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Joint Power Allocation and AP On-Off Control for Long-Term Energy

Efficient Cell-Free Massive MIMO Systems
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®(Department of Electronic Engineering and Information Science, University of Science and Technology of
China, Hefei 230027, China))

®(Instz'tute of Artificial Intelligence, Hefei Comprehensive National Science Center, Hefei 230027, China)

Abstract:

Objective ~ With the rapid development of wireless communication technologies, Cell-Free Massive Multiple-
Input Multiple-Output (CF-mMIMO) has emerged as an effective paradigm to overcome the limitations of
traditional cell-centric networks, such as limited performance for edge users. By deploying a large number of
distributed Access Points (APs) connected to a Central Processing Unit (CPU) to cooperatively serve users,
CF-mMIMO improves spectral efficiency and macro-diversity gain. However, dense AP deployment also
introduces a critical challenge: high energy consumption. In practical systems, if all APs remain continuously
active, especially during periods of low traffic load, substantial and unnecessary energy consumption occurs.
This behavior reduces network sustainability and conflicts with global “dual-carbon” goals. Existing studies on
energy efficiency in CF-mMIMO systems mainly focus on short-term performance optimization. These short-
term approaches often ignore long-term traffic dynamics and the requirement of queue stability. Therefore, they
lack robustness under time-varying traffic conditions and may cause queue congestion and significant
performance fluctuations, which are unacceptable for next-generation wireless networks with strict reliability
requirements. Although several recent studies examine long-term energy efficiency optimization, most assume
that all APs remain active at all times. Therefore, the energy-saving potential of adaptive AP on-off control is

not fully utilized.
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Methods To address these issues, a joint power allocation and AP on-off control strategy is proposed for
downlink CF-mMIMO systems. The optimization problem aims to maximize long-term energy efficiency subject
to user queue stability and AP power constraints. Because the problem has stochastic and long-term
characteristics, the Lyapunov optimization framework is applied to transform the original long-term fractional
programming problem into a sequence of deterministic drift-plus-penalty minimization problems solved in each
time slot. The resulting per-slot problems remain nonconvex. Therefore, each problem is decomposed into two
subproblems: power allocation and AP on-off control. The Successive Convex Approximation (SCA) method is
used to convert the nonconvex formulations into solvable convex problems. An alternating optimization
algorithm is then developed to jointly solve the two subproblems, which enables adaptive resource configuration
under dynamic network conditions and stochastic traffic arrivals.

Results and Discussions  The proposed algorithm is evaluated through extensive simulations. First, the
convergence behavior is examined. Numerical results (Fig. 2) show that per-slot energy efficiency increases
rapidly and stabilizes after several iterations, which verifies the convergence of the alternating optimization
procedure. Second, the effect of the control parameter is analyzed. As the parameter increases, the algorithm
places greater emphasis on energy efficiency. Average power consumption decreases and then stabilizes (Fig. 3),
whereas long-term energy efficiency increases and eventually stabilizes (Fig. 4). These results confirm the trade-
off between energy efficiency and queue stability. Third, the proposed scheme is compared with three baseline
methods. The results (Fig. 5) show that the proposed joint optimization approach consistently achieves higher
long-term energy efficiency than the baseline methods. Fourth, the necessity of long-term optimization is
demonstrated by comparing queue lengths with a short-term baseline (Fig. 6). Under the same traffic arrival
rate, the short-term method shows cumulative queue growth, whereas the Lyapunov-based approach maintains
queue lengths within a stable range and ensures network stability. Finally, robustness under imperfect Channel
State Information (CSI) is evaluated (Fig. 7). Although energy efficiency decreases as channel uncertainty
increases, the proposed method consistently outperforms the baseline approaches, which demonstrates strong
robustness to channel estimation errors.

Conclusions A long-term energy efficiency optimization framework is proposed for CF-mMIMO systems with
stochastic traffic arrivals. By applying Lyapunov optimization theory, the stochastic long-term problem is
transformed into slot-level drift-plus-penalty problems based on queue states. This transformation enables per-
slot resource scheduling decisions while maintaining queue stability. On this basis, an efficient joint resource
scheduling algorithm that integrates power allocation and AP on-off control is developed. The original problem
is decomposed into power allocation and AP on-off control subproblems and solved through alternating
optimization. Simulation results show that the proposed method adapts to dynamic traffic conditions. By
placing underutilized APs into sleep mode, the algorithm improves long-term system energy efficiency and
maintains queue stability. These results provide guidance for the design of green and sustainable wireless
networks.

Key words: Cell-Free Massive Multiple-Input Multiple-Output (CF-mMIMO); Long-term energy efficiency;

Lyapunov framework; Alternating optimization; Resource allocation
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