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Abstract

In this paper, we have studied a model of a relay radio network system using Reconfigurable Intelligent Surface (RIS).
Specifically, we used a relay network that uses RIS when there is an extra direct link from the Source (S) to the Destination
(D). Next, an approximate closed-form expressions of the Outage Probability (OP) and Ergodic Capacity (EC) are
considered. Based on the simulation results of OP and EC, the results show that our proposed system is more optimal than
the system using supported RIS without direct link and the system without using RIS. In addition, changing the number of

the RIS reflecting elements and the RIS’s location near (S) or (D) has a significant impact on the performance of the system.
The analytical expression match the simulation results through the Monte Carlo simulation method. Furthermore, the
simulation results of energy efficiency (EE) also show that when the target spectral efficiency (SE), Rth, is high (more than
5.45 b/s/Hz), the system using supported RIS with direct link will help reduce the transmit power and optimize the most
energy compared to the other two systems.
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non-orthogonal resource allocation. Furthermore, NOMA's
ease of integration with many technologies is also a strength,
such as collaborative communication [2], Time Division
Multiple Access (TDMA) [3], physical layer security [4],
...The integration of NOMA with other physical layer
techniques has been widely discussed based on different

1. Introduction

5G network technology is the 5th network technology, the
successor to the extremely popular 4G LTE connection

before. As its successor, the 5G network enables the
transmission of large amounts of data at outstandingly high
speeds, improved bandwidth, reliability in connection, along
with maintained signal latency. maintained to a minimum, ...
This will bring more challenging engineering problems,
requiring new and more efficient communication models,
especially at the physical layer.

To meet the diverse requirements of current 5G networks
as well as for future B5G and 6G system design, Non-
Orthogonal Multiple Access (NOMA) is identified as an
important technology that can satisfy requirements
mentioned above [1]. The most prominent feature of the
NOMA technique is that it supports a larger number of
USERSs than the number of orthogonal resource slots through
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application scenarios and requirements in [5, 6] The
collaborative NOMA communication concept proposed in
[7], in which users with better conditions are selected as
relays to ensure the service quality of edge users.
Furthermore, the authors of [8, 9] investigated the full/half-
duplex (FD/HD) performance of cooperative NOMA systems
in terms of downtime probability and bias rate. With a focus
on secure communications, the security of NOMA networks
was evaluated in [10], where internal and external
eavesdropping scenarios were carefully examined. Applying
NOMA to random access, the author in [11] has shown that a
Grant-free (GF) scheme based on NOMA can support huge
connectivity by considering latency and reliability. To
improve the spectrum utilization of an Unmanned Aerial
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Vehicle (UAV), the authors of [12] investigated the
performance of coverage probability and achievable rate for
NOMA communications with support UAVSs. In [13], the
authors introduced the use of NOMA for satellite networks
and evaluated ground-based user outage behaviors with
ordinal statistics. Or more recently, NOMA networks
supporting backscatter communication have been studied in
[14], which are capable of effectively supporting extremely
large machine type scenarios.

Recently, with the advent of Reconfigurable Intelligent
Surfaces (RIS) [15], systems with a combination of NOMA
networks and RIS reconfigurable smart surfaces have been
introduced. proposed and show that these two important
technologies are very compatible and complement each
other.RIS has proven to be one of the key technologies to
achieve a smart radio environment (SRE) for the system's
sixth generation (6G) network technology. wireless
communication [16]. RIS can collect the wireless signal from
the transmitter and beam it towards the receiver. In terms of
composition, RIS is a surface consisting of N Metasurface
(MS) elements (reflecting units), each of which is a
reconfigurable reflector, that is, it can adjust the transmission
medium to increase the transmit and receive capacity of
wireless communication [17].

Specifically, RIS consists of quasi-passive reflectors,
programmable and controlled via the RIS controller, which
allows it to reflect and direct obstructed signals in desired
directions. To make it necessary to adjust the phase shift of
the reflecting elements to control the common phase of all
scattering elements, the reflected phases and the angle of the
incident Radio Frequency (RF) signal can be customized to
produce the desired multipath effect. Reflected RF signals
can be added to improve received signal power or suppressed
to minimize interference [17].

From the advantages, such as low cost, it is a passive
device. Without the aid of amplifiers, it can generate a beam
to any desired direction and most importantly, easy operation.
The ultra-thin surface makes RIS flexible in deployment and
expansion [18]. Therefore, many related works on RIS have
been proposed. Related works on RIS: Wireless
communication with RIS support has attracted a lot of
attention [19-21]. In [22], the authors investigated the channel
performance of the RIS-powered network by RIS-illuminated
spatial classification. With the goal of maximizing energy
efficiency, the authors of [23] introduced low complexity
approaches by jointly designing both the transmit power
distribution and the phase shift of the reflecting elements. In
[24], a statistical description of outage probability, error rate,
and symbol error rate was outlined for RIS-enabled wireless
communication over Rayleigh fading channels. In the
Nakagami-m channel condition, the authors of [25] analyzed
the performance of coverage probability for RIS-enabled
communications systems by exploiting moment generators.
To elucidate the impact of Line-of-Sight (LoS), the authors in
[26, 27] evaluated the outage probability, ergodic capacity,
and average symbol error probability of wireless operations
with RIS support on Rician fuzzy channels. Except for the
above contributions, several application scenarios, i.e.,
applying RIS to large device-to-device communications and
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facilitating simultaneous power and wireless transmissions
have been highlighted. in [28]. Bidirectional communication
between users supported by RIS was investigated in [29],
where compatible or incompatible channels were calculated.
Based on the combination of two protocols RIS-NOMA is
also interested and selected in the systems. Recent studies
such as a system to serve users with NOMA by designing
passive beamforming weights at RISs have been proposed in
[30]. The results of the analysis demonstrate that the base
station (BS) and user associations have little effect on the
diversity orders achieved when the number of RIS is high
enough. Calculation results are provided to confirm that the
high Signal-to-Noise-Ratio (SNR) gradient of the RIS-
supported network is one and that the proposed RIS-
supported NOMA network has superior network performance
compared to its orthogonal counterpart. Another wireless
communication 1oT model is introduced that exploits the
main benefits of NOMA and RIS technologies in
Simultaneous Wireless Information and Power Transfer
(SWIPT) network which has been proposed in [31] The
results highlight the benefits of public exploitation. RIS
technology in the SWIPT loT network supports NOMA and
future  direction.  Another system,  Simultaneously
Transmitting And Reflecting Reconfigurable Intelligent
Surface Non-Orthogonal Multiple Access (STAR-RIS-
NOMA) proposed in [32], demonstrates that: 1) STAR-RIS-
NOMA outage probability is better than that of STAR-RIS-
supported Orthogonal Multiple Access (OMA) and
conventional cooperative communication systems; 2) With
the increase of K configurable factors and Rician factor k, the
STAR-RIS-NOMA network is capable of achieving
performance enhancement; and 3) The ergodic rate of STAR-
RIS-NOMA is higher than that of STAR-RIS-OMA.

The key contributions of this work are summarized as
follows:

e First, we introduce the method of moments for
characterizing the end-to-end channel (e2e) of a wireless
system. In the Nakagami-m fading environment, we
show that the distribution of the e2e channel coefficient
magnitude of the system can be approximately equal to
the Gamma distribution.

o Next, for system performance analysis, approximate
closed-form expressions for the Outage Probability (OP)
and Ergodic Capacity (EC) of the system are built. In
addition, we provide specific analyzes on the accuracy
of the proposed approximation distribution, i.e.,
accuracy in using the Gamma distribution to estimate the
true distribution of the e2e channel coefficient.

e Finally, in our simulation, we consider the actual
simulation settings, as shown in Table 1. Notably, our
simulation results are in good agreement with the
analysis formulas. included in all articles. From the
above results, they reveal that the system using RIS
support has a better direct path than the two systems: the
system using RIS supporting no direct path and the
system using no RIS in terms of OP and EC. In addition,
our system achieves the highest Energy Efficiency (EE)
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within a specific range of the target Spectral Efficiency
(SE). We also built a simulation result of the actual RIS
installation location. This result only shows that the
number of elements installed at the RIS and the location
of the RIS has a significant impact on system
performance. In summary, we show that our proposed
system is the most optimal in all three important
parameters OP, EC and EE compared with the remaining
models, as well as the impact of RIS placement. actual
and the number of passive reflectors on the RIS to the
system performance.

Notations. r'e) denotes the Gamma function [[35]- eq.
(8.310/1)], () denotes the lower incomplete Gamma

function [[35]- eq. (8.350/1)], K,() denotes the modified
Bessel function of the second kind [[35]- eq. (8.407/1)],

Approx.

X 0 T() means X approximately follows the

distribution T() . For parameters of distributions, TTx means
the parameter T in the distribution of random variable X ,

Ox (k) denotes the k-th moment of X, E[X] denotes the

. () .
expectation of X and X the corresponding expected value,

[h]

" representing the element r-th of the vector h .

2. System model

We consider a low complexity communication system. There,
the system has a Source (S) and a User (Destination) (D), both
of which are equipped with a single- antenna node. (S)
communicates with (D) via direct link supported by a
Reconfigurable Intelligent Surface (RIS), R, which passively
reflects signals from (S) to (D). The system is described as
follows (figure 1):

R
molla
S: Base Station
R: Reconfigurable Intelligent Surface
hy hy & ¢

D: User

() [

Ao R

S D

Figure 1. System model.

Assuming that a RIS (N=1) has L discrete reflector
elements, we set ho € C , hyye CY*and hy € C™* to be

the complex channel coefficient vectors from (S) to (D), from
(S) to the second reflector RIS (R) and from this reflector
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element of RIS (R) to (D), respectively. The properties of RIS
are characterized by a phase- shift matrix

¥ =« diag(e'*,...e"), where ¢ €[0,27)
r =1,..., L, isthe phase transition occurring at the element
of the RIS and «, €(0,1] is the fixed amplitude of the
reflector coefficient [45]; Knowing that, for a complex
number z, we can represent Z=Nn(COS@+ jSinp) =ne’

with @=./z,n=z| and ‘ne”":‘ne‘j"’,VneD, the

0 .
channel poles can be represented as follows: h,, = h_ e%
where cr e{0,1r,2r},6, €[0,27) . Let S is the transmit

symbol at (S), with E[|S|2]=1 normalized mean power

expression, [, be the transmit power of (S) [dBm], < be

the additive white Gauss noise at the Destination (D) with
zero mean and variance ¢, i.e., a1 CN(0,6%).

3. Performance analysis

3.1. Signal-to-noise ratio (SNR)

Definition: The signal-to-noise ratio, S/R, or SNR (Signal to
Noise Ratio) is defined as the ratio between the output power
of the transmitted signal and the power of the noise that
damages that signal. This amplitude is measured, like almost
everything related to sound and is expressed in decibel (dB)
[38].

First, the signal that can be received at (D) is shown as
follows:

L
y=(h+ Y ch,e™ ) ps+a ®
r=1

The end-to-end SNR (e2e) received at (D) is given by:

2
2

@

L .
hO + Z Kr hlremr h2r
r=1

p=ple™

=1

Where ¢, [ ¢, +6, + 6, — 6, is the phase error of the RIS's

Ps

rth reflector and /; = — represents the transmitted mean

SNR [dB].
Let X be a Random Variable (RV) following the
Nakagami-m distribution with the fading parameter m, €2

having a Probability Density Function (PDF) and a
Cumulative Distribution Function (CDF) given by [37]:

m 2
2m 2m-1, 0%

fy (X,m, Q) :W
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m »
m, — X
7( o )

F, (x,m,Q) = rm

x>0 4

Proof: See Appendix A.

Where m > 0 is the shape parameter and Q > 0 is the
spread  parameter  of  distribution. We  have
X O Nakagami(m,Q). Note that the parameter Q

denotes the mean squared value of X, Q=E[X?] , which is

equivalent to the mean channel gain (power). The magnitude
distribution of each channel coefficient can be expressed as:
h, [ Nakagami(my, ©2,), hy, [ Nakagami(m, , Q2 ),h,, [} Nakagami(m, ,<2, )

Let Y be a RV that follows a Gamma Distribution, with
parameters being 1, 1 . The PDF and CDF are given by [40]:

u’ 1
fy (yﬂ?’ﬂ):myq_ e”,y=0 ®)
Fy(y,T],,U)Zy(I?E:)y),yZO (6)

Proof: See Appendix B.
where, 7] > 0 is the shape parameter and £ > 0 is the

scale parameter of the distribution. We have
Y [0 Gamma(n, 1) .

Theorem 1:

To simplify the notations, in the analysis we set

L
RO« h,h, AL ZR,DD h, + A; , where D is the
r=1
magnitude of the e2e channel coefficients.
Since h, [ Nakagami(m,,Q,), the Kk-th moment of h,,
w, (k)0 E[h], with E[h{] be the mean of distribution
[[39]- eq. (65)], which can be written as follows:

k
r(m,+-) K
_ 27 5%y,
wy, (k)= ) (mo) (7)

Now, we turn our attention to the k -th moment of R . The
exact PDF function of R given by ([39]- eq. (90)):

4ﬂrmhl+mh2
r(m, )r(m,)

Inthere, ; = 1 ™ ™y, The detailed derivation in (8)
K Q, Q)

can be briefly presented as follows.

The purpose of this inference is not only to accurately
represent the PDF function of R , but also to show that the
magnitude of the synthesized channel of the individual dual-
hop channel with respect to a single reflecting element of a

D EA

fR (Z) _ mhﬁmhz—lehfmhl (erz) (8)

RIS in the system follows the Generalized-K (K;)
distribution [41, 43]. Back, foragiven I, R=xh h, , where
R represents the passively reflectors as independent RVs and
identically distributed, h,,,h, conversely as independent

random variables but undistributed RVs. On the other hand,

we know that f () = Tl f, (%) f, (x)dx. so the PDF of R
Ix X

can be rewritten to:

L@=—[f (D, (O

Besides, we already have
h, 0 Nakagami(m, ,©, ),h,, [ Nakagami(mhz,th)’

so from (3) the PDF of R is written as:

mh2 )mh2 Zthl -1

fR (Z) =

4 My,
r(mhl)r(mhz)(m )

hy

(10)

o0 - = _
2m,, -2m;, -1
X j X e

0

Proof: See Appendix C.

The exact PDF of R is written to (8).
Therefore, we can conclude that R follow the Kg

distribution with the shape parameters is mhl \ mh2 . Based on
the exact PDF of R, we get the k -th moment of R, defined

as g (k) E[R¥] :Tzk f.(2)dz - Similarly (7), @, (k) can
0

be rewritten as:

k k
I'(m, +)I'(m, +—
(m, 2) (m,, 2)

o (K) = A (1)

r(m,)r(m,,)

Based on the k-th moment of R obtained in (11), we set
according to the Gamma distribution. Note that, for a givenr,

R are independent and identical distributions RVs. We have
[40]:

R Apgox Gamma(7;, tg) (12)
Where:
2 2
_ERY _ 0] 13)

" Var[R] @y (2) [0, )T
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ER] _

_ _ R (1) 14
Hr Var[R] (4

@ (2) ~ [0 DT

And f.(Z;775, z) shown as in (5). The analysis will be

based on the approximate PDF of R .
Therefore, the approximate distribution of Ag is:

approx.

A, 1 Gamma(L7g, 1) (15)

Therefore, the approximate CDF and PDF of AR are given
by:

Fo ()7 et (16
fo (2)~ £, (2,5, 1) 17

where (17) is expressed as (5).
Using the polynomial deployment [[41]-eq. (12)], the k.
th moment of AR, i.e., w, (k)L E[A}]be written as:

kL2

@, (K) = ZZ Z( )( - (LZ)

k=0k,=0 k_ 1_o

X W (k- kl)sz (k- kz)---a)l:eL (ki)

(18)

3.2. Outage probability (OP)

Definition: The Outage Probability of the system is the
probability that the e2e signal-to-noise ratio is less than a
given threshold value [47].

We first construct the correct distribution of the main
component of D, i.e., Ar according to gamma distribution,
which is shown in (15).

We then obtain the approximate closed-form expressions

for PDF and CDF of D. Specifically, since h, and Ar are

independent RV and hy, A; >0. We have the SNR e2e
received at (D), (2) can be rewritten as:

p=p(hy+A)? = pD?

The statistical characteristics of the e2e channel coefficient
magnitude are presented in the following theorem.

Theorem 2:

The approximate closed- form expressions for CDF and
PDF of D can be obtained as follows, respectively:

(19)

x)] F (M m+1)

(20)

o0 ~000 7 YIF, (1) F, ("

D EA

M-m+1 M-m+1

M

fo(X)~A(X) D Z[[ff (*X) (7><)]><F ( X)

x(F, G0~ Ry (L) £ (2]

(21)

where fho i+ Fa, presented in (3), (4) and (16).

Proof: See Appendix D.

Based on Theorem 2, a closed- form approximation for
OP can be written as:

OP =PIR<R,)=Pr(p<p,) (22)
With. p,, = 2% —1
Based on (19), (22) can be rewritten as:
OP =Pr(pD* < p,) = F,. ()
(23)

P
e
p p

with @( /@) be written similarly to (20).
yoj

3.3. Ergodic capacity (EC)

Definition: A process is called Ergodic when the time
average can be substituted for the system-wide average. This
means that the channel changes fast enough in the
transmission time and goes through all fading states. An
Ergodic channel can support the maximum error-free
transmission rate with 100% confidence according to the
following belows [46]:

EC = E[log, L+ )]

— E[log, L+ p D?)] (24)

1571 z
:In2 Z+ 1[ (\/;)]dz

In there, E is the mean, o is the instantaneous value of

the signal-to-noise ratio (SNR). In contrast to the Ergodic
channel, the channel is said to be non-Ergodic when it does
not change fast enough to pass through all the fading states
during the communication period. This happens when the
channel is slowed down by fading obstruction or persists for
too long during shadowing. Ergodic capacity is obtained
when instantaneous capacity is averaged at all time values.
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3.4. Energy efficiency (EE)

3.4.1. Total power consumption of the system
Definition: The total power consumed to operate the system
including the transmit power at the Source (S), as well as the
static power of the hardware components involved [34]. From
there, the total power consumption of the system supported
by RIS is presented as follows:

0 0 0
Prota = Ps + Prist Ps+ Py [mW]

Total

(25)

0 0 0
Where, P, Py, Py is the static power of the hardware

consumed at (S), (D) and RIS, respectively.

In case of a system without RIS, the total power consumed
by the system only includes the participation of transmit
power at (S), hardware static power at (S) and (D). So we
have:

0 O
Pow = Ps + Ps+ P, [mW]

Total

(26)

3.4.2. Energy Efficiency (EE)
Definition: Energy efficiency is defined as the ratio between
the system achievable sum rate and the total power
consumption of the system [23].

From the above definition, the energy efficiency (EE) of
the system is expressed as follows:

EE - BWx R [Mbit/Joule]

Total

(27)

where BWis the transmission bandwidth [MHz], P, is

otal

the total power consumption [MW] and R, is the target SE

L
[b/s/Hz] (with). BW Py, Ry, R, =3 log, @1+ p,,)
r=1

D EA

RIS-NOMA

SIGNALS ATBS

!
y=(h+ ZA‘,_h],_e’“' b )\ps+a
r=|
RIS-SUPPORTED \

L =

COOPERATIVE !

DIRECT LINKS LINK |

No

Yes

Yes

Figure 2. lllustration algorithm flowchart of the system

To clarify how the system works, we design a diagram as
shown in figure 2. It shows that the signal from the source is
decoded at the same time for both cases: decoding the
information to the user by direct link and decoding of
information to the user by cooperative forwarding using RIS.
If the user fails to decode its own signal from the direct link
in the first place, its received signal from the direct link is
retained and combined with the cooperative relay signal via
the use of RIS in second place. The decoded signal at the user
is a combination of the two signals above.

V. Numerical results

In this section, we provide the results on the PDF and CDF of
D that follow the Gamma distribution, as well as the OP, EC
of the system. The simulation results verify the correctness of
the analytical formulas developed above and also to provide
detailed information about the system's performance. The
results indicate that changing the number of reflective
elements of the RIS (L) and the location of the RIS affects the
PDF and CDF and more importantly, it also affects the OP
and EC parameters of the system. This is very important for
the practical application of this surface, as well as being the
foundation for developing this completely new technique to
work more effectively in the future.
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Table 1. Simulation parameters.

Parameters Values Parameters Values
Bandwidth, BW 10 MHz [34] Nakagami shape parameters, m ~[2,3]
Carrier frequency, f. 3 GHz [34] Maximum elevation simulated 10m
position RIS, H(m)

Number of reflective elements, L [50,75,100] Noise power, ol -94 dBm
S-D distance, dsp 100 m Coordinates set RIS [m] Xr~ [5.95] and yr~ [1,9]
Noise parameters, NF 10 dBm [34] Transmission power, Ps [dBm] [0,25]
The target SE, R [b/s/Hz] 1 Number of simulations 10°
Thermal noise power density, N -174 dBm/Hz [34 . . . 1[34

15¢ pow 1, Ro z[34] Amplitude reflection coefficient, K, [34]
Antenna gain, Gs, Gp [dB] 10 [34] 0 10 [23]

Static hardware power at (S), Ps
0
and at (D), P, [mW]
Static hardware power RIS, [MW] 7.8 [23]
PRIS

Except for the other cases as below, the simulation
parameters are set according to the values shown in Table 1.
In which, the equivalent noise power at (D) is
o’ =N, +10log(BW) + NF [dBm]. Assuming non- Line

of Sight (NLoS) condition in the 3GPP Urban Micro (Umi)
pathloss model [36, 44], the attenuation path is integrated in
the spread parameter of the Nakagami-m distribution
Q,, =G, +G, —22.7—-26log(f,)—36.7log(d,, /d,)  [dB]
[34], where dXY is the distance in the Descartes coordinates
and dO is the reference distance, here dO=1 m. The number
of M steps used in the M-staircase approximation is 100, M
= 100. The simulated positions (S) and (D) are placed in the
coordinate system of [0.0] and [100.0], respectively, the
coordinates of the RIS are simulated at different coordinates
are shown below:

4.1. Effect of the number of the RIS’s
reflecting elements (L) on system

performance.
10
-]
g D
- RIS
= )
==

[=]

100

dep (1)

Figure 3. Coordinates of RIS in the case of xRIS= 50
and yRIS =5, [50.5].

2 EA

Figure 3 describes the RIS position coordinates as Xris=
50 and yris = 5 which are kept the same in all three cases
comparing system performance using RIS-assisted RIS with
direct link when changing the number of passive reflectors on
the RIS is L=50, L=75 and L=100, respectively.

PDF of D | GAMMA DISTRIBUTION

10°

PDF

PDF of D | GAMMA DISTRIBUTION
25 (10— 25
I True

Approx

L=75

PDF; of D | GAMMA DISTRIBUTION
10

T

Approx

L=100

Figure 4. PDF of D in the following cases: L=50, L=75
and L=100.
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CDF of D | GAMMA DISTRIBUTION

1 ettt
08

06 f

CDF

0.4

02 =

L=50

y CDF of D | GAMMA DISTRIBUTION

CDF of D | GAMMA DISTRIBUTION

{ /
08 f 08 /

06 / 06
{

CDF
CDF

L=75 L=100

Figure 5. CDF of D in the following cases: L=50, L=75
and L=100.

Figures 4 and 5 describe approximate PDF and CDF that
are well-suited to real PDF and CDF (theorem 2), which are
numerically estimated based on data simulation. Besides, we
also see that when we change the number of reflective
elements (L), the variable range of x also changes, leading to
changes in the variable values of PDF and CDF. Evidence,
when increasing the number of RIS reflectors (L) from 50, 75
and 100, respectively, the x variability range also changes
from 0.5 to 1.25, from 0.75 to 1.5 and from 1.25 to 2,
respectively. And the x range changes, the value of the PDF
and CDF also changes accordingly.

10"
107"
<
£10%F
E
%107 F
8
< —+— OP Non-RIS (sim) \
OP with direct link (sim)
10%E OP with direct link(ana)
@ OP with non-direct link (sim) Af
OP with non-direct link(ana) |
|
|
10.5 L 1 L L 1
0 5 10 15 20 25
Py [dBm]

10°0—6—8 ENIPY
10 E 3
s
Eo2r E
E
g 107 F 1
]
S
\ ~—+— OP Non-RIS (sim)
10 \‘ QP with direct link (sim) E
| OP with direct link(ana)
\: O OP with non-direct link (sim)
| OP with nen-direct link(ana)
10° | 1 ey |
0 5 10 15 20 25
Ps [dBm|
10° 4

2
&10° E
£
E
| ~——+— OP Non-RIS (sim)
104 | OP with direct link (sim) 4
“ OP with direct link(ana)
| O OP with non-direct link (sim)
| OP with non-direct link{ana)
10-5 Il | L L L
0 5 10 15 20 25

Ps [dBm]|

L=100

Figure 6. Outage Probability (OP) in the following
cases: L=50, L=75 and L=100.

Next, in figure 6, we have a simulation of the Outage
Probability (OP) of the system with OP as a function of Ps,
presented in Eq. (23). As can be seen, the theoretical and
simulated results are well corroborated, so our developed
analytical formula is validated. In addition, we can see in
figure 6, with fixed RIS coordinates, as the number of
reflective elements (L) increases, the OP decreases sharply.
The proof is that when we consider the case of the system
using supported RIS with direct link, with L=50, when Ps =
10 dBm, OP equals 10, With L=75, when Ps= 10 dBm, OP
drops to less than 10 With L=100, when the Ps= 10 dBm,
the OP drops much deeper to less than 10, In addition, the
OP's simulation results also show that the system using
supported RIS with direct link is the most optimal when
compared with the other two systems: the system not using
RIS and the system using supported RIS without direct link.
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Figure 7. Ergodic capacity (EC) in the following cases:
L=50, L=75 and L=100.

Similarly, in figure 7, we have a schematic diagram of the
Ergodic capacity (EC) simulation of the system with EC as a
function of Ps, presented in Eq. (24). As can be seen, the
theoretical and simulated results are well corroborated, so our
developed analytical formula is validated. In addition, with a
fixed RIS position (Xris = 50, Yris = 5), changing the number

2 EA

of reflective elements also changes the EC. For example, we
consider the case of a system using supported RIS with direct
link, with L =50, when Ps= 10 dBm, EC equals 1.5 [b/s/Hz].
With L = 75, when Ps= 10 dBm, EC increases to 2 [b/s/Hz].
With the RIS coordinate of [85;5], when Ps= 10 dBm, EC
rises to almost 3 [b/s/Hz]. In addition, the simulation results
of EC also show that the system using supported RIS with
direct link is the most optimal when compared to the other
two systems: the system not using RIS and the system using
supported RIS without direct link.

4.2. Effect of RIS placement on system
performance
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Figure 8. Coordinates of RIS in the following cases:
[50.5], [75.5] and [85.5].

In this case, we set the coordinates of the RIS to [50.5],
[75.5] and [85.5], respectively (figure 8) and keep the same
number of reflectors (L) in all three cases as 50.
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?‘[JongIGMMADISTRIBumu Figures 9 and 10 describe approximate PDF and CDF that

are well-suited to real PDF and CDF (theorem 2), which are
numerically estimated based on simulated data. Besides, we
also see that when we change the position of the RIS
coordinates, the variable range of x also changes, leading to
changes in the variable values of PDF and CDF. Evidence,
when changing the RIS position from [50.5], [75.5] and
[85.5], respectively. The variable range x also varies from 0.5
to 1.25, from 0.7 to 1.45 and from 1 to 1.75, respectively. And
the x range changes, the value of the PDF and CDF also
changes accordingly.
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Next, in figure 11, we have a simulation of the Outage
Probability (OP) of the system with OP as a function of Ps,
presented in Eq. (23). As can be seen, the theoretical and
simulated results are well corroborated, so our developed
analytical formula is validated. In addition, we can see in
figure 11, with fixed RIS coordinates, with the number of
reflectors (L) kept the same in three cases of 50, when the
closer the RIS position (S) or (D), the more sharply the OP
decreases. For example, we consider the case of a system
using supported RIS with direct link, with RIS coordinates of
[50;5], when Ps = 10 dBm, OP equals 10. With a RIS
coordinate of [75;5], when Ps= 10 dBm, OP drops to less than
102. With a RIS coordinate of [85;5], when Ps= 10 dBm, OP
drops to less than 1075, In addition, the OP's simulation results
also show that the system using supported RIS with direct link
is the most optimal when compared with the other two
systems: the system not using RIS and the system using
supported RIS without direct link.
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Figure 12. Ergodic Capacity (EC) in the cases of RIS
coordinates is: [50.5], [75.5] and [85.5].

Similarly, in figure 12, we have a schematic diagram of
the Ergodic capacity (EC) simulation of the system with EC
as a function of Ps, presented in Eq. (24). As can be seen, the
theoretical and simulated results are well corroborated, so our
developed analytical formula is validated. In addition, with
the number of elements (L) kept the same (L=50), placing the
RIS as close as possible (S) or (D) also changes the EC. For
example, we consider the case of the system using supported
RIS with direct link, with a RIS coordinate of [50;5], when Pg
=10 dBm, EC equals 1.5 [b/s/Hz]. With a RIS coordinate of
[75;5], when Ps= 10 dBm, EC increases to 2 [b/s/Hz]. With
a RIS coordinate of [85;5], when Ps= 10 dBm, EC rises to
almost 3 [b/s/Hz]. In addition, the simulation results of EC
also show that the system using supported RIS with direct link
is the most optimal when compared to the other two systems:
the system not using RIS and the system using supported RIS
without direct link.

4.3. Comparison of Energy Efficiency (EE)
between a system using supported RIS with
direct link, a system using supported RIS
without direct link and a system not using RIS

Next, we will investigate the effect of the target SE (Rth) on
the source transmit power (Ps) and the Energy Efficiency of
the system (EE). Furthermore, we also compare the above
parameters for the cases where the system using supported
RIS with direct link, the system using supported RIS without
direct link and the system not using RIS.
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Figure 13. Comparison of the transmit power at (S),
Ps [mW], between the system using supported RIS
with direct link, the system using supported RIS
without direct link and the system not using RIS, with
Ps is a function of the target SE, Rth [b/s/Hz].

Figure 13 shows the simulation results of the transmit
power (Ps) of the system, where Ps is a function of Ry When
Rin > 5.45 [b/s/Hz], the non- RIS system requires the highest
transmit power, the RIS- supported direct link system
requires the lowest transmit power. From that, we conclude
that using supported RIS with direct link systems can help
reduce the transmit power, leading to improved EE for the
system. To prove the above conclusion, we will analyze the
simulation results of EE in Figure 14 below.

450~ T T ; . - - T . T .

Energy efficiency [Mbil/Joule]

A

u[l 2 4 6 8 10 12 14 T-E 18 . 20
Target SE, R, [bis/Hz]

Figure 14. Comparison of Energy Efficiency, EE
[Mbit/Joule], between the system using supported RIS
with direct link, the system using supported RIS
without direct link and the system not using RIS, with
EE is a function of the target SE, Rth [b/s/Hz].

In Figure 14, we have a schematic diagram of EE
simulation of the system with the EE as a function of R,
presented in the Eq. (27). Specifically, when Rine (0; 5.45]
[b/s/HZz], the system non using RIS provides the highest EE

D EA

compared to the other two systems. Meanwhile, when R, >
5.45 [b/s/Hz], the system using supported RIS with direct link
provides the highest EE compared to the other two systems.
Therefore, we can conclude that a system that transmits
information directly from (S) to (D) is more appropriate both
in terms of minimizing transmit power (Ps) and maximizing
energy efficiency (EE), except when a high target SE (Rw)
(greater than 5.45 b/s/Hz) is required, then we should use a
supported RIS with direct link system to maximize system
performance.

V. CONCLUSION

In this paper, we have studied a lowly complexity radio
network model. Specifically, we used a relay network using
a Reconfigurable Intelligent Surface (RIS) with a direct link.
The Closed-form expressions of Outage Probability (OP) and
Ergodic Capacity (EC) are considered. Based on the
simulation of OP and EC, the results indicate that our
proposed system is more optimal than the system using
supported RIS without direct link and the system not using
RIS. We have shown that given the total number of passive
reflectors, the element allocation and location of the RIS have
a significant effect on the performance of the system.
Specifically, the more the number of reflectors and the closer
the RIS is to the source or destination, the more it will help
optimize the system. The analytical expressions match the
simulation results through the Monte Carlo simulation
method. Furthermore, the system using supported RIS with
direct link achieves better EE than the other two systems
when the value of the target SE reaches a specific value (more
than 5.45 b/s/Hz). Therefore, the system using supported RIS
with direct link will help reduce the transmit power and
optimize the most energy compared to the other two systems.
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APPENDIX D

First, we rely on the theorem of total probability [40] and the
definition of conditional probability [40] to determine the
probability of D. The CDF of D which can be given by:

EAI Endorsed Transactions on
Mobile Communications and Applications
09 2022 - 01 2023 | Volume 7 | Issue 3 | e2

o 222)

(Zzﬂr)



Huu Q. Tran, Nguyen Trong Duy, and Huynh Phan Hieu Nghia

F, (X)=Pr(D <X) =Pr((h + A) < X) (28)
It can also be re-expressed as:
Fo (X) = Pri{A; < x—hy}n{h, <x})
(29)

= [F\ (x=y) Ty, (y)dy

If we replace (16) in (29), it will lead to an integral analysis
that is not expressed in closed- form. To solve this problem,
(29) will be rewritten to:

X X—y

Fo()=[ | fa (@) f, (y)dzdy (30)

Using the M-staircase approximation (a method used to
approximate the integral analysis of one or more layers,
similar to the Riemann- Sum[42]), (30) can be rewritten to:

M -m+1

X

Fo (%) :OZ@:X fr, (Y)dy f f, (2)dz (B1)
m=l M 0

Integral analysis (31), we have:

x M-m+1 m+1
-1 XF (2},
M-m+1
—Z[F ( ( X)] xFy (—F—X)
=(20)
Next, we take the derivative of (20), i.e., the PDF of D

obtained as f, (x) =

ng_(x) (21), in which the PDF, is
X

given by A, fo (X) (17). The 2nd theorem has been proven.
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