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4.1 Introduction

In this chapter, the focus is mainly on the deployment of RISs under the path loss
component and the creation of a virtual LoS path between the base station and
users. Initially, two different deployment strategies of RIS-assisted precoded NOMA
for the downlink multiple-input and single-output (MISO) system is considered.
The BS consists of multiple antennas and users use a single antenna. Firstly, RISs
are placed near to each user, which is called distributed RIS deployment. In the
second method, a single RIS is deployed at the BS, which is called centralized RIS

deployment.

A single RIS is insufficient to create a LoS path between the BS and users in a high
scattering environment. Further, path losses are higher in millimeter and terahertz
frequencies than sub-GHz bands due to molecular absorption. Morcover, cell-edge
NOMA users suffer high attenuation [92]. To address the issues mentioned above,
we consider multiple RIS (MRIS) to establish LoS paths between BS and the users.
The LoS path improves the wireless network’s performance, especially in higher
frequency bands and severe path blockage scenarios. MRISs use multihop reflec-
tions to serve users in a system with virtual LoS paths, which results in improved
performance. Therefore, multiple RISs-assisted NOMA systems are proposed and

analyzed, especially for millimeter and terahertz bands communication systems.
The main contributions of the chapter are summarized as to follows:
e The BER performance is analyzed for both distributed and centralized RIS-

assisted NOMA by using the phase optimization of reflecting elements through

the semidefinite relaxation (SDR) method.
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e The sum-rate of the proposed NOMA system is also calculated. The BER
and sum-rate performances of centralized deployment are better than the dis-

tributed deployment of RISs for the total fixed surfaces.

e Further, the sum-rate of the proposed system is better than conventional OMA
like time division multiple access (TDMA) and frequency division multiple

access (FDMA) systems.

e The impact of transmitting antennas at the BS and reflecting surfaces at RIS

is studied by varying the RIS positions in the proposed system.

e A mathematical expression for bit error probability (BEP) under Rician fading

channels with path loss components is derived, and verified numerically.

e The simulation results show that the p[roposed system achieved low BEP at
low transmit power, and improved the cell-edge users’ performance due to
multiple RISs, which reconfigure the propagation environment and create a

virtual multiple-input multiple-output (MIMO) system among the RISs.

e Impact of the positions of RIS panels, the number of reflecting surfaces, the
number of RISs, imperfect SIC, and the power of the LoS path, is analyzed on

BEP performance in the proposed multiple RIS assisted NOMA system.

e The BEP is also simulated in the Rician fading channel scenario and compared
with Rayleigh fading channel. Furthermore, the proposed system is analyzed

for different order modulation schemes.

e Finally, the performance of proposed multiple RIS assisted NOMA system
system’s is compared with existing RIS-NOMA and parallel MRIS-assisted

systems.
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This chapter is organized as follows. In Section 4.2 & 4.4 , the proposed multiple
RIS-assisted NOMA and deployment strategies are presented. Analytical expres-
sions of the near and far users in Section 4.5. Analytical and simulation results are

presented in Section 4.3 &4.6 . the summary is of the chapter is made in Sections 4.7.

4.2 Proposed RIS-assisted NOMA System Model

We consider two distributed and centralized RIS deployment strategies in the pro-

posed NOMA system.
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[b] Centralized deployment

FIGURE 4.1: RIS-assisted NOMA system
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4.2.1 Distributed RIS-assisted NOMA System

The block diagram of distributed RIS assisted NOMA system (DDR-NOMA) for
downlink MISO system is shown in Figure4.1 [a], where the BS is equipped with N
transmit antennas. The BS transmits superimposed symbols to near user (NU) U
and far user (FU) Us. Both NU and FU are equipped with a single antenna. Further,
RIS-1 and RIS-2 are deployed near to U; and Us, respectively. RIS-1 and RIS-
2 consist of N; and N, passive reflecting surfaces, respectively. Moreover, channel
between BS and RIS-1 is considered as H{ € CN**M and BS and RIS-2 is considered

as HY € CN2*M follows the Rician distribution which are given as

1
H! = € CNxM 4.1
! \/@ ( K¢ + pH \/ ) (41)
HY = ! € CNxNe, (4.2)
/dﬁBR Kd + 1

where, dpr, and dpg, are distances between the BS and RIS-1, and BS and RIS-2,

and

respectively, J represents the path loss exponent. The flf and ﬂg denote the line-
of-sight (LoS) components, and H¢ and HY represent non-LoS (NLoS) components
with Rayleigh flat fading and K{ and K¢ are Rician factors. Similarly, the channel
vectors between RIS-1 and U; and RIS-2 and Uy, are gf and g respectively, which

are Rician distributed as follows,

K¢ 1
g+ §ech, (4.3)

/ng K{, +1 K(f1+1
1V1

gd — 1 KSQ ~d c CNgxl (4 4)
P g K+ 18 K% +1 g '
Ra Uz

and
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where, g¢ and g are the LoS g{, and g3 are NLoS components with Rayleigh flat
fading, K¢; and K¢, are Rician factors, dg,u, and dg,u, denote the distance between

RIS-1 and U; and RIS-2 and Us.

The direct links between the BS and users U; and Us exist and are denoted by
h{ € CM1 and hy € CM*! respectively, which are considered Rayleigh-flat fading
and independent and identical distributed (iid) with hd ~ CA(0,02), v =1,2. The
NU and FU distances from the BS are dp, and dg,, respectively. Let n be the path
loss component of the direct link, and the channel gain of U/ is higher than U;.

In DDR-NOMA system, the BS transmits the superimposed precoded symbols of

Uy and Uy as shown in Figure 4.1, and the received signal at user U is expressed as,

yd = £ (w‘f\/alle +wi/(1 — al)sz) +nf, (4.5)

where, x; and 25 denote the binary phase shift keying (BPSK) symbols. The
a; and (1 — aq) are power coefficients assigned to U; and U, according to their
channel gains and P is the total transmitted power available at the BS. Further,
fd = (g?Hq)?H‘f + h‘fH) whichis an effective channels between the BS and U/;, where
& € CNM*M i a diagonal matrix which is given as ®¢ = diag[A;e?", Age??, ..., Ay,e®M],
where A,, € (0,1] denotes the reflecting coefficients, and in general |A,| = 1 Vn, and
w{ and w{ are a zero-forcing precoders, which provide an optimal beamforming [93].

The beamforming vectors are expressed as,

de fdde -1
w(li _ 1 (1 1 ) > c CNLxl7 (46)

fd (ffff‘H> -

2

and
H H,_
a BU(EET)

2 2
e g™
2

€ CNexd, (4.7)
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Similarly, the received signals at user U, is

yy = f3 <W(1l VaiPay + wiy/(1 - Ofl)Px?) + 1y, (4.8)

where, f3 = (ggHi’gHS + h§H> denotes an effective channel between the BS and Us,
where ®§ € CN2*M2 ig a diagonal matrix which is given as ®§ = diag[A;e?!, Aye?®?, ..., Ay,e?V2]

and nd, v = 1,2 denotes the white Gaussian noise with ~ CA/(0, Ny).

v

4.2.2 Detection of DDR-NOMA Users

The NU uses SIC for signal detection in which first removes the interference signal
of Uy from the received signal, after that it applies maximum likely-hood (ML)
detector. Moreover, symbols of FU are decoded directly from the received signal by

using the ML detector.

The ML detection of Uy at the NU is expressed as

2
i3V = arg min Hy‘f —f (wf\/alle +wiy/(1— 041)ng> H2 (4.9)
2

The SIC subtracts interference symbols 23V from the received signals y; which is

given as,

g0 =y - [6! (wiy/T=an)P) i3] (4.10)

Therefore, the symbols of NU’s are extracted using the ML detector after applying

the SIC, which is given as,

2

ylc — £ (w‘f\/alle +wiy/(1 — 041)ng> )

Z; = argmin,, (4.11)
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The FU symbols are decoded directly by using ML decoder as,

T9 = argmin,,

2
yd — fd (w‘f\/alle +wi/(1 — al)Px2> H2 (4.12)

4.2.3 SNR Optimization through Distributed Algorithm

The SNR at the NU is expressed after perfect SIC as,

2
(et @t + 0" ) wi| rP

No

NUg _

ol (4.13)

The SNR of the NU is maximized by optimizing the phase shift matrix for a given

transmit beamforming w{ as,

2
(PO) :max ’ (g(fHCI)(fH(f + h‘fH) w (4.14)
1

st. 0 < @1 <27, Vn.
Recall ®¢ is ®¢ = diagle®,...,e? ... e%M]. The above (PO) problem holds

the following inequality, since it is a non-convex

(gt @] + h")wi| = |gt” o{HIw{ + b Wi
(q)
H H

< lgi" @TH{W| + [h " wi|. (4.15)

In (¢) equality holds if and only if arg(ngq)‘fH‘liw‘f) = arg(h‘waf) 2 0. Further,
solution of ¢; and phase constraints in (4.14) are satisfied with in equality (¢). Let,

ngq)‘fH‘llW‘f = m''q, where q = diag(g‘lﬂq)H‘fW‘ll andm = [e?11, ... e%n .. efrm )l
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However, the optimization problem (PO) is equivalent to

(PO') : max lm*q| (4.16)
s.t. mp| =1, n=1, -+, Ny, (4.17)
arg(m®q) = 6. (4.18)

Therefore, the optimal solution of (PO’) is given as,

m* — ei(bo—arg(@) _ oj(Bo—arg(diag(g] " HIw)) (4.19)

Thus, the phase shift of n'* element of RIS-1 is given by,

d Hya H_ 4
gbin = 00 - arg(gl,n hl,n Wl)

H H
= 60 - arg(gin ) - arg(h(li,n Wil), (420)

h

where g{" is n'" element of RIS-1 and h{’, is n'" row of the Hy. Similarly, signal to

interference noise ratio (SINR) of FU is expressed as,

H H
o | (et edmg 4 ng" ) wil (1 - an)p
(A dH Fdpyd df d2
‘(gQ P®5H; + hj )Wl‘

:

. (4.21)
O{1P + No
The SINR of FU is maximized by following the similar procedure as followed with
SNR optimization of NU. Therefore, the optimal solution of phase shift ¢, ,, at RIS-2
is given by
« Hyq H
(Z)Z,n = 90 - arg(gg,n h(Zi,n Wg)

H H
= 00 - arg(gg,n ) - a'rg(hgm Wg)? (422)
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where hl is n'" row of the Hy.

4.2.4 Centralised Deployment of RIS-assisted NOMA Sys-

tem

The proposed centralized deployment of the RIS-assisted NOMA system (CDR-
NOMA) is shown in Figure 4.1 [b]. In the CDR-NOMA, a single RIS is deployed
near to the BS, which consists of N = N; + N, passive reflecting elements. The

channel H® between BS to RIS follows a Rician distribution, which given as

1 [ Ke [ 1
H¢ = H¢ H¢ NxNi 4.23
/dﬁ < Ke+1 + Ke+1 ) € ’ ( )
BR

where dggr denotes the distance between the BS and RIS. The channel between RIS

to Uy and RIS and U, are g and g§ are Rician distributed which are given as,

1 Kil ~ 1 — Nx1
c — ¢ ,/— ¢ g Nx1 4.24
&1 [ K§1+1g1+ K§1+1g1 ’ (4.24)
RU;

1 KgZ ~ 1 — Nx1
¢ — ,/ ¢ E—— = 4.25
&2 [ 1<52+1ngr K§2+1g2 ' (4.25)
RUs

where, H, g9 and g5 are the LoS, H®, g5 and g5 are NLoS components with Rayleigh

and

flat fading. The K¢, K{; and K¢, are Rician factors. The dry, and dgry, denote the

distance between RIS to U, and Us, respectively.

In the CDR-NOMA system, a direct link between the BS to users U; and U, are
denoted by h{ and hj, respectively. These channels are considered as Rayleigh-flat

fading which are independent and identical distributed (iid) with h¢ ~ CN(0,0?),
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v = 1,2. The received signals at the user U; is expressed as,

Yo = £ (Wi\/alle w1 al)ng) g, (4.26)

where, f{ = (gf” ®{HS + heH ) denotes the direct and indirect channels for the U,
where ®§ € CV*¥ is a diagonal matrix and w¢ and w§ are a zero-forcing precoder

which are given as,

. ch(fcch)fl
wi= IO o )
|5 (EEEET) 1,
and
ch fcch -1
we— 12 BE ) omoa (4.28)

£ (Ests™)1 |2

Similarly, the received signals at the user Us is given as,

ys = £5 (Wi\/alle +wiy/ (1 — al)ng) + ng, (4.29)

where, f5 = (gngbcHg + th), and n;,v = 1,2 denotes the noise. The NU and FU
symbols are decoded by using SIC and ML detector respectively. The SNR and SINR,
are maximization of NU and FU is converted into convex semidefinite relaxation
(SDR) and solved by using Gaussian randomization techniques to generate sub-

optimal solutions.

4.2.5 SNR Optimization through Centralised Algorithm

The SNR of NU after perfect SIC is expressed as,

| (g5 @°H" + hi™) wi|” oy P
No '

ANUe = (4.30)
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Similarly, the SINR of the FU is written as

yUe = (5" @+ 15") wif (1~ )P (4.31)
(25" ®<He + hs™) we|” anP + N,

The BER and sum-rate performance of CDR-NOMA depends on the maximum
received SNR (7XU¢) and SINR (yEUe) of NU and FU, which can be optimized using

fymax ,ymax

the phase shift ® of RIS. Let, by, = h§”w$, by, = h{"ws, gs? @Hew§ = ulay,,

and g5 ®H'w§ = uay |, where u = [e”, ..., e*¥]¥ and u, = e’".
Find w (4.32)
e +0 P v,
s.t. N 2 Yo »
.t [u sz + bao|® FU.

. > )
|uHa2,1 + b2’1|2 + Ny — Tmax

lun| =1, n=1,--- N.

The above constraints are non-convex and the optimization problem can be con-

verted into quadratic constraints and then apply the SDR for sub optimal solution

of (4.32) as
Find u (4.33)
s.t. ’l_l,HRLl’l_ll + |b1,1|2 Z ’YEE)ENO
s.t. T_JJHRQ’Q’U/ + |b2,2|2 Z ’yrljlg;ﬁHRg’lﬁ
+ Yo (1021 + No)
|un‘2:17 7L:17"'7N+17
where
as1a (Igyle u
Ry, — 2,1 2,1 4=

a;{lbg’l 0 / 1
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Further, the above problem can be reduced to w” Ryju = tr(Ry;)uu’ | with
U = uu”, which satisfies U > 0 and the rank (U) = 1. Due to rank-one constraint,

it is non-convex. Therefore, the above problem can be reduced to

(P4) : Find U (4.34)
S.t. tl“(RLlU) + |bl,1|2 2 ’yllig)f

s.t. tr(RooU) + |bao|* > hnctr(Ro U)

U,,=1ln=1--- N+1,

U*>o.
where
H H H H
ai1ay; az1by; Q2055 Q21055
R, = , Rpo=
H H
aybia 0 35022 0

The above problem (P4) is a convex SDR, which doesn’t satisfy the rank (U) = 1.
Therefore, to obtain rank one solution, we have implemented Gaussian random-
ization technique and eigenvalue decomposition of U as U = VXV, where
V € CV+Dx(N+D) apd 15 2 diag{/&\,...,+/En11}. A sub-optimal solution of
(P4) is

il=Vyer, (4.35)

where, r ~ CN(0,In41) is random vector. Further, we generate a sub-optimal

: P P VA (e [s))
solution of U is given as, 1 = € N+1 )
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4.2.6 Sum-Rate Analysis

The total sum-rate R of DDR-NOMA system is expressed as,
RY = RNVa RV (4.36)

where RVY4 and R¥V4 are the sum-rate of NU and FU, respectively, which are given
as,

RNUd — 10g2 (1 + ,.YNUd) , and
R =log, (14~"). (4.37)

Similarly, the total sum-rate R¢ of CDR-NOMA system respectively, which are given
as,

R = RNVe 4 RFVe (4.38)

where, RNVe and RYY¢ are sum-rate of NU and FU in CDR-NOMA system as,

RNV = log, (1 + VNUC) , and

RV =log, (1 ++"7), (4.39)

where YNYe and "V¢ denote the SNR of NU and FU, respectively in CDR-NOMA.
Moreover, the maximum sum-rate of the proposed system is achievable by maximiz-

ing the SNR and SINR of NU and FU in CDR-NOMA and DDR-NOMA system.

4.3 Simulation Results and Discussions

The locations of BS, NU and FU’s are chosen as (0,0,10) m, (200,0,1) m, and
(—400,0,1)m respectively. In DDR-NOMA system, two RISs are located at (200,0,2)
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m and (—400,0,2) m, where in the CDR-NOMA system, single RIS is deployed at
(0,0,9) m. Therefore, the distance between the RIS and BS in the CDR-NOMA
system is equal to the corresponding distances of RISs to users in the DDR-NOMA
system [94]. The power coefficients of NU and FU are 0.4 and 0.6, respectively.
The noise power spectral density and bandwidth is set as is —173 dBm/Hz, and
BW = 180 kHz, with Rician fading respectively. Further, path loss exponents
through RIS and direct paths are § = 3 and n = 3.5, respectively. However, the
reference channel power gain is —30 dB at a distance of 1 m, and reflecting elements

are chosen as N = 32, Ny = 16, and N, = 16.

T T T
—&— DDR-NOMA(N;=2) | ]
—— DDR-NOMA(N;=4) |
] —6— cor-NOMA (N, =2)
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10—2 | ISIC for DDR-NOMA
E (Nt =4)

=
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[ R-NOMA for (N; = 2)
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1072k
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I (Ny =2)
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FIGURE 4.2: Average BER performance of NU in DDR-NOMA and CDR-NOMA sys-
tem for N; = 2,4. The solid lines denote optimized ® through SDR and dashed lines
denote the random phase.

The BER performance of the NU and FU is shown in Figure 4.2 and Figure 4.3,
respectively for the proposed CDR-NOMA and DDR-NOMA. In the proposed sys-
tem, BER performance is improved as the number of increasing transmit antennas
N; increases along with beamforming at transmitter, as observed in Figure 4.2 and
Figure 4.3. A virtual MIMO system is established between BS and RIS in a RIS-
assisted NOMA. Further, the BER performance of CDR-NOMA is better than the
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DDR-NOMA due to enhanced passive beamforming gain. Furthermore, BER per-
formance of both NU and FU also depends on phase of RIS ®, as shown in results.
The phase matrix is optimized through the SDR and it gives the diversity gain as

compared to random phase of RIS, as shown in Figure 4.2 and Figure 4.3.

10°

_ > & Rayleigh for DDR-NOMA
07 (k= 1) Na Y
| Rayleigh for CDR-NO
Eé‘ 10_2 L (Ny=4, K=0)

aa]

10-3 k —&— DDR-NOMA(N;=2) A NN
E | 45— DDR-NOMA(N;=4) g

| | -5— cpR-NOMA (N, =2) \5 A\\\\E']

| | —A— CDR-NOMA (N, =4) ‘\12

—4 1 1 1 a! g
0760 50 40 30 20 10

Transmit power (dBm)

FIGURE 4.3: Average BER performance of FU in DDR-NOMA and CDR-NOMA system
for N; = 2,4. The solid lines denote optimized ® through SDR and dashed lines denote
the random phase.

From Figure 4.2 and Figure 4.3, it is observed that the BER performance of NU is
better than the FU. Since perfect SIC at NU mitigates the interference of FU signal.
Further imperfect SIC (ISIC) is applied to the DDR-NOMA and CDR-NOMA for
N; = 2 and N; = 4 and it is observed that ISIC degrades BER, as shown in Figure 4.2
because ISIC reduces the maximized received signal strength!. Further, impact of
Rician factor K is also considered in Figure 4.3, and observe that the Ricean fading
(X = 1) has better performance than Rayleigh fading (K = 0) channel. Figure 4.3
also highlights that the proposed RIS-assisted NOMA system performance is better
than the conventional RIS assisted NOMA (R-NOMA) [69].

AH gdpyd  pdH\_ d|?
. . g P THS +h' W a1 P
ISNR in ISIC is |d(,; — 2 ;‘
|(gf® @dH{+h$ T )w| ke P+No
case of perfect SIC k = 0.

[79], where & # 0 denotes the ISIC parameter. In
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FIGURE 4.4: Sum-rate performance of CDR-NOMA, and TDMA and FDMA-based
OMA systems for N, = 2, 4.
Next, Figure 4.4 and Figure 4.5 show the sum-rate performance of the proposed
centralised and distributed RIS-assisted NOMA system, respectively, with TDMA
and FDMA OMA systems. The proposed CDR-NOMA and DDR-NOMA achieve
better sum-rate than FDMA and TDMA system, as shown in Figure 4.4 due to
superimposition of users in the power domain and SIC-based their receiver design.
In case of imperfect SIC (ISIC), the sum-rate is degraded at higher transmit power
due to the presence of interference at NU, as observed in Figure 4.4 and Figure 4.5.
Further, the sum-rate is enhanced as the number of transmit antennas N, increases
and improved beamforming at the BS. Furthermore, the sum-rate performance of
DDR-NOMA system is inferior to CDR-NOMA system, as observed from Figure 4.4
and Figure 4.5 due to the channel beamforming gain of centralised RIS is higher
than distributed RISs. Figure 4.4 and Figure 4.5, also highlight that sum-rate
performance is degraded when RIS is far from the users or the BS due to reduced

channel beamforming gain.



Chapter 4. Deployment Strategies of Multiple RISs-assisted Downlink NOMA

31

— 25 T T T T T

N o Solid lines: N¢ = 2

m DDR-NOMA Dashed lines: A{"f =4

—&— DDR-FDMA

} RISs are placed at

a, 20 || —— PDR-TDMA (200, 0, 2) and (—400, 0, 2)

o] - 4- Imperfect SIC ”
o &
£ 15 (K=1) y

Q

< R —

: B

© 10} 23

) -

— -

Q2

§ b

) 55 )y RISs are placed at
] ( (200, 0, 10) and (—400, 0, 10)
=

< 4
<C | | | | | |

0—30 —-25 =20 —-15 -10 -5

0 5 10

Transmit power (dBm)

FIGURE 4.5: Sum-rate performance of DDR-NOMA, and TDMA and FDMA-based

OMA systems for Ny = 2,4.

4.4 Proposed Multiple RIS Assisted NOMA Sys-

tem Model

> User U, Data

SIC Detection-2
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FIGURE 4.6: The proposed multiple RIS-assisted NOMA system model.

The block diagram of proposed MR-NOMA is shown in Figure4.6, in which the BS

consists single transmit antenna, and it is communicating to M number of NOMA

users (U, ...Uyr) through multiple RISs and each user has a single receive antenna.

Let L be the number of multiple RISs with /N reflecting elements. MRISs create

a virtual LoS channel between BS and M users.

The users U; and Uy, are the

nearest user (NU) and farthest user (FU) from the last RIS panel (L), respectively.
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Therefore, the channel gains of users are represented as ||gr1|| > ||gr2|| - > ||gLal],
and their corresponding distances from the last RIS panel L are dppr > -+ - dpa > dp;.
The power coeflicients aipy > - - - an > a7 are assigned to the farthest to nearest users,

respectively, based on their channel gains.

The channel between the BS and the first RIS is h; € C**V| and it follows a Rician

distribution, which is given as

1 K, - T
h, = h —h XN 4.4
! \/d7<\/K1+1 PV R F 1>€C ’ (4.40)
BR

where, dgg is the distance between the BS and the first RIS, and § > 2 represents

the path loss exponent [55]. The fll and h; represent the LoS and non-LoS (NLoS)
components with Rayleigh flat fading and K; denotes the Rician factor. Similarly,
the channel vector gr,, € CV*! between the last RIS-L and the m-th user (m =

1,---, M) is Rician distributed which is given as

N / 1 _
grm = \/T Ko + 1ng + mng € (CNXI, (4.41)
dLm m m

where, g1, and g, are the LoS and NLoS components with Rayleigh flat fading
and K, is Rician factor and dj,, is the distance between RIS-L to the m-th user.
Finally channel between the [-th RIS and the (I + 1)-th RIS as H 1) € CMV is
a Rician flat fading channel, which is independent and identically distributed (iid)
with H 1) ~ CN(0,1). The channel H;;41) is expressed as

1 [ Kusr 4 1 -
H = : H —H 4.42
! \/WJr1 ( Kijpr+1 Lt Ky +1 A ( )
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where, d;;41 is the distance between [-th RIS to (I + 1)-th RIS. Moreover, the

received signal at m-th user is given by,

L-1
1
Ym = 7= <h1 <H Hu+1q>z> @Lng> S+ N, (4.43)
m I=1

where, ®; is a diagonal matrix given as ®; = diag[A e, Ape®2, ..., Ajne?™] where
A, € (0,1] denotes the amplitude reflection coefficient, in general |A;,| = 1 Vn,l
[95]. The ¢y, is phase shift induced by n-th element of the [-th RIS panel, and s is

a superposed symbol written as

M

§ = Z VP Zm, (4.44)

m=1

where P; is the total transmit power available at BS and «,, denotes the power
coefficient of m-th user. The x,, denotes the m-th user’s binary phase shift keying
(BPSK) modulated symbol. The n,, denotes additive white Gaussian noise (AWGN)
with ~ CN(0, Ny). P, = dﬂBR < IL;ll dle) dfm is path loss between BS and m-th

user.

4.4.1 Detection of NOMA Users

In the MR-NOMA, M users are multiplexed in the power domain and a higher
power level is assigned to Uy, user as it is being far from the BS. the user U, is
detected directly from the received signal by using the maximum likelihood (ML)
detector. The remaining (M — 1) users apply first SIC to remove substantial far user

interference, ML detector is used decode own symbols. The far user Uy, received
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signal is given as,

L—-1
: 1
yu = Ny <h1 <H H @ ) @LgLM> S+ Ny (4.45)

Therefore, user Uy,’s data is decoded using ML detector which is given by

-1
1
yne — \/m <h1 (H H, l+1‘1)> ‘I)LgLM>

The remaining (A — 1) users are near to BS, and first using SIC interference of

2

" = arg min
Ty EXM

(4.46)

2

FU users’ is removed from the received signal, m-th user extracts information by

applying ML detection. Therefore m-th user signal after SIC is expressed as

L1
1 X
Umsic = {%IiU ~\VE <h1 (H Hl,l+1(1)l> CI’Lng> 17m+1] }7 (4.47)
m =1

where, y~U is the m-th user received signal as defined in (4.43), and 2,41 is inter-

ference signal decoded at m-th user. Further, m-th user information extracts from

yyliUs ;¢ by using ML detector as

NV = arg min
Tm EXm,

L1
1
Ymsic — V. <h1 (I I Hl,l+1q)l> ‘I’Lng) s
m =1

(4.48)

2

4.5 Performance Analysis of MR-NOMA users

In this section, BEP of MR-NOMA users is analyzed. In the present analysis, the BS
transmits superimposed symbols of two users through three multiple RISs (L = 3).

The user U; and Us are near and far from the RIS-3, respectively. Further, the
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received signal of far user Uy is expressed as,

1
Yo = \/_E (hl (H Hl,l+1q)l> <I>3g32> S + no, (4.49)

1=1,2
where P, = d’ng’f_ngBdgg is the path loss component from the BS to FU.

The FU’s information is decoded using ML detector which is given as,

1
Y2 — \/_Pﬁz <h1 <1Q2 Hl,l+1<I’z> <I>3g32> S

Moreover, the received signal at the NU is represented as,

2

T9 = arg min (4.50)

ro€Xs

2

1
Y1 = \/_E (h1 (H Hz,z+1‘1’z> <I>3g31> S+ N, (4.51)

1=1,2

where, P, = ngdf’2d§’3d§1 is the path loss component from BS to NU. The NU
information is decoded by using SIC, therefore first remove FU interference from the
y1, after that ML detector is used. The FU data is extracted by the ML detector at

NU as,

2

23V = arg min
T2€X,

(4.52)

1
Y1 — N <h1 <11_1[,2 Hu+1‘I)z> <I>3g31> s

The extracted information, 23V is subtracted from the received signals y; as,

1 N
B <h1 <l1_1[72 Hz,z+1‘I’z> <I>3g31> ngU] : (4.53)

A NU symbol is decoded from y$1¢ by using ML decoder as,

1
y'c — N <h1 <11_1[,2 Hu+1‘1’z> <I>3g31) S

2

sIC _
v =Y —

2

21 = arg min (4.54)

T1EX]

2
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The channels fading coefficients among RIS-1 to RIS-2 and RIS-2 to RIS-3 are
expressed as Hyp = p;;677%% and Hyy = ;e 7%+ respectively. The LoS channels
arc created among RISs as i-th element of RIS-1 to j-th element of RIS-2 and j-
th element of RIS-2 to k-th element of RIS-3 with 4,5, k € N, (N = 1,2,..., N).
The channel fading coefficients from RIS-3 to NU and FU are gg; = (NVe 79~ and
g3 = (F Ue=i#i" respectively. Further, channel fading coefficient from BS to RIS-1
is h; = &e™97. The SNR of FU is expressed as
. ‘ (Zi]\il Soims Yo Gt AgeCE UGM) ‘2 asPy

_ , 455
7 a1 Py + PNy (4.55)

where, A¢ = (0 — v; — i — Y. — ¢r"). The maximized SNR at FU by adjusting

phase, A¢ = 0, which is obtained as

2
' (Zi]\il YIRS I &MMMCJEU) ‘ Py
’Ymax - 061Pt + PQNO
__ ZruaaPy
alPt + PQNO,

FU __

(4.56)

where
I 2
Zry = ‘(Zj\;l Zjil Z:zl @'Nz'j)\jkaU)‘ : (4.57)

All channel coefficients are identically independent and follow Rician distribution,

where Zpy follows Gaussian distribution with mean and variance which are expressed

as [76]
A3 ! 4/ 72
E{Zyy} =N —64P2(K+1)4L%( K°/K +1)),
and
N3 v 8 9
VAR{ZFU} = FQ (1 - WK—WL%(_K /K + 1)) s (458)

where L %() denotes the Laguerre polynomial of degree 1/2 and K is the Rician
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factor 2. The maximized SNR of FU (75U ) is obtained by applying non-central
chi-square distribution with a degree of freedom is one. Therefore, its moment

generating function (MGF) is expressed as,

5N61r4L§/2(—K2/K+1)mgPt
64(K+1)4(ay Py+PyNo)
<N3[G4(A+1)47W4L8/2( K2/K+1)]aoPt
32(K+1)% (a1 P4+ Py Ng) <4 59)
- sN3 {64(K+1)477TZL51‘/2 K2/K+1)]a2Pt
32(K+1)4(0¢1Pt+P2N0)

exp

M, ru (S):

Ymax

Furthermore, in general, the BEP for BPSK can be expressed as,

1 [ 1
P=={ M (- dn. 4.60
T /0 “Ymax ( Sin2 n) 77 ( )

Therefore, the average BEP (ABEP) for the FU of BPSK is expressed as,

PFU / 1
\/ N3 64(K+1)477T4L8/2( K2/K+1)]a2Pt

32(K+1)4(a1Pt+P2No) sin? n
NOr1LY o (—K?/K41)asP,
64(K+1)4(a1P¢+ P2 Np) sin® i
; PR ; dn. (4.61)
N [64(K+1) —m LS (K /K+1)}a2Pt
32(K+1)4(a1P+P2Ng) sin g

X exp | —

The upper bound of ABEP for FU at n = 7/2 is represented as,

4 2
7Nb7r L§/2(—K /K+1)a2Pt
64(K+1)%(ay Py 4 PyNp)

0.56Xp N3[64(K+1)47W4L§/2(7K2/K+1)]“2Pt
1+ 1
FU 32(K+1)% (a1 Pg+ Py Ng)
PRU < _ (4.62)
| VB R sy
32(K+1)4(a, Ps+P2No)

2For simplicity, we consider K1 = K, = K, 1.1+1 = K henceforth.
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Similarly, the maximized SNR at NU is expressed as,

2
‘ (Zf\; Zjv:1 P giﬂij)\jkg}jU) ’ a1 P,
fymax - PlNO
_ Znuo Py
PN,

NU _

(4.63)

where,
N N N 2
Inu = ‘ (Zizl Zj:1 Zk:l g’MZJAJk<EU> ‘ . (464)
Moreover, the upper bound of ABEP for NU is expressed as,

4 2
B Nbx L§/2 (—K /K+1>o<1 P,
64(K+1)%1P; Ng

0.5 EXp N3[64(K+1)4—Tr4L215/2(*K2/K+1)]D‘ZPt
PNU < 1+ 32(K+1)TP Ny (4 65)
e = . .
14 N3 [64(K+1)4—7r4L§/2(—KQ/KH)]ath
32(K+1)4P1 Ny

Proof. See Appendix I.
Further, from (4.62) the approximate BEP for FU, at high SNR is expressed as,

37T4 8 _ K2
exp (_2[ N3TALY , (— K2 /K+1) )

64(K+1)4—74L§/2(-K?/K+1)]

PFY o :
N3 [64(I(+1)477T4L§/2(7K2/K+1)] asPy
32(K+1)4(0¢1Pt+P2N0)

(4.66)

Therefore, BEP decreases as the number of passive reflecting surfaces N increases
at the RIS panels.
Next, we consider M-ary PSK (phase shift keying) modulation scheme to highlight

the impact of modulation order in MR-NOMA. The average symbol error probability
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(ASEP) PXNY of NU for M-ary PSK is expressed as,

P;\TU _ l/(M—l)w/M 1
TJo \/1 N3sin? (x /M) [64(K+1)47W4L§/2(7K2/K+1)}a;Pt
+ 32(K+1)4(P1 Ng) sin? n
NOsin?(r/M)x* L} (—-K2/K+1)a; P,
64(K+1)4(P1Ng)sin? 7
N3sin2(7r/M)[64(K+1)4—7r4L’f/2(—K2/K+1)]a1Pt
32(K+1)4(Py No) sin? g

X exp dn. (4.67)

1+

The upper bound of ASEP is expressed PNV by setting n = 7/2 and considering

only exponential term is expressed [46] as,

(4.68)

NOTILY, (K% /K +1) o, P
PEU X exp <—si112(7r/]\/[) 1/2( / )y t>

64(K + 1)4(P,Ny)

Therefore, the ASEP deteriorates for higher-order modulation schemes.

4.6 Simulation Results and Discussions

In this section, simulation results ARE presented and also validated them with the
derived BEP. In simulations, three cascaded RISs (L = 3) are considered between
the BS and the users. Distances between RIS-3 to NU and FU are d3; = 10m
and dz; = 40m, respectively in the MR-NOMA. The power coefficients oy = 0.3
and as = 0.7 for NU and FU under Rician fading channel with BPSK modula-
tion are considered. We set system bandwidth BW = 180 kHz, § = 2, and noise
power spectral density is —173 dBm/Hz. The reference channel power gain set as
—30 dB at distance dy = 1m. in the present simulation, the different positions
of RIS panels from the BS as dgg = 67m,dy2 = 67m.ds3 = 67m (Case-1) and
dpr = 1m,d; » = 10m, dy 3 = 190m (Case-2) in simulations.

Figure 4.7 and Figure 4.8 show the average the BEP performance of NU and FU,
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respectively for different values of N = 32,64 and 128. As N increases, BEP im-
proves since error probability PNV oc eV ° (in (4.65)). Further, simulation results
arc validated with derived ABEP (22) in Figure 4.7 and Figure 4.8. Furthermore,
the proposed MR-NOMA system achieves low BEP at low transmit power. Since the
multiple RISs create LoS channels between BS and users, therefore fading channel
is converted into more constructive channel with the help of passive beamforming.
The BEP depends on the positions of the RIS panels, as observed in Figure 4.7 and
Figure 4.8. In Case-1, RIS-1 is far from the BS, and the distance between two RISs
is also high; therefore, the BEP performance in Case-1 degrades as compared to
Case-2, as observed in Figure 4.7 and Figure 4.8. Next, we find that FU has de-
grades performance as compared to NU due to the presence of interference in symbol
detection (as given in (4.45)). RIS panels between BS and FU enhance the cell-edge
user Us’s performance. Therefore, MR-NOMA system improves network coverage

for a fixed transmit power, as observed in Figure 4.7 and Figure 4.8.

100 =T =<TEETEeT T T E
N =32,64,128]
1071 3
» Case-1
2 10 ]
EE Case- 1
1073 3
—4 Y SN

10 —6&— Simulation 2 .
=== Analytical k 3 .

10—0 1 1 1

—-60 —40 -20 0 20
Transmit power P; (dBm)

FIGURE 4.7: Average BEP performance of NU by varying reflecting elements N and
RISs panels positions.
Figure 4.9 shows average BEP of NU in the proposed MR-NOMA, RIS-NOMA [56],
and RIS-selection based transmission over multiple RISs (RSBT) [76]. The NU’s
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FIGURE 4.8: Average BEP performance of FU by varying reflecting elements N and
RIS panels positions.
performance is significantly improved in MR-NOMA, as compared to RIS-NOMA

and RSBT. Since more number of RIS panels near to BS or users reduce the path
NOriLY (—K?/K+1)a,P;
4(K+1)4P1N0

e

loss. BEP at low transmit power is PNY o exp (— ), which
has N® term in the exponent. Therefore, BEP decreases at low transmit power
in MR-NOMA. In RSBT [76], the maximum received SNR path is selected from

Ly x Lo transmission paths. BEP performance of RSBT is inferior to the MR-

NOMA due to its error probability is PNV o exp (—N%L%/Z((Kij/gv?)mpt) [76],
where P = dpg,dr,r,dr,, denotes the distance between BS to RIS-p, RIS-p to
RIS-q and RIS-q to users [76]. However, BEP performance of RSBT is better than
RIS-NOMA and MR-NOMA (Case-1), as observed in Figure 4.9.

Figure 4.10 highlights the impact of Rician factor K for NU. Rician channel (K
#0) shows better BEP (around 20 dB at BER=10"?) as compared to the Rayleigh
channel (K'=0) due to the presence of LoS component in the received signal. There-

fore, LoS communication enhances system performance significantly in the MR-

NOMA. Moreover, imperfect SIC (ISIC) is applied at NU and the maximum SNR is

Znuan Py

NorhoaPizns)” where k denotes the imperfection in SIC. The value of £ = 0 indicates
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FIGURE 4.9: Comparison among the proposed MR-NOMA, R-NOMA and RSBT sys-
tems.

the perfect SIC. ISIC (k # 0) degrades BEP performance of NU due to interference,

as observed in Figure 4.10.

BEP

dBR=67m, d1 72267111

10_3 and, d2,3:67m il
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105 T T T I I
—-40 =30 -20 —-10 O 10 20
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FIGURE 4.10: Average BEP performance of NU with perfect and imperfect SIC.

Figure 4.11 shows the average BEP of NU by varying the distance of RIS-2 from the
RIS-1. It is observed that placing the RIS-2 near the RIS-1/RIS-3 yields the lowest
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BEP; while placing it around the middle between the RIS-1 and RIS-3 leads to the
highest BEP.

- Near RIS 1 ! Near RIS-3]
107" g E

10_2 é_ _é

1073 E P — —-35dB E

FlB-N =32 t = 15} m E
'—-— N =64 dpr=1m, dy,2 + d2,3=200m, d3; 10n3
Fl—A— N =128

—4 I 1 1
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Distance d; 2 (m)

FIGURE 4.11: Average BEP performance of NU by varying RIS-2 panel distance d .

and, d2,3:190m

1073 o= m =2
Fl-B M =4
L -o-M =38
10—4 | | | |

—-60 —-50 —-40 -30 —-20 -—10

Transmit power P; (dBm)

FIGURE 4.12: Average SEP performance of NU with varying modulation order M.

In Figure 4.11, RIS-1 and RIS-3 panels are fixed with BS and NU respectively. For

better BEP performance, the RIS-2 is placed near to BS or NU. Since the received
2

power is P, oc N (Wz\md“) , which leads P, maximum when dgr& dy 2 or d 2&

dy 3 are small. Further, Figure 4.12 shows the ASEP performance of NU in MR-

NOMA system for modulation order M = 2,4,8. The SEP performance of NU
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degraded as the modulation order M, increases because, PNU oc e(~sin*(m/MN®) - Tpe
results of the summary suggest that the performance of the proposed RIS-assisted

system is improved by the deployment position of the RIS.

4.7 Summary

In this chapter, a centralized and distributed RIS-assisted NOMA for the downlink
MISO system have been proposed. The BER and sum-rate performance of CDR-
NOMA and DDR-NOMA system under the Rician flat fading channels have been
analyzed and compared with conventional NOMA and OMA systems. The perfor-
mances of system has been is improved by using SDR phase optimization technique,
as observed in the above results. Further, it was observed that an imperfect SIC at
NU has degraded the performance of the proposed system, and also observed that
CDR-NOMA system performance is better than the DDR-NOMA system. As trans-
mitting antennas and reflecting surfaces increase, BER and sum-rate performance

improve in the proposed RIS-assisted NOMA system.

In the second phase of the chapter, a MR-NOMA system under Rician fading chan-
nels with a path-loss component was analyzed. The BEP expressions were derived
for both NU and FU. The MR-NOMA system achieves better BEP at low transmit
power as cascaded RISs create a LoS path between BS and users. Further, the per-
formance of MR-NOMA was observed with reference to the position of RISs panels,
channel model, and the number of reflecting surfaces. Deployment of RISs panels
near to BS or users give better performance than other positions in the MR-NOMA,
and the MR-NOMA yiclded a superior performance over existing single RIS-NOMA
and parallel MRIS.



