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Abstract. In order to overcome the reflecting-only issue of the conventional reconfigurable intelligent 
surface (RIS), simultaneous-transmitting-and-reflecting reconfigurable intelligent surface (STAR-RIS) 
stands as a potential solution for providing access services to the users located at the full space. By 
utilizing the omnidirectional properties of STAR-RIS, non-orthogonal multiple access (NOMA) users 
on both sides can be served simultaneously. By making the signal reflected by STAR-RIS coherent 
superposition with the direct signal, using the Riemannian optimization algorithm (ROA), the 
proposed signal enhancement algorithm can greatly enhance the signal power of NOMA users, 
reduce the outage probability, and improve the ergodic rate performance. According to the simulation 
results, the random phase STAR-RIS can improve the spectral efficiency of 3.6bit/s/Hz compared 
without STAR-RIS. After using the proposed ROA, the spectral efficiency can be extra increased by 
1.8bit/s/Hz, which verifies the superiority of the proposed algorithm.  

Keywords: simultaneous-transmitting-and-reflecting reconfigurable intelligent surface, non-
orthogonal multiple access, signal enhancement algorithm, ergodic rate. 

1. Introduction 

In recent years, with the development of the sixth generation (6G) of mobile communication, higher 
requirements have been put forward for the capacity, coverage, energy efficiency and reliability of 
wireless communication networks [1]. Reconfigurable intelligent surface (RIS) as a potential 
technology of 6G, can significantly improve the spectral efficiency and energy efficiency of wireless 
communication. In wireless channels, signals undergo a series of complex processes such as reflection, 
refraction, scattering, diffraction, penetration, interference, etc. RIS can skillfully control the 
reflection phase of wireless signals, so that the wireless signal coherently enhances or coherently 
cancels at the user, improves the effective signal amplitude of the user, or inhibits the amplitude of 
interfering signals [2], [3]. At present, aiming at the disadvantage that the traditional RIS can only 
reflect wireless signals, a new simultaneous-transmitting-and-reflecting reconfigurable intelligent 
surface (STAR-RIS) has begun to receive attention. Through STAR-RIS, the transmission phase 
coefficient and reflection phase coefficient of the wireless signal are controlled at the same time, 
which can not only serve the users on the same side of RIS, but also serve the users on the rear side 
of STAR-RIS, and the coverage range can reach 360° [4], [5]. 
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The traditional RIS only has the reflection metasurfaces layer, the control layer and the base layer, 
which can only control the amplitude and phase of the reflected signal, while the transmitted part of 
the radio wave has no controllability [6]. STAR-RIS has a reflective metasurfaces layer, a transmitted 
metasurfaces layer, a control layer and a base layer, which can independently control the amplitude 
and phase of the reflected signal and transmitted signal to realize the control of the amplitude and 
phase of the transmitted signal [7]. In terms of location deployment, STAR-RIS is also quite different 
from traditional RIS. The traditional RIS cannot control the transmitted signal, and it can be deployed 
on the wall surface of a tall building without considering the user's position behind the panel. On the 
contrary, STAR-RIS needs to be deployed on glass surfaces or roofs of tall buildings, allowing 
multiple users to be located on both sides of the STAR-RIS. It is worth mentioning that the reflection 
process and transmission process of STAR-RIS occur simultaneously, which not only has the 
simultaneity of signal transmission and reflection, but also has the simultaneity of signal processing. 
In addition, since the reflection user of STAR-RIS service is closer to the base station (BS), while the 
transmission user is farther away from the BS, the channel state information (CSI) of the reflection 
user is much stronger than that of the transmission user. It is ideal for non-orthogonal multiple access 
(NOMA) [8]. 

In 6G, NOMA shares time domain, frequency domain and code domain resources of multiple users 
with different CSI strengths. By using successive coding (SC) and successive interference 
cancellation (SIC) techniques, the ergodic rate of users is greatly improved [9], [10]. Furthermore, 
the research on improving RIS system with NOMA technology is still in its infancy. A signal 
enhancement based (SEB) algorithm was proposed in [11], in which the signal reflected by RIS is 
coherently superimposed at the user with the highest channel gain, greatly decreasing the outage 
probability and ergodic rate performance of the user. The closed-form expressions of ergodic rates 
and high signal-to-noise ratio (SNR) slopes for cell-edge users was derived in [12]. According to the 
results, the slope of high SNR is constant, and STAR-RIS aided NOMA systems achieve higher 
ergodic rates than conventional RIS aided NOMA systems. A RIS-assisted user pairing terahertz 
NOMA system (RTHz-NOMA) was proposed in [13]. Researches show that the proposed RTHz-
NOMA system is better than the orthogonal multiple access, and the RIS can significantly enhance 
the sum-rate and bit error rate performance of RTHz-NOMA system.  

To sum up, although relevant modeling of STAR-RIS has been carried out in the existing literature, 
it is still necessary to optimize the user performance of omnidirectional multi-user SEB on NOMA. 
Therefore, using STAR-RIS, a signal enhancement algorithm based on NOMA is proposed in this 
paper. This paper uses STAR-RIS to serve users on both sides. Using NOMA technology, users on 
both sides of STAR-RIS are formed into a user cluster, sharing the same time domain, frequency 
domain and code domain resources. Based on the coherence of wireless signal, a signal enhancement 
algorithm is designed to enhance the reflected signal and transmitted signal coherently at the users, 
which greatly improves the user's performance. Based on Riemannian optimization algorithm (ROA), 
the ergodic rates of reflection and transmission users are optimized. According to the simulation 
results, the proposed signal enhancement algorithm can greatly improve the ergodic rate and spectral 
efficiency of users. 

2. System Model 

The system model of proposed NOMA enhanced STAR-RIS SEB design is shown in Fig. 1, where a 
single antenna BS serves four single antenna users simultaneously. An array panel containing N 
STAR-RIS elements is deployed in the cell, which can reflect the signal to user 1 and user 2, and 
simultaneously transmit signal to user 3 and user 4. As the main concern is the impact of STAR-RIS 
on the user ergodic rate and spectral efficiency, the single-antenna narrowband model is used. It is 
assumed that users 1 and 2 are in the same NOMA group, whereas user 3 and user 4 are in the other 
NOMA group. According to the channel detection technique proposed in [14], it can be assumed that 
CSI is ideally known. 
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Fig. 1: STAR-RIS signal enhancement system model based on NOMA. 

Without loss of generality, it is assumed that the power domain channel gains of the BS to user 1 and 
user 2 are |ℎଵ|ଶ and |ℎଶ|ଶ. The small-scale channel vector 𝐡 from the BS to STAR-RIS can be 
written as: 

𝒉 ൌ ሾ
ℎோ,ଵ

⋮
ℎோ,ே

ሿ,                                        (1) 

where 𝐡 denotes the complex vector and ℎோ,௡ represents the channel gain from the BS to the n-th 
STAR-RIS element. 

Similarly, the reflected small-scale fading vectors 𝐫ଵ and 𝐫ଶ of STAR-RIS to user 1 and user 2 can 
be written as: 

𝒓ଵ ൌ ሾ𝑟ଵ,ଵ, ⋯ , 𝑟ଵ,ேሿ
 𝒓ଶ ൌ ሾ𝑟ଶ,ଵ, ⋯ , 𝑟ଶ,ேሿ,

                                 (2) 

where both  𝐫ଵ and  𝐫ଶ denote complex vectors, and 𝑟ଵ,௡ represents the reflected channel gain of 
the n -th STAR-RIS element to user 1, whose fading coefficient follows the Rice distribution with 
fading parameter 𝜅ଵ. Therefore, the reflected channel gain can be calculated as: 

𝑟ଵ,௡ ൌ ට
఑భ

఑భାଵ
𝑟ଵ,௡

௅௢ௌ ൅ ට
ଵ

఑భାଵ
𝑟ଵ,௡

ே௅௢ௌ,                          (3) 

where 𝑟ଵ,௡
୐୭ୗ and 𝑟ଵ,௡

୒୐୭ୗ denote the direct and non-direct components, respectively. 

The transmitted small-scale fading vectors  𝐭ଷ and 𝐭ସ of STAR-RIS to user 3 and user 4 can be 
written as: 

𝒕ଷ ൌ ሾ𝑡ଷ,ଵ, ⋯ , 𝑡ଷ,ேሿ
 𝒕ସ ൌ ሾ𝑡ସ,ଵ, ⋯ , 𝑡ସ,ேሿ,

                               (4) 

where both 𝐭ଷ and 𝐭ସ denote complex vectors, and 𝑡ଷ,௡ represents the transmitted channel gain of 
the n-th STAR-RIS element to user 3, which follows the Rice distribution of fading coefficient 𝜅ଶ, 
so the transmitted channel gain can be written as: 

𝑡ଷ,௡ ൌ ට
఑మ

఑మାଵ
𝑡ଷ,௡

௅௢ௌ ൅ ට
ଵ

఑మାଵ
𝑡ଷ,௡

ே௅௢ௌ,                          (5) 

Assume that the distance from the BS to user 1 and user 2 are 𝑑ଵ and 𝑑ଶ, respectively, so the large 
scale fading of the BS to user 1 and user 2 are: 
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𝜀ଵ ൌ 𝑑ଵ
ିఈଵ

𝜀ଶ ൌ 𝑑ଶ
ିఈଵ,

                                 (6) 

where 𝛼ଵ denotes the path loss exponent from the BS to user 1 and user 2. It is assumed that the 
large-scale fading of the BS to user 1 and user 2 through STAR-RIS εୖ,ଵ and εୖ,ଶ obey the scattering 
principle, i.e.: 

εୖ,ଵ ൌ 𝑑ୖ
ିఈଶ𝑑ୖ,ଵ

ିఈଷ

εୖ,ଶ ൌ 𝑑ୖ
ିఈଶ𝑑ୖ,ଶ

ିఈଷ,
                            (7) 

where 𝑑ୖ, 𝑑ୖ,ଵ and 𝑑ୖ,ଶ denote the distances from the BS to STAR-RIS, STAR-RIS to user 1 and 
user 2, and 𝛼ଶ and 𝛼ଷ represent the path fading coefficients from the BS to STAR-RIS, and from 
STAR-RIS to user 1 and user 2, respectively. 

Similarly, large-scale fading from the BS to user 3 and user 4 through STAR-RIS can be  

written as: 

𝜀୘,ଷ ൌ 𝑑ୖ
ିఈଶ𝑑ୖ,ଷ

ିఈସ

𝜀୘,ସ ൌ 𝑑ୖ
ିఈଶ𝑑ୖ,ସ

ିఈସ,
                              (8) 

where 𝑑ୖ,ଷ and 𝑑ୖ,ସ denote the distance from STAR-RIS to users 3 and 4, and 𝛼ସ represents the 
path fading coefficients from STAR-RIS to users 3 and 4. 

With the aid of NOMA technology, the BS can serve four users simultaneously with SC. The 
equivalent transmitted signal S can be written as: 

𝑆 ൌ 𝛿ଵ𝑠ଵ ൅ 𝛿ଶ𝑠ଶ ൌ 𝛿ଵ𝑠ଷ ൅ 𝛿ଶ𝑠ସ,                       (9) 

where 𝑠ଵ, 𝑠ଶ, 𝑠ଷ and 𝑠ସ denote the signals of users 1, 2, 3 and 4. 𝛿ଵ and 𝛿ଶ denotes the power 
distribution coefficients of users 1 and 3 and users 2 and 4, respectively with 𝛿ଵ

ଶ ൅ 𝛿ଶ
ଶ ൌ 1.  

In summary, the signals received by user 1 and user 2 are as follows: 

𝑦ଵ ൌ ඥ𝑑ଵ
ିఈଵℎଵ𝑝𝑆 ൅ ට𝑑ୖ

ିఈଶ𝑑ୖ,ଵ
ିఈଷ𝐫ଵ𝚽ୖh𝑝𝑆 ൅ 𝑁଴

𝑦ଶ ൌ ඥ𝑑ଶ
ିఈଵℎଶ𝑝𝑆 ൅ ට𝑑ୖ

ିఈଶ𝑑ୖ,ଶ
ିఈଷ𝐫ଶ𝚽ୖh𝑝𝑆 ൅ 𝑁଴,

            (10) 

where 𝑝 denotes the transmitting power at the BS. 𝑁଴ represents the additive white Gaussian noise, 
which obeys a distribution with mean 0 and variance 𝜎ଶ. 𝜙ୖ denotes the reflection diagonal matrix 
of STAR-RIS, which is defined as: 

𝚽ୖ ≜ 𝑑𝑖𝑎𝑔ሾ𝛽ୖ,ଵ𝜙ୖ,ଵ, 𝛽ୖ,ଶ𝜙ୖ,ଶ, ⋯ , 𝛽ୖ,ே𝜙ୖ,ேሿ ,             (11) 

where 𝛽ୖ,௡ and 𝜙ୖ,௡ denote the amplitude reflection coefficient and phase reflection coefficient of 
the n-th STAR-RIS element, and the phase reflection coefficient satisfies 𝜙ୖ,௡ ൌ 𝑒𝑥𝑝ሺ𝑗𝜃ୖ,௡ሻ, 𝑗 ൌ
√െ1, ∀𝑛 ൌ 1,2, ⋯ , 𝑁. 

Due to the distance between the BS and users 3 and 4, it is assumed that they cannot directly receive 
the signal from the BS. User 3 and user 4 use the transmitted signal of STAR-RIS to communicate 
with the BS. So they receive the signal as follows: 

𝑦ଷ ൌ ට𝑑ୖ
ିఈଶ𝑑ୖ,ଷ

ିఈସ𝐭ଷ𝚽୘h𝑝𝑆 ൅ 𝑁଴

𝑦ସ ൌ ට𝑑ୖ
ିఈଶ𝑑ୖ,ସ

ିఈସ𝐭ସ𝚽୘h𝑝𝑆 ൅ 𝑁଴,
                      (12) 

where 𝚽୘ denotes the transmission diagonal matrix of STAR-RIS, which is defined as: 
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𝚽୘ ≜ 𝑑𝑖𝑎𝑔ൣ𝛽୘,ଵ𝜙୘,ଵ, 𝛽୘,ଶ𝜙୘,ଶ, ⋯ , 𝛽୘,ே𝜙୘,ே൧,                   (13) 

where 𝛽୘,௡  and 𝜙୘,௡  denote the amplitude transmission coefficient and phase transmission 
coefficient of the n-th STAR-RIS element, respectively. The amplitude reflection coefficient and 
amplitude transmission coefficient meet the requirements of 𝛽ୖ,௡

ଶ ൅ 𝛽୘,௡
ଶ ൌ 1, 𝛽ୖ,௡

ଶ ൌ 𝛽୘,௡
ଶ ൌ 0.5 

[15]. phase transmission system satisfies 𝜙୘,௡ ൌ 𝑒𝑥𝑝ሺ𝑗𝜃୘,௡ሻ, ∀𝑛 ൌ 1,2, ⋯ , 𝑁. 

3. Signal enhancement algorithm 

In order to enhance the signal of all users at the same time, it is assumed that the CSI is known at 
STAR-RIS, so the passive beamforming target of STAR-RIS can be written as: 

𝑚𝑎𝑥ට𝑑ଵ
ିఈభℎଵ𝑝 ൅ ට𝑑ୖ

ିఈమ𝑑ୖ,ଵ
ିఈయ𝐫ଵ𝚽ୖ𝐡𝑝

𝑚𝑎𝑥ට𝑑ଶ
ିఈభℎଶ𝑝 ൅ ට𝑑ୖ

ିఈమ𝑑ୖ,ଶ
ିఈయ𝐫ଶ𝚽ୖ𝐡𝑝

                (14a) 

𝑚𝑎𝑥ට𝑑ୖ
ିఈమ𝑑ୖ,ଷ

ିఈర𝐭𝚽୘𝐡𝑝

𝑚𝑎𝑥ට𝑑ୖ
ିఈమ𝑑ୖ,ସ

ିఈర𝐭𝚽୘𝐡𝑝
                        (14b) 

𝑆. 𝑡. 𝛽ୖ,௡ ൌ 0.5, 𝛽୘,௡ ൌ 0.5, ∀𝑛 ൌ 1 ⋯ 𝑁            (14c) 

𝜙ୖ,௡ ∈ ሾ0,2𝜋ሻ, 𝜙୘,௡ ∈ ሾ0,2𝜋ሻ,                (14d) 

where formula (14a) denotes the signal enhancement objective function of user 1 and user 2, formula 
(14b) brepresents the signal enhancement objective function of user 3 and user 4, formula (14c) 
denotes the reflection amplitude coefficients and transmission amplitude coefficients of STAR-RIS, 
Formula (14d) represents the reflection phase coefficients and transmission phase coefficients of 
STAR-RIS. 

Since the wireless signal is a vector, (14a) can be rewritten as: 

𝑚𝑎𝑥 ∥ ට𝑑ଵ
ିఈభℎଵ ൅ 𝐪ୖ

ு𝐀ଵ ∥ଶ

𝑚𝑎𝑥 ∥ ට𝑑ଶ
ିఈభℎଶ ൅ 𝐪ୖ

ு𝐀ଶ ∥ଶ,
                       ሺ15ሻ 

where 𝐀ଵ ൌ √ଶ

ଶ
ට𝑑ୖ

ିఈమ𝑑ୖ,ଵ
ିఈయdiagሺ𝐫𝟏ሻ𝐡, 𝐀ଶ ൌ √ଶ

ଶ
ට𝑑ୖ

ିఈమ𝑑ୖ,ଶ
ିఈయdiagሺ𝐫𝟐ሻ𝐡.  Amplitude coefficients are 

1/2, and the phase function is 𝐪ୖ ൌ ሾ𝜙ୖ,ଵ ⋯ 𝜙ୖ,ேሿு. 

In order to accomplish the goal of (15), (14) can be converted to convert again to: 

𝑚𝑎𝑥 ∥ ට𝑑ଵ
ିఈభℎଵ ൅ 𝐪ୖ

ு𝐀ଵ ∥ଶ ൅∥ ට𝑑ଶ
ିఈభℎଶ ൅ 𝐪ୖ

ு𝐀ଶ ∥ଶ

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝛽ୖ,௡ ൌ ଵ

ଶ
, 𝜙ୖ,௡ ∈ ሾ0,2𝜋ሻ, ∀𝑛 ൌ 1 ⋯ 𝑁.

            ሺ16ሻ 

To solve (16), we introduce a popular optimization based conjugate gradient algorithm, which is an 
efficient method to deal with non-convex optimization problems. First define that the manifold ℵ is 
a topological space like a Euclidean space near a single point. The tangent space 𝑇థℵ at a given point 
𝜙 on the manifold ℵ consists of the tangent vector 𝜉థ of the curve 𝛾 passing through point 𝜙. We 
define the complex circular manifold of 𝜙 ∈ ℂ as: 

ℵ௖௖ ൌ ሼ𝜙 ∈ ℂ|𝜙∗𝜙 ൌ 1ሽ.                    ሺ17ሻ 
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The complex circular manifold ℵ௖௖  is a Riemannian submanifold on ℂ. For ∀𝑥ଵ, 𝑥ଶ ∈ ℂ in the 
complex plane ℂ the Euclidean metric is defined as: ൏ 𝑥ଵ, 𝑥ଶ ൐ൌ 𝑅𝑒ሼ𝑥ଵ

∗𝑥ଶሽ. Therefore, the tangent 
plane of the point 𝜙 ∈ ℵ௖௖ can be written as: 𝑇థℵ௖௖ ൌ ሼ𝑧 ∈ ℂ| ൏ 𝜙, 𝑧 ൐ൌ 0ሽ. 

We then extend the one-dimensional manifold to the N-dimensional complex circular manifold. 
𝜙ୖ,௡ ∈ ሾ0,2𝜋ሻ, |𝜙ୖ,௡| ൌ 1  is the constraint condition of equation (16). Therefore, 𝐪ୖ ൌ
ሾ𝜙ୖ,ଵ ⋯ 𝜙ୖ,ேሿு  forms a complex circular manifold of dimension n. The feasible region of the 
optimization problem (16) lies on the manifold ℵ௖௖. The tangent space at point 𝐪𝐑 ∈ ℵ௖௖

ே  is given by 
𝑇𝐪𝐑

ℵ௖௖
ே ൌ ሼ𝐳 ∈ ℂே|𝑅𝑒ሼ𝐳 ∘ 𝐪𝐑

∗ ሽ ൌ 𝟎ேሽ. 

Let the objective function of the optimization problem (16) be:𝑓ሺ𝐪ୖሻ ൌ∥ ට𝑑ଵ
ିఈభℎଵ ൅ 𝐪ୖ

ு𝐀ଵ ∥ଶ ൅∥

ට𝑑ଶ
ିఈభℎଶ ൅ 𝐪ୖ

ு𝐀ଶ ∥ଶ, which gradient function is: 

∇𝑓ሺ𝐪ୖሻ ൌ 2ሺ𝐀𝟏𝐀𝟏
ு𝐪ୖ ൅ 𝐀𝟏ሺට𝑑ଵ

ିఈభሻ∗ℎଵሻ ൅ 2ሺ𝐀𝟐𝐀𝟐
ு𝐪ୖ ൅ 𝐀𝟐ሺට𝑑ଶ

ିఈభሻ∗ℎଶሻ   (18) 

Similar to Euclidean space, there is a tangent vector direction in which the objective function grows 
fastest, which is called Riemann gradient. Since the complex circular manifold ℵ௖௖

ே  is a Riemannian 
submanifold on N-dimensional complex space ℂே, the Riemannian gradient of function 𝑓ሺ𝐪ୖሻ at 
point 𝐪ୖ  (represented by 𝐠𝐫𝐚𝐝𝑓 ) is the orthogonal projection of the Euclidean gradient ∇𝑓 . 
Therefore, the Riemannian gradient at the point 𝐪ୖ on the complex circular manifold ℵ௖௖

ே  can be 
written as: 

𝐠𝐫𝐚𝐝𝑓 ൌ ∇𝑓 ሺ𝐪ୖሻ െ 𝐑𝐞ሼ∇𝑓ோሺ𝐪ୖሻ∘𝐪ୖ
∗ ሽ∘𝐪ୖ,             (19) 

where 𝐠𝐫𝐚𝐝 is the gradient symbol. 

Then, we can determine that the search direction of the conjugate gradient method is: 

𝑑 ൌ െ𝐠𝐫𝐚𝐝𝑓 ൅ 𝜏Ω௥ሺ𝑑ሻ,                        (20) 

whereΩ௥ሺ𝑑ሻ ൌ 𝑑 െ 𝐑𝐞ሼ𝑑∘𝐪ୖ
∗ ሽ𝐪ୖ. 

However, 𝑑௞  and 𝑑௞ାଵ  in manifold optimization lie in two different tangent spaces. Instead of 
directly performing operations involving different tangent spaces, we give a mapping from the 
tangent space to the manifold itself, i.e. : 

ሺ𝐪ୖሻ௜ ← ሺ𝐪౎ାఈௗሻ೔

|ሺ𝐪౎ାఈௗሻ೔|
                           (21) 

where 𝛼 is the search step size. 

According to the steps of Formula (19) to formula (21), the passive beam forming algorithm is shown 
in Algorithm 1. According to theorem 4.3.1 in [16], it is ensured that Algorithm 1 converges to the 
critical point, that is, the gradient of the objective function at this point is zero. The RIS amplitude 
and phase of the reflection part can be solved by using Riemannian manifold optimization. Similarly, 
the transmission part is also apply Riemannian manifold optimization solution. 

 

 

 

 

 

Algorithm 1 Passive Beamforming Conjugate gradient algorithm based on 
Manifold Optimization 
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Input: ට𝑑ଵ
ିఈభ, ට𝑑ଶ

ିఈభ, ℎଵ, ℎଶ, 𝐀𝟏, 𝐀𝟐 

Output: 𝐪ୖ 

1: Randomly initialize the reflection phase matrix of RIS 𝐪ୖ଴ ∈ ℵ௖௖
ே , calculate 

𝑑଴ ൌ െ𝐠𝐫𝐚𝐝𝑓 ଴, display 𝑘 =0 

2: repeat 

3: Select linear search step 𝛼௞ 

4: Find 𝐪ୖଵ by formula (21) 

𝐪ୖሺ௞ାଵሻ ൌ
ሺ𝐪ୖ௞ ൅ 𝛼௞𝑑ሻ௡

|ሺ𝐪ୖ௞ ൅ 𝛼௞𝑑ሻ௡|
 

5: According to formulas (18) and (19), caculate 𝑔௞ାଵ ൌ 𝐠𝐫𝐚𝐝𝑓 ሺ௞ାଵሻ 

6: According to the formula (20), the transpose vector 𝑔௞ of the gradient 𝑔௞ and 
the conjugate direction 𝑑௞ of 𝑑௞ are calculated: 

     𝑔௞ ൌ 𝑔௞ െ 𝑅𝑒ሼ𝑔௞ ∘ 𝑞ୖሺ௞ାଵሻ
∗ ሽ ∘ 𝑞ୖሺ௞ାଵሻ 

     𝑑௞ ൌ 𝑑௞ െ 𝑅𝑒ሼ𝑑௞ ∘ 𝑞ோሺ௞ାଵሻ
∗ ሽ ∘ 𝑞ோሺ௞ାଵሻ 

7: calculate 𝜏௞ ൌ
௚ೖశభ

ಹ ௚ೖశభ

௚ೖ
ಹ௚ೖ

 

8: Calculate conjugate direction 𝑑௞ାଵ ൌ െ𝑔௞ାଵ ൅ 𝜏௞𝑑௞ 

9: Update 𝑘 ← 𝑘 ൅ 1 

10: Until it converges 

11: return 𝐪ୖ ൌ 𝐪ୖሺ௞ାଵሻ 

 

Therefore, based on the passive beamforming design of equations passive (15) to (19), the received 
signal amplitude of user 1 can be rewritten as: 

𝑦ଵ ൌ ට𝑑ଵ
ିఈభ|ℎଵ|𝑝𝑆 ൅ |𝐪ୖ

ு𝐀ଵ|𝑝𝑆 ൅ 𝑁଴.              (22) 

Based on NOMA protocol, the channel gain of user 1 is strong, so user 1 can use SIC technology to 
detect and delete the Signal of user 2, and its signal-to-interference-plus-noise-ratio (SINR) can be 
written as: 

𝑆𝐼𝑁𝑅ଵ→ଶ ൌ ௣|௛భ|మఋమ
మ

ఙమା௣|௛భ|మఋభ
మ,                      (23) 

where |ℎଵ|ଶ ൌ ሺට𝑑ଵ
ିఈభ|ℎଵ| ൅ |𝐪ୖ

ு𝐀ଵ|ሻଶ. 

After user 1 successfully detects the signal of user 2, user 1 can delete the signal of user 2 and detect 
the signal of user 1, and its SNR can be written as: 

𝑆𝑁𝑅ଵ ൌ |௛భ|మఋభ
మ௣

ఙమ ,                           (24) 

where |ℎଶ|ଶ ൌ ሺට𝑑ଶ
ିఈభ|ℎଶ| ൅ |𝐪ୖ

ு𝐀ଶ|ሻଶ. 
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Based on the NOMA protocol, the channel gain of user 2 is weak, so user 2 regards the signal of user 
1 as interference, and its SINR can be written as: 

𝑆𝐼𝑁𝑅ଶ ൌ |௛మ|మఋమ
మ௣

|௛మ|మఋభ
మ௣ାఙమ.                        (25) 

Similar to the process of (15) to (25), the transmit passive beamforming design can be completed. 

The ergodic rates Rଵ and Rଶ for user 1 and user 2 can be defined as: 

Rଵ ൌ Eሺlogଶ ሺ1 ൅ 𝑆𝑁𝑅ଵሻሻ

Rଶ ൌ Eሺlogଶ ሺ1 ൅ 𝑆𝐼𝑁𝑅ଶሻሻ,
                     (26) 

where Eሺሻ denotes the expectation function. 

The ergodic rates Rଷ and Rସ for user 3 and user 4 can be defined as: 

Rଷ ൌ Eሺlogଶ ሺ1 ൅ 𝑆𝑁𝑅ଷሻሻ

Rସ ൌ Eሺlogଶ ሺ1 ൅ 𝑆𝐼𝑁𝑅ସሻሻ.
                      (27) 

Performance Evaluation 

In this section, the proposed signal enhancement algorithm is verified by simulation. Monte Carlo 
method is used to compare the ergodic rates of user 1 and 2 and  user 3 and 4, so as to show the 
performance gain of the proposed STAR-RIS signal enhancement algorithm. The Monte Carlo 
simulation is repeated 10଻ times. The bandwidth is set to BW = 1MHz, and the power of the additive 
white Gaussian noise is 𝜎ଶ ൌ െ174 ൅ 10𝑙𝑜𝑔ଵ଴ሺ𝐵𝑊ሻ𝑑𝐵𝑚. Based on NOMA protocol, the power 
distribution coefficient can be set to 𝛿ଵ

ଶ ൌ 0.4 and 𝛿ଶ
ଶ ൌ 0.6. Other simulation parameters are shown 

in Table 1. 

Table 1: Simulation Parameter 

The distance from BS to user 1 and 2 60m 

The distance from BS to STAR-RIS 80m 

The distance from STAR-RIS to user 1 and 2 30m 

The distance from STAR-RIS to user 3 and 4 35m 

Path loss exponent from BS to user 1 and 2 3 

Path loss exponent from BS to STAR-RIS 2.6 

Path loss exponent from STAR-RIS to user 1 and 2 2.8 

Path loss exponent from STAR-RIS to user 3 and 4 2.6 

The amplitude transmission coefficient of STAR-RIS 0.5 

The amplitude reflection coefficient of STAR-RIS 0.5 

The power distribution coefficient of user 1 and 3 0.4 

The power distribution coefficient of user 2 and 4 0.6 
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Fig. 2: The ergodic rate versus different number of STAR-RIS element and channel fading 
coefficient of reflection users. 

To compare the effects of the channel fading coefficient and the number of STAR-RIS elements on 
the user 1 and user 2 ergodic rates, we set the channel fading coefficient to 𝜅ଵ, 𝜅ଶ ൌ 0,1, and the 
ergodic rate performance of user 1 and user 2 is shown in Fig. 2. By comparing the red curve, blue 
curve and black curve, it can be seen that when the fading coefficient of the channel from the BS to 
STAR-RIS or STAR-RIS to user 1 increases, the ergodic rate of user 1 increases. The same conclusion 
can be drawn by comparing the red dotted line, blue dotted line and black dotted line in the figure, 
when the channel decay coefficient from BS to STAR-RIS or STAR-RIS to user 2 increases, the 
ergodic rate of user 2 increases.  

 

Fig. 3: The ergodic rate versus different number of STAR-RIS element and channel fading 
coefficient of transmission users. 

To compare the effects of the channel fading coefficient and the number of STAR-RIS elements on 
the user 3 and user 4 ergodic rates, we set the channel fading coefficient to 𝜅ଵ, 𝜅ଷ ൌ 0,1, and the 
ergodic rate performance of user 3 and user 4 is shown in Fig. 3. By comparing the red curve, blue 
curve and black curve, it can be seen that when the fading coefficient of the channel from the BS to 
STAR-RIS or STAR-RIS to user 3 increases, the ergodic rate of user 3 increases. The same conclusion 
can be drawn by comparing the red dotted line, blue dotted line and black dotted line in the figure, 
when the channel decay coefficient from BS to STAR-RIS or STAR-RIS to user 4 increases, the 
ergodic rate of user 4 increases. It also proves that the channel parameters have a great influence on 
the proposed NOMA signal enhancement algorithm based on STAR-RIS. In addition, it can be seen 
that when the number of STAR-RIS increases, the ergodic rates of user 3 increase, and the high SNR 
slope of user 3 increases, which indicates that increasing the number of STAR-RIS has a great impact 



 

224 

on the ergodic rate of user 3. This is because in NOMA, user 3 is not affected by interference, while 
user 4 is affected by homologous interference. 

 

Fig. 4: The influence of different algorithms on the energy efficiency of users. 

Fig. 4 illustrates the energy efficiency of users across various algorithms. It reveals that employing 
phase randomization with STAR-RIS leads to an energy efficiency enhancement of approximately 
0.29 bit/s/J compared to scenarios without the STAR-RIS algorithm. Furthermore, upon 
implementing the ROA, an additional energy efficiency boost of about 0.16 bit/s/J is achieved, 
underscoring the algorithm's remarkable efficacy. Moreover, when STAR-RIS directs all energy to 
user 3 and user 4, their energy efficiency diminishes. This observation suggests a prioritization of 
closer-to-base-station users in the proposed model, aimed at enhancing the system's energy efficiency. 

 

Fig. 5: The influence of different algorithms on the spectral efficiency of users. 

Fig.  5 compares the spectral efficiency of users with different algorithms. It can be seen that the 
phase randomization of STAR-RIS can improve the spectral efficiency of about 3.6bit/s/Hz compared 
with the absence of STAR-RIS. After using the proposed ROA, the spectral efficiency can be 
increased by about 1.8bit/s/Hz, which verifies the superiority of the proposed algorithm. In addition, 
it can be seen that when STAR-RIS transmits all the energy to user 3 and user 4, the spectral efficiency 
is low. This phenomenon also indirectly indicates that the proposed model will give priority to the 
users who are closer to the BS to improve the spectral efficiency of the system. 

4. Conclusions 

In this paper, a STAR-RIS signal enhancement algorithm based on NOMA is proposed, which 
benefits from the omnidirectional property of STAR-RIS and can serve users on both sides of STAR-
RIS simultaneously and at the same frequency. By using ROA, the coherent superposition of the 
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user's signal can greatly improve the user's SNR and improve the ergodic rate performance. The 
proposed STAR-RIS signal enhancement algorithm based on NOMA is applied to the single antenna 
scene. The next step will discuss the joint design of the active beamforming of the BS, the passive 
beamforming of the STAR-RIS and the detection vector of the user in the multi-antenna field. In 
addition, in order to be more suitable for the actual application scenario, the number of users and user 
mobility also have important research value, and will be in the future. 
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