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Abstract—Innovative reconfigurable intelligent surface (RIS)
technologies are rising and recognized as promising candidates
to enhance 6G and beyond wireless communication systems.
RISs acquire the ability to manipulate electromagnetic signals,
thus, offering a degree of control over the wireless channel and
the potential for many more benefits. Furthermore, active RIS
designs have recently been introduced to combat the critical dou-
ble fading problem and other impairments passive RIS designs
may possess. In this paper, the potential and flexibility of active
RIS technology are exploited for uplink systems to achieve virtual
non-orthogonal multiple access (NOMA) through power dispar-
ity over-the-air rather than controlling transmit powers at the
user side. Specifically, users with identical transmit power, path
loss, and distance can communicate with a base station sharing
time and frequency resources in a NOMA fashion with the aid
of the proposed hybrid RIS system. Here, the RIS is partitioned
into active and passive parts and the distinctive partitions serve
different users aligning their phases accordingly while introduc-
ing a power difference to the users’ signals to enable NOMA.
First, the end-to-end system model is presented considering two
users. Furthermore, outage probability calculations and theoret-
ical error probability analysis are discussed and reinforced with
computer simulation results.

Index Terms—Reconfigurable intelligent surface (RIS), non-
orthogonal multiple access (NOMA), 6G, active RIS, amplifier,
optimization, outage probability, power allocation, smart reflect-
array, uplink.

I. INTRODUCTION

W IRELESS communication systems are evolving rapidly
in all communication layers, especially in the physical
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and MAC layers, to meet stringent 6G requirements.
Specifically, in the physical layer, promising approaches and
advancements have been investigated to enhance wireless
communication quality and performance [1], [2], [3], [4].
In general, the environment and channels in these wire-
less communication systems have been considered uncon-
trollable, which may lead to performance degradation by
negatively affecting the communication efficiency, quality-of-
service (QoS), and more [5], [6].

Recent advancements in meta materials have led to recon-
figurable intelligent surfaces (RISs) to control the wire-
less channel passively and thus, enhance communication
performance [4], [7], [8]. This popular technology has greatly
attracted the attention of both academia and industry. A RIS
is a large array with many cost-effective elements that can
reflect, adjust, absorb and even amplify impinging signals with
an adjustable reflecting coefficient [9]. By doing so, RISs may
artificially enhance existing wireless communication by sup-
pressing interference [10], [11], [12], increasing capacity [13],
[14], extending coverage [15], [16], [17], and providing energy
efficiency [18], [19], [20], all without the need for additional
RF chains. RISs may also be used in applications such as local-
ization, Wi-Fi, etc. Hence, the RIS technology is a promising
tool to exploit in wireless communication systems. However,
RISs do come with problems of their own. RISs typically
work best in scenarios where direct links do not exist or are
substantially weak [6], [21], [22]. Furthermore, a major chal-
lenge in RIS technology is the multiplicative path loss of the
transmitter-RIS-receiver link, hence, making significant gains
very difficult for passive RIS designs [6], [18], [23], [24].

A. Related Work

To combat the critical problem of multiplicative path
loss, sacrificing from the fully passive structure, the active
RIS concept has been introduced [6], [24]. In hopes of
overcoming the high path loss problem, active RISs not
only reflect the signals at the RIS but also amplify and
strengthen the power of the impinging signals at the expense
of additional power consumption and additional thermal noise
introduced through the active elements [24]. Active RIS
technology brings additional flexibility to RIS, which is pos-
sible to achieve more than just mitigating the multiplicative
path loss. By combining passive and active RIS tech-
nologies, hybrid systems may be constructed to enhance
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communication system performances and novel solutions [23],
[25]. Albeit its numerous benefits, active RIS designs also
have drawbacks such as increased hardware complexity,
increased power consumption and costs [18]. Hence, hybrid
designs considering passive and active architectures are more
promising.

Passive and active RIS technologies have also been
exploited and analyzed in non-orthogonal multiple access
(NOMA) schemes. A simple design is proposed in [26] by
employing multiple passive RISs and effectively aligning the
direction of users’ channel vectors to aid in NOMA. The sum
rate is maximized in downlink MISO RIS-NOMA systems
through joint beamforming designs at the BS and RIS. The
downlink transmit power is minimized for RIS NOMA through
joint optimization at the BS transmit beamformers and RIS
phases. Moreover, the impact of coherent and random phase
shift designs at the RIS are evaluated [27], [28], [29]. In addi-
tion, a power domain downlink NOMA scheme is proposed
by exploiting an RIS to improve the reliability of the two-user
system and its bit-error rate is evaluated in [30]. Furthermore,
the impact of hardware impairments in terms of performance
metrics is studied, outage probability and throughput perfor-
mances are derived in [31]. On the other hand, studies on
uplink-NOMA exploiting RISs have also been conducted to
enhance coverage, derive the outage probabilities and ergodic
rates, and grant-free ultra-reliable uplink sensor data transmis-
sion exploiting diversity to obtain reliability [32], [33]. Passive
RIS-aided NOMA systems are prevalent in the literature; how-
ever, active and hybrid RIS-aided NOMA systems have yet
to be explored, especially for uplink scenarios. As it can be
concluded, RIS is a superior technology to aid NOMA wire-
less communication systems and is attracting the attention of
researchers. However, the RIS-aided NOMA literature has yet
to mature. Moreover, to the best of the authors’ knowledge,
an active or a hybrid RIS has not been the primary enabler
of NOMA, especially in the uplink. In addition, RIS-assisted
uplink-NOMA has not been considered in the literature.

B. Main Contributions

In this paper, a hybrid RIS is partitioned into two parts as
active and passive parts. Benefiting from both active and pas-
sive RIS technologies, a novel system is proposed to enable
uplink-NOMA over-the-air to the users, where the QoS of
both users is enhanced by using a hybrid design rather than a
fully active design. In conventional uplink-NOMA, the users
require a sort of power allocation scheme to share the same
time and frequency resources [32], [34], [35]. On the con-
trary, in the proposed method, the users may transmit with
the same power and do not worry about interference with the
confidence of the RIS providing them their required QoS. The
active part of the RIS is coherently aligned for one user and
also amplifies its signal, on the other hand, the passive part
is coherently aligned for the other user with no amplification
in a fully passive manner. The first users signal is coherently
aligned and boosted by the active part of the RIS to enable a
certain power disparity from the other user, enabling NOMA
and SIC at the BS. The passive part of the RIS requires no

amplification since a power difference is already obtained by
the active part, however, it is aligned for the second user to
improve its signal-to-interference and noise ratio (SINR) as in
conventional passive RIS methods.

The major contributions of this paper are listed as follows:

¢ A novel communication system is proposed to virtually
enable uplink-NOMA over-the-air with the aid of a single
hybrid RIS.

e A thorough end-to-end system model of the proposed
scheme is provided and analyzed along with computer
simulations.

e The outage probability is derived and calculated for
different configurations and confirmed with simulations.

o A theoretical error probability analysis is provided along
with computer simulation results for varying param-
eters and scenarios considering different successive
interference cancellation (SIC) performances.

e Two scenarios for a fixed active RIS gain case and an
optimized RIS gain case are presented. The performances
of both cases are compared and discussed.

¢ Bit-error rate (BER) computer simulations have been
performed with perfect and imperfect channel state
information (CSI) conditions.

e Achievable rate and energy efficiency (EE) comparisons
have been presented for the proposed hybrid NOMA
scheme against conventional fully active and fully passive
RIS orthogonal multiple access (OMA) scenarios existing
in the literature.

C. Paper Organizations

The rest of the paper is organized as follows, Section II
presents the end-to-end system model of the proposed scheme.
Section IIT presents a theoretical analysis of the outage prob-
ability for different scenarios. Section IV discusses the RIS
power consumption and amplification factor. Furthermore,
computer simulation results including outage probability, QoS,
effect of interference cancellation errors, achievable rate,
energy efficiency and bit-error rate are provided and discussed
in Section V. Finally, the paper is concluded with the final
remarks in Section VI.

II. END-TO-END SYSTEM MODEL

This section presents the system model for the proposed
over-the-air uplink-NOMA scheme. In the proposed system,
we consider a two-user (U, k € 1,...,K) network where
K = 2, uplink scenario operating under frequency-flat
Rayleigh fading channels in the presence of an RIS. Both users
are served through the same frequency and time slots with
single-carrier signals. In conventional uplink-NOMA systems,
the users’ transmit power needs to be optimized to enable
NOMA and different transmit powers are generally assigned
to near and far users. In the proposed system, the users trans-
mit with the same power P; without worrying about the
power difference as power reception difference required by
successive interference cancellation (SIC) receiver is satis-
fied by a hybrid RIS that is partitioned into two parts, i.e.,
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active and passive as shown in Fig. 1. Practically, The chan-
nel state information (CSI) of users and RIS can be obtained
by applying different channel acquisition methods such as
those proposed in [36], [37]. Hence, considering available
CSI, the BS can optimize RIS phase shifts and send them
back to the RIS controller via a dedicated wired [38] or wire-
less channel [39]. Assuming the CSI is available at the BS
and RIS, the active part of the RIS with M elements has
amplifiers in every element and is coherently aligned for one
user, either user 1 (Up) or user 2 (Us), while the other pas-
sive part with N elements is coherently aligned for the other
user. In other words, § £ [e/?1, ... J®M]T ¢ CMX1 apd
B2 [e8, ... eIN]T € CVX1 are the phase alignment vec-
tors at the active and passive parts of the RIS, respectively,
where | -]T represents transposition operator.
The received signal at the base station can be written as

K M N
Yy = W/Pt Z (ﬁ Z hlinemh%nSIk + Z g,?ﬂ"ggsxk>
k=1 m=1 n=1

M
+va Y 20" hEs + wo, M
m=1

where 1z, a, 6™, and 8", are the modulated PSK/QAM sym-
bol transmitted by the Eth user, amplification factor at the
active part of the RIS, mtt element of o0,bm=1...,M,
and the n'" element of B, n = 1,..., N, respectively.
Additionally, z™ and wg stand for the noise term from
the amplifier at the m! RIS element and additive white
Gaussian noise (AWGN) sample which follows the distribu-
tions CA(0,02) and CN(0, Wp), respectively. Furthermore,

Proposed over-the-air uplink-NOMA system model for K = 2 users.

IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING, VOL. 7, NO. 2, JUNE 2023

hi*, g1y hig, and gpg respectively, stand for the indepen-
dent and identically distributed (i.i.d) Rayleigh fading channel
coefficients of the k™ user to the m* element of the active
part of the RIS, k" user to the n'" element of the passive
part of the RIS, the m!" element of the active part of the RIS
to the BS, and the n'” element of the passive part of the RIS
to the BS.

The channel coefficients follow the distribution of
CN(0,0?), where o2 = % and L is the large scale path
loss factor. For the first user (Uj), at the active part of
the RIS, the m®™ element is coherently aligned as follows:
M = 9" = ¢=34(M"hEs)  On the other hand, for the sec-
ond user (Us), at the passive part of the RIS, the nth element
is coherently aligned as follows: g™ = /8" = ¢~J £(95 98s).
Equivalently, the received signal in (1) may be rewritten as

K
y=v"P:>y (\/ahgéth + gEBgBS) T
k=1

+ \/azéhBS + wp,

2
where by, = [n},... BT, g, = [gl,....9]1", hpg =
[hle’Sv .. .,hé/fs] ,and gpg = [gllgs,...,ggs]T are the chan-

nel coefficient vectors between the k™ user and the active
and passive parts of the RIS, and between the RIS and BS
for the active and passive parts, respectively. Furthermore,
z=[z',..., 2M]T is the noise term vector from the active ele-
ments of the RIS. Additionally, § = diag() and B = diag(B),
where diag(+) is the diagonalization operator. Hence, the SINR
of U7 and U may be expressed as in (3), shown at the bottom

of the next page.
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As in classical NOMA, Uj directly decodes its signal while
Us requires SIC to decode U; and subtract its own sig-
nal from the received signal. It can be seen from Fig. | as
well as from the SINR equations, the signals of the users
imping on all of the partitions of the RIS, thus, causing
interference. However, as we will later discuss, this does not
affect the NOMA communication due to the coherent aligning
and amplification of the user making it much greater than the
user supported by the passive side which is only coherently
aligned and not amplified.

III. THEORETICAL OUTAGE PROBABILITY ANALYSIS

In this section, the outage probability calculations are con-
sidered. For the sake of simplicity, the SINRs of the users
impinging on the active and passive parts of the RIS are
reexpressed as:

Pi|A + BJ?
M= 5 5 M o “4)
Py|C + D|? + o2, |E[*+F
P|C + D|?
Y2 = ®)

i .
UgaZm=1 ‘E|2 +F

where, 4 = /&y, |A"[[hggl, B = 01 g7 B"gps.
C = VaY 1 hg"0"hils. D = Y00, o3 llgfsl. B =
0" hgs, and F' = Wy. Since A, B, C, and D terms include
summation over RIS elements and since the RIS elements are
sufficiently large, due to the Central Limit theorem (CLT), the
channel multiplications in A, B, C and D lead to Gaussian
distribution regardless of their distributions. Due to the CLT,
all channel multiplications lead to the Gaussian distribution,
regardless of what the distribution of all parts A, B, C, D are.
These distributions are summarized in Table 1. Furthermore,
the derivations of the means and variances of A, B, C, and D
are derived in the following lemmas.

Lemma 1: The mean and variance of A are obtained as

i = aMrrZhlath and o4 = aMU%Llal%Bs(l _ 71%),
respectively.

Proof: We refer interested readers to Appendix A for the
derivation steps. |

Lemma 2: The mean and variance of B are obtained as

_ — 2 2 ;
pp =0and op = Noy oy, respectively.

Proof: We refer interested readers to Appendix B for the

derivation steps. u
Lemma 3: The mean and variance of C, D, E, and F are cal-
Nnog,o
_ _ 2 2 _ 9299Bs
culated as puo =0, o = aMUhQUth’ Hp = ——(1— >
2 2 m 2
op = Nog,o5,.(1 — 1—6), pg =0, 0 = ogg, pr = 0,

or = Wy, respectively.

TABLE I
RANDOM VARIABLE (RV) DISTRIBUTIONS FOR (3)

RV 1 o2 Type of RV

VaMmroy, ., oy, :
A fll&q Real Gaussian

2 2 2
aMahlahBS(l - %)

B 0 No?2 o2

03:%95s Complex Gaussian

C 0 aM 0)212 O'}QLBS Complex Gaussian
N7og,0955 2 2 2 ;

D s Nog, 05,6 | 1— T Real Gaussian

E 0 o%g Complex Gaussian

F 0 Wo Complex Gaussian

Proof: We refer interested readers to Appendix C for the
derivation steps. |

The outcomes of these three lemmas are summarized as in
Table 1.

In SINR expressions, squared sum of Gaussian random vari-
ables exist, which lead to the chi-squared distribution, which
is a form of the Gamma distribution. Hence, the SINR is the
ratio of chi-squared random variables, where |4 + B|? and
|C + D|? are non-central chi-squared random variables with
two degrees of freedom and o2 Z]\m/[:1 |E|? is a central chi-
squared random variable with 2M degrees of freedom. As seen
in Fig. 2, the SINRs of both users fit the Gamma distribution.
To obtain the outage probability (OP) of both users, we may
use OP) = P(~, < 2™ — 1), where 7}, is the minimum rate
at which the QoS holds for Uj. Since equivalent steps will
be used for both users, for illustrative purposes, let us focus
on U; supported by the active part of the RIS. The random
variables in the SINR are left on one side and the CDF of the
equation is solved for as

P:|A+ BJ?
OPk =P i <w
Pi|C+ D> +o02aX ), |E>+F

M
= P(Pt|A + B> = Pi|C + D*v—o2a »_ |E[*v < Fv).
m=1
(6)

The term above may be simply expressed as the CDF of G,
P(G < g) = Fg(g), where G = Pt|A+B|?>—P;|C+D|?v—
o2a Z%:l |E|?v is a difference of multiple chi-square ran-
dom variables, hence, complicating mathematical calculations.

M N
Pu(IVa Sy I Ihgs| + S0 o' 8" g )

M N M
Pu(Iva iy hgomhgs + S 198 119Bs11?) + o2a My [0 R |2 + Wo

M N
Pu(IVa Sy b 0™ b + 0 95 l9sl2)

M

3)
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Fig. 2. Fitted distribution of user SINRs.

However, the characteristic functions (CFs) come in handy
when evaluating chi-squared random variables. The CF of a
chi-squared random variable is given as [40]

1 Jwp?
7
(1 _ 2jw02)n/2 P (1 - 2jw02> ’ M

where X = >"7_; X2 and Xj, ~ N(uy,0?). Hence, the CF
of E can be calculated.

Lemma 4: Although the random variables {A, C} and
{B, D} share the common terms h7y and gpg, respectively,
they are uncorrelated due to their zero correlation coefficient.

Proof: We refer interested readers to Appendix D for the
derivation steps. |

To conduct our theoretical analysis and obtain the charac-
teristic functions, since the random variables are uncorrelated,
we may express |A + B|? and |C + D|? in terms of their
real and imaginary parts as [R(4) + R(B)]? + [3(B)]? and
[R(C) + R(D)]? + [I(C)]?, respectively. This is a sum of
independent non-central chi-squared and central chi-squared
random variables and since we know the statistics of the
random variables the CFs may be calculated from [40] using

Vx(w)=

1 jwns )
exp 4 ;
((1 — 2jwo?) (1 - 2jwa§)”/2) 1 - 2jwo}

where u1, o1, and oo will be substituted with the means
and variances of the summation terms. Considering the sum
of independent RVs as in (6), is the multiplication of their
individual CF’s [41], we obtain

Vx(w) =

V(w) =Tp, arpp (W)Y p,|ctDJ2e) (W)
X V(a0 gy (@) 9)

m=1

Then, we may approach using the Gil-Pelaez’s inversion
formula [42], since it is possible to obtain the cumulative

distribution function (CDF) of this difference of chi-squared

random variables as

1 /OO %{e‘nglllg(w)}
0

2 wT

where & denotes the imaginary part, F(g) is the CDF of G
and U 5 (w) is the CF of G. With this CDF expression of the
difference of chi-squares, it is possible to obtain the outage
probability as mentioned previously.

Falg) = dw, (10)

IV. RIS POWER CONSUMPTION AND AMPLIFICATION
FACTOR

The fully connected active RIS architecture includes a
power amplifier (PA) in each RIS element and the power con-
sumption of the active part of the RIS is dependent on the
power consumed by the PAs. The power consumption of a sin-
gle active RIS element is linear function of the output signal
power of the PA and modeled as

1
P, = —-P,, (11)
v

where v and P, denote the efficiency and output power of
the power amplifier, respectively. The total transmit power
available to the active part of the hybrid RIS architecture is
denoted by Pﬁls and varied according to system requirements
to sustain power domain NOMA. The output power of a single
active RIS element is therefore obtained as P, = PtRIS /N.
To obtain the maximum output power from a single active
RIS element, we need to maximize the gain of the amplifier
by considering P, constraint. Considering an ideal PA with
v = 1, the gain of the amplifier is obtained as follows

P,
G = min —. G
( P[]y 2] m“’”)

where Gpqz 1s the maximum gain of the amplifier and sets an
upperbound on G. The denominator of the equation represents
the average signal power at the input of the amplifier. Since
we consider the uniform gain distribution for all active RIS
elements, the average channel gain between the assisted user
and active RIS elements is considered.

As seen in Eq. (12), the amplifier gain G, also referred to
as o, depends on many variables and needs to be determined
very carefully. The optimum gain should be obtained in order
to best serve both users. Fig. 3 shows the effect of avail-
able power on the active RIS side for both users. It can been
observed that for the parameters given in Fig. 3 which we con-
sider as default parameters, the NOMA scheme can efficiently
operate when —47 dBm amplifier power, which corresponds to
a = 8.5 for each RIS element, is allocated for the active part.
This result shows that the required power on the active RIS
side is much less than the transmission power of the users and
NOMA can be provided with a very small amount of power
allocation and coherent alignment of the users.

Additionally, considering « is the same for all elements, the
gain « can also be expressed in terms of the system parame-
PtRIS / M

P C

of the users. It 1s important to note that for practicality, « is

12)

ters as o = , where (Y, is the average channel power
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Fig. 3. PRIS
parameters.

vs outage probability to find optimal « for given default

limited to a minimum of 0 dB and a maximum of 30 dB [18].
However, for the sake of better visualization explanations,
Fig. 3 is not limited by the practical range of a. The results
mentioned in the remaining sections obey the aforementioned
practical amplifier gain ranges. We optimize ngS and then
we extract the optimal « based on that optimum PtRIS using
the formulas above. « is selected in the fairest manner to serve
both users. For the fixed o case, we look for the minimum
difference of their outage performance which would be where
they intersect as in Fig. 3. However, for the fixed alpha case,
the optimal alpha is best only for that specific set of parameters
and as any parameter changes, it loses its optimality.

A. Problem Formulation

In this case, we need to minimize PtRIS while maximizing
the outage probability performance which can be define by the
optimization problem P1:

Pl= min A
PRIS A
st. PR <A, ke{1,2}. (13)

Here, A is the auxiliary variable representing the outage prob-
ability threshold constraint for a fair PtRIS selection that
serves both users. In P1, the aim is to obtain the best out-
age performance by using the minimum available power. To
achieve this, we need to minimize both PtRIS and A. Since
we aim at the fairness while obtaining the best performance
with a minimum power consumption, we equivalently target
the minimum difference in outage performance which provides
the same result/concept. This can be formulated the and solved
as the equivalent standard problem where P1 is transformed
into P2:

P2 = minppis  ||Pgyy — Poull. (14)

TABLE II
DEFAULT PARAMETERS

Parameter Value
PRIS [dBm] —47

« (linear) 8.5
M=N 512

P, [dBm] 15

R*" [bps/Hz] 2

€ 0 (perfect SIC)
Wo [dBm] —130
Namp [dBm] —130

Furthermore, we can solve P2 with a standard line search
methods such as the Golden Selection algorithm and Simulated
Annealing. In our simulations, we use the Golden Selection
line search method to solve P2. However, different methods
of o optimization may also be possible. It should be noted
that we ensure maximum fairness and all of the users have a
weight no less than A.

V. SIMULATION RESULTS

In this section, the system of Fig. 1 is revisited, where
the transmission is carried out via an RIS under a blocked
link between the users and the BS. For this setup, dy, _Bs.,
dUngS’ dUlfRIS’ dszRISv dris_Bs, represent the dis-
tances between the users and BS, users and RIS, RIS and
BS, respectively. In addition, h;,, hy,, hris. hes, and fc,
represent the height of the users, RIS, BS, and the operating
frequency, respectively. The 3GPP UMi point-to-point NLOS
path loss model for a single Tx/Rx path is also considered [43].
Within the 2-6 GHz frequency band and Tx-Rx distance rang-
ing from 10-2000 m, the 3GPP UM i path loss model for NLOS
transmission is expressed as:

L(d)[dB] = 36.7log1o(d) + 22.7 4 26log1(fc). (15)

The RIS is composed of M active and N passive and control-
lable reflecting elements.

For all computer simulations, path loss is included and the
default parameters in Table II as well as the setup in Table III
are used as the fixed parameters for simulations and analyses
unless stated otherwise. These parameters are justified through
practical scenarios in the Literature [5], [10], [18], [43]. Fixed
a = 8.5 is considered through out the paper, as it is the optimal
case for the default parameters as seen from Fig. 3, unless it
is specifically stated that the optimized case of « is use.

Typically in an RIS-aided communication system, the
performance increases with the size of RIS. This behaviour
can also be seen in Fig. 4, which includes the outage prob-
ability performance simulation and theoretical simulation for
both users with respect to varying RIS size. It can be observed
that for a fixed «, a minimum RIS size of 300 is needed to
enable communication at both users, however, a larger RIS
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TABLE III
COMPUTER SIMULATION SET-UP PARAMETERS

Parameter Value
fe [GHz] 5
dU] ,Bs[m] 55.73
dUz,Bs[m] 55.73
dy, ris[m] 35.51
dUQ-RIS [m] 35.51
dris-Bs [m]  20.22
hU1 [m] 10
hy, [m] 10
hris [m] 4
hps [m] 1
Wo [dBm] —130
100 % A < T T
N \ = Q 0o U1 sim
R \ A U, sim
\ T \ — — U, to
10" \ e — — U, teo 3
\ 2
\ 5 o
\ % —-—U, optimized
\ L P U, optimized
102 5
S
I
3
Q
109 E
10 F 9
10'5 1 ATk L 1
0 100 200 300 400 500 600 700 800

M=N

Fig. 4. Outage probability performance with respect to varying RIS size.

is preferred for a enhanced performance at the cost of addi-
tional hardware expenditure. When « is optimized, it can
be seen that the performance for both users are enhanced
and a smaller RIS size is sufficient to provide the same
performance compared to the fixed o case. Uj has perfect
communication while Uz is at outage until an RIS size of
M = N = 300. Here, the optimization notices that Us’s
performance is insufficient and identifies no purpose in arrang-
ing « to aid it and arranges o completely for U;. This is
why Up’s performance is very high. Once U’s performance
starts to reach an acceptable performance, the optimization
switches on and arranges « for both users to enable NOMA.
This is why there is a sharp spike in Uj’s performance.
Hence, U;’s performance degrades to a certain point. Then
as the RIS size increases, both users’ performance increase to

10°¢
10"
102
o
i~}
g
3
o
a
10°
* Ut M=N=128
O U2 M=N=128
\ X Ut: M=N=512
¥ + U2 M=N=512
104 \ — — U1 Theoretical 4
\ — — U2 Theoretical
{ — - — U1 optimized: M=N=128
— == U2 optimized: M=N=128
N E R [ U1 optimized: M=N=512
N S U2 optimized: M=N=512
10'5 I I |
0 5 10 20
P, (dBm)
Fig. 5. Outage probability performance as users transmit powers P; vary.

very good values while NOMA continues to be executed by
the RIS.

Furthermore, Fig. 5 presents the outage probability of both
users for a varying transmit power, P; (dBm), of the users. It
is observed that for both RIS sizes, an increase in P; enhances
the performance for both users. However, it should be noted
that the maximum transmit power at the users for uplink is
23 (dBm) [44]. It can be seen once more that as the RIS size
increases, the performance drastically increases, especially for
a high P;. Additionally, for a smaller RIS size and high trans-
mit powers, the performance reaches to a saturation and has
an error floor. Hence, increasing the transmit power would not
increase the performance after a certain point for a given RIS
size. When comparing the fixed and optimized « scenarios, it
is clear that the optimized case significantly outperforms the
fixed « case. Uy for M = N = 128 performance is very good
below 1075, since Us’s performance is not great for a low
RIS size and since uplink transmit power below 23 (dBm) is
not enough to boost Us. However for M = N = 512 we see
that U is in outage until around 9 dBm and hence, « is opti-
mized only for U; enhancing its performance and reducing the
outage probability. Once Uy reaches 10™!, o starts optimiz-
ing itself for both users and it can be seen from the spike of
degradation in Up’s performance. However, as P; increases
to 14 dBm, both users provide excellent outage probability
performance.

As the QoS requirement for a user’s communication
performance gets higher, the outage probability increases since
it is harder to sustain that quality. This can be seen in
Fig. 6 for both users presenting the fixed and optimized case.
For the fixed user case, it can be seen that for both users,
QoS of R = 2 bps/Hz is easily sustained for the default
parameters and as the quality requirement increases the out-
age probability increases and by 4 bps/Hz both users are at
outage. It should be noted that this is for the default param-
eters and the performance can be arranged to meet certain
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Fig. 6. Outage probability performance of users as the QoS requirement is
increased.

requirements by changing these parameters. However, with
the same default parameters and only difference of using an
optimized alpha, the QoS is enhanced drastically. Both users
easily sustain the quality requirement from 0-2 bps/Hz and the
performance degrades as the QoS is increased to 3 bps/Hz.
Since Us’s outage performance get very low at 3 bps/Hz,
the o optimization disregards Us and arranges itself for Uy
thus, once again providing it outstanding performance below
10~5 which is shown by the spike down at R = 3. As the
R™ increases to 9 bps/Hz, Up’s performance slowly degrades
once again. However, it is clearly seen that when « is opti-
mized, Uz reaches complete outage at 7 bps/Hz rather than 4
bps/Hz at fixed o and Uj reaches complete outage at approx-
imately 11 bps/Hz rather than 3.3 bps/Hz at the fixed « case.
Figs. 7 and 8 present the cases of perfect and imperfect SIC
when Us decodes Uj’s signal to subtract it from its received
signal. Since Uj is not affected by errors in SIC decoding,
it is not included in these figures. In Fig. 7, we can see the
outage probabilities for Us at default parameters with differ-
ent SIC performances (e values) while the transmit power of
the RIS Pf¥S varies. It is shown that perfect SIC (¢ = 0)
provides the best performance whereas cases of imperfect
SIC results in lower performance. Here, PRIS is very low
even though an active RIS is used. It should be noted that as
the PtRIS value increases even further, the outage probability
would approach to 0. However, since « is limited to a practi-
cal value of 1000, as we increase the PtRIS , Ua’s performance
does not improve after getting worse. At low transmit power,
Us experiences great performance since « value is low and Us
is aligned coherently at the passive section which strengthens
the performance from the passive part making the active part
of the hybrid RIS negligible. However, as PtRIS increases,
the o value increases thus, the gap between the strength
of the passive and active parts of the RIS decreases. This
decrease in difference of strength from both sides degrades the
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Fig. 7.  Affect of RIS transmit power with SIC imperfections to outage
probability.
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Fig. 8. Effect of € to outage probability.

performance because as the active part of the RIS increases,
the random phase alignment strength increases and corrupts
the perfectly aligned coherent phase part of the passive part
for Us. As the PRIS increases the active part will dominate
the passive part and the outage probability performance will
get better. However, since we limited « to a practical value,
we see a saturation in the performance after —25 dbm. On the
other hand, Fig. 8 presents the effect epsilon has to the outage
probability performance of Us for fixed PtRIS and with dif-
ferent RIS sizes. As € is closer to zero, the performance is the
highest and get worse as e approaches higher values meaning
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Fig. 9. BER comparisons for perfect and imperfect CSIL. Fig. 10. Achievable rate comparisons.

higher SIC errors. Once again, higher RIS sizes provides supe-
rior performance and the optimized alpha cases outperform the
fixed o scenarios.

A. Bit-Error Rate

In order to decode the signals of U; and Us, we employ
the maximume-likelihood (ML) decision rule as follows:

%] = arg min||y — :c||2,
zeC

Io :argminH@—ész, (16)
zeC

where § = /P;(y/ah] 6hpg + g5 Bgps)m2 + v/azbhgg +
wp, is the signal after perfect SIC and C is PSK/QAM
constellation. While previous simulation results assume per-
fect CSI, Fig. 9 shows the BER performance of the proposed
system taking into consideration imperfect CSI for Wy =
—70 dBm and ngmp = —70 dBm. The maximum-likelihood
(ML) detection is performed by using ﬁk, gy, and h BS instead
of the actual channel coefficient vectors hy, g and hgg in
(2) to decode the transmitted signal similar to [45]. For exam-
ple, we consider flk = h; — e, where e denotes the vector
of channel estimation errors whose elements follow the dis-
tribution CA'(0,A) and A is the variance where A = [0, 1).
The simulations in Fig. 9 are realized under A = 0.05 and
A = 0.1. It can be observed for both users that as P; increases,
the BER improves and when CSI errors (A) exist the BER
performance degrades. From the slope of the BER figures, the
diversity of both users can be observed. For the perfect CSI
case, we can calculate that the diversity of U; and Up are 12
and 8, respectively. In addition the diversity order of U; and
Uy for the case of imperfect CSI where A = 0.05 is 10 and
8, respectively.
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Fig. 11. Energy efficiency comparisons.

B. Achievable Rate and Energy Efficiency

In Figs. 10 and 11, we compare the proposed NOMA
hybrid RIS scheme’s performance to conventional OMA where
the RIS is fully active and fully passive. For the OMA fully
passive RIS system, all of the RIS elements serve the user in
their time-slot and no amplifiers exist. On the other hand, the
OMA fully active RIS system has amplifiers at every elements
of the RIS and all the elements serve the user at its time-slot.
To ensure fairness, we keep PtRIS the same as when only half
of the RIS is active, hence, the « factor halves but at every
element of the RIS serving a single user at a time. In Fig. 10,
the default parameters are considered and it can be seen that
as P; increases, so does the achievable rate of all scenarios.
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We can see the proposed hybrid RIS NOMA scheme falls in
between the fully active OMA and fully passive OMA cases.
Despite the proposed scheme using half of the elements com-
pared to the fully active case, the achievable rate is closer to
the fully active RIS OMA scenario rather than the fully passive
RIS OMA scenario. It should be noted that sine we consider
the BW equal to one, the figure also gives us insight of the
spectral efficiency. Fig. 11 compares the EE of the three sce-
narios where we define the bit-per-joule EE as the total rate
divided by the total power consumed at the RIS. Here we
adjust M = N = 256, and the rest of the parameters are the
default as previously stated. The total power consumption of
the active and passive part of the RIS can be modeled as:

Pris = (Pfls—kM*Pm) (N % Py) (17)
where P, and P, represent the power consumption a passive
element of the RIS uses, which is considered as 1.5 mW [19].
We optimally select o when calculating the EE in the proposed
hybrid NOMA scenario. On the other hand in the OMA cases,
to ensure a fair comparison, we use the average PEUS from
the optimized hybrid NOMA case which results in a non-
optimized parameter of Pﬁls = —47.6 dBm. The EE of
the OMA fully active case remains constant because as P
increases, the o value decreases hence, keeping the EE sta-
ble. OMA fully passive RIS EE increases as P; increases.
The OMA fully active case surpases the OMA fully passive
case for Py < 16 dBm because the rate is much higher
for the fully active case when compared to the fully passive.
However, after Py = 16 dBm, the rate gained by the fully
active case no longer exceeds the fully passive scenario. To
elaborate, the additional power used at the fully active case
after Py = 16 dBm no longer provides a significant improve-
ment in the rate of the system so the EE of the fully passive
system exceeds the fully active case. In the proposed hybrid
NOMA system, similar to the fully passive case, the fully
active exceeds in EE due to numerous active elements boost-
ing the rate however, after Py = 14 dBm, the hybrid NOMA
scenario exceeds the fully active case. Compared to the fully
passive scenario, the proposed scheme is equivalent at lower
P; values but after P; = 8 dBm, the proposed scheme begins
to outperform the fully passive case.

VI. CONCLUSION

The main motivation of this paper is to propose a novel
method to achieve power domain NOMA in the uplink,
through the use of the hybrid RIS. Conventionally, while the
power disparity of the users are implemented at either the users
or the base-station, the power difference is performed over-
the-air at the RIS. A thorough end-to-end system model along
with theoretical calculations are provided and analyzed with
various parameters. Future and open research areas include
varying the size of the hybrid RIS partitions where they are
not equal, further optimization of the alpha parameter, optimal
placement of the RIS and other varying system parameters,
and the possibility of considering other domains to enhance
the NOMA performance.

APPENDIX A
PROOF OF LEMMA 1

Let us define

M
A=va ) h"|[hgsl. (A1)
m=1
The active part of the RIS aligns coherently to cancel out the
phases of the complex Gaussian random variables h{" and
hgg hence, resulting in only the magnitude of the channels
|h{"*| and |hjg| which are ii.d. Rayleigh distributed. Since
they are i.i.d. random variables, the mean can be expressed as
the product of their individual means as

E[|h"[|hgs|] = E[|h" [E[|h55]]- (A2)
Thus (A.2) equates to
™ ™ Ohi1OhpeT
(Uhl 4> (O—hBS 4) = 21 385 4BS . (A3)

On the other hand, the variance is calculated using

VAR[IA |55 ) = B[R 1485 )?] — BIR 1AEs .
(A4)

The calculation of E[|h{"||h}y ]2 is simple as we just
square (A.3) resulting in

2 2
hgs™

16

To obtain E[(|A"|[h|)?], which can be re expressed as
E[|h]"?]E[|h%s|?], we need to find the individual second
moments.

We will find the second moment for |h]"| as E[|1]"|?] since
the same can be applied for the latter. The variance will help
us to do so:

VAR || = B[b{"[?] ~ E[A{"[)2.

2
2: O'hIO'

E[|h"[|hgsl] (A.5)

(A.6)

Reordering allows us to solve for the desired E[|2]"|?] as

E[In"2] = VARIA )+ E[A"P]  @aD)
2 2 2
ﬂ _ E % ha (A.8)
4 2 2 4 '
= ap, (A.9)

2] resulting in o2 . Thus,

The same is applied to E[|ths hps

E[(|h"[|hEs )2] is expressed as

2
E[(h"1hgs1)?] = 07,07 -

Finally, to obtain the variance of |h{"||h}3s| we substitute (A.5)
and (A.10) into (A.4) to obtain

(A.10)

2

™
- — . A.ll
16) (A1)
When the number of RIS elements M is significantly
large, from the CLT, the random variable A from (A.1) con-
verges to a real Gaussian distributed random variable with

vaMmop, ops 2
Aw/\/'(izlh1 , aMa}QLIU%S(l—%)).

VAR[A] 5] = oo (1
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APPENDIX B
PROOF OF LEMMA 2

For B, we have the complex Gaussian random variable as

N
B=> g8 ghs- (B.1)
n=1
The passive part of the RIS (8™) does not align coher-
ently for the channels, hence, the phases do not cancel out
and remains a complex Gaussian distributed random variable.
Thus the mean remains zero and the variance is the multipli-
cation of the variances of the two i.i.d random variables g;*
and gpg as

VAR[gf'gfis] = VARIg'VAR[gfs] = (02, ) (02, )- (B2)

Due to sufficiently large N elements from the RIS, and the
CLT, the variance can be finalized as

VAR([B] = Nog 00 (B.3)
APPENDIX C

PROOF OF LEMMA 3

Furthermore, the means and variances or the random vari-
ables C and D are found similarly as in A and B. C is not
coherently aligned with the active part of the RIS, therefore
the approach in B is exploited. D is coherently aligned with
the passive part of the RIS, hence, the identical approach of
A is considered.

E is simply the multiplication of the phase shift of the
RIS element /%™ and hpg. Since the mean and variance do
not change when multiplied with an exponential term, E fol-
lows the same distribution as %3¢ which is CA/(0, O'ZBS). F is
simply the noise term and its distribution has been provided.

APPENDIX D
PROOF OF LEMMA 4

As it can be seen from (3), A and the C have hgs as a
common term; however, they are independent since they are
uncorrelated and Gaussian distributed. To find their correlation
coefficient, the covariance of A and C is required and since C
has zero mean, it may be expressed as

M M
E[AC]=E|| Y e hgs | [ D hy el hs
m=1 m=1
(D.1)

After adjusting the RIS phases according to the first path, (D.1)
may be re-expressed as

M M
BACI =B D h{"([hgs| | | D_ e 74" |hjg]
m=1 m=1
(D.2)

Here, h; is a complex Gaussian term with zero mean hence,
E[AC] = 0. Therefore, the correlation coefficient of A and C is
also zero resulting in A and C being uncorrelated. Furthermore,
they are Gaussian distributed and independent. On the other
hand, the same procedure applies for B and D where they share
the gpg term.
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