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Abstract:

Objective With the evolution of wireless communication toward ultra-dense networks, optimizing spectrum
efficiency in cell-free massive Multiple-Input Multiple-Output (MIMO) Non-Orthogonal Multiple Access
(NOMA) systems faces the challenge of balancing algorithmic complexity and performance. Traditional user
clustering methods, such as random clustering, exhibit high randomness and easily converge to suboptimal
solutions, whereas exhaustive search is computationally prohibitive. Similarly, power allocation schemes with
rigid fixed thresholds often fail to accommodate dynamic user demands, resulting in imbalanced resource
utilization and reduced fairness. To address these limitations, this study proposes a low-complexity joint
optimization algorithm. By collaboratively designing user clustering and power allocation, the algorithm
maximizes the system’s sum spectrum efficiency while guaranteeing the quality of service for low-rate users,
thereby offering an efficient resource allocation strategy for cell-free massive MIMO-NOMA systems.

Methods A downlink sum spectrum efficiency maximization model is first constructed and decomposed into
two sub-problems: user clustering and power allocation. A clustering algorithm based on cluster head selection
and channel difference maximization is then proposed, which reduces the complexity of pairing searches by
optimizing the selection of cluster heads. Based on the clustering results, a minimum-rate enhancement
constraint mechanism is incorporated. The resulting non-convex power allocation problem is subsequently
transformed into a convex optimization form using the Successive Convex Approximation (SCA) method.
Results and Discussions The relationship between sum spectrum efficiency and the number of users under
different clustering algorithms is shown in (Fig. 2). Under perfect Successive Interference Cancellation (SIC)
conditions, the proposed algorithm achieves performance comparable to that of the statistical clustering
algorithm, whereas the combined clustering algorithm yields the lowest efficiency. Under imperfect SIC, the
proposed algorithm maintains the highest spectrum efficiency, while the performance of the statistical algorithm
decreases. The sum spectrum efficiency is markedly reduced by imperfect SIC, particularly when the number of
users is small. This reduction arises from insufficient elimination of intra-cluster interference, leading to
increased residual interference. Notably, the NOMA system supports twice the user capacity of Orthogonal
Multiple Access (OMA), confirming its superior spectrum resource utilization. The relationship between sum
spectrum efficiency and the number of Access Points (APs) is shown in (Fig. 3). Spectrum efficiency improves
substantially as the number of APs increases, owing to enhanced channel hardening and interference
suppression. Under perfect SIC, both the proposed algorithm and the statistical clustering algorithm achieve
similar performance, exceeding the combined algorithm. The advantage of the proposed algorithm is further
demonstrated under imperfect SIC. Increasing the number of deployed APs strengthens anti-interference
capability and expands user capacity, verifying the efficiency and robustness of the proposed clustering
algorithm under both perfect and imperfect SIC conditions. The effect of intra-cluster user numbers on
spectrum efficiency is evaluated in (Fig. 4). Spectrum efficiency increases with the number of APs, largely due
to improved coverage and channel estimation accuracy. However, efficiency decreases significantly as intra-
cluster user numbers increase, which is attributed to aggravated intra-cluster interference and constraints on
power resource allocation. The convergence of the proposed algorithm is demonstrated in (Fig. 5), where the
optimal solution is reached within approximately seven iterations. After power allocation optimization, the
efficiency gap between imperfect and perfect SIC remains below 0.2 bit/(s-Hz). Compared with Full Power
Control (FPC), the Proposed Power Control (PPC) scheme effectively mitigates residual interference and
achieves performance close to perfect SIC under practical conditions. The relationship between sum spectrum
efficiency and AP numbers with different antenna configurations is presented in (Fig. 6). Efficiency
continuously improves with increasing AP numbers and per-AP antenna numbers, owing to stronger channel

hardening effects. Across all AP configurations, the PPC scheme demonstrates clear advantages over FPC, with
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the benefits becoming more pronounced in densely deployed networks. Power allocation optimization further
enhances efficiency as antenna numbers increase. Finally, the cumulative distribution of per-user spectrum
efficiency under different power control schemes is illustrated in (Fig. 7). The PPC scheme substantially reduces
the proportion of inefficient users (0~0.2 bit/(s-Hz)), thereby improving system fairness. By contrast, the FPC
scheme performs slightly better in the high-efficiency region, but this advantage comes at the expense of user
fairness. In user-intensive scenarios, the PPC scheme effectively balances system stability and fairness by
ensuring minimum rates for weak users.

Conclusions A low-complexity joint optimization algorithm is presented to address the challenge of spectrum
efficiency optimization in cell-free massive MIMO-NOMA systems. Through theoretical analysis and simulation,
the spectrum efficiency and computational complexity of the system are compared under different user
clustering algorithms and power allocation schemes. The results show that the proposed clustering algorithm
significantly enhances system performance across various AP deployments and antenna configurations, while
reducing computational complexity by 47.5% compared with the statistical clustering algorithm. Furthermore,
the joint power allocation scheme demonstrates clear advantages over FPC in terms of spectrum efficiency and
user fairness, verifying the effectiveness and practicality of the proposed algorithm.

Key words: Cell-free; Non-Orthogonal Multiple Access (NOMA); User clustering; Power allocation; Successive
Convex Approximation (SCA)
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