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Spectrum Efficiency Optimization for SWIPT-Based Hybrid Precoding-Based mm-Wave Massive MIMO-NOMA Systems 
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ABSTRACT 

	Non-orthogonal multiple access (NOMA) and millimeter-wave (mm-wave) massive MIMO systems are pivotal for enhancing spectrum efficiency in 5G networks. This study addresses the joint optimization of transceiver design and power allocation in hybrid precoding for mm-wave massive MIMO-NOMA systems. Three main techniques were proposed: (1) a Dynamic Cluster-Head Selection Algorithm to assign beam-specific users, (2) a Compressed Sensing-based Committee Machine Design (CS-COMADE) to suppress inter-user interference and optimize antenna array gain, and (3) an iterative framework for power allocation optimization. Compared to conventional MIMO-OMA and existing hybrid precoding schemes, the proposed approach achieved superior spectrum efficiency, nearing the performance of fully digital zero-forcing (ZF) precoding. These advancements highlight the potential of NOMA integration to support high-capacity 5G networks.
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1. INTRODUCTION 

The fifth generation (5G) mobile communication has drawn considerable attention owing to its higher frequency, greater network capacity, and lower latency compared to existing sub-6 GHz radio technologies. This advancement is facilitated by exploring less-congested spectrum bands, such as millimeter-wave (mm-wave) frequencies (30–300 GHz), which enable gigabit-per-second (Gbps) data rates in indoor and fixed outdoor systems [1]-[3]. However, mm-wave signals experience an order-of-magnitude increase in free-space path loss due to their ten-fold higher carrier frequency [1],[4].

Fortunately, the reduced wavelength (10 mm at 30 GHz to 1 mm at 300 GHz) allows densely packed antenna arrays, enabling massive multiple-input multiple-output (MIMO) systems to mitigate path loss through beamforming and achieve viable signal-to-noise ratios (SNRs) [5]. Massive MIMO further enhances user throughput and spectral efficiency (SE) through multi-stream precoding [5], [6].

Conventional MIMO systems employ digital precoders to adjust signal magnitude and phase at baseband, requiring dedicated radio frequency (RF) hardware per antenna—a design infeasible for mm-wave due to high costs and power consumption [7]–[9]. Consequently, hybrid precoding architectures, combining low-dimensional digital baseband precoders with analog RF precoders, have emerged as a cost-effective solution [10], [11]. Hybrid architectures are categorized as fully connected (higher SE) or partially connected (higher hardware efficiency), depending on RF chain-to-antenna mapping [12].

Non-orthogonal multiple access (NOMA) has been proposed to further improve SE in mm-wave massive MIMO systems. By supporting multiple users per beam through superposition coding and successive interference cancellation (SIC), NOMA outperforms orthogonal multiple access (OMA) in spectral efficiency [13]. However, optimizing transceiver design and power allocation to maximize SE while suppressing inter-user interference in multi-user NOMA systems remains a critical challenge [14].

In this study, a technique for spectrum efficiency optimization in hybrid precoding-based mm-wave massive MIMO-NOMA systems is presented. The proposed framework addresses three key aspects: (1) dynamic cluster-head selection to minimize inter-beam interference, (2) compressed sensing-based hybrid precoding to suppress inter-user interference, and (3) joint optimization of power allocation. The remaining sections are structured as follows: Section 2 reviews related works on mm-wave MIMO, hybrid precoding, and NOMA integration. Section 3 details the system model and proposed methodology. Section 4 presents spectral efficiency results, and Section 5 concludes the study.

2. Review of Related LITERATURE

This section reviews related works in three key areas: mm-wave communication and massive MIMO, hybrid analog-digital precoding, and the integration of NOMA in mm-wave systems for spectral efficiency enhancement.

[bookmark: _Hlk194349669]2.1 mm-wave Communications and Massive MIMO 

Mm-wave communications and massive MIMO systems are fundamental for 5G networks. Ayach et al. [16] pioneered hybrid analog/digital precoding for mm-wave massive MIMO by formulating it as a sparse reconstruction problem solved through orthogonal matching pursuit (OMP). However, OMP's slow convergence—due to single-column index selection per iteration—limits its practicality in real-time systems. Subsequent studies, such as [17], proposed generalized OMP (gOMP) with order-recursive least squares (ORLS) to reduce complexity while maintaining spectral efficiency. Despite improvements, gOMP-ORLS lacks backtracking mechanisms to refine hybrid precoding approximations, increasing the risk of incorrect support index estimation and spectral efficiency degradation.

2.2 Hybrid Analog-Digital Precoding 

[bookmark: _Hlk194351046]Hybrid precoding architectures balance hardware complexity and spectral efficiency. Yu et al. [18] classified these into fully connected (higher SE) and partially connected (lower complexity) structures. While fully connected architectures link each RF chain to all antennas, partially connected designs limit RF chains to antenna subsets, reducing hardware costs. Existing works often assume infinite-resolution phase shifters [19], which incur prohibitive power consumption. To address this, [19] proposed low-resolution phase shifters but demonstrated significant SE losses at 2–3 bits. Recent studies remain limited in addressing practical implementation trade-offs for spectral efficiency optimization.

[bookmark: _Hlk194350262]2.3 Integration of NOMA in mm-wave Systems 

NOMA enhances SE by supporting multiple users per beam through superposition coding and SIC [20]. Early works [21] applied NOMA to beamspace MIMO, optimizing power allocation for sum-rate maximization. However, mm-wave MIMO-OMA systems restrict user equipment (UE) per beam to the number of RF chains, limiting scalability [20]. Mm-wave MIMO-NOMA systems overcome this by clustering users with distinct channel gains using algorithms like K-means, enabling intra-beam superposition coding [22]. While boundary compressed particle swarm optimization (PSO) improves joint beamforming and power allocation [22], iterative algorithms for hybrid precoding-based NOMA systems still require enhancements to balance complexity and spectral efficiency.

3. Research Methodology

This section outlines the methods and procedures employed to optimize spectrum efficiency in mm-wave massive MIMO-NOMA systems with hybrid precoding. The key steps are:

a) Investigation of Transceiver and Power Splitting Optimization: Investigation of joint transceiver design and power allocation optimization for hybrid precoding in mm-wave massive MIMO-NOMA systems, utilizing compressed sensing methodologies.
b) Dynamic Cluster-Head Selection Algorithm: Development of a dynamic algorithm that selects one user per beam, ensuring low channel correlation between users across beams to mitigate inter-beam interference. 
c) Compressed Sensing-Based Committee Machine Design (CS-COMADE): Formulation of a CS-COMADE framework to suppress inter-user interference and maximize antenna array gain. 
d) Iterative Non-Convex Optimization Technique: Creation of an iterative technique to resolve non-convex power allocation challenges for sum-rate maximization.  
e) Performance Validation and Comparison: Validation of the proposed methodologies by benchmarking spectral efficiency (bps/Hz) against conventional MIMO-OMA and existing hybrid precoding schemes.

3.1 System Model and Problem Formulation   

Consider a single-cell downlink massive MIMO-NOMA system where a base station (BS) equipped with  antennas and ​ RF chains simultaneously serve  single-antenna users [1]. Three mm-wave massive MIMO architectures are illustrated in Fig. 1:
[image: ]
Fig. 1: mm-wave MIMO architecture system models: a) fully digital MIMO; b) fully-connected hybrid analog-digital architecture; c) sub-connected hybrid analog-digital architecture [18], [19]

In hybrid analogue-digital precoding-based mm-wave massive MIMO systems, the maximum number of users per beam is constrained to one, and the number of beams cannot exceed the number of RF chains [18]. To fully exploit spatial multiplexing gains, it is assumed that the number of beams equals the number of RF chains NRF​, that is, ​. However, integrating NOMA enables a single beam to serve multiple users by using superposition coding and SIC [15]. Let ​ denote the set of users served by the q-th beam (), with  for  and . The received signal at the m-th user in the q-th beam is modelled as given in Equation (1) [17]:

	
		(1)

where  is the analog precoding matrix,  is the digital precoding vector for the th beam, and   for .

The  at user  is:
	
				(2)

Where  is the equivalent channel. 

The achievable sum rate is: 

 						(3)

Optimization Problem:

				(4)

3.2 User Grouping and Hybrid Analog-Digital Precoder 

In the system under consideration, there are only  distinct analog precoding vectors simultaneously accessible, and it is obvious that the number of users  is more than the number of RF chains . Because there are   beams, a proposal to manage the cluster-head selection scheme to choose one user for each beam in order to enable hybrid precoding is presented. The analog precoding is then designed to acquire the antenna array gain in accordance with the selected cluster heads for all beams. Subsequently, based on the equivalent channel correlation, user grouping is performed between the cluster heads and the remaining users. The digital precoding is then designed to choose the users in each beam with the highest equivalent channel gain in order to cancel inter-user interference.

3.2.1 The proposed dynamic cluster head selection scheme  

A dynamic measurement of the channel correlation of the cluster heads is performed by the algorithm that has been proposed. For instance, the user who has the highest channel gain is chosen to be the cluster head for the first beam. Users whose channel correlation with the first selected user is below a threshold are considered to be cluster head candidates for other beams, and the candidate who has the lowest channel gain is selected as the cluster head for those beams. By selecting users whose channel correlation with the second chosen user is lower than the threshold and minimal among the candidates, the cluster head candidates will then be updated. This is be done once the candidates have been selected. Repeating this process until each cluster head for each beam has been selected is the outcome of the process. Users who are physically located in various beams will experience minimal channel correlation, which is advantageous for the cancellation of interference between beams. This is the name given to the collection of cluster heads that have been chosen, and technique 1 provides a detailed description of the cluster head selection technique that has been proposed.

	Algorithm 1 Proposed Dynamic Cluster-Head Selection Algorithm

	Input: the number of beams: , the number of users: , Channel vectors: , initial threshold: , and  initial threshold

	Output: The cluster head set .
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Design hybrid mm-wave precoders, that is, analog precoders, such that  by maximizing the array gains    and digital precoders  to eliminate inter-beam interference, for where .

[bookmark: _Hlk194351610]3.2.2 Proposed hybrid analog-digital precoding design scheme  

In this section, first represented is the Hybrid precoding design, followed by the orthogonal matching pursuit-based hybrid precoding design, and then the proposed hybrid precoding design scheme.

i.	Hybrid precoding design 
Due to the practical limitations of phase shifters, only quantized phase alterations may be used for analog precoding. The non-zero components of the fully-connected analog precoding matrix  belong to when  bits quantized phase shifters are taken into account. The hybrid analog digital precoding may be designed in accordance with the channel vectors of users in  based on the cluster head set  acquired in Algorithm 1. More specifically, the array gains  for the fully-connected design, where, may be maximized to achieve the analog precoding vectors. As a consequence, the th element of the fully-connected analog precoding vector , where , may be written as in Equation (5) [25].
 							(5)
	
	Algorithm 2: Hybrid precoding algorithm [25] 

	
	Input: quantification bit of phase shifter: , the number of users: , Channel vectors: , cluster head set , antennas: , and RF chains: 
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 Where   . After obtaining the analog precoding, the equivalent channel vectors for all k users can be written as in Equation (6).
                                              					(6)
Then, based on the correlation of comparable channels, user grouping may be achieved using Algorithm 6. Following user grouping and analog precoding, the digital precoding design really turns into a standard MIMO-NOMA precoding problem to get rid of inter-beam interference. The low-complexity zero-forcing (ZF) precoding is used for digital precoding, and it is based on the equivalent channel vectors of the users with the highest equivalent channel gains in each beam.

In particular, obtain  thus;  assuming that the th user has the largest equivalent channel gain in the th beam. Then,  may produce the digital precoding matrix of size . The digital precoding vector for the th beam may be expressed as after normalization.

ii.	Orthogonal matching pursuit-based Hybrid precoding design
An algorithmic solution based on the well-known concept of orthogonal matching pursuit is presented in this section for Hybrid analog-digital precoding design. The pseudo-code for the precoder solution is presented as Algorithm 3. The precoding algorithm, in general, begins by identifying the vector  along which the ideal precoder has the greatest projection. It then appends the selected column vector   to the RF precoder  . After the dominant vector is found, and the least squares solution to  is calculated in step 15, the contribution of the selected vector is removed in step 16, and the algorithm proceeds to find the column along which the “residual precoding matrix”  has the largest projection [11]. The process continues until all  beamforming vectors have been selected. The algorithm would have constructed the precoding matrix A and identified the best baseband precoder  after the  iterations.

	
	Algorithm 3: Orthogonal matching pursuit Algorithm in [16] 

	
	Input: quantification bit of phase shifter: , the number of users: , Channel vectors: , cluster head set , antennas: , and RF chains: 

	
	Output: The cluster head set , where , 

	1
	  

	2
	 

	3
	 

	4
	 

	5
	 

	6
	                 

	7
	 

	8
	                

	9
	                end 

	10
	 

	
	 

	11
	For 

	12
	       

	13
	       

	14
	       

	15
	       

	16
	      

	17
	end 

	
	 



iii.	Proposed CS-COMADE: Compressed Sensing-based Committee Machine Design

For the purpose of designing a Compressed Sensing-based Committee Machine Design (CS-COMADE), first, define an algorithmic function that, conceptually, denotes any hybrid precoder () design, with analog precoder  and digital precoder , for maximizing spectral efficiency as follows:
				(7)
where  denotes the hybrid analog precoder design, and  is the hybrid digital precoder design. The participating algorithm in the CS-COMADE framework is designated as 

Framework and Algorithm
To create a hybrid precoder from the CS setup, supposing that two participating algorithms are independently employed. Let provide the hybrid precoder design  and the associated support set  , where . Refering to the combination of the estimated support sets as the joint support set, which is represented by , and define . Clearly, the combined support set have at least as many real elements as the support set determined by the most effective participation algorithm. That is, . It is possible to develop a hybrid analog, digital precoding design that is superior to both participating algorithms if all true atoms from the union set are successfully selected. This discovery is inspiration behind limiting the estimation of support atoms to the combined support set. As a result, the optimization problem is reduced to one with a smaller dimensionality. The problem’s dimension (worst-case search) has now been drastically decreased from to. The intersection of the estimated support sets, also known as the common support set, is denoted as , and let . It should be noted that in this case, the two participating algorithms act as the committee machine’s ‘experts’. Accepting the portion where both “experts” concur is a natural tactic in a committee. This straightforward principle guides the selected approach, and it is incorporated in the intersection set, , into the estimated support set. Observe that the intersection set , at the very least, has the same “higher accuracy” as the intersection of subsets of and  with the same cardinality. As a result,  is obtained; where  stands for the support set determined by the proposed approach.  

	Algorithm 4: Proposed CS-COMADE Hybrid Precoding for The Fully-Connected Structure

	Inputs:  , 

	Outputs: , where , 

	Initialization: 
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3.2.3 Proposed joint optimization of power allocation and power splitting

The joint optimization of power allocation and power splitting has not been taken into consideration despite the fact that power allocation has been explored in previous MIMO-NOMA systems. Notably, power-splitting factors present additional challenges for mm-wave massive MIMO-NOMA systems with SWIPT. Moreover, the existing optimization methods cannot be used in MIMO-NOMA systems with SWIPT due to inter-group and intra-group interference. Thus, it is extremely challenging to find the optimal solution. In this part, an iterative optimization approach is designed to find the sub-optimal solutions to this intractable problem. The simultaneous power allocation and power splitting optimization issue can be expressed specifically as given in Equations (17) to (21). 
						(17)
and;
							(18)

where  is the achievable rate of the mth user in the th beam,  states that the power allotted to each user must be positive,   is the maximum total transmitted power by the BS,  is the data rate constraint for each user with  being the minimum data rate for the mth user in the qth beam, and   is the EH QoS constraint for each user with . Due to the objective function’s nonconvexity and the constraints C3 and C4, the optimization problem is non-convex. An iterative optimization technique is to be developed in this thesis to address the non-convex problem.
3.3 Simulation Setup 

This section presents the simulation setup of the spectrum efficiency performance of the SWIPT-based mm-wave massive MIMO-NOMA systems for the fully connected hybrid precoding architecture proposed in this study. The simulation parameters are described as follows: The maximum transmitted power  mW. The BS of the mm-wave massive MIMO-NOMA systems is equipped with a ULA of N = 64 antennas and communicates with  users. There is more than one user in each beam, and they are allocated orthogonal frequency resources. Specifically, all the  uses are grouped into  beams. The system bandwidth is assumed to be 1 Hz. For the th user in the th beam, the channel vector  is realized based on (3.3), where we assume: 1)  paths (1 LOS + 2 NLOS), , and   for ; 3) and  for  follow the uniform distribution within . In this research, the signal-to-noise ratio (SNR) is defined as ,  and  bits quantized phase shifters are adopted; the minimal harvested energy for each user is 0.1 mW;  is the minimal achievable rate for each user, where  is the minimal achievable rate among all users realized using fully digital ZF precoding. The spectrum efficiency is here defined as the attainable sum rate in Equation (18), and the ratio between the achievable sum rate and the total power consumption is used to define the energy efficiency as expressed in Equation (22)
                        (), 			(22)
where  denote the total transmitted power, , andis the power consumed by each RF chain, phase shifter, and at baseband, respectively. Typically, we adopt the values and 00 mW,   mW and 0 mW (4-bit phase shifter).  is the number of phase shifters for the fully connected hybrid precoding architecture. 

[bookmark: _Hlk194352641]4. results and discussion

In the following subsections, the performance of the proposed SWIPT-based mm-wave massive MIMO-NOMA system is assessed in terms of spectrum efficiency.

[bookmark: _Hlk204189173]4.1 Spectral Efficiency Performance 

This section presents the simulation setup of the spectrum efficiency performance of the SWIPT-based mm-wave massive MIMO-NOMA systems for the fully connected hybrid precoding architecture proposed in this study.

Fig. 2 demonstrates the spectral efficiency (SE) performance of the proposed mm-wave massive MIMO-NOMA system compared to benchmark schemes across varying SNR levels for K=6 users. The proposed system achieved near-optimal performance, closely approaching the fully digital ZF precoding baseline with a marginal gap of less than 7% at 20 dB SNR. This near-digital performance is attributed to the synergistic combination of dynamic cluster-head selection and CS-COMADE precoding, which collectively suppress inter-beam interference by 35%. Conventional hybrid NOMA [26] exhibited a 15–18% SE deficit due to residual inter-beam interference, while MIMO-OMA [21] suffered a more significant 28–32% SE loss from its inability to use multi-user superposition within beams. The results confirm that NOMA-based approaches fundamentally outperform OMA in spectral utilization, with the proposed framework maximizing this advantage through optimized interference management.
[image: C:\Users\Win 10\Desktop\Baze\23A\Runs\PhD\PhD_Jakes\New folder\jakes_fig_1.jpg]
Fig. 2: Spectrum efficiency against SNR

4.2 Scalability with User Density 

As shown in Fig. 3, the proposed system maintains robust spectral efficiency as user density increases (). When scaled to  users (3 users/beam), the framework retains 22% higher SE than conventional hybrid NOMA [26] and 38% greater SE than MIMO-OMA [21]. This scalability stems directly from the dynamic cluster-head algorithm, which enables efficient multi-user grouping while minimizing inter-beam correlation. Notably, the SE degradation relative to fully digital ZF remains below 10% even at high user loads, demonstrating the effectiveness of the CS-COMADE mechanism in preserving array gain. In contrast, benchmark schemes exhibited accelerated performance decay beyond  users, revealing limitations in their interference-handling capabilities for dense deployments.
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Fig. 3: Spectrum efficiency against the number of users , where SNR = 10 dB


4.3 Comparative Analysis with State of the Art 

The proposed system delivers substantial spectral efficiency improvements over key prior works. Compared to Ayach et al.'s OMP-based precoding [16], the CS-COMADE framework reduced precoding error by 42% through backtracking support estimation, translating to an 18% SE gain at 10 dB SNR. When evaluated against Yu et al.'s hybrid architectures [18], the solution achieved 92% of the SE attainable with infinite-resolution phase shifters despite using practical 4-bit quantization, a 32% improvement over [18]'s low-resolution implementation. Relative to Dai et al.'s NOMA integration [20], the framework supported 50% more users per beam while maintaining 22% higher SE at . Finally, versus Zhou et al.'s MIMO-NOMA [26], the proposed interference suppression techniques yield a 15% SE advantage for  by mitigating 35% more inter-beam interference. These advances establish a new state-of-the-art in spectral efficiency for practical mm-wave systems.

5. Conclusion

This study has presented a comprehensive framework for optimizing spectral efficiency in mm-wave massive MIMO-NOMA systems through innovative transceiver design and interference management. The dynamic cluster-head selection algorithm effectively minimizes inter-beam interference by strategically grouping users with low channel correlation, enabling scalable multi-user support. The proposed CS-COMADE precoding architecture, integrating compressed sensing with committee machine principles, suppresses residual inter-user interference while maximizing antenna array gain – achieving within 7% of fully digital ZF precoding performance. Combined with iterative power allocation optimization, this approach demonstrates 22–38% higher spectral efficiency than conventional MIMO-OMA and prior NOMA implementations across diverse user densities. These advances address critical limitations of existing hybrid precoding systems: (1) the 35% reduction in inter-beam interference closes the performance gap with digital systems; (2) support for 3 users/beam (vs. 1 in OMA) enables linear spectral scaling; and (3) robustness to practical 4-bit phase shifters maintains 92% of ideal array gain. The framework establishes a new state-of-the-art for spectral efficiency in dense 5G/6G deployments, particularly in bandwidth-constrained mm-wave scenarios requiring high user capacity. Future research will explore machine learning-based channel prediction for dynamic clustering in mobile environments and extend the framework to wideband OFDM systems with frequency-selective fading. The demonstrated principles of interference-aware user grouping and committee-enhanced precoding provide a foundation for next-generation ultra-high-capacity wireless networks.
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