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Abstract: Fifth-generation (5G) advancements improve transmitter and receiver functionalities, but

the propagation environment remains uncontrolled. By changing the phase of impinging waves,

reconfigurable intelligent surfaces (RIS) have the potential to regulate radio propagation environ-

ments. RIS-assisted non-orthogonal multiple access (NOMA) improves spectrum efficiency while

enabling massive connectivity. The uplink outage probability expressions for blind-RIS-NOMA are

derived in this work using RIS as a smart reflector (SR) and RIS as an access point (AP). Extensive

Monte-Carlo simulations are performed to validate the derived closed-form expressions. The optimal

powers to be allocated to the users are also derived in order to maximize the uplink sum capacity.

In comparison to the sub-optimal power allocation, the optimal power allocation enhances the sum

capacity. In terms of sum capacity for 20 dB signal-to-noise ratio (SNR) and 32 reflecting elements, it

is demonstrated that the blind-RIS-NOMA surpasses the conventional NOMA by ≈38%. The sum

capacity and outage performances are enhanced by the addition of RIS elements.

Keywords: sixth-generation (6G); blind transmission; non-orthogonal multiple access (NOMA);

outage probability; reconfigurable intelligent surfaces (RIS); sum capacity

1. Introduction

During the practical implementation of several of the core fifth-generation (5G) tech-
nologies, there are significant hurdles [1]. The network service providers in China, for
example, recently announced the shutdown of a few 5G base stations (BS) mounted with
massive multiple input multiple output (MIMO) [2]. The increased number of radio fre-
quency (RF) chains necessitates higher hardware costs and higher energy consumption.
To meet the growing traffic demands, cell size must be shrunken. This necessitates an
increasing number of BSs or access points (AP). This raises the expense of maintenance
while also causing practical concerns, such as interference and backhaul management.
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Exploiting higher frequency bands causes considerable propagation losses, necessitating
more complicated signal processing.

Following the completion of the standardization and commercialization of 5G net-
works, wireless researchers have begun looking for new technologies to support sixth-
generation (6G) networks. Since they reconfigure the environment with nearly passive,
low-cost elements, reconfigurable intelligent surfaces (RIS) or intelligent reflecting surfaces
(IRS) have been identified as viable components for next-generation networks. The RIS
system uses abundant low-cost, passive reflecting elements mounted on a planar surface to
regulate the amplitude and phase of incident signals [3,4]. Active RF chains are not required
for RIS, and nearly passive reflecting elements are required. When compared to massive
MIMO, the hardware cost and energy consumption are significantly lower. They do not
cause noise amplification or self-interference in the way that full duplex transmission does.
As a result, it is more appealing than half-duplex relays. RIS can be readily installed on
walls, billboards, automobiles, lampposts, and so on. With the help of RIS, cell coverage
and network throughput can be greatly boosted.

The number of wirelessly connected devices, as well as the range of wireless services
available, such as the internet of everything (IoE), virtual reality (VR), augmented reality
(AR), and so on, is rapidly increasing. As a result, next-generation multiple access strategies
should be capable of serving a high number of users with additional resources, while
maintaining a low level of complexity [5,6]. While permitting a certain degree of multiple
access interference at the receivers, non-orthogonal multiple access (NOMA) boosts spectral
efficiency and facilitates massive connectivity [7]. In NOMA, the signals pertaining to sev-
eral users are superimposed in the power domain to more effectively utilize the spectrum.
NOMA is classified into two types: fixed and ordered NOMA. In ordered NOMA, the
decoding order is determined based on the channel gain of the users, as opposed to fixed
NOMA, where the decoding order is predetermined. Because of its appealing qualities,
RIS can be combined with other cutting-edge technologies such as NOMA, physical layer
security, simultaneous wireless information and power transfer (SWIPT), cognitive radios,
autonomous cars, and unmanned aerial vehicles (UAV)-assisted communication, etc. [8–10].
The integration of power-domain NOMA with RIS can increase its spectral efficiency and
massive connectivity. The symbols used in this work are listed in Nomenclature.

The order in which the remaining manuscript is arranged is as follows: Section 2 lists
the works connected to RIS and NOMA. The closed-form outage probability expressions for
blind-RIS-smart reflector (SR)-NOMA uplink and blind-RIS-AP-NOMA uplink are derived
in Section 3. The optimum powers to allocate for maximizing uplink sum capacity are
detailed in Section 4. In Section 5, Monte-Carlo simulations are performed to verify the
obtained analytical expressions. Section 6 wraps up the work by considering future works.

2. Related Work

In [11], the RIS-assisted millimetre wave (mmWave) multi-user system’s uplink is
examined. By jointly optimizing RIS phase shifts, analog-to-digital converter (ADC) quan-
tization bits, and a beamforming selection matrix under the hardware constraints, the
attainable sum capacity is increased. A block coordinated descent (BCD)-based technique is
suggested to solve this non-convex problem. It is shown that the proposed BCD algorithm
works better than cutting-edge methods. To increase spectrum efficiency, a multi-user
uplink with RIS support is recommended in [12]. In this work, a virtual constellation is
built using RIS to transmit data from an additional user. By taking into account two users,
the analytical average bit error rate (ABER) expressions are obtained.

For cost- and power-effective coverage extension, a hybrid transmission strategy
combining RIS and decode-and-forward (DF) relays is recommended in [13]. Simulations
demonstrate that when used in conjunction rather than as competing technologies, RIS and
DF relaying significantly improve rate and error performance. An RIS-aided DF cooperative
relaying with energy harvesting is presented in [14]. The effect of spatial correlation
between RIS elements is also investigated. In terms of energy harvesting capability and
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outage probability, the proposed system is analyzed. Finally, index modulation (IM) is
added to the idea of joint RIS and DF relaying. For indoor and outdoor environments and
various frequency bands, the benefits of RIS deployment are examined in [15]. For both
single- and multiple-RIS, the system is tested. It has been demonstrated that RIS-assisted
systems greatly enhance achievable rates and error performance for indoor and outdoor
environments, as well as different operating frequencies.

For orthogonal frequency division multiplexing (OFDM)-based NOMA, a low-complexity
user selection and power allocation mechanism is presented in [16]. Users who do not meet
the derived criterion are removed. The expressions for closed-form optimal power alloca-
tion are derived to maximize the weighted sum capacity of users. The results reveal that the
suggested system outperforms the optimal exhaustive user search technique, while being
significantly less complex. In [17], NOMA-aided mmWave networks are presented, which
can suit the needs of users in a variety of applications. For user association, the Lagrange
dual decomposition approach is employed, while power and subcarrier allocation are
handled using semi-supervised learning and deep neural networks. The proposed method
enhances energy efficiency while meeting the quality of service (QoS), power budget, and
interference limitations constraints.

The uplink and downlink multiple user power domain NOMA is presented in [18],
where it is assumed that the fading links of each user follow distinct distributions, such
as Rayleigh, Rician, Nakagami-m, Nakagami-q, κ − µ, and η − µ. Closed-form outage
probability expressions are developed for both uplink and downlink, assuming both statis-
tical channel state information and instantaneous channel-based ordering. The simulation
results are finally presented to verify the analytical expressions. NOMA can be utilized in
land mobile satellite communications to improve coverage and link reliability [19]. Two
terrestrial user nodes are used to execute the NOMA uplink, while a satellite is used to do
successive interference cancellation (SIC) or joint decoding. The shadowed Rician fading
channel is used to develop the closed-form outage probability expressions. Monte-Carlo
simulations are performed to validate the closed-form expressions.

Downlink NOMA’s energy efficiency and fairness are maximized by optimizing sub-
carrier and power allocation jointly [20]. To accomplish this, a novel greedy subcarrier
allocation approach with minimal complexity and fast convergence is proposed. NOMA
and cognitive radio (CR) are powerful solutions that address wireless communication’s
spectrum scarcity issue. NOMA and CR are integrated in [21] to improve spectrum effi-
ciency. For a two-user case, the closed-form outage probability expressions are constructed.
It is also proven that fairness between two users is realized through proper power factor
allocation. NOMA does not surpass orthogonal multiple access (OMA) in terms of spectral
efficiency gain when the channel gains of various users are not significantly different [22].
In these circumstances, classic OMA is preferable. In NOMA, fairness among users can be
attained through effective power allocation. However, increasing the rate of weaker users
may result in a decrease in the rate of stronger users. The addition of RIS to NOMA can
improve its performance by enabling stronger combined channels.

The effects of coherent and random phase shifting on the performance of RIS-aided
NOMA are investigated in [23]. Analytical and simulation results reveal the trade-off
between complexity and reliability. To improve reception reliability, a low-complexity
phase selection approach is also presented. In [24], multiple RIS are used in NOMA to
increase the quality of each user’s received signal. Based on the availability of a line-of-sight
(LoS) between the BS and the user, the outage probability expressions are derived. For high
signal-to-noise-ratio (SNR) regimes, the upper and lower bounds of outage probability
expressions are derived. It is proven that the diversity order is not degraded when using
a discrete phase shifter. It is also proven that RIS with a three-bit discrete phase shifter
achieves near-optimal outage performance. The simulation results further demonstrate
that RIS outperforms full duplex DF relays.

In [25], the outage probability of RIS-assisted NOMA downlink transmission is exam-
ined for two users. RIS is used here between the source and the users. It has been shown
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that the introduction of RIS increases the performance of the far user. Analysis is also
done on the impact that the number of RIS elements, power factor allocation, desired rates,
and SNR have on the probability of an outage. Fairness among users is ensured by the
implementation of RIS.

In [22], the joint optimization of transmit beamforming at the BS and phase shifts at
the RIS are solved by block coordinated descent and semi-definite relaxation techniques to
improve the user fairness in a downlink scenario of RIS-assisted NOMA system. Depending
on the channel strength, the users are ordered. It is shown that the suggested RIS-assisted
NOMA outperforms the traditional NOMA and traditional OMA with and without RIS
in terms of the downlink sum capacity. It employs a low-resolution phase shifter with a
performance that is nearly identical to that of an ideal RIS with an infinite resolution phase
shifter. Here, the outage probability of ordered users is not investigated. It is noted that
even for more passive controllable reflecting elements, the improvements in sum capacity
are not appreciably greater. The authors intended to increase user fairness in this case. As a
result, even with higher SNR, the sum capacity remains nearly constant. In this study, an
LoS is assumed to exist between the BS and the RIS, and the BS-RIS channel is modeled
using the Rician distribution. Rayleigh distribution is used to model the RIS-users channel
since it is expected that there is a non-line-of-sight (NLoS) between the RIS and the users.
The LoS assumption between BS and RIS is not realistic in many cases. The system has not
been analyzed for RIS as an AP setup.

In [26], the performance of the cell edge user device is improved by employing IRS-
assisted NOMA in both the uplink and the downlink. In this paper, a blind-RIS system is
proposed for the uplink scenario of both users in a NOMA system. For each case, closed-
form outage probability and Ergodic rate expressions are derived. The number of RIS
elements appears to have an effect on the diversity order. Furthermore, the RIS-assisted
system outperforms the full duplex DF relay system. In [27], it is proven that RIS-aided
mmWave NOMA in the downlink scenario outperforms mmWave NOMA without RIS.
A downlink IRS-aided system over fading channels is considered in which two users are
served by different multiple access techniques, namely, NOMA, time division multiple
access (TDMA) and frequency division multiple access (FDMA) system in [28]. A success
convex approximation method is framed for the joint optimization of phase shift and
resource allocation in solving average sum rate maximization. It is observed that the focus
is mainly on the sum rate maximization and error performance of an RIS-assisted downlink
NOMA system with and without the assistance of intelligent RIS.

RIS is an excellent option for improving the performance of vehicle-to-everything
(V2X) applications. In [29], it is proven that RIS improves QoS demands for vehicle-to-
infrastructure (V2I) and vehicle-to-vehicle (V2I) communications, assuming slowly varying
channels. However, the nature of V2X channels is rapidly changing. Recently, the concept
of blind-RIS was introduced in [30]. It has been proven that blind-RIS systems have the
advantage of improving SNR by N times at the user end. In blind-RIS, low-cost and passive
reflector elements are used for transmission without RF processing. This is more suitable for
the uplink process. The following research gaps have been identified from the related work:

• The majority of the research assumes intelligent RIS, where the BS-RIS and RIS-users’
channels are known in advance at the RIS. Each RIS element in these models is
supposed to pre- and post-cancel the phase distortions brought on by the related
channels. The channels are rapidly varying in applications such as V2X. It is quite
difficult to gather precise channel information for every user, especially when there
are many users and reflecting elements;

• The majority of classic works presuppose the deployment of RIS between the transmit-
ter and receiver. The received signal at the RIS may be quite weak when it is far from
the transmitter. RIS may not therefore provide the anticipated benefits. The majority
of studies examined the sum capacity and outage probability for RIS when configured
as an SR. These models might not be realistic in all scenarios;
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• Further, it is also noted that outage analysis and optimal power allocation for near
user and far user of the uplink NOMA system with RIS have not been addressed.

In this paper, the concept of blind-RIS is used for the uplink process, especially in the
NOMA system. Motivated by these observations, the technical contributions of this paper
are listed below:

• Two different system models are proposed for the blind-RIS-assisted uplink NOMA system:

i. RIS is modeled as a smart reflector (SR) for the near and far users of the uplink
NOMA system and it is termed as blind-RIS-SR-NOMA.

ii. RIS is modeled as an access point (AP) for the near and far users of the uplink
NOMA system and it is termed as blind-RIS-AP-NOMA.

• The optimization problem is formulated to allocate optimal powers at both near
and far users to maximize the sum rate of the proposed uplink NOMA systems.
Closed-form expressions for optimal power allocation are also obtained by solving the
optimization problem;

• Extensive Monte-Carlo simulations are performed to corroborate the closed-form
expressions that have been derived. The analytical and simulation curves are nearly
identical, indicating that the obtained expressions are accurate.

3. Outage Analysis of Blind-RIS-NOMA Uplink System

In this section, uplink outage probability expressions are derived considering RIS as
an SR and AP.

3.1. Outage Probability of the Blind-RIS-SR-NOMA System for Uplink Transmission

3.1.1. System Model

A sample scenario of a blind-RIS-SR-NOMA uplink system with two users is shown
in Figure 1. Blind RIS, which does not perform any phase compensation, is deployed in the
environment and serves as an SR. The BS is located far from the users. Due to this, users
can communicate with the BS via two hops. Both users and the BS are equipped with single
antenna. x1 and x2 are the unit average energy symbols corresponding to users 1 and 2,
respectively. The channel between the jth user and the ith RIS element is represented as gji.
The channel is assumed to be zero mean circularly symmetric complex Gaussian with unit
variance. The channel between the ith RIS element and BS is hi. µ1 and µ2 are the power
fractions allotted to users 1 and 2, respectively, where µ1 + µ2 = 1.

𝑟 = 𝑔 𝜇  𝜅 𝑥 + 𝑔 𝜇  𝜅 𝑥 , 𝑖 = 1,2 … 𝑁𝜅
𝑦 = ℎ 𝑟 + 𝑛

𝑛 ∈ ∁ℵ(0, 𝑁 ) 
𝑦 = ℎ 𝑔 𝜇  𝜅 𝑥 + ℎ 𝑔 𝜇  𝜅 𝑥 + 𝑛

𝐿 = ℎ 𝑔 ∈ ∁ℵ(0, 𝑁)
𝑀 = ℎ 𝑔 ∈ ∁ℵ(0, 𝑁)

𝑥 𝑥
𝜐 = 𝜇  𝜅 |𝐿|𝜇  𝜅 |𝑀| + 𝑁 = 𝜇  𝜅|𝐿|𝜇  𝜅|𝑀| + 1 𝜅 = 𝛼 = |𝐿| 𝛼 = |𝑀|

𝑓 (𝛼 ) = 1𝑁𝜈 𝑒𝑥𝑝 − 𝛼𝑁𝜈

Figure 1. A sample scenario of the blind-RIS-SR-NOMA uplink.
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The signal from users received at the ith RIS element is given by

ri = g1i
√

µ1 κsx1 + g2i
√

µ2 κsx2, i = 1, 2 . . . N (1)

where κs is the transmit power. The superposed signal received at the BS is [30–32]

yBS =
N

∑
i=1

hiri + nBS (2)

where nBS ∈ ∁ℵ(0, N0) is the complex Gaussian noise added at the BS. Substituting (1) in
(2) gives

yBS =

(
N

∑
i=1

hig1i

)
√

µ1 κsx1 +

(
N

∑
i=1

hig2i

)
√

µ2 κsx2 + nBS (3)

Let

L =
N

∑
i=1

hig1i ∈ ∁ℵ(0, N) (4)

M =
N

∑
i=1

hig2i ∈ ∁ℵ(0, N) (5)

The BS decodes x1 first, with x2 being handled as interference. The SINR of user 1 at
BS is given by [18]

υx1 =
µ1 κs|L|2

µ2 κs|M|2 + N0
=

µ1 κ|L|2
µ2 κ|M|2 + 1

(6)

where κ = κs
N0

is the transmit SNR. Let α1 = |L|2 and α2 = |M|2. The corresponding
probability density functions (pdf) are given by

fA1
(α1) =

1

Nν1
2

exp

(
− α1

Nν1
2

)
(7)

fA2
(α2) =

1

Nν2
2

exp

(
− α2

Nν2
2

)
(8)

In the above expressions, Nν1
2 and Nν2

2 are the average channel gains of user 1 and
user 2, respectively, i.e., E{α1} = Nν1

2 and E{α2} = Nν2
2.

3.1.2. Outage Analysis for User 1

The outage for user 1 occurs under the condition

log2(1 + υx1) < D̃1 (9)

where D̃1 is the desired rate of user 1. Substituting (6) in (9) and solving for α1 gives the
condition for the outage.

α1 <
D1(1 + µ2κα2)

µ1 κ
(10)

where D1 = 2D̃1 − 1. The detailed derivation of (10) is highlighted in Appendix A.
The probability of outage expression for user 1 is obtained using

P

(
α1 <

D1(1 + µ2κα2)

µ1 κ

)
=
∫ ∞

0
FA1

(
D1(1 + µ2κα2)

µ1 κ

)
fA2

(α2)dα2 (11)

where the cumulative distributive function (CDF) of A1 is expressed as

FA1

(
D1(1 + µ2κα2)

µ1 κ

)
=
∫ D1(1+µ2κα2)

µ1 κ

0
fA1

(α1) dα1= 1 − exp

{
−D1(1 + µ2κα2)

µ1 κNν1
2

}
(12)
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The detailed derivation of (12) is highlighted in Appendix B. The above expression is
a function of a random variable α2. This expression needs to be averaged with respect to α2.
Substituting (12) in (11) gives

P

(
α1 <

D1(1 + µ2κα2)

µ1 κ

)
=
∫ ∞

0

(
1 − exp

{
−D1(1 + µ2κα2)

µ1 κNν1
2

})
fA2

(α2)dα2 (13)

Solving the above expression results in a probability of outage of user 1, which is
given by

PUser1
out = 1 −

exp
{
− D1

µ1 κNν1
2

}

1 + µ2D1ν2
2

µ1 ν1
2

(14)

The detailed derivation of (14) is highlighted in Appendix C.

3.1.3. Outage Analysis for User 2

After decoding the signal of user 1, its impact is removed from the received super-
posed signal.

y2 =

(
N

∑
i=1

hig2i

)
√

µ2 κx2 + nBS (15)

The SNR of user 2 is given by [18]

υx2 =
µ2 κS|M|2

N0
= µ2 κ|M|2 (16)

The outage does not occur for user 2, when x1 and x2 are decoded successfully. The
system should satisfy the following QoS requirements of both users [18].

log2(1 + υx1) ≥ D̃1 (17)

log2(1 + υx2) ≥ D̃2 (18)

where D̃2 is the desired rate demand of user 2. The following conditions for no outage of
user 2 are obtained by simplifying (17) and (18).

α1 ≥ D1(1 + µ2κα2)

µ1 κ
(19)

α2 ≥ D2

µ2 κ
(20)

where D2 = 2D̃2 − 1. The expression in (19) can be obtained by using steps similar to
Appendix A. The detailed derivation of (20) is highlighted in Appendix D.

The probability of no outage is obtained using

P

(
α1 ≥ D1(1 + µ2κα2)

µ1 κ
, α2 ≥ D2

µ2 κ

)
=

exp
(
−
(

D1
µ1 κNν1

2 +
D2

µ2 κNν2
2 +

D1D2

µ1 κNν1
2

))

1 + µ2D1ν2
2

µ1 ν1
2

(21)

The detailed derivation of (21) is highlighted in Appendix E. The probability of outage
of user 2 is given by

PUser2
out = 1 −

exp
(
−
(

D1
µ1 κNν1

2 +
D2

µ2 κNν2
2 +

D1D2

µ1 κNν1
2

))

1 + µ2D1ν2
2

µ1 ν1
2

(22)
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3.2. Outage Probability of Blind-RIS-AP-NOMA System for Uplink Transmission

RIS is typically placed near the BS or receiver in real applications. In [30,31], RIS as
an AP scenario is discussed in which the RIS is deployed quite close to the BS, and both
are connected via a dedicated link. As a result, the BS-RIS channel is insignificant. The
transmission is possible without RF processing. Figure 2 illustrates a typical blind-RIS-AP-
NOMA uplink scenario. The signals received by each RIS element are combined at AP/BS.
The superposed signal received at the BS is given by [32]

yBS =

(
N

∑
i=1

g1i

)
√

µ1 κsx1 +

(
N

∑
i=1

g2i

)
√

µ2 κsx2 + nBS (23)

𝛼 ≥ 𝐷 (1 + 𝜇 𝜅𝛼 )𝜇  𝜅  𝛼 ≥  𝐷 = 2  − 1
𝑃 𝛼 ≥ 𝐷 (1 + 𝜇 𝜅𝛼 )𝜇  𝜅 , 𝛼 ≥ 𝐷𝜇  𝜅 = 𝑒𝑥𝑝 −  +  +  1 +  

𝑃 = 1 −    
 

𝑦 = 𝑔 𝜇  𝜅 𝑥 + 𝑔 𝜇  𝜅 𝑥 + 𝑛
𝐿 = 𝑔 ∈ ∁ℵ(0, 𝑁)

Figure 2. A sample scenario of the blind-RIS-AP-NOMA uplink.

Let

L =
N

∑
i=1

g1i ∈ ∁ℵ(0, N) (24)

M =
N

∑
i=1

g2i ∈ ∁ℵ(0, N) (25)

We can obtain expressions like (14) and (22) for outages of user 1 and user 2, if we
perform the analysis stated previously.

4. Optimal Power Allocation for Uplink Sum Capacity Maximization

The uplink sum capacity is given by

C = CUser1 + CUser2 = log2

(
1 +

µ1 κ α1

µ2 κ α2 + 1

)
+ log2(1 + µ2 κ α2) (26)

where CUser1 and CUser2 are the capacity (b/s/Hz) achieved by user 1 and user 2, respectively.

C = log2

(
µ2 κ α2 + 1 + µ1 κ α1

µ2 κ α2 + 1

)
+ log2(1 + µ2 κ α2) (27)

Simplifying (27) results in

C = log2(1 + µ2 κ α2 + µ1 κ α1) (28)

Substituting µ2 = 1 − µ1 in (28) gives

C = log2(1 + κα2 + µ1κ(α1 − α2)) (29)
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To maximize the sum capacity, the power fractions allocated to users 1 and 2 must
be optimized. The users should be able to meet the expected QoS requirements without
experiencing an outage, and the sum of the power fractions should equal 1. The following
optimization problem is formulated in order to identify the feasible region for both users:

max
µ1, µ2

{log2(1 + κα2 + µ1κ(α1 − α2))} (30)

Subject to

log2(1 + υx1) ≥ D̃1

log2(1 + υx2) ≥ D̃2

µ1 + µ2 = 1
0 < µj < 1, j = 1, 2

From (29), it is clear that C is a monotonically increasing function of µ1. When µ1 = 0,
C becomes 1 + κα2. For µ1 = 1, C reaches 1 + κα1. For maximum uplink capacity, µ1 = 1.
This may not satisfy the QoS demand of user 2. The optimization problem formulated in
(30) for optimal power allocation to user 1 and user 2 is non-convex in nature. Alternatively,
an analytical method is used to identify the feasibility region. Solving (17) for µ1, the
feasible region for user 1 can be obtained.

µ1 ≥ D1(1 + κα2)

κ(α1 + α2D1)
(31)

The detailed derivation of (31) is highlighted in Appendix F. Similarly, solving (20) for
µ1 gives a feasible region for user 2.

µ1 ≤ κα2 − D2

κ α2
(32)

The detailed derivation of (32) is highlighted in Appendix G. By combining the
conditions (31) and (32),

D1(1 + κα2)

κ(α1 + α2D1)︸ ︷︷ ︸
µ1min

≤ µ1 ≤ κα2 − D2

κ α2︸ ︷︷ ︸
µ1max

(33)

The above equation can be written as

D1(1 + κα2)

κ(α1 + α2D1)
≤ κα2 − D2

κ α2
(34)

Simplifying (34) for κ results in

κ ≥ D1

α1
+

D2

α2
+

D1D2

α1
(35)

The simplification of (34) is given in Appendix H. The condition in (35) is the minimum
SNR required to meet the QoS constraints of both the users. The optimal power to be
allocated for user 1 is the maximum value of µ1.

µ
opt
1 =

κα2 − D2

κ α2
(36)

The remaining power is allocated to user 2

µ
opt
2 = 1 − µ

opt
1 (37)
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5. Results and Discussion

In this section, Monte-Carlo simulations are used to substantiate the outage probability
and sum capacity performances of the proposed blind-RIS-NOMA uplink. The simula-
tions are repeated for 106 channel realizations and the average results are presented. The
simulation parameters are listed in Table 1.

Table 1. Simulation parameters [18,21,25,30,31].

Parameters Value

Number of reflecting elements 32, 64, 128, 256, 512
Number of users 2

Average channel gain of user 1 5
Average channel gain of user 2 1

The desired rate of users (b/s/Hz) 1
Power allocated to user 1 0.9, 0.7
Power allocated to user 2 0.1, 0.3

Block size 106

For the blind-RIS-assisted NOMA uplink, the closed-form probability of outage ex-
pressions is developed in this work. The related works have emphasized that NOMA
does not necessarily outperform OMA. RIS is introduced to enhance the performance of
conventional NOMA. Most classic works take an ideal RIS with an infinite resolution phase
shifter into consideration. A low-resolution phase shifter RIS is taken into consideration in
several works. Here, we sought to demonstrate that even a blind-RIS will have a consider-
able impact on the effectiveness of uplink outages and sum capacity. For a classic NOMA
uplink, the probability of outage expressions is derived in [18].

The probability of outage expressions for user 1 of the traditional NOMA system is
given by [18]

PUser 1
out_NOMA = 1 −

exp
{
− D1

µ1 κζ1
2

}

1 + µ2D1ζ2
2

µ1 ζ1
2

(38)

where ζ1
2 and ζ2

2 are the average channel gains of user 1 and user 2 of a traditional NOMA
system. The probability of outage expression for user 2 of a traditional NOMA system is
given by [18]

PUser 2
out_NOMA = 1 −

exp
(
−
(

D1
µ1 κζ1

2 +
D2

µ2 κζ2
2 +

D1D2

µ1 κζ1
2

))

1 + µ2D1ζ2
2

µ1 ζ1
2

(39)

Hence, the proposed model is compared to the classic NOMA discussed in [18].
The outage performance of the proposed blind-RIS-SR-NOMA and traditional NOMA

is shown in Figure 3. The power fractions assigned to users 1 and 2 are 0.9 and 0.1,
respectively. The number of RIS elements is 32. Due to higher channel gain and more
power allocation for user 1, the outage probability of user 1 of traditional NOMA is better

than user 2. As per (38), a larger µ1 makes larger exp
{
− D1

µ1 κζ1
2

}
. This results in a lower

outage probability compared to user 2. The introduction of blind-RIS elements in the
environment increases the array gain, thereby decreasing the outage probability. RIS adds
N channel paths to create stronger combined channels. In accordance with (14) and (21), N
is introduced to the probability of outage expressions for the RIS-assisted NOMA system.

Higher µ1 and N make exp
{
− D1

µ1 κNν1
2

}
in (14) higher. As a result, user 1 of the proposed

system is less likely to experience an outage than in the conventional NOMA system.

Similarly, N is introduced into the denominator of exp
(
− 1

N

(
D1

µ1 κν1
2 +

D2
µ2 κν2

2 +
D1D2

µ1 κν1
2

))

of (21). When compared to a traditional NOMA system, a higher N introduces a significant
reduction in the outage probability of user 2. At the SNR of 10 dB, user 1′s outage probability
in the blind-RIS-SR-NOMA and traditional NOMA is 0.0224 and 0.0432, respectively. User
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2’s outage probability in the blind-RIS-SR-NOMA and traditional NOMA is 0.0532 and
0.6558, respectively, for 10 dB SNR. A drastic reduction in outage probability is observed
for user 2 when blind-RIS elements are introduced.

𝑃 _  = 1 −    
  

𝜇  𝑒𝑥𝑝 −  
 𝑁 𝑁 𝜇  𝑁 𝑒𝑥𝑝 −  

𝑁 𝑒𝑥𝑝 −  +  +
 𝑁

′

𝜇 = 0.9𝜇 = 0.1Figure 3. Outage probability comparison between blind-RIS-SR-NOMA and NOMA for µ1 = 0.9 and

µ2 = 0.1.

The outage analysis is repeated in Figure 4 by keeping everything the same as in
Figure 3 except the power factors. Users 1 and 2 have been given power fractions of 0.7 and
0.3, respectively. User 1’s outage probability in the blind-RIS-SR-NOMA and traditional
NOMA is 0.0798 and 0.1049, respectively, for 10 dB SNR. User 2’s outage probability in the
blind-RIS-SR-NOMA and traditional NOMA is 0.0901 and 0.3767, respectively, for 10 dB
SNR. It has been noted that the possibility of an outage for both systems has increased as a
result of the reduction in power allocated to user 1. The probability of an outage for both
systems is decreased by the increased power factor allocation for user 2.

𝜇 = 0.7𝜇 = 0.3  𝑁

 𝑁 𝑁
𝑁 =512, 256, 128, 64, and 32 𝑁

Figure 4. Outage probability comparison between blind-RIS-SR-NOMA and NOMA for µ1 = 0.7 and

µ2 = 0.3.
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For various choices of N, the outage probability of user 1 in the blind-RIS-SR-NOMA
uplink is shown in Figure 5. User 1 of blind-RIS-SR-NOMA has a lower outage probability
than user 2 due to the higher channel gain and greater power allocation. The probability of
an outage decreases as the number of reflecting elements grows. The outage probabilities
of the proposed blind-RIS system are 0.0219, 0.0221, 0.0224, 0.0231, and 0.0244, with the
number of elements 512, 256, 128, 64, and 32 at 4 dB SNR. At low SNR, it is observed that
there is a gap between the theoretical and simulation curves, due to the assumptions made
in (4) and (5) for mathematical tractability. However, the theoretical and simulation curves
are nearly identical for higher values of N. For various choices of N, the outage probability
of user 2 of the blind-RIS-SR-NOMA uplink is shown in Figure 6. The probability of an
outage falls as the number of reflecting elements grows. The outage probability of a blind-
RIS system is 0.0297, 0.0375, 0.053, 0.0833, and 0.1409 with N = 512, 256, 128, 64, and 32,
at 4 dB SNR. For higher values of N, the analytical and simulation curves are found to be
very similar.

𝑁

𝑁

Figure 5. Outage probability comparison of blind-RIS-SR-NOMA user 1 for various choices of N.

According to the configuration of the simulation, user 1 has a stronger channel than
user 2. The capacity of user 2 is reduced as a result of improper random power allocation.
The sum capacity is finally reduced as a result. In the proposed work, the power factors are
optimally chosen with the objective of maximizing the sum capacity while also satisfying
the minimum rate requirements of each individual user. For various values of N, the sum
capacity (b/s/Hz) of the blind-RIS-SR-NOMA uplink is shown in Figure 7. It has been
observed that increasing N increases the sum capacity regardless of optimal or sub-optimal
power allocations. To validate the performance of optimal power allocation, the following
sub-optimal power allocation is used for comparison:

µ
sub−opt
1 =

µ1min + µ1max

2
(40)

µ
sub−opt
2 = 1 − µ

sub−opt
1 (41)
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𝑁Figure 6. Outage probability comparison of blind-RIS-SR-NOMA user 2 for various choices of N.

𝑁𝑁

𝑁
𝜇 = 𝜇 + 𝜇2𝜇 = 1 − 𝜇

𝑁𝑁

𝑁
′𝑁

Figure 7. Sum capacity (b/s/Hz) comparison of blind-RIS-SR-NOMA for optimal and sub-optimal

power allocations and various choices of N.

The sum capacity is maximized when optimal powers are allocated as per (36) and
(37), compared to sub-optimal power allocations as per (40) and (41). The sum capacity of
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the optimal and sub-optimal power allocations for N = 32 and 20 dB SNR are 13.21 b/s/Hz
and 12.71 b/s/Hz, respectively. Other values of N show nearly identical gains.

In Figure 8, the outage performance of the proposed blind-RIS-AP-NOMA and tra-
ditional NOMA is shown. The parameters used in this simulation are similar to those in
Figure 3. User 1 of the blind-RIS-AP-NOMA has a lower outage probability than user 2
due to the higher channel gain and greater power allocation. The presence of RIS elements
in the environment boosts array gain, lowering the probability of an outage. Blind-RIS-AP-
NOMA achieves nearly identical results as blind-RIS-SR-NOMA when compared to the
traditional NOMA system. For various choices of N, the outage probability of user 1 of the
blind-RIS-AP-NOMA uplink is compared in Figure 9. Figure 9’s explanation is identical to
that of Figure 5. In Figure 10, the outage probability of user 2 of the blind-RIS-AP-NOMA
uplink is shown for various values of N.

The proposed blind-RIS-AP-NOMA uplink’s sum capacity (b/s/Hz) is shown in
Figure 11, for various values of N. It has been observed that raising N increases the sum
capacity regardless of whether power allocations are optimal or sub-optimal. When optimal
powers are allocated, as per (36) and (37), against sub-optimal power allocations, as per
(40) and (41), the sum capacity is increased. For N = 32 and 20 dB SNR, the sum capacities
of the optimal and sub-optimal power allocations are 13.11 b/s/Hz and 12.64 b/s/Hz,
respectively. Other N values yield essentially equal results.

For optimal and sub-optimal power allocations, the sum capacities (b/s/Hz) of
NOMA, blind-RIS-SR-NOMA, and blind-RIS-AP-NOMA are compared in Figure 12. For
all systems, the sum capacity of the optimal power allocation is greater than that of the sub-
optimal power allocation. The blind-RIS-AP-NOMA system’s capacity is nearly identical
to that of the blind-RIS-SR-NOMA system. For 32 RIS elements and 20 dB SNR, the sum
capacity of the optimal power assigned blind-RIS-SR-NOMA, blind-RIS-AP-NOMA, and
traditional NOMA is 13.21 b/s/Hz, 13.11 b/s/Hz, and 8.13 b/s/Hz, respectively. In com-
parison to the traditional NOMA system, this represents a ≈38% increase in sum capacity.
The sum capacity of the optimal and sub-optimal power assigned blind-RIS-SR-NOMA
is 14.12 b/s/Hz and 13.64 b/s/Hz, respectively, for 64 RIS elements and 20 dB SNR. The
sum capacity for the optimal power allocation is ≈3.4% higher than for the sub-optimal
power allocation. The sum capacity of optimal power allotted blind-RIS-SR-NOMA is
improved by ≈6.44% by increasing N from 32 to 64. The number of reflecting elements can
be increased to further improve the results.

𝑁

Figure 8. Outage probability comparison between blind-RIS-AP-NOMA and NOMA.
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𝑁Figure 9. Outage probability comparison of blind-RIS-AP-NOMA user 1 for various choices of N.

𝑁
𝑁 𝑁

𝑁 𝑁

𝑁

Figure 10. Outage probability comparison of blind-RIS-AP-NOMA user 2 for various choices of N.
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𝑁
𝑁 𝑁

𝑁 𝑁

𝑁Figure 11. Sum capacity (b/s/Hz) comparison of blind-RIS-AP-NOMA for optimal and sub-optimal

power allocations and various choices of N.

≈
≈≈ 𝑁

≈

0 5 10 15 20
SNR (dB)

0

5

10

15
Blind-RIS-SR-NOMA-Opt-N=32
Blind-RIS-SR-NOMA-Sub-Opt-N=32

Blind-RIS-AP-NOMA-Sub-Opt-N=32
NOMA-Opt
NOMA-Sub-Opt
Blind-RIS-SR-NOMA-Opt-N=64
Blind-RIS-SR-NOMA-Sub-Opt-N=64
Blind-RIS-AP-NOMA-Opt-N=64
Blind-RIS-AP-NOMA-Sub-Opt-N=64

Blind-RIS-AP-NOMA-Opt-N=32

Figure 12. Sum capacity (b/s/Hz) comparison of NOMA, blind-RIS-SR-NOMA and blind-RIS-AP-

NOMA for optimal and sub-optimal power allocations.

6. Conclusions

Blind-RIS-SR-NOMA and blind-RIS-AP-NOMA uplink users’ outage probability ex-
pressions are derived in this paper. Monte-Carlo simulation curves are utilized to sub-
stantiate the derived closed-form expressions. The analytical and simulation curves are
nearly identical, indicating that the obtained expressions are accurate. The probability
of an outage decreases as the number of reflecting elements grows. The optimal powers
to be allocated to the users are also determined to maximize the uplink sum capacity.
Optimal power allocation has a higher sum capacity than sub-optimal power allocation.
By increasing the number of reflecting elements, the sum capacity can be increased even
further. The sum capacity of blind-RIS-SR-NOMA is likewise slightly higher than that of
blind-RIS-AP-NOMA. In terms of sum capacity for 20 dB SNR and 32 RIS elements, the
blind-RIS-SR-NOMA system surpasses the conventional NOMA system by ≈38%. This
study can be expanded to include intelligent RIS-assisted communication, in which the
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channel information is known in advance at the RIS. This work can be practiced for discrete
phase shifter-assisted RIS and generalized to a large number of users.
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Nomenclature

Symbol Description

xj Unit average energy symbol corresponding to jth user

hi Channel between ith RIS element and BS

gj i Channel between jth user and ith RIS element

µj Power fractions allotted to jth user

N Number of reflecting elements

κs Transmit power

ri Signal from users received at the ith RIS element

yBS Superposed signal received at the BS

nBS Complex Gaussian noise added at the BS

L Combined channel effect of user 1 to BS

M Combined channel effect of user 2 to BS

αj Instantaneous channel gain of jth user

υx1 SINR of user 1 at BS

κ Transmit SNR

D̃j Desired rate of jth user

P
User j
out Probability of outage of jth user of proposed system

υx2 SNR of user 2

µ
opt
j Optimal power allocated to jth user

µ
sub−opt
j Sub-optimal power allocated to jth user

P
User j
out_NOMA Probability of outage of jth user of NOMA system

ζ j
2 Average channel gain of jth user of traditional NOMA

Appendix A. Condition for an Outage at User 1

Substituting (6) in (9) gives

log2

(
1 +

µ1 κα1

µ2 κα2 + 1

)
< D̃1 (A1)
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Taking antilog with respect to base-2 on both sides results in

1 +
µ1 κα1

µ2 κα2 + 1
< 2D̃1 (A2)

µ1 κα1

µ2 κα2 + 1
< 2D̃1 − 1︸ ︷︷ ︸

D1

(A3)

µ1 κα1 < D1(µ2 κα2 + 1) (A4)

Simplifying (A4) results in (10).

Appendix B. CDF of A1

Substituting (7) in (12) gives

∫ D1(1+µ2κα2)
µ1 κ

0
fA1

(α1) dα1 =
∫ D1(1+µ2κα2)

µ1 κ

0

1

Nν1
2

exp

(
− α1

Nν1
2

)
dα1 =

1

Nν1
2

∫ D1(1+µ2κα2)
µ1 κ

0
exp

(
− α1

Nν1
2

)
dα1 (A5)

Simplifying (A5) gives the expression in (12).

Appendix C. The Outage Probability Expression of User 1

Substituting (8) in (13) gives

P

(
α1 <

D1(1 + µ2κα2)

µ1 κ

)
=
∫ ∞

0

(
1 − exp

{
−D1(1 + µ2κα2)

µ1 κNν1
2

})
1

Nν2
2

exp

(
− α2

Nν2
2

)
dα2 (A6)

=
1

Nν2
2

∫ ∞

0
exp

(
− α2

Nν2
2

)
dα2 −

1

Nν2
2

∫ ∞

0
exp

{
−D1(1 + µ2κα2)

µ1 κNν1
2

}
·exp

(
− α2

Nν2
2

)
dα2 (A7)

= 1 − 1

Nν2
2

∫ ∞

0
exp

{
− D1

µ1 κNν1
2

}
·exp

{
− D1µ2κα2

µ1 κNν1
2

}
·exp

(
− α2

Nν2
2

)
dα2 (A8)

= 1 − 1

Nν2
2

exp

{
− D1

µ1 κNν1
2

} ∫ ∞

0
exp

{
−α2

(
1

Nν2
2
+

D1µ2κ

µ1 κNν1
2

)}
dα2 (A9)

= 1 − 1

Nν2
2

exp

{
− D1

µ1 κNν1
2

} exp
{
−α2

(
1

Nν2
2 +

D1µ2

µ1 Nν1
2

)}

−
(

1
Nν2

2 +
D1µ2

µ1 Nν1
2

)

∣∣∣∣∣∣

∞

0

(A10)

= 1 +
1

Nν2
2

exp

{
− D1

µ1 κNν1
2

}
(0 − 1)(

1
Nν2

2 +
D1µ2

µ1 Nν1
2

) (A11)

This results in expression (14).

Appendix D. Condition for No Outage at User 2

Substituting (16) in (18) gives

log2(1 + µ2 κα2) ≥ D̃2 (A12)

Taking antilog with respect to base-2 on both sides results in

(1 + µ2 κα2) ≥ 2D̃2 (A13)

µ2 κα2 ≥ 2D̃2 − 1︸ ︷︷ ︸
D2

(A14)

This results in expression (20).
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Appendix E. Probability of No Outage at User 2

P

(
α1 ≥ D1(1 + µ2κα2)

µ1 κ
, α2 ≥ D2

µ2 κ

)
=
∫ ∞

D2
µ2 κ

FA1

(
D1(1 + µ2κα2)

µ1 κ

)
fA2

(α2)dα2 (A15)

FA1

(
D1(1 + µ2κα2)

µ1 κ

)
= P

(
α1 ≥ D1(1 + µ2κα2)

µ1 κ

)
=
∫ ∞

D1(1+µ2κα2)
µ1 κ

fA1
(α1)dα1 (A16)

Substituting (7) in (A16) gives

FA1

(
D1(1 + µ2κα2)

µ1 κ

)
=

1

Nν1
2

∫ ∞

D1(1+µ2κα2)
µ1 κ

exp

(
− α1

Nν1
2

)
dα1 (A17)

Simplifying (A17) results in

FA1

(
D1(1 + µ2κα2)

µ1 κ

)
= exp

{
−D1(1 + µ2κα2)

µ1 κNν1
2

}
(A18)

Substituting (A18) in (A15)

P

(
α1 ≥ D1(1 + µ2κα2)

µ1 κ
, α2 ≥ D2

µ2 κ

)
=
∫ ∞

D2
µ2 κ

exp

{
−D1(1 + µ2κα2)

µ1 κNν1
2

}
fA2

(α2)dα2 (A19)

Substituting (8) in (A19)

P

(
α1 ≥ D1(1 + µ2κα2)

µ1 κ
, α2 ≥ D2

µ2 κ

)
=
∫ ∞

D2
µ2 κ

exp

{
− D1

µ1 κNν1
2

}
·exp

{
− D1µ2κα2

µ1 κNν1
2

}
· 1

Nν2
2

exp

(
− α2

Nν2
2

)
dα2 (A20)

=
1

Nν2
2

exp

{
− D1

µ1 κNν1
2

} ∫ ∞

D2
µ2 κ

exp

{
− D1µ2κα2

µ1 κNν1
2

}
· exp

(
− α2

Nν2
2

)
dα2 (A21)

=
1

Nν2
2

exp

{
− D1

µ1 κNν1
2

} ∫ ∞

D2
µ2 κ

exp

{
−α2

(
D1µ2

µ1 Nν1
2
+

1

Nν2
2

)}
dα2 (A22)

=

1
Nν2

2 exp
{
− D1

µ1 κNν1
2

}

−
(

D1µ2

µ1 Nν1
2 +

1
Nν2

2

)
[

0 − exp

{
− D2

µ2 κ

(
D1µ2

µ1 Nν1
2
+

1

Nν2
2

)}]
(A23)

=

1
Nν2

2 exp
{
− D1

µ1 κNν1
2

}

(
D1µ2

µ1 Nν1
2 +

1
Nν2

2

) · exp

{
− D1µ2D2

µ1κNν1
2µ2

}
·exp

{
− D2

µ2 κNν2
2

}
(A24)

Simplifying and rearranging (A24) results in (21).

Appendix F. Lower Bound of Optimal µ1

Substituting (6) in (17) gives

log2

(
1 +

µ1 κα1

µ2 κα2 + 1

)
≥ D̃1 (A25)

Taking antilog with respect to base-2 on both sides results in

1 +
µ1 κα1

µ2 κα2 + 1
≥ 2D̃1 (A26)
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µ1 κα1

µ2 κα2 + 1
≥ 2D̃1 − 1︸ ︷︷ ︸

D1

(A27)

µ1 κα1 ≥ D1µ2 κα2 + D1 (A28)

µ1 κα1 ≥ D1(1 − µ1 )κα2 + D1 (A29)

µ1 κα1 ≥ D1 + D1κα2 − D1µ1 κα2 (A30)

µ1(κα1 + D1κα2) ≥ D1(1 + κα2) (A31)

Simplifying (A31) results in (31).

Appendix G. Upper Bound of Optimal µ1

From (A14)
(1 − µ1)κα2 ≥ D2 (A32)

κα2 − κα2µ1 ≥ D2 (A33)

− κα2µ1 ≥ D2 − κα2 (A34)

κα2µ1 ≤ −D2 + κα2 (A35)

Simplifying (A35) results in (32).

Appendix H. Identifying the Feasibility Region

Rearranging (34) results in

D1α2(1 + κα2) ≤ (κα2 − D2) (α1 + α2D1) (A36)

D1α2 + D1κα2
2 ≤ κα1α2 + D1κα2

2 − D2α1 − D1D2α2 (A37)

D1α2 + D2α1 + D1D2α2 ≤ κα1α2 (A38)

Simplifying (A38) results in (35).
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