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Abstract: Reconfigurable intelligent surface (RIS)-assisted cell-free (CF) massive Multiple-Input
Multiple-Output (MIMO) technology exhibits significant potential in enhancing the energy efficiency
of 6G mobile communications. Nevertheless, recent studies suggest that both access points (APs)
and RISs encounter challenges related to a high energy consumption during operation. To address
this issue, strategies involving AP hibernation and RIS shut-off are proposed. Subsequently, an
optimization problem is formulated to jointly optimize RISs, beamforming vectors, and AP selection
with the aim of maximizing the energy efficiency (EE). Initially, the non-convex optimization problem
for maximizing energy efficiency is decomposed into three sub-problems. These sub-problems are
subsequently reformulated using fractional programming and variational programming techniques
and then solved using the successive convex approximation (SCA) algorithm, Dinkelbach algorithm,
and greedy algorithm, respectively. Subsequently, an alternate optimization algorithm based on block
gradient descent is introduced to iteratively solve the four-variable optimization problem, thereby
obtaining an approximate solution to the original problem. The simulation results demonstrate
that the algorithm significantly reduces energy consumption. Specifically, compared to the scheme
without the hibernation strategy, the energy efficiency (EE) is enhanced by 35%.

Keywords: RIS; CF; massive MIMO; AP hibernation; RIS turn-off; energy efficiency

1. Introduction

With the substantial growth in global mobile data traffic, it is projected to reach 607 Ex-
abytes (EBs) per month by 2025 [1]. On average, each user is expected to generate about
39 EBs of data traffic, with nearly 70% of users utilizing mobile devices and networks [2].
Despite the significant improvement in capacity, with fifth-generation (5G) wireless net-
works boasting at least a 1000-fold increase compared to their predecessors [3], the data
rates and energy efficiency they offer remain insufficient to meet the evolving demands and
ensure the sustainable development of 5G and 6G communications [4]. Consequently, de-
signing wireless communication systems with a lower energy consumption and higher data
rates has emerged as one of the most formidable challenges in current network design [5].

The introduction of massive MIMO technology in wireless networks has significantly
enhanced the system spectrum and energy efficiency [6], positioning it as a pivotal tech-
nology for advancing fifth-generation (5G) mobile communication networks [7]. However,
traditional cellular-based massive MIMO networks [8] face challenges in providing uniform
coverage, with inter-cell interference emerging as a major bottleneck hindering system
capacity improvements. Addressing this issue, proposed cell-free (CF) massive MIMO
systems offer substantial enhancements in spectral efficiency (SE) and coverage unifor-
mity [9]. Their core concept involves deploying numerous cost-effective, distributed access
points (APs) to collaboratively serve users [10], effectively mitigating inter-cell interference.
Previous research endeavors have primarily been aimed at enhancing the overall perfor-
mance within coverage areas, focusing on metrics such as the sum rate or energy efficiency.
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For instance, Trang C. Mai et al. [11] investigated maximum–minimum fair power control
for CF massive MIMO systems to bolster the system’s SE.

However, in real-world scenarios, the capacity increase achieved by deploying numer-
ous access points (APs) in cell-free (CF) massive MIMO systems comes at the expense of
elevated energy consumption [12]. Indu L. Shakya et al. [13] introduced a novel approach
called joint AP selection and interference cancellation (JAPSIC) to relocate a multitude of
distributed APs closer to mobile users. Jionghui Wang et al. [14] formulated the problem
of joint beamforming and AP–user association for millimeter-wave CF massive MIMO
systems in the downlink, proposing an algorithm based on alternating average reflection
to enhance the performance in terms of the minimum rate and total rate. Nonetheless,
these approaches and algorithms offer only limited reductions in energy consumption.
To achieve a lower energy consumption, the utilization of reconfigurable intelligent surfaces
(RISs) in CF massive MIMO systems presents a promising solution [15]. RISs, comprising
numerous passive and cost-effective components, can intelligently adjust the wireless
propagation environment. Typically deployed on building exteriors or ceilings, RISs enable
non-line-of-sight (NLoS) communication using environment sensing, covering network
blind spots while consuming minimal power and conserving resources, thereby enhancing
the system capacity [16]. Currently, energy-efficient CF massive MIMO systems have
attracted significant research attention. For instance, Y. Zhang et al. [17] proposed a hybrid
beamforming system to maximize the energy efficiency (EE) of RIS-assisted CF massive
MIMO systems, investigating the influence of transmit power, RIS count, and RIS size on
EE. M. Alonzo et al. [18] devised an uplink coordinated transmission strategy leveraging
RIS backscattering, considering uplink weighted signal-to-residual ratio (SR) in RIS-assisted
CF systems.

Although RIS-assisted communication in CF massive MIMO systems reduces some
energy consumption, the overall energy consumption increases when all access points (APs)
serve users in low-load states. Lan M et al. [19] proposed a novel framework for RIS-assisted
CF massive MIMO systems to address this issue. This framework involves deploying
additional active APs near the passive RIS and devising a user-centric AP selection strategy.
However, this system’s deployment requires a large number of RISs, and the circuit losses
of the RIS itself impose a significant burden on the system. To address this, we introduce
RIS switching and AP sleep strategies in RIS-assisted CF massive MIMO systems, focusing
on maximizing energy efficiency in the downlink. The primary contributions are outlined
as follows:

1. An RIS-assisted CF massive MIMO system is considered, and an RIS switching strategy
and an AP sleep strategy are introduced to reduce the system’s energy consumption.

2. A complex optimization problem involving four variables, namely the RIS phase shift,
beamforming vector, AP, and RIS integer variables, is formulated to maximize the
system’s energy efficiency.

3. An alternating optimization algorithm based on block gradient descent is proposed.
The nonconvex optimization problem is initially decomposed into three sub-problems.
In the optimization problem for RIS phase shifts, Lagrangian duality and the fractional
programming method are sequentially applied, and the successive convex approxima-
tion (SCA) algorithm is utilized for problem resolution. For the beamforming vector
and AP integer variable optimization problem, the variational programming method
is employed to handle the integer variables, and the Dinkelbach algorithm and al-
ternating direction method of multipliers (ADMM) algorithm are jointly utilized for
problem resolution. The greedy algorithm is employed in the optimization problem
for RIS switching. Finally, the optimization problem is converged through successive
iterations of solving sub-problems.

The rest of this article is organized as follows. A system model of the RIS-assisted
CF massive MIMO system is provided in Section 2. Subsequently, the formulation of
the energy efficiency maximization problem is presented in Section 3, which outlines the
algorithms for the joint beamforming vector, phase shift, AP sleep integer variable, and RIS
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switch integer variable to address the EE maximization problem. The simulation results are
presented in Section 4 to validate the proposed algorithm. Finally, Section 5 summarizes
and provides outlooks.

Notation: x is a scalar, a bold lowercase letter x denotes a vector, and a bold capital
letter X represents a matrix. For convenience, we omit the subscript of the optimization
variable, indicating its general form. The symbols (X)T and (X)H denote the transpose
and conjugate transpose of matrix X, respectively. It is important to note that ∥ · ∥p denotes
the Frobenius norm Lp of X, and ∇ represents the first derivative. The expression diag(X)
signifies a diagonal matrix with the provided values on its main diagonal. The notation
x ∼ CN

(
0, σ2) indicates that the random variable x follows a complex circular symmet-

ric Gaussian distribution with a mean of 0 and a variance of σ2. C denotes the set of
complex numbers.

2. System Model
2.1. Scenario Description

In this article, we explore the downlink channel of an RIS-assisted de-cellular massive
MIMO system, comprising a set L of L APs and a set K of K users. Each base station is
equipped with M antennas, and multiple RISs are strategically positioned between the
APs and users, denoted as a set R of R RISs. Each RIS is equipped with Nr reflection
elements (r ∈ R) to facilitate communication between the AP and the user. Figure 1
illustrates the RIS-assisted CF massive MIMO communication scenario, featuring users,
RISs, sleeping APs, and working APs. When obstacles obstruct direct communication
between the user and the AP, causing a weak signal, the AP can enhance the signal via an
RIS to ensure communication security and provide better service to the user. To enhance
system efficiency, this study proposes a strategy to deactivate certain APs, minimizing
power consumption, and deactivate the RISs in non-operational states, all while ensuring a
satisfactory communication quality for all users.

Figure 1. RIS-assisted CF massive MIMO system communication scenario.

The specific system model of RIS-assisted CF massive MIMO system communication
is shown in Figure 2, which contains AP l, user k, RIS r, and an RIS switch controller.
The channel matrix from AP l to user k is gl,k ∈ M, the channel matrix from AP l to RIS r is
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Gr,l ∈ Nr×M and the channel matrix from RIS r to user k is hr,k ∈ Nr , where k = 1, · · · , K
denotes the number of users and r = 1, . . . , R denotes the number of RISs. The channel
of the system model was modeled as the direct communication link from the AP to the
user and the RIS-assisted AP communication channel. The RIS-assisted AP communication
channel is composed of the communication link Gr,l from the AP to the RIS, the RIS
phase shift matrix Φr ∈ Nr×Nr and the communication link hr,k from the RIS to the user.
Φr = diag(ϕr) is the phase shift matrix of RIS, where ϕr = [ϕr,1, ϕr,2, · · · , ϕr,Nr ]

T ∈ Nr ,
ϕr,n = βnejθrn , θrn ∈ [0, 2π], r ∈ R and n ∈ Nr = {1, · · · , Nr}. Let θrn denote the phase
shift of the nth reflecting element at the rth RIS. βn ∈ {0, 1} represents the switching state
of the nth reflecting element of a certain RIS, which is generally set to βn = 1 in order to
maximize the signal reflection.

user 1

AP l

(working)

RIS 1


obstacle

RIS R

user K

RIS 1 on/off controller

RIS R on/off controller

,1lg

,klg

,1lG

,RlG

1,1h

1,Kh
R,Kh

R,1h

Figure 2. RIS-assisted CF massive MIMO system model.

2.2. Transmission Model

The signal transmitted at the AP l is modeled as follows

ml =
K

∑
k=1

wl,ksk, (1)

where wl,k (k ∈ K, l ∈ L) is the beamforming vector of the user k at the AP l. sk is the signal

value of the kth user and E
{
|sk|2

}
= 1, k = 1, 2, · · · , K.

The AP power consumption depends on power amplifier (PA) power dissipation,
leakage power dissipation and chip power dissipation. Considering the transmission
power of APs to users and their own circuit losses, accessing all APs is usually not energy
efficient. To this end, a binary variable xl ∈ {0, 1} is introduced in this article. Let xl = 1
denote that the AP is working and let xl = 0 denote that the AP is sleeping. In addition,
another binary variable cr ∈ {0, 1} is introduced, considering the loss of RIS itself. Let
cr = 1 denote that the RIS is on and let cr = 0 denote that the RIS is off.

The signal received by the user k is as follows:
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yk =
L

∑
l=1

(
R

∑
r=1

xlcrhH
r,kΦrGr,l + xlg

H
l,k

)
ml + nk, (2)

where gl,k, hr,k, and Gr,l denote the channel from the lth AP to the kth user, from the rth RIS
to the kth user, and from the lth AP to the rth RIS, respectively. In addition, nκ ∼ CN

(
0, δ2)

is the additive white Gaussian noise (AWGN) of user k. Φr is the reflection matrix, which
can also be called the passive beamformer; it contains the reflection amplitude and the
reflection phase formed by Nr reflection elements and is controlled by the RIS deployed
near the AP l. Φr can be expressed as follows

Φr = diag
(

A(∠Γr
1)e

j∠Γr
1 , A(∠Γr

2)e
j∠Γr

2 , · · · , A
(
∠Γr

Nr

)
× ej∠Γr

Nr

)
, (3)

where A(∠Γr
n) denotes the reflection amplitude at the reflection element n of the RIS

r, and ∠Γr
n denotes the phase at the reflection element n of the RIS r. In this article,

to maximize the signal reflection, the reflection amplitude A(∠Γr
n) is set to 1 and θrn is used

to denote the phase ∠Γr
n. Φr can be rewritten as follows:

Φr = diag
(

ejθr1 , ejθr2 , · · · , ejθrNr

)
, (4)

To facilitate SINR calculation, set H̄ l ,k
∆
=

R
∑

r=1
cr h H

r ,k Φr Gr , l + g H
l ,k , where cr h H

r ,k Φr Gr , l

= cr ϕ H
r diag

(
h H

r ,k

)
Gr , l . Then, the received signal at the user k can be converted to:

yk =
L

∑
l=1

xlH̄l,kwl,ksk +
L

∑
l=1

K

∑
j=1,j ̸=k

xlH̄l,kwl,jsj + nk, (5)

Based on Equations (1) and (5), the signal to interference plus noise ratio (SINR) of
user k is defined as follows:

SINRk =

L
∑

l=1

∣∣xlH̄l,kwl,k
∣∣2

L
∑

l=1

K
∑

j=1,j ̸=k

∣∣∣xlH̄l,kwl,j

∣∣∣2 + δ2
, (6)

The total power constraint at the AP l is as follows:

L

∑
l=1

K

∑
k=1

xlw
H
l,kwl,k ≤ Pmax, (7)

where Pmax is the maximum transmit power of the AP. When the AP l transmits a signal
to the user k through the maximum transmit power, SINRk reaches its maximum value;

that is, the two conditions wH
l,kwl,k ≤ Pmax and SINRmax

k =

L
∑

l=1
|xl H̄l,k|2Pmax

δ2 are satisfied.
Therefore, the range of SINRk is 0 ≤ SINRk ≤ SINRmax

k .
In addition, the total user rate can be defined as follows:

Rt = B
K

∑
k=1

log2(1 + SINRk). (8)

where B denotes the bandwidth of the channel.

2.3. Power Consumption Model

The total power consumption of the system is divided into four parts, which are the
transmit power from the AP to the user, the circuit loss of the AP, the power consumption
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of the backhaul network between the CPU and the AP, the circuit loss of the user, and the
circuit loss of the RIS. The power consumption from AP l to user k is defined as follows:

Pl,k = µpk + xl Pl + Pk + crPRIS, (9)

where µ = ν−1 (ν is the power amplification factor of the AP) and Pl and Pk are the circuit
losses of AP l and user k, respectively. Let PRIS = NrPr denote the total power consumption
of the RIS r, where Pr denotes the power consumption of each reflective element in the RIS
r. Since the numbers of users and APs are fixed, PA is constant. Therefore, the total power
consumption can be rewritten as follows:

Pt =
L

∑
l=1

K

∑
k=1

µxlw
H
l,kwl,k +

L

∑
l=1

xl Pl +
K

∑
k=1

Pk +
R

∑
r=1

cr NrPr+PA. (10)

where µxlwH
l,kwl,k is the power consumption of the AP.

3. Problem Modeling and Solving
3.1. Problem Modeling

Based on the above system model, the goal of this article is to jointly optimize the
reflection coefficient matrix, beamforming vector, RIS switching variables, and AP integer
variables to maximize the energy efficiency under the total power constraint. The EE is
defined as the ratio of the total rate (bps) to the total power consumption (joules) of the
RIS-assisted communication system, that is, EE = Rt/Pt. According to Equations (8) and
(10), the EE can be expressed as follows:

EE =

B
K
∑

k=1
log2(1 + SINRk)

L
∑

l=1

K
∑

k=1
µxlwH

l,kwl,k +
L
∑

l=1
xl Pl +

K
∑

k=1
Pk +

R
∑

r=1
cr NrPr

, (11)

The objective problem is transformed into EE maximization.

P0 : max
w,θ,x,c

EE, (12)

such that
L

∑
l=1

K

∑
k=1

xlw
H
l,kwl,k ≤ LPmax, (13)

θrn ∈ [0, 2π], ∀r, n, (14)

xl ∈ {0, 1}, ∀l, (15)

cr ∈ {0, 1}, ∀r. (16)

where w = [w1,1, . . . , w1,K, . . . wl,k . . . , wL,K], θ = [θr1, . . . , θrNR ]
T , x = [x1, . . . , xL]

T , Pmax is
the maximum transmit power of the AP. Equation (13) represents the total power constraint,
Equation (14) represents the RIS phase shift constraint, and Equations (15) and (16) are
integer variable constraints. Due to the integer constraints (15) and (16), non-convex con-
straints, and coupled variables, the optimization problem P′ is a mixed-integer nonlinear
programming (MINLP) problem that cannot be solved directly and needs to be further
transformed and processed.

3.2. Problem Solving

Since the optimization problem includes coupling, inequality constraints, integer
variables, etc., it is difficult to solve problem (12) directly. In order to maximize the energy
efficiency of the system, a low-complexity iterative algorithm is proposed to find the
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suboptimal solution, which alternately optimizes the phase shift of the RIS, the switch
integer variables of the RIS, the beamforming vector, and the AP integer variables.

3.2.1. Optimization of RIS Components Φ

Given the beamforming vector w, AP integer variables x, and RIS switch variables
c, the total power consumption of the system is unchanged, and the energy efficiency
maximization is equivalent to the sum rate maximization. Problem (12) can be written
as follows:

P1 : max
Φ

Rt, (17)

By setting f0(w, Φ, x, c) = B
K
∑

k=1
log2(1 + SI NRk), through the Lagrangian dual

transformation [20], f0 can be transformed into:

fr(w, Φ, x, c, γ) = B
K

∑
k=1

log2(1 + γk)− B
K

∑
k=1

1
ln 2

γk

+B
K

∑
k=1

(1 + γk)
L
∑

l=1
|xlH̄l,kwl,k|2

ln 2

(
L
∑

l=1

K
∑

j=1
|xlH̄l,kwl,j|2 + δ2

) ,
(18)

γk is the introduced auxiliary variable and γ denotes the set of such auxiliary variables.
Since constraint (14) does not contain auxiliary variables γ, the optimal solution γ can be
solved by ∂ fr/∂γk = 0. The expression is as follows:

γ∗
k =

L
∑

l=1

∣∣xlH̄l,kwl,k
∣∣2

L
∑

l=1

K
∑

j=1,j ̸=k

∣∣∣xlH̄l,kwl,j

∣∣∣2 + δ2
, (19)

Considering that the fractional sum form of the last term in Equation (18) still makes
the objective function non-convex, the fractional programming (FP) method [21] is intro-
duced to further process it. By introducing the auxiliary variable yl,k into the ratio term,
fr(w, Φ, x, c, γ) can be transformed into fq(w, Φ, x, c, γ, y).

fq(w, Φ, x, c, γ, y) = B
K
∑

k−1
[log2(1 + γk )− 1

ln 2 γk +
1+γk
ln 2

L
∑

l=1
{2Re{yH

l,k x̄H̄l,kwl,k}

− | y1,k|2(
L
∑

i=1

K
∑

j=1
|xiH̄i,kwi,j|2 + δ2)}],

(20)

where y denotes the set of auxiliary variables yl,k. Similarly, the optimal solution y is
expressed as follows:

y∗l,k =
xlH̄l,kwl,k

L
∑

i=1

K
∑

j=1

∣∣xiH̄i,kwi,j
∣∣2 + δ2

, (21)

The problem P1 can be rewritten as follows:

P2 : max
Φ

fq

(
Φ, wj, xj, cj, γj+1, yj+1

)
, (22)

Because H̄l,k =
R
∑

r=1
crϕH

r diag
(

hH
r,k

)
Gr,l + gH

l,k, problem (22) is transformed as follows:

P3 : max
ϕ

fq

(
ϕ, wj, xj, cj, γj+1, yj+1

)
, (23)
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where ϕr = [ϕr,1, ϕr,2, · · · , ϕr,Nr ]
T ∈ Nr , ϕr,n = ejθrn . It follows that P3 is still non-

convex and can be approximated by the SCA algorithm. ϕr,n can be approximated by

ejθ(i−1)
m + jejθ(i−1)

m
(

θrn − θ
(i−1)
rn

)
. The problem P3 is rewritten as

P4 : max
θ

fq

(
θ, wj, xj, cj, γj+1, yj+1

)
. (24)

This problem is a typical convex optimization problem, and there is no variable
coupling, which can be solved directly by the cvx solver.

3.2.2. Optimization of Beamforming Vectors w and AP Integer Variables x

Given the phase shift of the RIS θ and the RIS switch variables c, problem (12) is
transformed into:

P5 : max
w,x,ζ

B
K
∑

k=1
log2(1 + ζk)

Pt
, (25)

such that

ζk ≤

L
∑

l=1

∣∣xlH̄l,kwl,k
∣∣2

L
∑

l=1

K
∑

j=1,j ̸=k

∣∣∣xlH̄l,kwl,j

∣∣∣2 + δ2
, ∀k, (26)

(13), (15)

where ζ = [ζ1, · · · , ζK]
T and ζ is a slack variable that ensures that constraint (26) is always

equal to the optimal solution. Due to the integer constraint (15), P5 is still a non-convex
problem. To this end, the variational programming method [22] is used in this article to
deal with the variable x, and auxiliary variables d are introduced to ensure equivalence.
Equation (15) is transformed into

0 ≤ xl ≤ 1, ∀l, (27)

∥2d − 1∥2
2 ≤ L, (28)

(2x − 1)T(2d − 1) = L, (29)

To deal with the coupling problem of w and x in problem (25) and constraints (13) and
(26), according to the potential connection between the beamforming vector w, the SINR
γk and the integer variable x of the AP, the non-working APs should not transmit signals to
prevent resource waste. So, we introduce an extra constraint:

∥ wl,k∥2 ≤ xl Pmax, (30)

xl
(
∑ γk − c

)
≥ 0, (31)

Equation (30) ensures that when xl = 0, wl,k = 0. In Equation (31), c is a small positive
number, which guarantees that when ∑ γk = 0, xl = 0. At this point, the variable x coupled
in the target problem (25) and constraints (13) and (26) can be omitted.

To deal with the non-convexity of constraint (26), slack variable αl,k > 0 is introduced
and constraint (26) is reformulated as follows:

L

∑
l=1

∣∣H̄l,kwl,k
∣∣2 ≥ ζk

L

∑
l=1

αl,k, ∀k, (32)

and
L

∑
l=1

K

∑
j=1,j ̸=k

∣∣∣H̄l,kwl,j

∣∣∣2 + δ2 ≤
L

∑
l=1

αl,k, ∀k, (33)
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In the general case, H̄l,kwl,k in constraint (32) can be made real by any rotation

of wl,k. Thus, constraint (32) can be transformed into
L
∑

l=1
R(H̄l,kwl,k) ≥

L
∑

l=1

√
ζkαl,k

by relaxation. Taking the first-order Taylor expansion of the concave function
√

ζkαl,k,
constraint (32) becomes:

L

∑
l=1

R(xlH̄l,kwl,k) ≥
L

∑
l=1

(

√
ζ
(i−1)
k α

(i−1)
l,k +

1
2

√√√√√ ζ
(i−1)
k

α
(i−1)
l,k

(αl,k − α
(i−1)
l,k )

+
1
2

√√√√√α
(i−1)
l,k

ζ
(i−1)
k

(ζk − ζ
(i−1)
k ),

(34)

After the above processing, the objective function has been transformed into the
standard form of a concave function divided by a convex function, but there is still a
variable coupling problem in constraint (29), so the objective function cannot be directly
solved by the Dinkelbach algorithm. Therefore, the Dinkelbach method, the alternating
direction method of multipliers [21] and the block coordinate update fusion algorithm are
proposed to decompose the coupling problem into multiple sub-problems and solve them,
respectively. Firstly, the Dinkelbach algorithm [23] was used to transform the objective
function as follows:

P6 : max
w,x,d,ζ,α

B
K

∑
k=1

log2(1 + ζk)− χ(i−1)(
L

∑
l=1

K

∑
k=1

µwH
l,kwl,k+

L

∑
l=1

xl Pl +
K

∑
k=1

Pk +
R

∑
r=1

cr NrPr),

(35)

such that
L

∑
l=1

K

∑
k=1

wH
l,kwl,k ≤ LPmax, (36)

αl,k > 0, (37)

(27)− (31), (33)− (34)

where

χ(i) =

B
k=1
∑
K

log2
(
1 + ζ i

k
)

Pi
t

, (38)

In view of the coupling of x and d in constraint condition (29), the ADMM algorithm is
introduced to update variables alternately by combining dual decomposition and the aug-
mented Lagrangian method. Let g(x, d) = L − (2x − 1)T(2d − 1), introduce the Lagrange
multiplier ξ and penalty parameter ρ > 0, and then the augmented Lagrange equation is
as follows:

LA(w, x, d, ζ, α; ξ) = B
K

∑
k=1

log2(1 + ζk)− χ(i−1)Pt − ξg(x, d)− ρ

2
(g(x, d))2, (39)

Problem (39) is treated as a traditional ADMM problem and solved by iteration.
The algorithm for each iteration is as follows:

1. Update the variable d

di+1 = arg max
d

LA

(
wi, xi, d, ζ i, αi; ξ i

)
, (40)



Electronics 2024, 13, 1397 10 of 15

such that
(28)

where the superscript (i + 1) represents the (i + 1)th iteration. The Lagrange mul-
tiplier method is used to obtain Equation (41), and b is the Lagrange multiplier of
Equation (28). The optimal solution of b and d can be found by a bisection line search.

d =
1
2
+

(
ξ i + ρL

)(
2xi − 1

)
4b1 + 2ρ

(
2xi − 1

)(
2xi − 1

)T , (41)

2. Update the remaining variables except the Lagrange multiplier.
The objective function is updated as follows:

P7 : max
w,x,ζ,α

LA

(
w, x, di+1, ζ, α; ξ

)
, (42)

such that
(27)− (28), (30)− (31), (33)− (34)

The problem can be solved directly by the cvx solver in MATLAB.
3. Update the Lagrange multiplier.

Lagrange multipliers are obtained by a subgradient search:

ξ i+1 = ξ i + ρg
(

xi+1, di+1
)

(43)

4. Update the Dinkelbach auxiliary variable.
Update Equation (38) until convergence.

The specific algorithm for this subsection is shown in Algorithm 1.

Algorithm 1 Joint Algorithm for Beam Coordination and AP Sleep Based on Dinkelbach
and ADMM

1: Initialize channel model parameters and channel vectors. Set iteration number i = 1
and maximum number of iterations.

2: repeat
3: Updating the variable d by Equation (41),
4: Updating the remaining variables except the Lagrange multiplier by Equation (42),
5: Updating the Lagrange multiplier by Equation (43),
6: Updating the Dinkelbach auxiliary variable by Equation (38),
7: i = i + 1,
8: until the objective value converges or the end of the iteration.
9: Output AP integer variables, beamforming vectors.

3.2.3. Optimization of the RIS Switch Variable c

The remaining variables except c are fixed and solved via a greedy algorithm. If the
objective value (12) can be improved and the new solution is feasible, try to close an RIS.
If the new solution is feasible, try to close an RIS for loop. If the new solution is not
feasible, record the objective value as 0. When closing any RIS does not improve the energy
efficiency, terminate the loop and output.

3.2.4. Complexity Analysis

The block gradient-descent based alternating optimization algorithm proposed in this
article is detailed in Algorithm 2. From Algorithm 2, the complexity of solving problem
(11) is mainly the complexity of solving the phase optimization problem in (17), the joint
beamforming and AP integer variable optimization problem (25), and the RIS switching
variable optimization problem.
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For the phase optimization problem of RISs, we adopt the SCA algorithm; then, the
total complexity of solving problem (17) is O(T3.5K3.5 log2(1/ϵ1)) [24,25], where ϵ1 is the
accuracy of the SCA algorithm in solving problem (17). Similarly, the computational
complexity of solving problem (25) via Algorithm 1 is mainly caused by problem (42),
whose total complexity is O(ZT3.5K3.5), where Z is the number of iterations of Dinkelbach’s
algorithm. The total complexity of the RIS switching optimization problem based on the
greedy algorithm is O(A2RNrB), where A2 denotes the total number of iterations of the
greedy algorithm and B is the number of RISs in the working state.

Therefore, the total complexity of Algorithm 2 to solve the problem (11) is O(sT3.5K3.5

log2(1/ϵ1)) + sZT3.5K3.5 + sA2RNrB, where s is the number of iterations of Algorithm 2.
Algorithm 2 proposed in this article has a lower complexity than the algorithm in [26].

Algorithm 2 Alternating optimization algorithm based on block gradient descent

1: Initialize channel model parameters and channel vectors. Set iteration number k = 1
and maximum number of iterations.

2: repeat
3: Updating the variable Φ by SCA algorithm,
4: Updating beamforming vectors w and AP integer variables x by Algorithm 1,
5: Updating RIS switch variable c by greedy algorithm,
6: until the objective value converges or the end of the iteration.
7: k = k + 1,
8: Output AP integer variables, beamforming vectors, RIS phase shift, RIS integer variable.

4. Simulation Results and Analysis

In this article, the performance of the proposed RIS-assisted AP access scheme for
CF massive MIMO systems is simulated and analyzed. The number of APs, the number
of RISs and the number of users are set to 8, 16 and 3, respectively. The deployment of
APs, RISs, and users follows a Poisson distribution, and the other parameters are shown in
Table 1.

Table 1. Simulation parameters.

Parameter Value

AP circuit power Pl 30 dBm
Maximum transmission power of AP Pmax 26 dBm

User circuit power Pk 10 dBm
RIS circuit Power PRIS 10 dBm

Total bandwidth 20 MHz
Center frequency 2.4 GHz

Noise power spectral density −174 dBm/Hz
Number of AP antennas 4

The number of reflective elements of the RISs 64

Figure 3 compares the iterative algorithm with the AP fully connected scheme, the RIS
fully connected scheme, the AP and RIS fully connected scheme, and the no RIS scheme.
The proposed scheme has a higher EE, the values of which were increased by 3%, 26%,
35% and 63% respectively, compared to the other programs. It can be clearly seen that the
scheme proposed in this article exhibits a nearly two-fold improvement compared to the
RIS-less scheme in terms of EE. The effectiveness of RISs in CF mMIMO systems can be
demonstrated when compared to the AP and RIS fully connected scheme. The AP sleep
strategy has more impact on the EE of the system than the RIS switching strategy. This
verifies the effectiveness of the proposed algorithm in solving the EE of an RIS-assisted CF
massive MIMO system.
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Figure 3. EE versus the number of iterations.

Figure 4 illustrates the EE variation of each scheme when changing the number of RIS
elements. Except for the no RIS scheme, when the number of RIS elements is in the range
of 58 to 68, the system’s EE increases with the number of RIS elements. First of all, for the
no RIS scheme, the change in the number of RIS components does not have any effect on
EE. Therefore, there is almost no change in the no RIS scheme. Although RISs require less
power consumption and their impact on the EE is lower, the scheme proposed in this article
considers the switching of RISs and still has about a 3% improvement in EE compared to
the RIS fully connected scheme. It is obvious that the proposed scheme is more energy
efficient compared to other schemes.
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Figure 4. Relationship between EE and the number of RIS elements.

Figure 5 depicts the energy efficiency of each scheme for different AP maximum
transmit powers. Overall, the trends in Figure 5 are similar to those in Figure 4. The biggest
difference is that the AP transmission power has an effect on the EE value of the no RIS
scheme. When the AP transmission power increases, the EE values of all schemes increase
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essentially linearly. The EE values of the proposed scheme with respect to the no RIS
scheme are roughly twice as high as those with respect to the AP and RIS fully connected
schemes. The EE increases linearly with the transmit power, which verifies the effectiveness
of the proposed scheme.

Figure 5. Relationship between EE and AP transmit power.

Figure 6 considers the relationship between the number of elements of the RIS and
the EE at transmission powers of 16, 20, and 24 dBm, respectively. From the figure, it
can be seen that in the proposed scheme, the EE value is proportional to the transmission
power and the number of RIS elements. This is due to the low power consumption of RISs
and the introduction of additional reflective elements. The increase in the system’s energy
consumption is small, which leads to the high energy consumption of the system. This
indicates that an RIS with a higher number of deployed elements is more energy efficient.
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Figure 6. Relationship between EE and the number of RIS elements for three different AP
transmission powers.
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5. Conclusions and Outlook

In an effort to mitigate the increased power consumption of RIS-assisted CF massive
MIMO systems, this study introduces both an AP sleep strategy and an RIS switching
strategy. We present an iterative algorithm that jointly optimizes the RIS phase shift, beam-
forming vector, and the integer vectors of APs and RIS to maximize the EE, while adhering
to constraints on the AP power, the RIS phase, and integer variables. The simulation results
demonstrate the superior performance of the proposed joint iterative algorithm. Addition-
ally, the implementation of RIS switching control and an AP sleep strategy is shown to
enhance the EE of RIS-assisted CF massive MIMO systems. The EE values are improved by
35% and 63% compared to the two scenarios without considering the dormancy strategy
and without considering RISs, respectively.

In conjunction with the research work in this article on the energy efficiency of RIS-
assisted CF mMIMO systems, we will consider the application of millimeter waves in this
system in our future work. Millimeter wave technology can lead to large bandwidths at
high data rates and an increased system capacity, thus improving system performance.
Effective utilization of RISs in millimeter-wave-based CF-mMIMO systems, RIS deployment
planning, etc., pose challenges in terms of cost and practical implementation.
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