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Abstract—We discuss a simultaneously transmitting and
reflecting-reconfigurable intelligent surface (STAR-RIS)-assisted
downlink non-orthogonal multiple access (NOMA) communica-
tion system. STAR-RIS employs the energy splitting protocol for
transmitting and reflecting the incident signals to users located
on different sides of the surface. To study the impact of multiple
antennas on the system performance, we perform maximum ratio
combining (MRC) at NOMA users and beamforming towards
STAR-RIS at the base station (BS). We model the distribution
of cascaded Rician fading channels for the proposed system.
Closed-form expressions of outage probability, asymptotic outage
probability, and system throughput are derived. All theoretically
derived results are verified via Monte Carlo simulation.

Index Terms—Maximum ratio combining, non-orthogonal
multiple acces, outage probability, beamforming, reconfigurable
intelligent surface, system throughput.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) is introduced to
increase the coverage capacity of the wireless networks [1],
[2]. However, reflecting-only RIS can provide coverage front
side of the surface. To address the limitations of RIS, recently,
the concept of simultaneously transmitting and reflecting-RIS
(STAR-RIS) has been presented in [3], [4]. The operating
principle of STAR-RIS is based on reflection and refraction
phenomenon of electromagnetic waves. Elements of STAR-
RIS are designed such that incoming radio waves activate time-
varying electric and magnetic fields [3]. These time-varying
fields can reflect and transmit on either side of the STAR-RIS.

Non-orthogonal multiple access (NOMA) allows multiplex-
ing on the same radio resources by employing superposition
coding at the transmitter (Tx) and successive interference
cancellation (SIC) at the receiver (Rx). The NOMA users
can be ordered in terms of their quality of service (QoS)
requirements and STAR-RIS can be employed to realize
the corresponding desired order of channel condition [5].
Recently, a research has been triggered towards the design
of STAR-RIS assisted NOMA system [6]–[8]. NOMA in-
creases implementation complexity and signaling overhead
as compared to orthogonal schemes. However, if NOMA is
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applied only to clusters of two users, with one user applying
SIC, the increase in implementation complexity is kept at a
minimum. Further, STAR-RIS-aided single-input single-output
(SISO) system for two NOMA users is presented in [6], [7].
Superiority of NOMA over orthogonal multiple access (OMA)
schemes is discussed in [8].

In systems where the base station (BS) has multiple anten-
nas, the superiority of NOMA over OMA has been challenged
[9]—exploiting the directionality of the channels in beamform-
ing leads to higher gains than combining multiple users to
one beam and using NOMA. However, the multiuser-MIMO
channel to a set of users served through the same RIS becomes
a keyhole channel [10], essentially of rank 1, as the BS sees
the users through the same keyhole in the form of the RIS.
Accordingly, NOMA is a natural multiple access method in
a multiuser-MIMO channel with RIS [11]. This is particular
so with STAR-RIS, as it is designed to divide radio waves
towards two distinct regions, on the two sides of the surface,
and thus may serve two users simultaneously. Multiple-input-
single-output (MISO) STAR-RIS communication with NOMA
has been addressed in [12].

The existing literature on performance analysis for STAR-
RIS-assisted downlink NOMA [6]–[8] considers the SISO
setup, which is not so much reasonable in the era of massive
multiple-input multiple-output (MIMO) communication. To
the best of our understanding, theoretical work on statistical
distribution modeling of cascaded Rician fading channels
for STAR-RIS-assisted MIMO system has not been done so
far, which is the main motivation for this work. The main
contributions of this work are summarized as follows: 1) We
compute the statistical distribution of the cascaded Rician
fading channels for STAR-RIS-assisted MIMO system. 2)
We present the energy splitting enabled STAR-RIS-assisted
wireless network for two NOMA users. The BS applies beam-
forming to direct the transmit beam towards the RIS and users
employ the maximum ratio combining (MRC) to optimally
combine the received signals. 3) The outage probability and
system throughput are derived theoretically. 4) Asymptotic
analysis is also performed to get further insights into the user
outage probability in the high signal-to-noise ratio (SNR).

II. SYSTEM MODEL

We consider the STAR-RIS-assisted downlink NOMA com-
munication system, where the BS is equipped with Nt transmit
antennas and each user has Nr receive antennas. We employ
NOMA protocol at the BS to multiplex two users in the
same radio resources with different power levels. STAR-RIS
is deployed in propagation environment, where a strong line-
of-sight (LoS) path exists from the BS. The STAR-RIS splits
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incoming signal energy into two parts and then sent with some
random phase shifts in the transmission and reflection regions.
We assume that the STAR-RIS lies in x-y plane and consists
of N = Nx × Ny reflecting elements with Nx and Ny in
the x and y directions, respectively. Since the received signal
power is proportional to N2, the contribution of a direct link
between the BS and users on the received signal power can
be considered negligible for a large value of N [1, Eq. (7)].
Following the literature [1], [6]–[8], we can neglect the direct
link between the BS and the users. Further, the STAR-RIS
can be characterized by its diagonal phase shift matrix Φ(i) =

diag
(√

η
(i)
1 e−jϕ

(i)
1 ,

√
η
(i)
2 e−jϕ

(i)
2 , . . . ,

√
η
(i)
N e−jϕ

(i)
N

)
, where

η
(i)
n ∈ (0, 1] and ϕ

(i)
n ∈ (0, 2π] denote the energy splitting

coefficient and reflection phase shift of nth reflecting element,
respectively, i ∈ {1, 2}, and n ∈ {1, 2, . . . , N}. To satisfy the
law of energy conservation, energy splitting coefficients must
obey the constraint η(1)n + η

(2)
n = 1 [4]. The MIMO channel

gain matrix of BS to STAR-RIS link is H ∈ CN×Nt and
STAR-RIS to the users is G(i) ∈ CN×Nr .

A. Channel Model

We assume a strong LoS path between the BS and the
STAR-RIS. Generally LoS component is deterministic carries
maximum channel power, while the non-line-of-sight (NLoS)
components is the random process that cannot be known
prior to channel estimation. Therefore, we neglect the NLoS
component from the BS to STAR-RIS channel [13]. Then, the
channel coefficient of the BS to STAR-RIS channel can be
expressed as H̄ =

√
ρ aRIS(θa, θe)aBS(θd), where ρ = ρ0d

−α

denotes the path-loss of BS to STAR-RIS channel in which d
stands for the distance between BS and STAR-RIS. The path
loss at the reference distance d0 (in kilometer (km)) is denoted
by ρ0 and α is the path loss exponent. An array response vector
aRIS(θa, θe) of an Nx ×Ny uniform rectangular planar array
(URPA) at the STAR-RIS can be modeled as [14]

aRIS(θa, θe)=
[
1, . . . , e−j2π δ

λ (nxsin θe cos θa+nycos θe),

. . . , e−j2π δ
λ ((Nx−1)sin θe cos θa+(Ny−1)cos θe)

]T
, (1)

where 0 ≤ nx ≤ Nx − 1, 0 ≤ ny ≤ Ny − 1, δ is the uniform
spacing between STAR-RIS elements and λ is the wavelength,
while θa ∈ (0, 2π) and θe ∈ (0, 2π) indicate the azimuth and
elevation angel of arrival (AoA) of signals to the STAR-RIS,
respectively. The array steering vector of the Nt uniform linear
array (ULA) transmit antennas is

aBS(θd)=
[
1, e−j2π δ̃

λ sin θd , . . . , e−j2π δ̃
λ (Nt−1)sin θd

]
, (2)

where δ̃ denotes the antenna spacing and θd ∈ (0, 2π) is the
angle of departure (AoD) from BS. In addition, we assume that
the channel between the RIS and the users is Rician distributed

G(i) =

√
Ki ρi
1 +Ki

Ḡ(i) +

√
ρi

1 +Ki
G̃(i), (3)

where Ḡ(i) and G̃(i) are the LoS and NLoS components, and
Ki denotes the Rician K-factor. The path loss is ρi = ρ0 d

−α
i ,

where di is the distance between the RIS and user i. The
elements of matrix G̃(i) are independent identically distributed
(i.i.d.) complex Gaussian random variables with zero mean
and unity variance. The LoS component of the STAR-RIS to
BS channel can be modeled as Ḡ(i) = aRIS(φa, φe)ai(φ

(i)
a ),

where φa ∈ (0, 2π) and φe ∈ (0, 2π) are the azimuth and
elevation AoD of signal from the RIS, and φ

(i)
a is the AoA of

signals at user i. The array steering vectors aRIS(φa, φe) and
ai(φ

(i)
a ) can be modeled with (1) and (2).

B. Transmission

We exploit the power-domain NOMA transmission protocol
to transmit the superimposed signals of users sharing the
same time-slot and frequency band. We assume that the signal
at user 1 is stronger than the signal at user 2. The BS
superimposes the normalized symbols x1 and x2 intended
for users 1 and 2, as x =

√
β x1 +

√
(1− β)x2, where β

is a power allocation coefficient. For the weaker user to be
able to decode the signal, more power is allocated to user 2,
with β ∈ (0, 0.5). Then the BS transmits the symbol x with
total power Pt, measured in units of the noise power spectral
density. The received symbol at user i is given by

y(i) =
√

Pt G
(i)TΦ(i)H̄wx+ n(i), (4)

where n(i) ∈ CN (0, INr ) is an additive white Gaussian noise
vector at user ui and w ∈ CNt×1 is a beamforming vector.
Let us assume that the BS and RIS are fixed, thus the BS-RIS
link can be considered a quasi-static fading channel. Therefore,
the BS-RIS LoS link can be well-aligned at the BS with w =

1√
Nt

aHBS(θd). Thus, an equivalent BS-RIS link LoS channel
can be expressed as h = H̄w =

√
ρNt aRIS(θa, θe). Further,

an equivalent cascaded channels gain from BS to user i can
be expressed as fi = G(i)TΦ(i)h.

C. Reception

We perform MRC at users to combine the optimally
weighted, phase-aligned, and time-synchronized received sig-
nal at the receiving antennas. To implement the MRC at user
i, an optimal combining vector can be expressed as [15]
v = fi

∥fi∥2 , where fi is a column vector of length Nr that
contains cascaded BS-STAR-RIS-user channel gains. After
employing MRC at user i, the received symbol after MRC is

ỹ(i) = vHy(i) =
√
Pt x+

fHi n(i)

∥fi∥2
. (5)

Further, the strong user 1 performs SIC, and the weak user
2 decodes the signal under interference from the transmission
to the other user. When user 1 is attempting to cancel the
interference from the transmission to user 2, the pertinent
signal-to-interference-plus-noise ratio (SINR) for decoding x2

at user 1 is

Γ1,2 =
(1− β)Pt ∥fi∥2

βPt ∥fi∥ 2 + 1
. (6)

After SIC at user 1, the received SNR for user 1 signal x1 can
be written as

Γ1,1 = βPt ∥fi∥2 . (7)
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On the other hand, user 2 decodes its signal x2 under the
interference x1, the corresponding SINR

Γ2,2 =
(1− β)Pt ∥fi∥2

βPt ∥fi∥2 + 1
. (8)

Note that to ensure SIC at user 1, we have to require Γ1,2 ≥
Γ2,2. This holds always if user 1 has better SNR than user 2.

III. PERFORMANCE ANALYSIS

A. Distribution of the Cascaded Channel

We present the statistical distribution of the cascade BS-
STAR-RIS-user fading channels that are used for outage
probability analysis. The norm of the cascaded BS-STAR-RIS-
user channel gain can be expressed as ci = ∥fi∥2 .

Proposition 1. The cumulative distributive function (CDF) of
ci can be modeled as

F (c) = 1−QNr

(
si
σi

,

√
c

σi

)
, (9)

where QNr
(·, ·) is the generalized Marcum Q-function.

Proof. See Appendix A. ■

B. Outage Probability

1) Outage Probability of User 1: Based on the NOMA
principle, user 1 is not in outage, whenever it can decode both
x2 and x1. The outage probability of user 1 thus is

P out
1 = 1− Pr (Γ1,2 > Λ2, Γ1,1 > Λ1) , (10)

where Λ2 = 2R2 − 1 and Λ1 = 2R1 − 1 denote the
threshold SNRs of the user 2 and user 1, respectively, given
the corresponding target rates R2 and R1 in bits per second
per hertz (bps/Hz). By substituting (6) and (7) into (10), P out

1

can be given as

P out
1 =

{
1− Pr(c1 > ∆1), if β < 1

Λ2+1

1, if β ≥ 1
Λ2+1 ,

(11)

where ∆1 = max
(

Λ2

(1−β)Pt−βPtΛ2
, Λ2

βPt

)
. Using (9), the prob-

ability of c1 > ∆1 can be obtained as

Pr(c1 > ∆1) = 1− F (∆1) = QNr

(
s1
σ1

,

√
∆1

σ1

)
. (12)

2) Outage Probability of User 2: The outage event occurs
at user 2 when it cannot decode its own signal x2 by
considering x1 as an interference signal:

P out
2 = Pr (Γ2,2 ≤ Λ2) . (13)

By substituting (8) into (13) this becomes

P out
2 =

{
Pr (c2 ≤ ∆2) , if β < 1

Λ2+1

1, if β ≥ 1
Λ2+1 .

(14)

where ∆2 = Λ2

Pt(1−β(1+Λ2))
. The probability of c2 ≤ ∆2 can

be obtained as

Pr (c2 ≤ ∆2)=F (∆2)=1−QNr

(
s2
σ2

,

√
∆2

σ2

)
. (15)

C. Asymptotic Outage Probability

To obtain the key insights of the proposed system model, we
derive the asymptotic outage probability of user i at high value
of SNR, i.e., when Pt → ∞. First we apply the orthogonal
polynomial expansion of F (c) [17, Eq. (14)]:

F (c) =

∞∑
m=0

e
− s2i

2σ2
i

(
s2i
2σ2

i

)m γ
(
Nr +m, c

2σ2
i

)
m! (Nr +m− 1)!

, (16)

where γ(·, ·) is a lower incomplete gamma function. It is
noticed from (11) and (15) that for c = ∆i and Pt → ∞,

∆i → 0 and γ
(
Nr +m, ∆i

2σ2
i

)
≈ 1

Nr+m

(
∆i

2σ2
i

)Nr+m

. As
further simplification, we take the first term of series repre-
sentation in (16), then F (∆i) can be written as

F (∆i) =
1

Nr!
e
− s2i

2σ2
i

(
1

2σ2
i

)Nr

(∆i)
Nr . (17)

From (11), (12), and (15), the asymptotic outage probability
of user i can be given by

P̂ out
i =

 1
Nr!

e
− s2i

2σ2
i

(
1

2σ2
i

)Nr

(∆i)
Nr , if β < 1

Λ2+1

1, if β ≥ 1
Λ2+1 .

(18)

It is noticed from (11) and (15) that ∆i is inversely propor-
tional to Pt. At high SNR regime, the outage probability P̂ out

i

can be approximated as (Ga × SNR)−Gd , where SNR = Pt, Gd

denotes the diversity order, defined as the slope of the asymp-
totic P̂ out

i curve, whereas Ga denotes the array gain, defined as
the shift of the asymptotic P̂ out

i relative to the reference curve
of PGd

t . Therefore, the diversity order and array gain of the

proposed system are Gd = Nr and Ga = 2σ2
i (Nr!)

1
Nr e

s2i
2σ2

i
Nr .

Note that N is not affecting the diversity degree – here the
RIS is used as a passive element creating a rich scattering
environment, we do not assume RIS beamforming based on
channel state information. The expected sum throughput of the
proposed STAR-RIS-assisted NOMA system, with fixed target
rates and corresponding outage probabilities is

τ = (1− P out
2 )R2 + (1− P out

1 )R1. (19)

IV. NUMERICAL RESULTS AND DISCUSSION

This section provides numerical results based on theoret-
ical analysis of outage probability and system throughput
for the proposed STAR-RIS-assisted NOMA system. Monte
Carlo simulations (shown by markers) validate all theoretically
derived results for 106 channel realizations. We assume the
system parameters as δ = δ̃ = λ

2 ,Ki = 2, α = 2.3, ρ0 =

1, d0 = 1 km, and η
(i)
n = 0.5 for all elements.

In Fig. 1, we depict the outage probability of users 1
and 2 versus Pt for Nr = Nt = 2 and various values of
N , β, and Ri for the proposed scheme. As expected, the
outage probability of users improves with increasing N . For
N = 80 and Ri = 1 bps/Hz, the outage probability of user 1
decreases as β increases from 0.2 to 0.3 because the received
SNR corresponds to x1 increases, while the outage probability
of user 2 increases because the received SINR corresponds
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Fig. 1. Outage probability of user 1 and user 2 versus Pt plots for Nt =
Nr = 2, d1 = d0, and d2 = 4 d0.
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Fig. 2. Outage probability of user u2 versus Pt plots for different values of
Nt and Nr and d1 = d0, d2 = 4 d0, Ri = 1 bps/Hz, β = 0.3, and N = 16.

to x2 reduces. As β further increases from 0.3 to 0.4, the
outage probability of user 1 and user 2 increase because the
probability of SIC and received SINR decrease, respectively.
We show a fair comparison between proposed scheme and
frequency division based OMA scheme. For N = 40, Ri = 1
bps/Hz and β = 0.3, it can be observed from Fig. 1 that the
NOMA outperforms over OMA at the both users.

In Fig. 2, we study the impact of the number Rx and Tx
antennas. Without loss of generality, we concentrate on user 2.
The outage probability versus Pt plots of user 2 are depicted
for N = 16, β = 0.3, and R2 = 1 bps/Hz. The outage
probability improves with increasing Nt. For Nr = 1, when
Nt increases from 1 to 4, user 2 requires 5 dB less Pt for
outage probability of 10−2. This reflects the Tx array gain
due to beamforming at BS. When increasing Nr, the slope
of outage probability increases linearly, as predicted by (18).
This is a result of MRC at the Rx. The simulations perfectly
reproduce the analytical outage probability result, verifying

0 0.5 1 1.5 2

0

0.5

1

1.5

2

Fig. 3. Expected system throughput versus Ri plots with d1 = d0, d2 =
4 d0, β = 0.3, N = 16 and Pt = 10 dB.

that the MIMO STAR-RIS can achieve maximum diversity
order Nr due to MRC at the user side.

Fig. 3 illustrates the system throughput versus Ri plots for
different values of Nt and Nr. With the increasing values
of Ri, the system throughput increases linearly toward the
maximum value and then approaches towards to zero. It is seen
from the figure that the maximum value of τ improves with
increasing Nt and Nr. The expected system throughput versus
β plots are demonstrated in Fig. 4 for N = 16 and different
values of Ri. For Pt = 10 dB and Nt = Nr = 1, the presented
STAR-RIS NOMA system attains maximum throughput 1.6 at
β = 0.12 for R1 = R2 = 1 bps/Hz, while for R1 = R2 = 2
bps/Hz it attains maximum throughput 1.8 at β = 0.1. Noticed
from Fig. 4 as the target rates of users increase, desirable
value of β shifted towards the origin. Moreover, an optimal
value of β can be obtained by maximizing system throughput
subject to η

(i)
n and Pt. As we have seen from the figure that

the desirable value of β lies between 0 to 0.5 of the presented
system for the given setup. In addition, Fig. 5 depicts the
system throughput versus energy splitting coefficient η

(1)
n =

η(1) curves for different values of β to examine the effect of
the energy splitting coefficient on system performance. For
Nt = Nr = 1, Ri = 1 bps/Hz, and β = 0.1, the desirable
value of η(1) is around 0.5 to attain maximum throughput.
Further, when β increases from 0.1 to 0.2, the desirable value
of η(1) approaches to 0.3. It is seen from the figure that β and
η(1) are varied inversely proportionally to achieve maximum
throughput for the presented system.

V. CONCLUSIONS

We have presented the MIMO STAR-RIS-assisted downlink
NOMA system to multiplex signals to two users located in
the reflection and refraction region of the RIS. We performed
MRC at users to achieve receive diversity and designed the
beamforming at BS steer the signal towards the STAR-RIS.
The probability density function for the cascaded Rician
fading channels is modeled theoretically and validated with
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Fig. 4. Expected system throughput versus β plots for Pt = 10 dB, N = 16,
d1 = d0, and d2 = 4 d0.

Fig. 5. Expected system throughput versus η(1) plots with d1 = d0, d2 =
4 d0, N = 16, Nt = Nr = 1, Ri = 1 bps/Hz and Pt = 10 dB.

Monte Carlo simulation. The outage probability and system
throughput are derived on cascaded Rician fading channel.
Numerical results reveal how multiple antennas at Tx and
Rx can remarkably improve the system throughput. In future
work, we will do the performance analysis of the presented
system with imperfect CSI at users. The presented work can
be extended to a multi-user scenario, where multiplexing
and decoding order of user symbols would be in line with
conventional NOMA.

APPENDIX A

From (III-A), ci can be written as

ci =
(
c
(1)
i

)2

+
(
c
(2)
i

)2

+. . .+
(
c
(r)
i

)2

+. . .+
(
c
(Nr)
i

)2

, (20)

where c
(r)
i = |

∑N
n=1 g

(i)
n,r

√
η
(i)
n ejϕ

(i)
n hn|, r = 1, . . . , Nr, g

(i)
n,r

is the nth row and rth column element of G(i), and hn is
the nth element of h. Alternatively, we can write g

(i)
n,r =

N (µ
(i)
n,r,Ωi) + jN (0,Ωi), N (·) stands for normal Gaussian

distribution with mean µ
(i)
n,r =

√
Kiρi

1+Ki
ḡ
(i)
n,r, ḡ(i)n,r is the nth

row and rth column element of Ḡ(i) and variance Ωi =
ρi

2(1+Ki)
. Further, ci can be expressed as

ci = |N (µ(i)
r , σ2

i ) + jN (0, σ2
i )|, (21)

where variance σ2
i = Ωi

∑N
n=1|

√
η
(i)
n ejϕ

(i)
n hn|2 and mean

µ
(i)
r =

∑N
n=1 µ

(i)
n,r

√
η
(i)
n ejϕ

(i)
n hn. From (20) and (21), it is

observed that the ci has non-central chi-square distribution
with 2Nr degree of freedom and s2i =

∑Nr

r=1|µ
(i)
r |2 non-

centrality parameter [16], is as follows:

f(ci) =
1

2σ2
i

(
ci
s2i

)Nr−1
2

exp
(
−ci+s2i

2σ2
i

)
INr−1

(√
cisi
σ2
i

)
, (22)

where ci > 0. The CDF of ci can be written as F (c) =
Pr (ci ≤ c) , which is given in Proposition1.
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