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 This study proposes a hybrid beamforming (HBF) architecture for 

interference mitigation design aimed at improving interference cancellation 

in fifth-generation new radio (5G-NR) systems. The proposed architecture 

employs interference suppression at two processing level: the linear eigen-

zero forcing (EZF) method is applied at the base station (BS) to mitigate 

inter-user interference (IUI), while the nonlinear successive interference 

cancellation (SIC) is implemented at each user terminal to cancel intra-user 

interference. Although EZF is linear, meaning it doesn’t require iterative or 

cumulative operations, its operations are complex and rely on matrix 

inversion. On the other hand, SIC is a non-linear algorithm, meaning it 

requires many sequential iterative operations, which increases the 

probability of cumulative errors. Therefore, using EZF as the first stage 

makes the signals to be processed in SIC less overlapping, thus reducing 

cumulative errors, especially under varying channel conditions. The single to 

interference and noise ratio (SINR) reached a value of 11.9 dB. This is based 

on the simulation scenarios that were tested. and a channel quality indicator 

(CQI) value of 10. Moreover, the proposed scheme provides a spectral 

efficiency of 36 bit/s/Hz at 100 MHz bandwidth and -20 dB signal-to-noise 

ratio (SNR), achieving performance approaches the performance of a fully 

digital interference-free system under the considered simulation conditions. 

while maintaining practical computational complexity. 
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1. INTRODUCTION 

A new radio access technology (RAT) called fifth-generation new radio (5G-NR) mobile network is 

developed within the 3rd generation partnership project (3GPP) for 5G [1]. 5G-NR offers globalized 

standards for the 5G networks with higher capability [2]. Many technologies work together to achieve the 

expected performance for 5G-NR, these technologies could be summarized as: millimeter waves (mmWave), 

massive multi input multi output (mMIMO) systems, beamforming (BF) and non-orthogonal multiple access 

(NOMA) [3]. 

The use of mm-wave frequency provides access to wider bandwidth than those typically available in 

conventional cellular system such as long-term evolution (LTE), thereby enabling substantially higher data 

rates. However, propagation at these frequencies is accompanied by increased pathloss and greater sensitivity 

to blockage, reflection and absorption by surrounding materials. Consequently, although mmWave 

https://creativecommons.org/licenses/by-sa/4.0/
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transmission can provide high capacity and very hight data rates, its propagation characteristics impose 

constraints on coverage and link reliability [1]. 

Multi input multi output (MIMO) techniques can help compensate for some of the propagation 

limitations associated with mmWave communication. The relatively short wavelength at mmWave 

reequencies allows a large number of antenna elements to be integrated into a compact physical area, making 

large-scale antenna arrays practical for mMIMO implementation [4]. In addition to providing spatial 

diversity, MIMO enables the simultaneous transmission for multiple data streams through spatial 

multiplexing, thereby increasing the achievable transmission rate [5]. Nevertheless, deploying a fully digital 

architecture for mmWave mMIMO would require a dedicated radio frequency (RF) chain for each antenna 

element, resulting in substantial hardware complexity, power consumption, and implementation cost [6]. 

These limitations motivae the adoption of hybrid beamforming (HBF) architectures.  

BF can increase the directivity can result in higher link budget. Consequently, the cell coverage and 

data rates are improved. Meanwhile, the signal interference can be reduced [5]. In a fully digital MIMO 

architecture, each antenna element is typically associated with a dedicated RF chain, allowing precoding and 

combining to be performed entirely in the digital domain. Although this configuration provides substantial 

flexibility and can approach high spectral efficiency, scalling it to massive MIMO arrays leads to 

considerable hardware cost and power consumption because of the large number of reqired RF components. 

Hybrid processing addresses this limitation by combining analog RF processing with a reduced-dimensional 

digital processing stage [7]. 

The use of one RF chain for every antenna element becomes impractical in large-scale mmWave 

mMIMO systems because RF hardware contributes significantly to power consumption, imolementation cost, 

and physical complexity, particularly at high carrier frequencies [8]. HBF reduces this burden by employing 

substantially fewer RF chains than antenna elements. Consequently, it provides a compromise between the 

high array and spatial-multiplexing gains offered by large antenna arrays and the lower hardware complexity 

associated with a reduced number of RF chains.  

The combination of mmWave transmission, mMIMO arrays, and dense small-cell deployment is 

expected to support high data rates for a large number of users in 5G-NR networks. However, the resulting 

dense spatial transmission environment can intensify both inter-user interference (IUI) and intra-user 

interference. Consequently, effective interference management remains an important requirement for 

maintaining reliable and efficient communication in 5G-NR and beyond. 

Interference management techniques can generally be categorized according to their primary 

objective as interference avoidance, interference explotion, or interference suppression [9]. The proposed 

work belongs to the third category, where interference is actively reduced either during transmission or 

through receiver-side processing [10]. In this study, interference suppression is performed through two 

complementary processing stages: eigen-zero forcing (EZF) is employed at the BS to mitigate IUI, while 

successive interference cancellation (SIC) is used at the user side to address the remaining intra-user 

interference. 

Early interference-mitigation approaches considered the soatial radiation charateristics of mMIMO 

antenna arrays, with the objective of concentrating the transitted energy toward the intended direction while 

limiting undesired sidelobe radiation. Such processing can exploit channel state information (CSI) available 

at the transmitter. In this context, precoding performs interference suppression before transmission and 

consequently shifts a substantial part of the signal-processing burden from the receiving terminals to the next 

generation NodeB (gNB) [11]. Precoding techniques for mMIMO systems can broadly be devided into linear 

and nonlinear approaches [12]. Linear schemes are generally attractive because of their relatively low 

computational complexity, although this simplicity may be accompanied by performance limitations under 

strong interference conditions. 

Zero-forcing (ZF) is one of the widely used linear precoding techniques for multi-user interference 

suppression. It is based on channel inversion and constructs the precoding matrix so that the transmitted 

signals are spatially directed toward their intended users while placing nills in the directions associated with 

interfering users. The user data symbols are therefore transformed by the ZF precoding matrixbefore 

transmissions [12]. 

The effectiveness of ZF is strongly dependent on the channel condition and noise level, and direct 

channel inversion may amplify noise when the channel is poorly conditioned. Several modified linear 

precoding schemes have therefore been investigated to improve this behavior while retaining relatively low 

complexity. Regularized zero-forcing (RZF) and EZF are examples of such approaches.  

Maximum ratio transmission (MRT) is another linear precoding strategy that focuses the transmitted 

power toward the intended receiver and can prvide near-optimal behavior when IUI is relatively weak 

compared with noise. In constract, the minimum mean-squre error (MMSE) approach incorporates both 

interference and noise effects in the precoder design, providing a compromise between the interference 
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suppression capability. of ZF and the signal-gain characteristics of MRT [13]. the underlying objective is to 

minimize the mean-square erroe between the transmitted symbols and their corresponding received estimates.  

SIC is the most common algorithm that suppress the interference by applying filtering mechanism or 

interference cancellation schemes. It is applying in the combiner part of BF to distinguish different data 

streams related to single or multi users [14], [15]. Several researchers have attempted to exploit the simplicity 

and low cost offered by BF designs based on linear interference suppression schemes with proposal 

procedural improvements that contribute to improving their performance.  

Known interference cancellation processes require large and complex calculations to achieve good 

performance that meets 5G-NR requirements. The novelty lies in integrating EZF for IUI suppression at the 

BS and SIC for intra-user interference suppression at the user equipment (UE) to balance performance and 

complexity. Zhao et al. [16] the tested the performance of a set of linear precoding algorithms that support 

interference cancellation using EZF and weighted minimum mean square error (wMMSE). It demonstrated 

that although linear precoding algorithms have limited performance in multi-user systems, they can perform 

well when using different architectures. Kaziu et al. [17] proposed a decentralized linear-EZF precoding 

schemes for signal processing at the BS in massive multi-user downlink MIMO systems. Their approach 

considers simultaneous transmissions of multiple data streams to individual user devices. Nguyen et al. [18] 

investigated an RZF-based BF design aimed at managing multi-user interference while improving the 

achievable system throughput. Koc and Ngoc [19] introduced a semi-blind MMSE (S-MMSE) technique for 

reducing residual self-interference by exploiting angle-of-arrival (AOA) information. They further proposed 

an angular-based joint hybrid precoding and combining (AB-JHPC) scheme for full-duplex mmWave 

mMIMO systems. Their numerical evaluation showed effective suppression of the self-interference signal, 

with the reported SIC performance reaching 85.7dB. Abrardo et al. [20] presents a distributed digital/hybrid 

beamformig architecture with MMSE-SIC receivers for MIMO interference channels involving multiple 

transmitter-receiver pairs. In that framework, a wMMSE-based SIC receiver is employed to mitigate intra-

user interference, wherease linear spatial filters are used to suppress interference between different 

transmitter-receiver pairs. Taricco [21] considers a limited-SIC strategy as an alternative to the full SIC 

procedure commonly used in NOMA systems. The study evaluates the effect of restricting the number of SIC 

staes on system performance and derives the corresponding power-allocation coeffients under the adopted 

optimization criterion. This approach is particularly relevant to terminals with imited computational 

resources, where performing a complete SIC process can become prohibitively complex as the number of 

users served by the same BS increases.  

From an implementation perspective, the computational requirements of linear interference-

cancellation techniques can make their deployment at resource-constrained used devices undesirable. 

Accordingly, such processing can be assigned to the BS to suppress interference among different users. In 

contrast, the sequential nature of SIC requires channel information for successive detection and 

demodulation, making it suitable for processing the multiple streams associated with an individual user. 

Based on this distinction, the proposed architecture performs EZF-based IUI suppression at the BS and applies 

SIC at the UE for intra-user interference cancellation. The proposed dual-stage interference cancellation 

achieves an SINR of 11.9 dB, a channel quality index (CQI) of 10, and a spectral efficiency 33 bit/s/Hz.  

 

 

2. METHOD  

Figure 1 illustrates the considered a mmWave mMIMO hybrid BF system for 5G-NR. At the 

transmitter 𝑁𝑠 inepenent spatial streams conveyed through 𝑁𝑡 antennas using 𝑁𝑡
𝑅𝐹 RF chains. At the receiver, 

the signal is collected by 𝑁𝑟 antennas and processed through 𝑁𝑟
𝑅𝐹 RF chains. The hybrid architecture is 

designed to reduce hardware and processing complexity; therefore, the number of RF chains is constrained to 

remain below the corresponding number of antenna elements. Accordingly, the number of transmitted spatial 

streams satisfies 𝑁𝑠 ≤  𝑁𝑡
𝑅𝐹(𝑁𝑟

𝑅𝐹) ≤ 𝑁𝑡(𝑁𝑟). At each side of the link, an RF chain is connected to the 

corresponding set of phase shifters. This connection enables each RF chain to form a beam for transmitting or 

receiving an independent spatial data stream. After hybrid precoding, the resulting transmit vector propagates 

through the mmWave channel 𝐻, producing the received signal vector 𝑦. The receiver then applies the hybrid 

combining matrix 𝑊∗ = 𝑊𝐵𝐵
∗ 𝑊𝑅𝐹

∗ , where 𝑊𝐵𝐵
∗  and 𝑊𝑅𝐹

∗  denote the baseband and RF combining matrices, 

respectively. The resultant signal at the receiver is in (1): 

 

𝑦̂ = √𝜌  𝑊𝐵𝐵
∗ 𝑊𝑅𝐹

∗ 𝐻𝐹𝑅𝐹𝐹𝐵𝐵𝑆 +  𝑊𝐵𝐵
∗ 𝑊𝑅𝐹

∗   (1) 

 

In (1) 𝑆 represents the vector of transmitted symbols and 𝜌 specifies the average received-signal power. The 

matrices 𝐹𝐵𝐵 and 𝐹𝑅𝐹 denote the digital baseband and analog RF precoders, respectively, with dimensions 

[𝑁𝑡
𝑅𝐹 × 𝑁𝑠] and 𝑁𝑡 × 𝑁𝑡

𝑅𝐹. For multi-user transmission 𝐹𝐵𝐵 is organized into user-specific submatrices 
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denoted by 𝐹𝐵𝐵1, 𝐹𝐵𝐵2,…., 𝐹𝐵𝐵,𝐾  , with each component corresponding to one of the served users. associated 

with the served users.  

 

 

 
 

Figure 1. mmWave mMIMO hybrid BF system for 5G-NR 

 

 

The RF precoder 𝐹𝑅𝐹 is implemented using phase-shifting elements; consequently, its entries are 

constrained to have constant magnitude, while their phases can be adjusted to control the transmitted signal 

direction. The channel model is normalaized according to the adopted system parameters, where 𝐻 denotes 

the mmWave propagation channel. The additive noise vector 𝑛, of dimestion (𝑁𝑟 × 1) , is modeled as a zero-

mean complex Gaussian vector with covariance matrix 𝜎2𝐼𝑁𝑟 . At the receiver, the overall combining matrix 

is obtained from the cascade of the RF and baseband combiners and is expressed as 𝑊𝐵𝐵
∗ 𝑊𝑅𝐹

∗ , where 

𝑊𝐵𝐵(𝑁𝑟
𝑅𝐹 × 𝑁𝑠) denotes the baseband combiner and 𝑊𝑅𝐹(𝑁𝑟 × 𝑁𝑟

𝑅𝐹) represents the analog RF combiner. 

For characterizing the mmWave MIMO channel, we employ the extended Saleh-Valenzuela geometric model 

[22]. In this representation, the propagation environment is described by 𝑁𝑐𝑙  scattering clusters, with each 

cluster containing 𝑁𝑟𝑎𝑦 propagation paths. The contributions of these pathes are combined to construct the 

channel matrix 𝐻. Accordingly, the discrete-time narrowband channel representation can be formulated as 

given in (2). 

 

𝐻 = √
𝑁𝑡𝑁𝑟

𝑁𝑐𝑙𝑁𝑟𝑎𝑦
  ∑ ∑ 𝛼𝑖,𝑙𝑎𝑟(∅𝑖,𝑙

𝛾
)𝑎𝑡(∅𝑖,𝑙

𝑡 )
𝑁𝑟𝑎𝑦

𝑙=1

𝑁𝑐𝑙
𝑖=1   (2) 

 

where 𝛼𝑖,𝑙 denotes the 𝑙𝑡ℎ ray complex gain in the 𝑖𝑡ℎ cluster. 𝑎𝑟(∅𝑖,𝑙
𝛾

) and 𝑎𝑡(∅𝑖,𝑙
𝑡 ) denote the 𝑙𝑡ℎ ray array 

response vectors at the receiver and transmitter in the 𝑖𝑡ℎ cluster, with azimuth angles ∅𝑖,𝑙
𝛾

 and ∅𝑖,𝑙
𝛾

, 

respectively. As observed, the channel matrix H ∈ ℂ𝑁𝑟×𝑁𝑡  normalized to satisfy E{‖H‖𝐹
2 } = 𝑁𝑡𝑁𝑟. To 

simplify representing channel matrix, we rewrite it in a more compact form as: 

 

𝐻 = 𝐴𝑟𝑑𝑖𝑎𝑔(𝛼)𝐴𝑡
∗ (3) 

 

where 𝛼 = √
𝑁𝑡𝑁𝑟

𝑁𝑐𝑙𝑁𝑟𝑎𝑦
  [𝛼1.1, 𝛼1,2, … . , 𝛼𝑁𝑐𝑙,𝑁𝑟𝑎𝑦

]𝑇 contains the complex gains of all paths, and the matrices 

𝐴𝑟 = [𝑎𝑟(∅1,1
𝛾

), 𝑎𝑟(∅1,2
𝛾

), . . , 𝑎𝑟 (∅𝑁𝑐𝑙,𝑁𝑟𝑎𝑦

𝛾
)] and 𝐴𝑡 = [𝑎𝑡(∅1,1

𝑡 ), 𝑎𝑡(∅1,2
𝑡 ), . . , 𝑎𝑡 (∅𝑁𝑐𝑙,𝑁𝑟𝑎𝑦

𝑡 )] contain the array 

response vectors. As a result, the number of the paths is the upper bound of the rank of the mmWave channel 

matrix. The primary challenge in hybrid structure is designing precoding and combining matrices in order to 

maximize the spectral efficiency 𝑅: 

 

𝑅 = 𝑙𝑜𝑔2 (|𝐼𝑁𝑠 +
𝜌

𝑁𝑠
 𝑅𝑛

−1𝑊𝐵𝐵
∗ 𝑊𝑅𝐹

∗ 𝐻𝐹𝑅𝐹𝐹𝐵𝐵 × 𝐹𝐵𝐵
∗ 𝐹𝑅𝐹

∗ 𝐻∗𝑊𝑅𝐹𝑊𝐵𝐵|)  (4) 
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To achieve a favorable trade-off between the achievable spectral efficiency and the computational 

complexity of the multi-user hybrid RF BF scheme, aphase-based design is adopted for the RF precoder and 

combiner [23]. Accordingly, the spectral efficiency associated with the 𝑖-th data stream of the 𝑘-th MS can 

be expressed as:  

 

𝑅𝑘;𝑖 = 𝑙𝑜𝑔2(|1 + 𝑆𝐼𝑁𝑅𝑘;𝑖|) (5) 

 

By aggregating the specral efficiencies of all data streams across the served users, the overall sum spectral 

efficiency is obtained as follows:  

 

𝑅 = ∑ ∑ 𝑙𝑜𝑔2
𝑁𝑠
𝑖=1 (|1 + 𝑆𝐼𝑁𝑅𝑘;𝑖|)

𝐾
𝑘=1  (6) 

 

where 𝑆𝐼𝑁𝑅𝑘,𝑖 = 𝑃𝑠
𝑃𝑛+𝑃𝐼

 denotes SINR of the 𝑖-th stream of the 𝑘-th user. 𝑃𝑠, 𝑃𝐼  and 𝑃𝑛  are the desired signal 

power, interference power and noise power. The main purpose of this paper is to maximize the sum spectral 

efficiency of all users under total transmit power and constant modulus constraints on each entry of the 

analog beamformers, assuming perfect knowledge of 𝐻𝑘 . 

 

2.1.  Suppress IUI in precoder side 

According to (1), the signals corresponding to different spatial streams may remain coupled at the 

outputs of the matched filters. The ZF detector addresses this coupling by applying the inverse of the channel 

matrix to the received observation, there by separating the multiplexed data streams. A major limitation of 

conventional ZF detection is that channel inversion can amplify the noise component at the detector output, 

particularly for unfavorable channel condition [24]. EZF addresses this limitation by exploiting the 

eigenvalue characteristics of the channel-related matrix to constrain noise enhancement and improve the 

resulting detection performance. For independent and identically distributed input noise samples, the average 

noise power at the ZF detector output does not excedd the corresponding input noise power when the sum of 

the expected eigenvalues satisfies the condition given in (7). In this expression  

 

𝑃̅𝑛𝑦 ≤  𝑃̅𝑛𝑥  ↔  ∑ 𝐸[𝜆𝑛]  ≤ 𝑁𝑁
𝑛=1  (7) 

 

𝑃̅𝑛𝑥 and 𝑃̅𝑛𝑦 denote the average noise power before and after ZF detection, respectively, 𝜆𝑛 represent the 𝑛𝑡ℎ 

eigenvalue of the specified inverse-channel matrix [𝐻−1. (𝐻−1)𝐻]. 
Siddiqui et al. [24] investigated the use of adaptive transmit- and receive- antenna gains to control 

the channel characteristics and satisfy the required eigenvalue condition. Three gain-adjustment 

configurations were considered. The first assumes that CSI is available at the transmitter through a feedback 

link, allowing the transmit gains to be optimized according to the channel information. In the second 

configuration, the transmit gains are fixed while the receiver adjusts its antenna gains. The third jointly 

optimizes the transmit and receive gains. According to the reported analysis, appropriately adjusting these 

gains brings the eivenvalues of the inverse channel matrix closer to the required condition, thereby reducing 

the noice enhancement associated with RF detection and allowing its performance to approach of the 

maximum likelihood (ML) detector.  

 

∑ 𝐸[𝜆𝑄𝑛]  ≤ 𝑁 𝑁
𝑛=1  (8) 

 

𝜆𝑄𝑛 is the 𝑛𝑡ℎ eigenvalue of the random matrix [𝐻−1. (𝐻−1)𝐻]. 

After obtaining the effective channel representation for each UEs, the associated eigenvectors are 

employed to determine the spatial processing required for multi-user ZF processing. In this approach, the 

spatial characteristics of the channel covariance are exploited to identify suitable BF directions. For the 𝑘-th 

UE, the channel matrix is represented throught its singular-value decomposition (SVD). In (9), the matrices 

𝑈𝑘 and 𝑉𝑘 contain the corresponding left ad right singular vectors, wherease 𝐴𝑘 is the diagonal matrix formed 

bythe associated singular values [25].  

 

𝐻𝑘 = 𝑈𝑘  𝐴𝑘𝑉𝐾
𝐻  (9) 

 

𝑍𝑘,𝑎𝑣𝑒 = 𝑉𝑘𝐴𝑘𝐴𝑘
 𝑇 𝑉𝑘

𝑇  

 

The singular-value matrix associated with the k-th UE is denoted by 𝐴𝑘 and is gived by:  

𝐴𝑘 = 𝑑𝑖𝑎𝑔(√𝜆1, √𝜆2 , … … . , √𝜆𝑟) assuming that √𝜆1 ≥ √𝜆2  ≥ ⋯ √𝜆𝑟1 ∈  𝑅 is ith largest eigenvalue of the 
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current UE channel matrix, and 𝑈𝑘 and 𝑉𝑘 are semi-unitary matrices so that 𝑈𝑘
𝐻𝑈𝑘 = 𝐼𝑅 and 𝑉𝑘

𝐻𝑉𝑘 = 𝐼𝑀. 

Unitary property also means that the columns of 𝑈𝑘 and 𝑉𝑘 are orthogonal. The right-hand side semi-unitary 

matrix of 𝑉𝑘 for 𝑈𝐸𝑘 can be formed as: 

 

𝑉𝑘 = [𝑉𝑘1, 𝑉𝑘2, … … ]𝑇 (10) 

 

and BF weights for each UE is defined as: 

 

𝑊𝑖 = 𝑉𝑖 𝑖 = 1,2, … . , 𝐾  

 

The right singular vectors onbtained from the channel decomposition are subsequently used to 

constract the BF weights. By combining the relevant vectors for all UEs, an equivalent channel matrix 𝐻𝑒𝑞  is 

obtained as defined in (11). 

 

𝐻𝑒𝑞 = (𝑉11, 𝑉21, … , 𝑉𝐾1)𝐻 (11) 

 

Channel knowledge is typically assumed at the receiver for the coherent combining. Therefore, 

diversity gain depends on the H availability at the transmitter. When H matrix is known to the transmitter, 

received signal-to-noise ratio (SNR) is optimized by using precoding and receiver weights matrices 

according to V and U matrices respectively. 

 

2.2.  Suppress intra-user in combiner side 

To perform SIC across the multiple streams associated with the 𝑘-th mobile station (MS), the 

baseband combining matrix is constructed from the effective channel according to the following defenation 

of 𝐺𝑘(𝐻𝑘
~𝐻 . 𝐻𝑘

~𝐻)−1𝐻𝑘
~𝐻. The 𝑖-th row of the resulting combiner is then used to detect the corresponding data 

stream of the 𝑘-th MS is 𝑊𝐵𝐵,𝑘
𝐻 (𝑖, : ) = 𝐺𝑘(𝑖, : ). The detected 𝑖-th data stream of the 𝑘-th M 𝑠𝑘,𝑖

~  is given by (12): 

 

𝑠𝑘,𝑖
~ = 𝑊𝐵𝐵,𝑘

𝐻 (𝑖, : )𝑦𝑅𝐹,𝑘  

        =  𝑊𝐵,𝑘
𝐻 (𝑖, : )𝑊𝑅𝐹

𝐻 . 𝐻𝑘  . 𝐹𝑅𝐹 . 𝐹𝐵𝐵,𝑘(: , 𝑖)𝑠𝑘,𝑖 
~ +  𝑊𝐵𝐵,𝑘

𝐻 (𝑖, : )𝑊𝑅𝐹 
𝐻  𝑛𝑘  (12) 

 

As shown in (12), the received expression can be separated into the desired i-th stream and the 

effective noise component. the choice of 𝑊𝐵𝐵,𝑘
𝐻 (𝑖, : ) = 𝐺𝑘(𝑖, : ). removes the contribution of the other streams 

belonging to the same user. The detected symbolis subsequently demodulated and re-modulated so that its 

reconstructed conteibution can beremoved from the received signal during the SIC process. The 

reconstructed symbol is thensubtracted from the received signal to obtain an updated observation in which 

the detected stream is removed. The resulting signal, given by (13), contains the remaining streams and the 

receiver noise and is subsequently used for detection of another streams.  

 

𝑦𝑘,𝑖
~ = 𝑦𝑅𝐹,𝑘 − ℎ𝑘,𝑖

~  𝑠𝑘,𝑖
~   

 

        = ∑ 𝐻𝑘
~ . 𝐹𝐵𝐵,𝑘(: , 𝑗)𝑠𝑘,𝑗

𝑁𝑠
𝑗=1,𝑗≠𝑖 +  𝑊𝑅𝐹,𝑘

𝐻  𝑛𝑘 (13) 

 

Next, we will detect the 𝑛-th (𝑛 ≠ 𝑖) data stream of the 𝑘-th, MS 𝑠𝑘, 𝑛.  

The completed processing procedure can be summarized as follows. For each user 𝑘, the analog 

combiner is obtained from the first 𝑁𝑅𝐹
𝑟  left singular vectors of 𝐻𝑘. The RF precoder is constructed from the 

first 𝑁𝑅𝐹
𝑡  right singular vectors of 𝐻𝑒𝑞 .  

The corresponding digital precoder is then obtained from the right singular vectors of the effective 

channel, while the digital combiner is determined from the 𝐺𝑘  matrix used for stream detection. 𝐻𝑘  is given 

according to (9) and 𝐻𝑒𝑞  is given according to (11). Analog stage: for 𝑘: from 1 to 𝐾: {𝑊𝑅𝐹,𝑘 = 𝑈𝑘

(𝑁𝑅𝐹
𝑟 )

 ;  𝑈𝑘

(𝑁𝑅𝐹
𝑟 )

 

is consists of the first 𝑁𝑅𝐹
𝑟  left singular vectors of 𝐻𝑘}. Digital stage: for 𝑘: from 1 to 𝐾: {𝐹𝑅𝐹,𝑘 = 𝑉𝑖𝑛𝑡

(𝑁𝑅𝐹
𝑡 )

; 𝑉𝑖𝑛𝑡

(𝑁𝑅𝐹
𝑡 )

 

consists of the first 𝑁𝑅𝐹
𝑡  right singular vectors of 𝐻𝑒𝑞 . 𝐹𝐵𝐵,𝑘 = 𝑉̅𝑘

(𝑁𝑅𝐹
𝑟 )

. 𝑊𝐵𝐵,𝑘(𝑖, : ) = 𝐺̅𝑘,𝑖(𝑖, : )}.  

 

2.3.  Detection stream order 

The proposed receiver follows the detection streams ordering (DSO) recommended in [21]. Under 

the considered NOMA ordering principle, a receiver first decodes the signals associated with weaker users 

before detecting its own signal. Although the receiver may determine the decoding sequence independently, 
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the proportional-fairness criterion favors thisv ordering rule. The BS conseqently relies on the adopted order 

when determining the power allocation for the duperposed transmitted signal.  

 

 

3. RESULTS AND DISCUSSION 

The experimental implementation of the proposed design for interference cancellation was carried 

out using a hybrid combination of the linear EZF algorithm and the nonlinear SIC algorithm, according to the 

parameters specified in Table 1 and channel parameter specified in Table 2.  

 

 

Table 1. Simulation parameters for the performance testing of the proposed design for interference 

cancellation using a hybrid combination 
Simulation medium Code Value 

Cell diameter  𝐷𝑟 1000 m 

gNB transmit power 𝑃𝑇𝑥 40 dBm 

Frequency carrier 𝐹𝑐 28 GHz 

Band width 𝐵𝑊 [20, 140] MHz 

Number of antennas at the transmitting end (BS) 𝑁𝑡 256 

Number of antennas at the receiving end (user side) 𝑁𝑟 64 

Number of radio chains at the receiving end (user side) 𝑁𝑅𝐹
𝑟  4 

Number of radio chains at the transmitting end 𝑁𝑅𝐹
𝑡  40 

Channel model Channel model CDL-D-3GPP TR:38.901 

Modulation rank Quadrature amplitude modulation (QAM) order 64 QAM 

 

 

Table 2. Clustered delay line D (CDL-D) channel parameter (TR 38.901-Table 7.7.1-1) 
Parameter Value 

Number of clusters 12 
Dealay spread (RMS) 300 nsec 

Maximum delay 1000 ns 

Angular spread zentith (ZoD) 22 deg 
Angular spread zentith (ZoA) 5 deg 

𝐾-factor 0 (NLOS) 

Cross polarization power ratio (XPR) 7 dB 

Number of rays per cluster 7 

 

 

3.1.  Signal-to-interference and noise ratio indecator 

Figure 2 shows the SINR based on the bandwidth used in the system for both the proposed hybrid 

interference cancellation design and designs that rely on a single method using the linear EZF-HBF algorithm 

presented by Hassan and Saleh [9], or the single-mode sequential interference cancellation algorithm (SIC-

HBF) as described by Gómez-Cuba and Pena-Sande [11]. 
 

 

 
 

Figure 2. Signal to interference and noise ratio with field width (searcher) 
 

 

A larger bandwidth allows for the transmission of a larger amount of data, but at the same time, 

signal quality is reduced due to increased noise and interference. In new 5G radio systems, in accordance 

with the recommendations of the 3GPP, a CQI has been established. This CQI is determined based on a set of 

indicators, the most important of which is the SINR at a specific bandwidth and modulation level. Table 3 

shows the standard values for the CQI. The higher the CQI value, the greater the likelihood of selecting a 

higher coding rate and modulation level, and consequently a higher data transfer rate.  
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Table 3. Standard values for the CQI according to BW=100 MHz bandwidth in 5G-NR systems (3GPP 

technical specification (TS) 38.214) 
Throughput trend Coding rate SINR QAM CQI 

High  0.64 8.6-10.3 64 QAM 8 
High  0.77 10.3-11.7 64 QAM 9 

Very high 0.88 11.7-13 64 QAM 10 

Very high 0.96 13-14.8 64 QAM 11 

 

 

A good SINR can help achieve higher spectral efficiency because it enables decoding of higher 

modulation schemes. Network operators always strive to achieve higher spectral efficiency by raising the 

SINR at all locations to provide the best possible user experience. This can be achieved either by transmitting 

at higher power (higher transmit power), which is a costly option in practice, or by reducing interference and 

noise. In some technologies, this interference is leveraged to improve signal quality. According to the 

measured SINR values shown in Figure 2 and compared with the standard values specified in Table 3, and 

when the bandwidth is equal to (100 MHz), the proposed algorithm achieves (𝑆𝐼𝑁𝑅 = 11.9), which 

corresponds to a CQI value (𝐶𝑄𝐼 = 10). This value allows for reaching a very high data rate at a coding rate 

close to 0.88. When using SIC-HBF to eliminate interference between data streams, whether belonging to a 

single user or a group of users, a value of (𝑆𝐼𝑁𝑅 = 10.4) is recorded, which corresponds to a value of CQI 

(𝐶𝑄𝐼 = 9), which allows for achieving a high data rate at a symbol rate close to 0.77. When using EZF-HBF, 

a value of (𝑆𝐼𝑁𝑅 = 8.6) is recorded, which corresponds to the minimum standard value expected when using 

64 QAM modulation order with a bandwidth of 100 MHz, and a value of CQI (𝐶𝑄𝐼 = 8) is recorded, which 

allows for achieving a high data transfer rate at a symbol rate close to 0.64. 

 

3.2.  Spectral efficiency index test with variable SNR values 

From a spectral efficiency perspective at various SNR values, the proposed dual-stage architecture 

outperforms other hybrid designs that operate on a single interference cancellation algorithm, either SIC or 

EZF. This reflects the proposed design’s superior interference cancellation performance, but it should be 

noted that interference is not completely eliminated. The interference-free system still outperforms the 

proposed design. According to the simulation results shown in Figure 3, the fully digital BF system maintains 

a performance advantage in all other scenarios. The difference between the digital and hybrid systems’ 

performance is attributed to the accuracy of the phase shifters used in the analog stage of the hybrid system, 

which has a 2-bit accuracy. The performance of the tested hybrid systems could be closer to that of the fully 

digital system if better-accurate phase shifters were used, but this would come at the expense of greater 

computational complexity and increased hardware cost. 
 

 

 
 

Figure 3. Spectral efficiency with changes in SNR values 

 

 

3.3.  Evaluation of the computational complexity of the integrated model 

Table 4 compares the computational complexity of the proposed architecture with the SIC-based 

scheme in [21] and the EZF-based approach in [17]. The linear algorithms outperform the proposed 

algorithm and the nonlinear algorithms in terms of simplicity. The complexity of the linear EZF algorithm is 

related to the number of radio chains at the transmitting end (NRF), which, under the design conditions, is 

less than the number of transmitting antennas (Nt). However, the complexity of the proposed design and the 
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SIC-based designs are similar, as both are related to the number of transmitting antenna array elements (Nt). 

Therefore, it can be said that the proposed algorithm improves performance without adding significant 

computational complexity to the nonlinear algorithms. 
 

 

Table 4. Complex degree for proposed HBF 
Algorithm Complex degree 

Proposed algorithm 𝑂(𝐾(𝑁𝑡𝑁𝑠
2 + 𝑁𝑠

3) + 𝐾2𝑁𝑠𝑁𝑟
2) 

SIC-HB [21] 𝑂(𝐾2𝑁𝑡
2𝑁𝑟 + 𝐾𝑁𝑠𝑁𝑟

2) 

EZF-HBF [17] 𝑂(𝑁𝑡𝐾2𝑁𝑠 + 𝐾3𝑁𝑠
3) 

 

 

3.4.  Discussion 

The optained results confirm that integrating EZF and SIC in a hybrid BF framework offers an 

optimal balance between signal quality, spectral efficiency, and system complexity. The EZF stage improves 

robustness against channel noise and correlation, providing stable precoding performance even under 

imperfect CSI. The SIC stage ensures accurate stream separation within each user, significantly reducing 

intra-user interference. Together these stages lead to measurable improvements in SINR, CQI, and even 

throughput, making the system siutable for real-world 5G-NR application such as massive connectivity, 

mmWave backhoal, and high-density urban networks.  

 

 

4. CONCLUSION 

The results support the use of a hybrid BF architecture that strategically distributes computational 

tasks between the BS and UE. specially, it is recommended to implement EZF based processing at the BS to 

efficiently mitigate IUI, while employing SIC at the user side to address IUI, given its reliance on accurate 

per-stream CSI. The proposed framework demonstrates notable improvements in spectral efficiency SE of up 

to 33 bits/s/Hz with 𝑆𝑁𝑅 = −20 dB approaches the performance of a fully digital interference-free system 

under the considered simulation conditions. In addition, it achieves SINR of up to 11.9 with 𝐵𝑊 = 100 MHz, 

that matching with 𝐶𝑄𝐼 = 10 which allow to use higher code rate compared with the other scenarios. The 

proposed work achieves improved performance without introducing excessive additional computational 

complexity, making this as a practical solution for 5G-NR deployments. It is recommended for scenarios 

where the number of data steams is limited relative to the number of radio chains in the BS, such as initial 

access and mobility. In future work, we hope to leverage artificial intelligence (AI) tools to CSI and 

interference information from users to achieve a more accurate BF matrix. In addition of using integrating 

reinforcement learning for adaptive BF, applying the design to multi-cell scenarios, or incorporating 

hardware impairments into simulations. 
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