (0 )\ T (%0 Par/9 ()
X sec ( 1 ) T+anG (o)

(29)

2p—

where v, = cos ( 5p ) This completes the proof.
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APPENDIX B

PROOF OF PROPOSITION 2

Similar to the steps in Proof of proposition 1, Rle)rf
calculated as

can be

BZ
REE=E Jog [ 14 228
a1p|B|” +1
—_———

z

1 [1-R0),
N 2/ T+y 30)
0

The CDF of Z can be written as

a
a Yy
1 /r (“Q%vﬂgz\/ —pmz—aly))
In2r (aQ%) ) 1+y
a

Note (31) is derived on the condition of y < o Lett =

241 QD — o @ g =
a 2ay 2ay

Rerg _

Dy

dy, (31)

-1 -

5 dx, the ergodic rate of
D, is expressed as

1

erg ar 1
Rp, = / 1+A@)
2a;T ((XQ%) ln271

x T ap, B __ AW dt (32)
PO p @ —ain ) |

where A (1) = %‘:l)

Similarly with solving Rj*, we using the Gaussian-
Chebyshev quadrature, R7)¥ can be written as

Tas - 1—v;
RpS ~
© 2P (ag ) n2 ; 1+ A ()

<y e, B 2\/ A (vp) . (33)
o p (a2 —arA (vy))

This completes the proof.

APPENDIX C

PROOF OF PROPOSITION 3

Based on the notion of effective capacity in (19), we can
formulate the expression of effective capacity at D as

o0
1
&p, = —Elogz /(1 + )" fip, ., () dx
0

) (,BQ ) Qnﬁ
= —Elogz —2F (aQ}?)

o

1 -2

e_ﬂQl YNl G

where ¢ = +
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Unfortunately, it is challenging to obtain a closed-form
formula for the first integral in (34); as a result, we use the
approximation technique.

It follows from the enlarged Taylor’s series that e™™ =
S o ()N (=1¥(ax)* in which K € {1,2,..., 00}, then
we get

o] aQ}f
1 (ﬂQ,L) oy
&py = —logy | ———F———
¢ or (aQ}L)
X ( 1) ﬁ 1+k -2
Ql

X dx |. (35

,; / (1+x)F 5

Finally, using [51, Eq. (3.194.3)], the expression of Di’s
effective capacity may be given as

K (-1 (B V)’
zr(aQ}q) — KT )

Tk 2 —ap —k
><1“(O{Q*2 )F(C O;Q'l' ) (36)

The proof is concluded.

APPENDIX D

PROOF OF PROPOSITION 4

Based on (19), we can formulate the expression of effective
capacity at D as

1 o
Ep, = —Elogz /(1 +x)_‘hf);D2 (x) dx

g Z%
L | (Be)
— —log, —/(1 +0

¢ 2r (O‘Q%) 0
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be calculated as
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where A (1) = %J]r]) Applying Chebyshev-Gauss quadra-
ture [55], the effective capacity of D, can be calculated by

@y 5
1 Ta (,BQ%) n P 1 —wv;

&p, ~ ——log, - 7
¢ 4Pa,T (aQ%) S (1+A(y)

_ ‘o A(w)
y A (v) Sl o)

p@—aA (v,))

(39)

where v, = cos (21;}, n) Thus, it is possible to get to (24).

The proof is finished.
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