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Abstract—Reconfigurable intelligent surface (RIS)-assisted
non-orthogonal multiple access (NOMA) communication
networks represent a current research hotspot. This study
presents a comprehensive performance comparison between
RIS-assisted and decode-and-forward (DF) relay-assisted
NOMA systems in an urban environment. Complete system
models are developed for both configurations, and their
performance is evaluated across multiple metrics, including
transmission power, decoding strategy, number of RIS elements,
and energy efficiency under varying data rate requirements.
The results reveal that in RIS-assisted systems, the effective user
channel quality, and thus the optimal decoding order, can
change with the number of RIS elements, requiring dynamic
adaptation to maintain fairness and maximise throughput.
Furthermore, while the DF relay-assisted system performs
better at low to moderate data rates, the RIS-assisted system
outperforms it when the data rate exceeds a certain threshold.
Notably, as the target data rate increases, the number of RIS
elements required to surpass DF relay performance decreases
sharply, with only a single RIS element needed when the rate
exceeds 8 bit/s/Hz. Although the DF relay-assisted system
achieves higher energy efficiency at moderate data rates, the
RIS-assisted system becomes the most energy-efficient option in
high-rate scenarios, because of its passive design and low per-
element power consumption.

Keywords—Reconfigurable intelligent surface (RIS), decode-
and-forward (DF) relay, non-orthogonal multiple access (NOMA),
beyond 5G (B5G), 6G.

I. INTRODUCTION

Mobile communication systems undergo a generational
evolution each decade. Traditional multiple access methods,
such as frequency-division multiple access in 1G, time-
division multiple access in 2G, code-division multiple access
in 3G, and orthogonal multiple access in 4G, allocate different
time—frequency resources to individual users to prevent inter-
user interference. However, as the global communication
network advances toward the beyond 5G (B5G) and even the
6G era, the data rate is expected to reach 1 Tbps, with the
latency expected to be less than 1 ms. Non-orthogonal
multiple access (NOMA), a technology allowing users to
share the same time—frequency resource through varying
power levels or superposition coding [1], has emerged as a
potential solution to achieve massive connectivity for mobile
devices with higher data rates and lower latency in future
communication systems.

Additionally, reconfigurable intelligent surface (RIS)
frameworks have been established to address the challenges
of high-power consumption and poor penetration inherent in
high-frequency bands required in B5G and 6G. RISs are
equipped with numerous passive reflecting elements that can
independently manipulate the amplitude, phase, polarisation,
and propagation direction of the incident signal. As illustrated
in Fig. 1, a typical RIS consists of three layers, i.e., the antenna
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array layer, copper layer, and control circuitry layer [2]. The
outer layer, i.e., the antenna array layer, includes a dielectric
substrate with numerous reflecting elements, each equipped
with several positive-intrinsic-negative (PIN) diodes and
field-effect transistors. The ON-OFF status of PIN diodes
induces signal phase changes. The middle layer features a
copper backplane to prevent signal leakage. Lastly, the control
circuitry layer, equipped with the RIS, adjusts the bias voltage
to control the ON—OFF status of the PIN diodes.
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Fig. 1. RIS architecture [2].
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Benefiting from the advantages of RIS and NOMA, RIS-
assisted NOMA communication systems have emerged as
research hotspots for BSG and 6G applications in recent years
[3]. In particular, such systems can maximise the number of
served users by providing additional channel paths to
construct stronger combined channels with significant
strength differences [4]. Additionally, these systems can
minimise the total transmission power of the base station and
maximise the sum rate by jointly optimising the beamforming
of the base station and phase shifts of the RIS. At present, a
half-duplex relay plays the same role as the RIS in
communication systems, actively processing the received
signal before retransmitting the amplified signal. However,
the potential performance advantages of RIS-assisted NOMA
communication systems over decode-and-forward (DF) relay-
assisted NOMA communication systems remain to be
extensively explored. Therefore, this study is aimed at
establishing mathematical methods of RIS-assisted and DF
relay-assisted NOMA communication systems and comparing
their performances.

II. SYSTEM MODEL

As depicted in Fig. 2, RIS-assisted and DF relay-assisted
downlink networks for multiple users are considered in this
work, with the DF relay deployed at the same location as the
RIS. Notably, NOMA adopts the successive interference
cancellation (SIC) technology, which decodes the strongest
signal first and then removes the decoded signal from the
received signal to eliminate interference from the strongest
signal on the weaker signals at the receiver side. In this context,
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the decoding order affects the overall system performance,
such as the error rate and throughput. However, multiple-input
and multiple-output systems are not optimal for NOMA as the
relevant channels are not degraded, rendering it challenging to
obtain the decoding order [5]. Hence, this work considers a
single-input and single-output system in which the base
station is equipped with a single antenna to provide services
for K single-antenna users.

Base Station

N
ok by
ae B A
86 =iy NN
| L'sn‘l.(\ :
1 X oo/ N T useri
L ‘*‘W&s Yoty 1S %,
! by o)
Ll \.:-,— v \‘
1 | S
[} \ U
| b 'kyl \ 7

and DF
communication systems.

Fig. 2. RIS-assisted relay-assisted multi-user downlink

The base station is located at the z-axis with coordinates
(0,0, hgs)T, establishing a three-dimensional (3D) Cartesian
coordinate system. In addition, the locations of the RIS, DF
relay, and k" user are defined as (xgss, Vris)Pris)T »

(xpr Yo hop)™ s and (Xygi Yue s hugx) » respectively.
Specifically, unlike the fixed locations of the base station, RIS
and DF relay, users are randomly distributed around the RIS
or DF relay within a specific range.

A. Channel Model

The proposed downlink communication, as depicted in Fig.

2, includes three types of channels: the direct channel, incident
channel, and reflecting channel. The direct channel (red dotted
line), from the base station to the k" user, is denoted by
hgsour € C. Considering the presence of obstacles, the direct
channels are assumed to be non-line-of-sight (NLOS)
channels and modelled using Rayleigh fading [6] as:

-
— ’ . WNLOS
hBSZUE - PLO(dBSZUE,k) hBSZUE,k

where PL, denotes the path loss at the reference distance,
dgs,uE represents the distance between the base station and
the k™ user, a is the path loss exponent, and hjeSip
represents the NLOS components.

M

The incident channel (solid yellow line), from the base
station to RIS or DF relay, is denoted by hggypis € CV.
Additionally, the reflecting channel (solid green line), from
the RIS or DF relay to the k" user, is denoted by hg;soyr €
CV. Both the incident and reflecting channels are assumed to
be line-of-sight (LOS) channels, following Rician fading [9]
as the signal received by the user includes the signal that
directly reaches the user equipment (UE) in addition to the
reflecting and scattering signals from the base station. These
channels can thus be defined as:
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where dggap;s is the distance between the base station and
RIS or DF relay, and dg,s,yr denotes the distance from the
RIS or DF relay to the k™ user. hf23p,s and hEDSup i
represent the LOS components of the deterministic channel.
hyi9%,s and hRFGyp, are the NLOS components,
characterised as random scattered components. These
random variables follow a zero-mean unit variance circularly
symmetric complex Gaussian, i.e., Ng(0,1) . The LOS
component is the array response of the uniform linear array
of RIS, expressed as:
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where d denotes the passive reflecting element spacing, 4 is
the carrier wavelength, N represents the number of RIS
elements, and w is the angle-of-arrival of the incident signal,
which can be represented as:

YRIS—YBS
Vxris—xBs)?+(YRIS—VBS)?

sinw =

(6)

Conversely, ¢ is the angle-of-departure of the reflecting
signal, expressed as:

YUEk—YBS

sing, k = 7

2 2
J(XUE,k—st) +(YUEK-YBS)

B. RIS-Assisted NOMA-Based System

RIS is assumed to be equipped with N passive reflecting
elements, and its diagonal reflection coefficient matrix is
defined as:

0= diag(ﬂlefel,---,ﬁNeng) (8)

where [ denotes the fixed-amplitude reflection coefficient,
with By €[0,1]. 8, represents the reflecting phase-shift
variable for the nt" reflecting element, with 8,, € [0,27).

Owing to significant path loss, signals that are reflected
twice or more by RIS are considered to have negligible
intensities. Hence, the signal received by the k" user can be
determined by combining the direct signal from the base
station and the reflecting signal from the RIS in the RIS-
assisted system. In contrast, because the user cluster shares the
same time-frequency resources, the signal received by the k"
user is a superimposed signal for the NOMA-based system,
expressed as:



Vi = (hBSZUE + thzmsT@hmswE,k) : Z§=1 VYePe s +n
©)

where P, denotes the total transmission power, and yj
signifies the allocated fraction of the total transmission power
to the k™ user. This allocation is subject to Y.X_, y,, = 1 and
depends on the channel state information. Additionally, sy,
denotes the normalised signal for user k, and n represents the
additive white Gaussian noise [10] which follows a complex
Gaussian distribution with zero-mean and variance of ¢, i.c.,
n~Ng(0,02).

According to the Shannon—Hartley theorem, the channel
capacity of the k™ user in the RIS-assisted NOMA-based
communication system is:

R(N) = meaxlogz (1 +

)

where T indicates the decoding order, specifying that user j
with higher signal strength should be decoded eariler than user
k. This process continues until all users are decoded in the
order of decreasing signal strength.

T 2
YkPe|hBs2ue+hesaris' OhriszuE]

(10)
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To simplify Eq. (10) the problem of maximizing channel
capacity can be converted to that of maximizing the combined
channel power gain from the base station to the k" user :

2
meaX|hBSZUE + hBSZRISTghRISZUEl , VYneN (11)
Accordingly, a triangle inequality can be obtained:

T
|hBSZUE + hpsoris @hRISZUEl < |hgsauel +

(12)

|hBSZRIST®hRISZUE |

where the channel model of the incident and reflecting
channels is defined as follows:

hBSZRISTOhRISZUE = Zg=1 Br- el .
[{hpsarisin{hriszuednl (13)

The equality of Eq. (13) holds if and only if:

0n = arg{(hpsaue)}n — arg{hpszrisInthriszuetn) (14)

Therefore, Eq. (10) can be rewritten as:

R(N) =log, [1 +

2
YiPe(Ihps2uEl+ZN1 BnBrl{hpserisin{hrIs2uEn])

15
Zrpory ¥iPe(Zh=1 Brl(hpszrisinthriszusinl)’ +o? (13)
The energy efficiency can be calculated as:
RRIS
EEgs (16)

- %+pBS+pUE+N.pRIS

where e is the efficiency of the power amplifier; P55, PUE,
and PR'S represent the power dissipation of the base station
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hardware, UE hardware, and each RIS reflecting element,
respectively.

C. DF Relay-Assisted NOMA-Based System
(o)

( ‘))

DF relay

= First time-slot
Second time-slot

Base Station
Fig. 3. Conventional half-duplex DF relay transmission.

To reduce the power consumption and enhance reliability,
a half-duplex relay, which cannot transmit and receive data
simultaneously, is designed to replace RIS and be deployed at
the same location as the RIS. Using the classic repetition-
coded protocol of the DF relay, signal transmission is
performed in two time slots [9], as shown in Fig. 3. In the first
time slot, the base station transmits signals to the DF relay and
k™" user with different transmission power levels. The
superimposed transmitted signal can be represented as:

%1 = ZioayVicPe - si a7
The received signal at the DF relay is:
Yesapr = Npsaris = X1+ 1My (18)
The received signal at the k%" user is defined as:
Vi = hpsaye " X1+ Nak (19)

where n; and n, denote the noise of the DF relay and kth
user is defined as:

In the second time slot, the DF relay receives the
superimposed signal and decodes it using a specific decoding
algorithm. During the decoding process, weaker signals are
regarded as noise to prioritise the decoding of the strongest
signal. Subsequently, the weaker signal is decoded using the
SIC technique, until all signals have been decoded based on
their signal intensity. Upon signal decoding, the DF relay re-
encodes the signal and forwards it to the user. Therefore, the
transmitted signal from the DF relay to the k" user can be
represented as:

xzzx/Ft'sk

Finally, the signal received by the k™ user can be
expressed as:

(20

@

Yk = Rrisaugi - X2 + gk



The channel capacity of the DF relay-assisted NOMA-
based communication system is limited by the weakest
channel. To ensure a non-negative channel capacity, it is
defined as:

1.
Rpp = max {Ol;mln(RBSZUE,k' Rpsopr + RDFZUE,R)}
(22)

where Rpsouk k> Rpsapr» and Rprayg i denote the capacities
of the direct, incident, and reflecting channels, respectively,

defined as:
(
log, (1 +

2
1082 (1 + 'VkP:-|h§§2UE,k| >,lf k =K

2
YjPe|h j .
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R _ viPe|hpsaug | +0?
BS2UE,k —

(23)

Pl |2
Rps2pr = l0g; (1 + %) (24)

2
Rprauek = 1082 (1 + Pt|hmo_+ak|> (25)

The energy efficiency can then be calculated as:
EEpp = p——22F (26)
DF — 2L42pBS4pUE+pDF

III. NUMERIC RESULTS

The aforementioned mathematical models are used to
compare RIS-assisted, DF relay-assisted, and non-assisted
NOMA downlink systems. Assuming that the coverage range
of the base station constitutes a circular area with a radius of
250 m, and to avoid near-field effects, the NOMA user
clusters are randomly distributed within the coverage range of
22 m to 250 m. The RIS is assumed to be placed 80 m from
the base station on the x-axis [10]. As the RIS reflecting
element lacks signal amplification capabilities and the
directional gain characteristics of RIS arrays compared with
traditional antenna arrays are yet to be defined, a conservative
approach is adopted. Specifically, the RIS reflecting element
is modelled without directional gain, assuming the maximum
gain of a single reflecting element to be 0 dBi [11]. Owing to
the decoding complexity associated with SIC technologies,
the number of users is set as three. The simulation parameters
are summarised in Table 1.

TABLE I
PARAMETERS
Parameters Unit Value
Base station antenna height m Urban: 10
Reflecting element gain dBi 0
Traditional antenna element gain dBi 8
Carrier frequency GHz 3.42-3.5
Channel bandwidth MHz 80
Road width ft 48
Reflecting element spacing 0.5A%0.5%
Reflecting element number 100
RIS down-tilt o 0
RIS height m 10
UE antenna height m 1.5
Noise power at the DF relay dBm -85
Rician factor dB 3
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Path loss exponent 22
Power dissipation of BS, DF relay and UE mW 100 [9]
Power dissipation of each RIS mW 519]
Maximum transmission power dBm 68

A. Relationship between The Number of RIS Elements and
User Channel Quality

In the conventional NOMA system, the far user typically
experiences poorer channel quality due to increased path loss
over long distances, resulting in a lower channel gain
compared to the near user. Accordingly, more transmission
power is allocated to the far user to maintain fairness and
enable effective SIC. However, in the RIS-assisted NOMA
system, the overall channel gain can be substantially enhanced
by the intelligent reflection of signals from RIS. Notably, as
the number of RIS elements increases, the reflected link can
significantly improve the effective channel quality,
particularly for the far user. When N exceeds a certain
threshold, the far user may experience a higher composite
channel gain than the near user, thereby reversing the
traditional channel ordering assumption in NOMA. To capture
this dynamic behaviour, two decoding regimes are defined in
this study. Case A refers to the scenario where the near user
maintains a stronger effective channel than the far user,
consistent with conventional NOMA assumptions. Case B
represents the situation where, due to the RIS gain, the far
user’s effective channel surpasses that of the near user. We
analyse the sum rate performance of RIS-assisted NOMA
under both decoding strategies across different value of N. As
shown in Fig. 4, when N is relatively small, Case A yields a
higher sum rate than Case B. The simulation results indicate a
crossover point at N = 1556, where both decoding methods
achieve an equal sum rate of approximately 9.168. Therefore,
for N < 1556, Case A is preferable, whereas for N > 1556,
Case B becomes more advantageous.

Case A
Case B

X 0« o — ]

Y:9.168

Sum Rate (bit/s/Hz)

500 1000 1500 2000

Number of RIS Elements

2500 3000

Fig. 4. Sum rate of different decoding methods versus the number of RIS
elements.

B. Required Transmission Power

In this analysis, we examine the minimum transmission
power required to achieve data rates ranging from 0 to 12
bit/s/Hz, as depicted in Fig. 5. The results indicate that the
RIS-assisted system consistently requires less transmission
power than the non-assisted baseline. This performance gain
is primarily due to the ability of RIS to mitigate the effects of
environmental obstructions by intelligently reflecting signals,
thereby reducing path loss and signal degradation compared



to direct transmission in the non-assisted system. In contrast,
the transmission power required by the DF relay-assisted
system increases significantly with the target data rate.
Notably, in the urban scenario, its required power surpasses
that of the non-assisted system when the data rate exceeds
approximately 7.81 bit/s/Hz. This increase is largely attributed
to the inherent limitations of half-duplex relaying, where
signal decoding and re-encoding at the relay node introduce
additional latency and energy cost. As represented by the half
pre-log factor in Eq. (22), this constraint effectively reduces
spectral efficiency, necessitating a higher signal-to-
interference-plus-noise ratio (SINR) to achieve comparable
data rates. Furthermore, the RIS-assisted NOMA system
begins to outperform the DF relay-assisted system when the
target data rate exceeds 6.85 bit/s/Hz, demonstrating the
superior power efficiency and scalability of RIS in high-rate
communication scenarios, particularly in challenging urban
environments.

60

= = = Non-Aided
RIS-Aided
DF Relay-Aided

50

Transmit Power (dBm)

4 6 8
Achievable Data Rate (bit/'s/Hz)

10

Fig. 5. Transmission power required to achieve different data rates.

C. Number of RIS Elements Required to Surpass DF Relay

In this subsection, we investigate the minimum number of
RIS reflecting elements required for the RIS-assisted system
to outperform the DF relay-assisted system across various
target data rates. The simulation results demonstrate a clear
inverse relationship between the required number of RIS
reflecting elements and the target data rate. Specifically, at
lower data rates, such as 1 bit/s/Hz, a relatively large number
of RIS elements, 1168, is necessary to offset the limited

spectral efficiency of RIS under low signal strength conditions.

As the target data rate increases, the required number of
reflecting elements decreases substantially: 872 for 2 bit/s/Hz,
613 for 3 bit/s/Hz, and 406 for 4 bit/s/Hz. This downward
trend continues, with only 251 elements needed for 5 bit/s/Hz,
137 for 6 bit/s/Hz, and just 55 for 7 bit/s/Hz. Remarkably,
when the target data rate reaches 7.9 bit/s/Hz or higher, a
single RIS element suffices for the RIS-assisted system to
surpass the performance of the DF relay-assisted counterpart.
These findings underscore the superior scalability and spectral
efficiency of RIS-assisted systems in high-throughput
scenarios. They also highlight the diminishing marginal
returns of additional RIS elements in this regime, suggesting
that RIS provides a more hardware-efficient solution for high-
data-rate applications, whereas achieving competitive
performance at lower rates may necessitate a denser RIS
deployment.
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Fig. 6. Minimum number of RIS reflecting elements required for the RIS-
assisted system to outperform the DF relay-assisted system.

D. Energy Efficiency
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Fig. 7. The energy efficiency versus the achievable data rate.

Fig. 7 shows the energy efficiency as a function of the
achievable data rate in the urban scenario. The DF relay-
assisted system consistently demonstrates higher energy
efficiency than the non-assisted system across a broad range
of data rates. Specifically, the DF relay-assisted system
achieves a peak energy efficiency of approximately 136.75
Mbit/J, compared to 117.15 Mbit/J for the non-assisted system.
The DF relay-assisted system outperforms the non-assisted
system in the data rate range of 3.62 to 6.75 bit/s/Hz, while the
non-assisted system exhibits better energy efficiency at both
lower and higher data rate ranges, below 3.62 and above 6.75
bit/s/Hz. In contrast, the RIS-assisted system with 100
reflecting elements shows relatively low energy efficiency
across most data rates in the urban scenario. This limitation is
primarily due to the fixed and limited passive gain provided
by the RIS under low-rate conditions, which is insufficient to
compensate for the lack of active amplification. However, the
RIS-assisted system demonstrates its strength at high data
rates, outperforming both DF relay-assisted and non-assisted
systems when the achievable data rate exceeds 9.54 bit/s/Hz.
These findings indicate that while RIS-assisted systems may
not be energy-efficient at low to moderate data rates,
particularly when the number of reflecting elements is
constrained, they become more favourable in high-throughput



scenarios. Thus, for applications demanding higher data rates,
RIS-assisted communication presents a more energy-efficient
alternative, especially in dense urban environments.

IV. CONCLUSION

We formulated a mathematical model to estimate the data
rate and energy efficiency of RIS-assisted and DF relay-
assisted communication systems. Additionally, we compared
the decoding order, required transmitted power, number of
RIS reflecting elements, and energy efficiency of RIS-assisted,
DF relay-assisted, and non-assisted NOMA-based
communication systems. First, we demonstrated that the
traditional NOMA user ordering assumption, where the near
user has a better channel than the far user, may no longer hold
in RIS-assisted systems. As the number of RIS reflecting
elements increases, the far user’s effective channel gain can
exceed that of the near user. We identified a critical threshold,
i.e.,, N = 1556, where the optimal decoding order switches.
This highlights the need for dynamic power allocation and
decoding strategies based on the instantaneous composite
channel conditions in RIS-assisted NOMA. Second, we
analysed the required transmission power across a range of
target data rates. The RIS-assisted system consistently
required lower transmission power than the non-assisted and
DF relay-assisted systems, particularly at high data rates.
However, due to half-duplex operation and decoding overhead,
the DF relay system exhibited higher power requirements as
the data rate increased, exceeding the non-assisted baseline at
approximately 7.81 bit/s/Hz. Third, we evaluated how many
RIS elements are necessary for the RIS-assisted system to
outperform the DF relay-assisted system at various data rates.
The results revealed an inverse relationship: at low data rates,
a larger number of RIS elements is needed, e.g., 1168 for 1
bit/s/Hz, while only a single element is sufficient when the
data rate reaches or exceeds 7.9 bit/s/Hz. Finally, our energy
efficiency analysis showed that while RIS is inherently low-
power due to its passive architecture, its energy efficiency was
lower than that of the DF relay-assisted system at moderate
data rates, given the limited gain achievable with only 100
elements. However, the RIS-assisted system outperformed
both the DF relay-assisted and non-assisted systems in energy
efficiency when the data rate exceeded 9.54 bit/s/Hz,
confirming its suitability for high-throughput and energy-
constrained applications.
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