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Abstract. In this paper, we investigate the perfor-
mance of simultaneously transmitting and reflecting re-
configurable intelligent surfaces (STAR-RISs)-assisted
non-orthogonal multiple access (NOMA) networks un-
der imperfect channel state information (CSI). Fur-
thermore, we derive the exact analytical equations for
the OP of two users. To obtain insight into the high
power domain, the asymptotic analysis outage probabil-
ity (OP) is studied. Further, the Monte-Carlo methods
verified the tightness of all derivations. Finally, the
results indicate that when increasing the number of el-
ements of STAR-RIS, the STAR-RIS-NOMA networks
can achieve improved outage performance.

Keywords

STAR-RIS, NOMA, imperfect channel state in-
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1. Introduction

The requirement for high-data-rate and low-latency
wireless transmission technologies will grow rapidly
in the next sixth-generation (6G) era, making new
wireless transmission technologies increasingly critical
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[1H4]. Additionally, the authors in [5H8| used the relay
to increase the incident signal’s dispersion. Different
from relay, by adjusting the phase and amplitude of
each element, reconfigurable intelligent surfaces (RISs),
a promising technology based on numerous reconfig-
urable passive elements, can improve the propagation
of the incident signal to improve the quality of the en-
vironment [9H13]. However, RIS that simply reflects
light can cover the front side of a surface. Recently, the
idea of simultaneously transmitting and reflecting-RIS
(STAR-RIS) was introduced in [14] and [15] to solve
the constraints of RIS. The operation of STAR-RIS is
based on the electromagnetic wave phenomena of re-
flection and refraction. The STAR-RIS system is con-
structed such that when radio waves are received, time-
varying electric and magnetic fields are activated [16].
On either side of the STAR-RIS, these time-varying
fields have the ability to transmit and reflect.

High spectrum efficiency and extensive connection
are further benefits of non-orthogonal multiple access
(NOMA) technology [17H19]. Since numerous cus-
tomers may be supplied at the same time, frequency,
and code resource thanks to power domain multiplex-
ing at the transmitter, NOMA is particularly capable
of outperforming traditional orthogonal multiple access
(OMA) approaches |20]. Therefore, NOMA is viewed
as a potential solution for mobile networks with limited
resource availability in the future. The combination of
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the two procedures would present a win-win alternative
given the attractive qualities of RIS and NOMA [21].

The effectiveness of STAR-RIS across fading chan-
nels was previously investigated in [22H27]|. An ergodic
rate analysis of a NOMA system with STAR-RIS exe-
cuting the ES protocol over Nakagami-m fading chan-
nels was the main topic of the work published in [22].
Since the investigation focused on mobile phone users
without a line-of-sight (LoS) connection to the base
station (BS), it was demonstrated that STAR-RIS per-
forms better than traditional RIS in NOMA systems.
Additionally, the authors of [23| provided statistical
channel state information (CSI) and contrasted the
outcomes of using MS and ES procedures. In [24], it
was shown that the performance of STAR-RIS-aided
NOMA without a direct connection from the BS to
users might be adjusted out by inversely unequal re-
source distribution at STAR-RIS in low SNR zones.
The ergodic rate and outage probability of STAR-RIS
aided NOMA systems were calculated in [25]. By divid-
ing the STAR-RIS surface, the two-user NOMA system
was upgraded to a multi-user system [26]. Additionally,
in order to assess the effects of channel correlations,
the outage probability of systems across spatially cor-
related channels was also explored in [27]. Based on
these advances in STAR-RIS-NOMA networks, in this
paper, we investigated the performance of STAR-RIS-
NOMA networks with randomly deployed users and
the impact of imperfect CSI (ipCSI). Furthermore, we
derived the accurate analytical formulations of outage
probability (OP) for two users. In addition, the asymp-
totic OP is investigated to obtain the insight of the
proposed system. Finally, all derivations are validated
using the Monte Carlo method. Table [I] summarizes
the comparative novelty of our article with the exist-
ing studies.

The remainder of the paper is structured as follows.
The system model is introduced in Section[2. ] Section
investigates the system’s outage performance.
In Section [ 4. | we calculate the asymptotic outage
probability for two users and find diversity orders at
high SNR. Section [5. | includes simulation to validate
the conclusions from Section [3.] Section [6.] is the
conclusion.

2.  System Model

We explore a STAR-RIS-based NOMA system with a
source (S), randomly placed users, and a STAR-RIS at
a cell-edge area where the transmission lines from the
S to the users are non-line-of-sight (NLoS). As illus-
trated in Fig. [I} the channel is denoted by hg s, for the
link from the S to the STAR-RIS, hy ,, near user (Uy)
and hg ,, far user (Us) for the links from the STAR-RIS
to the reflecting and refracting users, respectively. We
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Fig. 1: Illustration of STAR-RIS-aided NOMA network model.

assume that there are no direct linkages between the
S and two users. This might be due to impediments,
an urgent obstruction, or other factors. The following
sections show detailed system model designs. obsta-
cles, urgent disasters and so forth.

2.1. Deployment

The S is fixed, as indicated in Fig. [T]and direct linkages
from the S to users are prevented. We suppose that the
users are in a circle and that the STAR-RIS is in the
middle. The far field is assumed because the distance
between the S and the users is substantially greater
than the top bound of the near field. To test the per-
formance of users at various distances from the STAR-
RIS, the users are divided into two groups: close users
deployed in the inner circle with a radius R; meters
and distant users placed in the outer ring with radii Ro
and R; meters. To simulate the user locations, we em-
ploy homogeneous poisson point processes [32,33]. As
a result, the near and far users are distributed evenly
inside their regions, and the probability density func-
tions (PDFs) of the distances from a user to the center
are generated as The S is fixed, as indicated in Fig. [I]
and direct linkages from the S to users are prevented.
We suppose that the users are in a circle and that the
STAR-RIS is in the middle. The far field is assumed
because the distance between the S and the users is
substantially greater than the top bound of the near
field. To test the performance of users at various dis-
tances from the STAR-RIS, the users are divided into
two groups: close users deployed in the inner circle with
aradius R; meters and distant users placed in the outer
ring with radii Ry and R; meters. To simulate the user
locations, we employ homogeneous poisson point pro-
cesses [32,)33]. As a result, the near and far users are
distributed evenly inside their regions, and PDFs of
the distances from a user to the center are generated
as [43|. The S is fixed, as indicated in Fig. [I|and direct
linkages from the S to users are prevented. We suppose
that the users are in a circle and that the STAR-RIS
is in the middle. The far field is assumed because the
distance between the S and the users is substantially
greater than the top bound of the near field. To test
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Tab. 1:

Comparison between the novelty of our work and previous papers.

Ref./Prop. | STAR-RIS | NOMA | Imperfect CSI | Randomly Placed users | OP Expression
[28] X v X X v
[29] v v X X v
[30] v v X X v
[31] v v v X X
Our study v v v v v

the performance of users at various distances from the
STAR-RIS, the users are divided into two groups: close
users located in the inner circle with a radius R; meters
and distant users placed in the outer ring with radii Ro
and R; meters. To simulate the user locations, we em-
ploy homogeneous poisson point processes |32L33]. As
a result, the near and far users are distributed evenly
inside their regions, and PDFs of the distances from a
user to the center are generated as [34]

0 mx? 2
fap (x) = %TR% = R7%’ (1a)
o (x2 - R%) 2z

B Bmom

de (x)

2.2. STAR-RIS Assisted downlink

Model

To maximize the gain for each user while considering
unicast transmission, we assume that a NOMA pair
consists of a near user and a far user on opposite sides
of the STAR-RIS. When average performance is consid-
ered, near users have greater channel quality than far
users. The S will allocate more energy to distant con-
sumers than to close users. As a result, the close users
will employ the SIC procedure, while the remote users
will decode their signals directly. The power allocation
coefficients are denoted as as > a; with as + a7 = 1.
Furthermore, the channel for LoS can be modeled as
Nakagami-m fading [36] and nLoS can be modeled by
Rayleigh fading [37,/38]. Thus, we assume all the chan-
nels follow independent Rayleigh fading for nLoS in
this paper. Then, the received signals at two users are
expressed by

du. = (\/ a1Psz + v/ angj:g)
Ui — /o Jo

N
X (Z ho.nhinell + €Ui> + Wy,

n=1

,i€{1,2}

(2)
where Pg is the power at S, Z; is the unit-power sig-
nal for U;, wy, is the additive white Gaussian noise
(AWGN) with @y, ~ CN (0,02 ), do is the distance
between the S and the STAR-RIS, and dy, is the dis-
tance between the STAR-RIS and two users. Fur-
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thermore, o serves as the pass-loss exponent, /i =
Bu,e’?Vi is the response of the two users, while ¢y,
and By, indicate the reflection coefficients of phase shift
and amplitude of U;. We assume [y, = 1 without
losing generality. Moreover, ey, denotes the channel
estimation error, which may be represented as a com-
plex Gaussian random variable (CGRV) with ey, ~

2
CN (O,agi) and azi = 62 ||vec (EnN:1 ho,nhi,nsgi)‘

27
d € [0,1) which represents the proportion of channel
status information (CSI) uncertainties.

We concentrate on error transmission performance,
therefore we assume that STAR-RIS is fully aware
of phase ¢p,, of the S to STAR-RIS channel hg,
and phase ¢p,, of the STAR-RIS to U; channel
hin, and select the optimal phase shift, i.e. ¢y, =

— (Pho. + Phin)-

The received signal of U; may be rewritten as

-1 2
o, = (VIET) 4> VagPsiy + @u,
q=1

AWGN

desired information signal

+ <\/d8d?) ey, E \/aqPS;iq,
q=1

ipCSI noise
where A1 = Y |hon||hia] and Ay =
Zg:1|h0,n |ho,n| are the estimated channel coef-
ficient.

From , since the NOMA scheme is adopted, i.e.
U, first decodes the information intended for x5 of Us,
by treating 1 as the interference signal (IS). Hence, the
received signal-to-interference-plus-noise ratio (SINR)
at U; to detect x5 is given by

ag Ps(dgds) A2
ay Ps(dgd?) ™ A ]* + (dgd®) " Pso?, + o2,
(4)

Yy,z2 =

We can rewrite SINR at user U; as below

Sopp— o)
U arps|Adf + pso?, +dgds
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We assume U?J = O'%]l = 0%2 then pg = PS/U?J de-

notes the transmit signal-to-noise radio (SNR) at S.
Next, we assume perfect SIC then the SINR at U; to
detect its own signal x; is given as

aips|Ai|?

—_— 6
p30.61+dada ( )

VUy,21 =

Given , U, detects the designated signal Z, treat-
ing T as interference. The instantaneous SINR at Us
from

azps|As|*
YU, = 5 o o (7)
alpS|A2| + pso, +dgds

3. Outage Probability Analysis

First, we examine performance indicators in the STAR-
RIS-assisted NOMA system, namely the outage proba-
bility (OP). An approximation analysis is also provided
to provide more insights.

3.1. Channel model

Based on [35], the PDF and CDF of the cascade chan-
nel gain of |A;|* and |A5|* as

21T z
2 (z) = Kno1 (2
S ) DV (V) 1( Ahokhl)
(8a)
21T z
2 (z) = Kno1 (2 ,
fiaap (2) T(N) (V) 1( Ahom)
(8b)
and
Flpe(@) =1- 2% K (2 x >
o T (N) (v Ao ) TV Mo,
(9a)
20> x
Fap(x)=1- K
N ) N< AW%)
(9b)

where K, (.) and I" (.) are so-called the Bessel function
and the Gamma function respectively [39)].

3.2.  Outage Probability of Near User

If near user U; fails to decode signal x; in the STAR-
RIS NOMA protocol, this is referred to as an outage
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event. To effectively decode signal x;, two require-
ments must be met: i) near user U; successfully de-
codes signal xs; ii) near user U; successfully decodes
its own signal z;. Then, in the downlink phase, the
outage probability of U; may be expressed as
2
=1—Pr ( “41|2 > ¢2 (PSU; + dgtdtll) ) ) (10)
A3l > s (pso?. + dif)

=1—-Pr (|A1|2 > Yunax (psggl + dg‘d?)) ,

01 =1-Pr (7U17$2 > £€2,VU,,21 > 51)

where g; = 28 — 1§ € {1,2} with R; being the
target rate at U, ¢1 = ==, s = and
Ymax = max (Y1, 1P2).

Theorem 1: The approximation OP of near user can
be obtained as

g2
ps(az—ez2a1)

¥ Q
27T'(/Jrr21ax
~1 — /1 — ¢2
RlQr (N) (\/ /\ho/\hl N ;
X ® () (ps0?, + dSD(g)") *

max 2 d @ ¢
« KN 9 w (PSU + ¢q) )
Aho Ahy

2g
2Q
Proof: See Appendix

where ¢, = cos (

3.3. Outage Probability of Far User

The outage probability of user Us is required to analyze
the performance of such a system in meeting the spe-
cific requirement of target rates. It is easier to achieve
an outage probability for user U; since it just needs to
decode its own information.

According to the NOMA protocol, the outage events
of user Uy occurs when it cannot decode message xo
successfully

Oy =1—Pr(vyy, > e2)
L= Pr (A2 > (pso?, +dgds)
vy

1 Jifag < esaq
(12)

) ,if ag > €207

Theorem 2: The approximation OP of far user can
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be obtained by

21w (Ry — Ry) ¥5

Q(RZ — R2)T(N) (/g ny)

Q
x 3001 = 620 (8y) (pso?, + d3A(6,)")
q=1

XKN2¢w@wz+ﬁM%ﬁ "

02 ~1 —

v|Z

Aho A
(13)

Proof: See Appendix

4. Asymptotic Computation of

The Main Performance
Metric

We examine the asymptotic expressions in order to
gain more insight a the very high power domain.
Considering the analytical findings in and (12)),
when p — oo, the asymptotic expressmn for o =
1 — Pr (fyUl,mz > 69,7 ., >€1) and O0° = 1 —

(lz\A 2
a1|A1]? +02 ’ IYUl,fI/’l

Pr (752 > 52) with 7[‘}?@2

al\Al\Q GQ‘AQ‘Q

and 5P = /22—
o2, 0> = ailAal 402,

are given as

07 =1-"Pr (Vf}? oy > 62,’)/(0]?,w1 > 61)

=1—-Pr (| >92,|A1|2 >91)
(14)
:1——Pr(L41 :>9mm3
:F|A1|2 (amax) ’
and
2 3 =1-Pr ( > 62)
2
=1-Pr(|A <2
' (' 2| az — €2a1> (15)
=Flare ( az — €2a1>
where 01 = 6(17161, 92 = aji;;al and amax =

max (91, 02)

Substituting into and into , the
asymptotic expressions for outage probability of U; and
U, for STAR-RIS NOMA networks can be respectively

given by
29max emax
o (o[22,
I'(N) (\/)‘ho)‘hl) ho Ay
(16)
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and

520'2

o )

Kn (2 €202,
X )
N AhoAh, (G2 — €2a7)

Remark: From the deﬁnition of the diversity order,
which is defined as [40,|41] d; = — lim LACHDINS

ps—oo log(ps)
{1,2}. Based on the analytical conclusion in and
, the asymptotic outage probability of Uy and Us
for imperfect CSI may be determined by using a high
SNR regime, that is, when ps approaches infinity. As
a result, with incomplete CSI, the diversity orders of
di and dy are equal to zero.

05 =1 -

(17)

5. Results and Discussion

In this section, we assess the performance of the de-
rived theoretical expression. Numerical results are
also produced in order to validate the provided an-
alytical expression. In the following figures, we de-
note "Ana.", "Sim.", "Asymp." as analytical compu-
tation, simulation, and asymptotic analysis, respec-
tively, and the Monte Carlo approach is utilized to
get simulation results as in [42451]. The target rate
is set to be R;p,1 = 2, Ry2 = 1 bit per channel use
(BPCU) for U; and Us, respectively. In particular,
the main parameters can be seen in Table In ad-
dition, the equivalent noise power at D; and Dy are
wi, = wg, = No + 10log (BW) + NF [dBm)] in [52].
One of our code’s technological contributions is that we
employ symbolic calculations in Matlab to achieve very
accurate results. In addition, the Gauss-Chebyshev pa-
rameter is selected as @ = 100 to yield a close approx-
imation .

Tab. 2: Main system parameters

Monte Carlo simulations 107 iterations
Power allocation factors a1 =01& a; =0.9
The radii of the inner Ry =20m
The radii of the outer Ry =50m
Total reflecting elements N =16
Bandwidth BW = 10 MHz
Noise figure NF =10 dBm
Thermal noise power density |Ng = —174 dBm/Hz
Distance from S to STAR-RIS do =20 m
The path loss exponent a=3

ipCSI impact factor 52 =0.01

Fig [2] plots the OP versus Ps[dBm| with different
the number of elements of STAR-RIS. The analytical
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Outage Probability

----04, Ana.

® Sim.

Fig. 2: Outage probability versus Pg, with N = {4,8,16}.

(a) Near User with Ry = 100 [m]
10 T T T T T T T T

JAna. i

—e—Sim.

Outage Probability

20 25 30 35 40 45 50 55 60 65 70 75 80
Ry [m]
(b) Far User R; = 30 [m]

[ JAna.

—e—Sim.

Outage Probability

40 45 50 55 60 65 70 75 80 8 90 95 100
Ry [m]

Fig. 3: Outage probability of the near users and far users versus
the radius Ry and R2, respectively, with P = —5 [dBm]|
and N = 8.

results for OP of U7 and Us corresponding to the results
derived in and , respectively, match perfectly
with Monte Carlo simulation results. In addition, the
asymptotic results are plotted based on and ,
respectively. As can be observed, the outage perfor-
mance of U; and Us are improved when increasing the
number of elements of STAR-RIS. In addition, the per-
formance of the STAR-RIS-NOMA network works in
low transmit SNR. In Fig[3] we plotted the OP of Near
User and Far User versus the corresponding radius R;
and Ry respectively. As can be seen, the performance
is increased in a low radius.

Fig [ depicts the ideal outage probability of users
Dy, Dy at various times of as. These findings are ex-
plained by the fact that power allocation factors a; and
ao contribute to the variance in SINR as well as the as-
sociated outage probability, with a; = 0.575 exhibiting
optimal outage probability for D;. These findings also
show that changing the power has a small effect on
outage probability, as evidenced by the two cases of P
within the observed area. High transmit SNR at the
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Fig. 4: Outage probability versus power allocation factor ag,
with R; = 30 m, R2 = 60 m and N = 16.
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Fig. 5: Outage probability of STAR-RIS NOMA versus imper-
fect CSI, with Pg = 5 [dBml].

S is intuitively thought to result in greater outage per-
formance. Fig. [f] plotted the performance of U; and
U, versus the impact of imperfect CSI. We can observe
that the performance is better in the low impact of
ipCSI.

Fig. [6]show the Outage probability versus Ps in dBm
to compare between STAR-RIS-NOMA and STAR-
RIS-OMA. It can be observed as the performance
of STAR-RIS-NOMA is better than STAR-RIS-OMA.
This can explain that in STAR-RIS-NOMA only one
time slot is needed to transmit information. As for
STAR-RIS-OMA, it needs to use two time slots to
transmit information.

6. Conclusion

In this study, we investigated the performance of
STAR-RIS-NOMA networks. Specifically, we have
evaluated the outage performance of two users un-
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Outage Probability

—— Conventional OMA Sim.
---- 01, NOMA — Ana. - Asymp.
' |—— Oy, NOMA — Ana.

-20 -10 0 10 20 30
Ps [dBm]

Fig. 6: Comparison between NOMA and OMA: Outage proba-
bility versus Pg in dBm, with N = 16.

der the impact of ipCSI. In addition, we have de-
rived the exact expressions for OP with randomly de-
ployed users, the accurate Monte-Carlo simulations
verified the tightness of which. Thereby, the results
demonstrated the performance of STAR-RIS-NOMA
networks would be enhanced when increasing the num-
ber of elements of STAR-RIS. Moreover, the influence
of ipCSI level was investigated in order to obtain toler-
able outage performance while meeting fairness in the
STAR-RIS-NOMA network under consideration. Our
findings imply that the OP may be successfully sub-
optimized by adjusting the power allocation parame-
ter.
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Appendix A Proof of Theorem 1  Let t = Zzpfizfe ) (Roff) 4 (Fach)y — 5

(R2 ) dt = dz, Oy can be derived as

Substituting and into , O, is expressed N
2(Ry — Ry) by

as Oy =1-— o
(R3 = BT (N) (VAnoAns)
1
1 2 2 a jo N
Or=1-Fr ('A” > tmax (P50, + d dl)) X /A (t) (pso2, + dSA®L)*) 2 (21)
S1
=1- 1-F max 2 4 d%z™))|d =
] i ) [1= P s 502, + )t b (pso?, + dgAQ°)
0 x Ky |2 dt,
N Ry )‘ho)‘hz
dtpriax N
=1 — o + doz a\ 2
R2T(N) (, /)\ho)\hl)N (ps ! ) where A (t) = (RQQRl) + (R2gRl)t. Finally, we em-
0 ploy the Chebyshev-Gauss-quadrature to obtain .
« Ky | 2 Ymax (PSU2 + do‘:ca) . This proof is complete.
Ao Any

(18)

Lett:%—lé w:x%%dtzdm, O, is
calculated as

=

2 I%ax «
O) =1 — id B (1) (pso?, +dID(1)")

RiT (N) (v Ao dm) ™ )

Aho Ay

N
2

(19)
where ® (t) = w.

Although obtaining a closed-form formula for O; is
challenging, we can acquire an accurate approximation
for it. Using the Gaussian-Chebyshev quadrature |53,
Eq. (25.4.38)], can be obtained. The proof is
complete.

Appendix B Proof of Theorem 2

Similar to , can be rewritten as

Oy =1-Pr (\AQF > by (pso2, + dgdg))

R>
=1 [y @) [1= i (v (s, + dja)) s

N
2

N
=1—- 2 dere) 2
T L | *s e
P2 (pso2, +dgz)
XKN (2 W) dx.
(20)
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