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Abstract—For beyond fifth-generation and sixth-generation
communication, intelligent reflecting surface (IRS)/reconfigurable
intelligent surface, and cell-free networks have been proposed as
revolutionary technologies, which could significantly improve the
connection quality and coverage to meet future communication
demands for extremely massive connectivity and high reliability. In
this article, a transmit/passive beamforming strategy for multi-IRS
assisted cell-free multi-input–multi-output network is proposed to
maximize the weighted sum-rate (WSR). Specifically, for passive
beamforming of IRS, an elementwise block coordinate descent
framework is applied to efficiently solve the unit-modulus con-
straints and reduce computation complexity greatly. Note that,
every variable in our proposed algorithm can be updated with
closed-form solutions and our algorithm can be applied with dis-
tributed implementation. Both analytical and simulation results
demonstrate that, while guaranteeing superiority in WSR per-
formance and information interaction cost, the proposed scheme
outperforms the benchmark algorithms with closed-form solutions
significantly in terms of complexity cost.

Index Terms—Beamforming, cell-free network, elementwise
block coordinate descent (BCD), intelligent reflecting surface
(IRS)/reconfigurable intelligent surface (RIS), weighted sum-rate
(WSR) maximization.

Manuscript received 15 January 2023; revised 8 June 2023; accepted 11 Au-
gust 2023. This work was supported in part by the Postgraduate Research and
Practice Innovation Program of NUAA under Grant xcxjh20220401, in part
by the Natural Science Foundation of China through Key Project under Grant
61931011, in part by the National Natural Science Foundation of China under
Grant 62271253, Grant 61801218, and Grant 62071223, in part by the open
research fund of National Mobile Communications Research Laboratory, South-
east University under Grant 2023D09, and in part by the Fundamental Research
Funds for the Central Universities under Grant NS2023018. (Corresponding
author: Nan Qi.)

Kewei Wang is with the College of Electronic and Information Engineering,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China
(e-mail: wangkw@nuaa.edu.cn).

Nan Qi is with the School of Electrical Engineering of KTH, Royal Institute
of Technology, 100 44 Stockholm, Sweden, and also with the National Mobile
Communications Research Laboratory, Southeast University, Nanjing 211189,
China (e-mail: nanqi.commun@gmail.com).

Xin Guan is with the School of Software Engineering, Tongji University,
Shanghai 200092, China (e-mail: guanxin@tongji.edu.cn).

Qingjiang Shi is with the School of Software Engineering, Tongji University,
Shanghai 200092, China, and also with the Shenzhen Research Institute of Big
Data, Shenzhen 518172, China (e-mail: qing.j.shi@gmail.com).

Ming Xiao is with the School of Electrical Engineering of KTH, Royal
Institute of Technology, 100 44 Stockholm, Sweden (e-mail: mingx@kth.se).

Shi Jin is with the National Mobile Communications Research Laboratory,
Southeast University, Nanjing 211189, China (e-mail: jinshi@seu.edu.cn).

Kai-Kit Wong is with the Department of Electronic and Electrical En-
gineering, University College London, WC1E 7JE London, U.K. (e-mail:
kai-kit.wong@ucl.ac.uk).

Digital Object Identifier 10.1109/JSYST.2023.3307556

I. INTRODUCTION

C ELL-FREE network is considered to be a promising tech-
nology to address the demands, such as high spectral

efficiency, low latency, and high reliability in future beyond
fifth-generation and sixth-generation communication [1]. Com-
pared with traditional cellular networks, in which the users
(UEs) located at the cell boundaries suffer from severe intercell
interference and path loss so that the system performance may be
limited, in cell-free networks, all base stations (BSs) collaborate
with each other and serve all the UEs simultaneously without
cell boundaries. The system performance can be enhanced in
cell-free multi-input–multi-output (MIMO) systems, since they
inherit the benefits of the distributed MIMO and network MIMO
architectures, and the users are closer to the BSs [2]. It has
been shown that the cell-free MIMO system outperforms the
small-cell system [3]. Intelligent reflecting surface (IRS) is also
a revolutionizing technology, which is comprised of several
low-cost and low-energy-consumption elements, each of which
can controllably change the phase or amplitude of the inci-
dent signals [4], [5]. This enables IRS to change the wireless
channels in order to accomplish extremely massive connectivity
and higher quality of service (QoS) [6], [7] for UEs, such as
improving physical layer security and enhancing QoS of UEs at
the dead zone and cell edge. [8], [9], [10]. As a result, integrating
IRS and cell-free networks is considered to be greatly promising
in increasing the capacity of wireless networks [11].

Weighted sum-rate (WSR) maximization is an important
research topic in IRS-assisted communication networks [12],
[13], [14]. Introducing IRS into network optimization will
cause coupling between variables in objective functions and
nonconvex unit-modulus phase-shift constraints, which is chal-
lenging to solve. Especially for the unit-modulus constraints,
traditional methods, e.g., semidefinite relaxation (SDR) [15],
[16], [17], [18], [19], [20], [21], and successive convex ap-
proximation [22] will cause a high complexity and is hard
for practical implementation. Moreover, they can hardly get
closed-form solutions and be applied in a distributed frame-
work, which may decrease computation and equipment burden.
In [23], a decentralized algorithm was proposed for the WSR
problem in multi-IRS and multi-UE cell-free MIMO system,
the majorization–minimization (MM) method was applied to
eliminate the unit-modulus constraints, which can obtain a
closed-form solution. However, determining the upper bound of
the objective function involves the eigenvalue decomposition,
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which may bring a higher complexity when the dimension of
the matrix is large and can be replaced by algorithms with a
lower complexity while achieving similar performance.

Based on the above observations, this article proposes a
low-complexity, low-interaction, distributed joint optimization
strategy of transmit and passive beamforming design for WSR
maximization. The main contributions are summarized as
follows.

1) We propose a block coordinate descent (BCD)-based low-
complexity transmit/passive beamforming method for
multi-IRS assisted cell-free MIMO networks, by jointly
optimizing the transmit beamforming at the BSs and pas-
sive beamforming of IRSs, the WSR is maximized.

2) Different from many existing algorithms [13], [14], [15],
[22], each variable in our proposed algorithm is updated
with a closed-form solution instead of solving a convex
problem. Especially, for passive beamforming of IRS, to
achieve low complexity, we apply the elementwise BCD
framework and treat every entry of phase-shift matrices
as a block instead of updating the whole matrix simulta-
neously. Compared with several benchmark algorithms,
while guaranteeing similar system performance in WSR,
our proposed scheme reduces the complexity greatly. To
the best of author’s knowledge, the complexity of the
proposed algorithm is the lowest compared with other
schemes.

3) We consider WSR maximization in multi-IRS assisted
multi-UE cell-free networks, which is a more general
scenario. Compared with most published work [12], [13],
[15], [22], the cell-free network can be seen as an ex-
pansion to traditional cellular networks and increases the
coupling of variables, thus more mathematical processing
is required. Moreover, considering practical factors, such
as space limitation, it will be more flexible to deploy
multiple IRSs to cooperate, while most works focused
on the single-IRS scenario, which are the special cases
of our general scenario. Note that considering multiple
cooperating IRS causes the objective function to be more
complex and coupled.

4) The proposed algorithm can be applied for distributed
implementation. A distributed framework between BS and
UE, and BS and BS is designed to reduce the equipment
burden, and the amount of interaction for computation is
low.

II. SYSTEM MODEL

As depicted in Fig. 1, we consider a typical scenario, in the
downlink of IRS-aided cell-free MIMO system, B BSs serve K
UEs with R IRSs simultaneously. We assume that every BS
and UE is equipped with Nt transmit antennas and a single
receive antenna, respectively. Moreover, we assume that IRSs
can only change the phase of the incident signal, the element
number of each IRS is N , and the phase shift matrix of IRS r
is denoted by Φr = diag(ejφr,1 , ejφr,2 , . . . , ejφr,N ) ∈ C

N×N ,
where ejφr,n is the phase shift coefficient of the nth element in
IRS r. Let Gb,r ∈ C

N×Nt ,hH
b,k ∈ C

1×Nt , and vH
r,k ∈ C

1×N be

Fig. 1. Multi-IRS assisted cell-free network system.

Fig. 2. Practical transmission protocol for IRS.

the channel between BS b to IRS r, channel between BS b to UE
k, and the channel between IRS r to UE k, respectively.

Furthermore, in order to obtain perfect channel state infor-
mation (CSI), we applied the transmission protocol in [24] of
time-division duplexing system, in which additional sensing
devices need to be deployed on IRSs to endow them with sensing
capability for channel estimation and the procedures are as
follows. As shown in Fig. 2, each channel coherence period
is divided into three different phases. In phase 1, the BSs and
UEs send pilot signals in downlink and uplink transmission,
respectively, to estimate the direct-link channels between them,
which is the same as the scenario without IRSs, whereas the IRSs
operate as the sensing mode to receive signals from BSs and UEs
in order to estimate the CSI from them. In phase 2, CSI can be ex-
changed between the IRS controller and BSs via an independent
wireless/wired backhaul link, making the interaction and im-
plementation of the proposed distributed algorithm feasible. On
the basis of information interaction, the transmit beamforming of
BSs and the passive beamforming of IRSs are jointly optimized.
Finally, in phase 3, IRSs turn to the transmission mode with
optimized phase-shift matrices to improve the performance of
communication, whereas the BSs send signals with optimized
transmit beamforming. In practice, the BS-IRS links have longer
channel coherence time than BS-UE and IRS-UE links due to the
mobility of UEs, and have few scatters due to the high altitude
of BSs and IRSs generally. As a result, the BS-IRS links can be
seen as quasistatic and estimated by utilizing channel properties,
such as low-rank and sparsity [24]. It is worth noting that, there
is a tradeoff between the accuracy of the channel estimation
and the system complexity since the number of sensors and the
resolution of analog-to-digital converter for sensors will affect
the accuracy of channel estimation greatly.
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The equivalent channel between BS b and UE k can be written
as1

ĥH
b,k = hH

b,k +
R∑

r=1

vH
r,kΦ

H
r Gb,r

= hH
b,k + θHVH

k Gb (1)

where θ = [diag(Φ1)
T , diag(Φ2)

T , . . . ,diag(ΦR)
T ]T ∈

C
NR×1, Vk = diag([vT

1,k, . . . ,v
T
R,k]) ∈ C

NR×NR, and Gb =

[GT
b,1, . . . ,G

T
b,R]

T ∈ C
NR×Nt . We then define that sk ∈ C

1×1

is the symbol sent to UE k by all the BSs, where
Esk{sksHk } = 1∀k. Let fb,k ∈ C

Nt×1 be the transmit
beamforming vector of BS b to UE k, and let nk ∼ CN (0, σ2

k)
represent the additive white Gaussian noise at UE k’s receiver.
Thus, the signal received by UE k is

yk =

B∑
b=1

K∑
j=1

ĥH
b,kfb,jsj + nk

=

B∑
b=1

ĥH
b,kfb,ksk︸ ︷︷ ︸

Desired signal

+

K∑
j=1,j �=k

B∑
b=1

ĥH
b,kfb,jsj︸ ︷︷ ︸

Interference

+ nk︸︷︷︸
noise

. (2)

The signal-to-interference-plus-noise ratio (SINR) of UE k can
be written as

Γk =

∣∣∣∑B
b=1 ĥ

H
b,kfb,k

∣∣∣2∑K
j=1,j �=k

∣∣∣∑B
b=1 ĥ

H
b,kfb,j

∣∣∣2 + σ2
k

. (3)

We aim to maximize the WSR of all UEs by jointly optimizing
transmit beamforming of BSs and passive beamforming of IRSs.
The optimization problem can be formulated as follows:

maximize
F,θ

K∑
k=1

αk log (1 + Γk)

subject to
K∑

k=1

‖fb,k‖22 � Pb∀b

|θn| = 1∀n (4)

where F = {fb,k} ∀b, k is the set of beamforming vectors for
all the BSs, and Pb and θn are the maximum transmit power in
BS b, and the nth element in θ, respectively. αk is the weight
coefficient of UE k, indicating its importance level, a larger αk

means a higher priority of UE k.
Although the power constraints are convex, the problem is

still a nonconvex problem due to the coupling of variables in
the objective function and the unit modulus constraints, which
is challenging to solve.

III. TRANSMIT/PASSIVE BEAMFORMING DESIGN

Since the variables in constraints are separable, the BCD
method is applied in our algorithm. In this section, we will

1Since the signals reflected between IRSs twice and more times are weak due
to the large path loss in multiple hops channel, which can be ignored [14].

propose a BCD-based, distributed, low-complexity, joint opti-
mization algorithm for WSR maximization. In every iteration,
we first fix θ to optimize F, then we calculate θ at given F.

A. Transmit Beamforming Design

For fixed θ, let u∗
k ∈ C

1×1 be the decoding coefficient of UE
k, the estimated signal is ŝk = u∗

kyk. Then, the mean-square
error (MSE) coefficient of UE k can be written as

ek = Es,n

[
(ŝk − sk) (ŝk − sk)

H
]

= 1− 2Re

{
uk

B∑
b=1

fHb,kĥb,k

}
+ σ2

k |uk|2

+ |uk|2
⎡
⎣ K∑
j=1

∣∣∣∣∣
B∑

b=1

ĥH
b,kfb,j

∣∣∣∣∣
2
⎤
⎦ . (5)

By using the minimize mean-square error (MMSE) receiver, the
problem (4) with respect to F can be equivalently converted to
a weighted MMSE (WMMSE) problem [25], which is

minimize
w,u,F

K∑
k=1

αk (wkek − logwk)

subject to
K∑

k=1

‖fb,k‖22 � Pb∀b (6)

where w = {wk}∀k, u = {uk}∀k stand for the set of auxiliary
weighted variables and decoding coefficients. Since (6) is convex
with respect to each variable inw,u, andF, we use BCD method
to solve (6).

For the decoding coefficient uk, let ∂
∑k

i=1 ei
∂uk

= 0, we can

obtain the optimal MMSE receiver uopt
k , that is

uopt
k =

∑B
b=1

(
ĥH
b,kfb,k

)
∑K

j=1

(∑B
b=1 ĥ

H
b,kfb,j

)(∑B
b=1 f

H
b,jĥb,k

)
+ σ2

k

. (7)

For the auxiliary weighted variable wk, according to the
optimal condition to the objective function in (6), we have its
optimal value as

wo p t
k = e−1

k . (8)

When wk and uk∀k are fixed, the WMMSE problem can be
rewritten as follows:

minimize
F

K∑
k=1

αkwkek

subject to
K∑

k=1

‖fb,k‖22 � Pb∀b. (9)

Note that problem (9) is a convex quadratic constrained quadratic
programming optimization problem and has a monotonic gra-
dient function, which can be solved by the bisection method.
Specially, the Lagrangian function can be written as (10), shown
at the bottom of the next page, where λb andC1 are, respectively,
the dual variable respect to BS b and constant irrelevant to fb,k.
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According to the optimal condition, fb,k is a function of λb,
as shown in (11), shown at the bottom of the page. By finding
the dual variable, we can calculate the beamforming vector fb,k.

It is obvious that
∑K

k=1 Tr(fb,kf
H
b,k) = Pb∀b, which can be

written as

Tr
[
(Λb + λbI)

−2 Ωb

]
= Pb (12)

where

Ωb =

K∑
k=1

DH
b xb,kx

H
b,kDb (13)

xb,k=αkwkukĥb,k−
K∑
i=1

αiwi |ui|2
⎛
⎝ B∑

b′=1,b′ �=b

ĥH
b′,ifb′,k

⎞
⎠ ĥb,i.

(14)

We assume that DbΛbD
H
b =

∑K
i=1 αiwi|ui|2ĥb,iĥ

H
b,i is the

eigenvalue decomposition. Consequently, we have

Nt∑
m=1

[Ωb]m,m(
[Λb]m,m + λb

)2 = Pb. (15)

The left-hand side of (15) is monotonically decreasing with
respect to λb. Thus, λb can be found by using the bisection
method.

B. Passive Beamforming Design

When F is fixed, u and w can be derived according to (7)
and (8). Then the WMMSE problem with respect to θ can be
rewritten as follows:

minimize
θ

K∑
k=1

αkwkek

subject to |θn| = 1∀n. (16)

According to (1) and (5), problem (16) is actually a quadratic op-
timization problem, which is nonconvex due to the unit-modulus
constraints, and can be rewritten as

minimize
θ

f(θ) � θHZθ − 2Re
{
θHq

}
+ C2

subject to |θn| = 1∀n (17)

where C2 is a constant irrelevant with respect to θ. Z and q are
shown in (18) and (19), respectively, which are also irrelevant
to θ.

Z =
K∑

k=1

αkwk |uk|2

×
⎡
⎣ K∑
j=1

(
B∑

b=1

VH
k Gbfb,j

)(
B∑

b=1

fHb,jG
H
b Vk

)⎤⎦ (18)

q =

K∑
k=1

[
αkwku

∗
k

(
B∑

b=1

VH
k Gbfb,k

)]
−

K∑
k=1

αkwk |uk|2

×
⎡
⎣ K∑
j=1

(
B∑

b=1

VH
k Gbfb,j

)(
B∑

b=1

fHb,jhb,k

)⎤⎦ (19)

Finding an upper bound with the MM method by eigenvalue
decomposition may cause a higher complexity and a lower con-
vergence rate. Instead, we use the elementwise BCD algorithm
to solve (17), especially, in each step we treat one entry of θ
as a block and optimize that block while fixing other blocks.
Note that since the constraints with respect to every entry of θ
are separate, convergence to stationary solutions can be guar-
anteed [26], [27], [28]. Without loss of generality, we consider
problem (17) with respect to the n-entry of θ, i.e., θn as follows:

minimize
θn

f(θ)

subject to |θn| = 1. (20)

Since we have fixed θn′∀n′ �= n, it can be observed that the
function f(θ) with respect to θn is actually a quadratic function
in the form of g(θn) � μ|θn|2 − 2Re{κ∗θn}+ C3, where μ is
a real number, κ is a complex number, and C3 is a constant and
irrelevant to θn. Considering that |θn| = 1, problem (20) can be
reduced into

maximize
θn

Re {κ∗θn}

subject to |θn| = 1. (21)

Obviously, the closed-form solution for problem (21) is θopt
n =

κ/|κ|, i.e., the same phase was achieved by θn and κ. Conse-
quently, the closed-form solution of θn can be achieved only
when κ is determined.

L (fb,k, λb) = fHb,k

(
K∑
i=1

αiwi |ui|2 ĥb,iĥ
H
b,i + λbI

)
fb,k +

⎡
⎣ K∑

i=1

αiwi |ui|2
⎛
⎝ B∑

b′=1,b′ �=b

fHb′,kĥb′,i

⎞
⎠ ĥH

b,i − αkwku
∗
kĥ

H
b,k

⎤
⎦ fb,k

+ fHb,k

⎡
⎣ K∑

i=1

αiwi |ui|2
⎛
⎝ B∑

b′=1,b′ �=b

ĥH
b′,ifb′,k

⎞
⎠ ĥb,i − αkwkukĥb,k

⎤
⎦+ C1 (10)

f opt
b,k (λb) =

(
K∑
i=1

αiwi |ui|2 ĥb,iĥ
H
b,i + λbI

)−1
⎡
⎣αkwkukĥb,k −

K∑
i=1

αiwi |ui|2
⎛
⎝ B∑

b′=1,b′ �=b

ĥH
b′,ifb′,k

⎞
⎠ ĥb,i

⎤
⎦ (11)
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Algorithm 1: Elementwise BCD in Proposed Algorithm.
1: Update Z according to (18).
2: Update q according to (19).
3: Update p by p = Zθ.
4: For n = 1 : NR
5: κ = [Z]n,nθ̃n − [p]n + [q]n
6: θopt

n = κ/|κ|
7: p = p+ ((θopt

n − θn)Z(:, n)1
H
NR)

8: θn = θopt
n

9: End for
10: Return θ

To calculate κ, complex gradients are calculated from two
different perspectives. On one hand, the complex gradient of
f(θ) with respect to θ can be calculated as [29]

∂f (θ)

∂θ∗

∣∣∣∣
θ=θ̃

=
1

2
(Zθ̃ − q). (22)

On the other hand, since f(θ) is a quadratic function of θn, the
complex derivative of f(θ) with respect to θn can be calculated
as [29]

∂f(θn)

∂θ∗n

∣∣∣∣
θn=θ̃n

=
1

2
(ρθ̃n − κ). (23)

Since the complex gradient is unique, by defining [·]m,n repre-
senting the m,nth entry of the matrix and [·]n representing the
nth entry of the vector, from (22) and (23), we can derive the
conclusion that [

Zθ̃ − q
]
n
= ρθ̃n − κ. (24)

Considering [Zθ̃ − q]n = [Zθ̃]n − [q]n, the coefficient of θ̃n is
[Z]n,n. By comparing the two sides of (24) with the coefficient
of θ̃n, we have ρθ̃n = [Z]n,nθ̃n. As a result, by expanding ρ in
(24), and we can update κ by

κ = [Z]n,n θ̃n −
[
Zθ̃
]
n
+ [q]n . (25)

The above steps of elementwise BCD in our algorithm are
summarized in Algorithm 1, where the update of p means that
Zθ is changing with θn updating.

Therefore, the overall algorithm is summarized in
Algorithm 2. It is worth noting that the WMMSE and
elementwise approach are actually BCD methods [25], [26],
and the convergence can be guaranteed.

Note that instead of solving a convex problem by standard
solvers, such as Mosek and CVX [14], [15], [22], every step in
our proposed algorithm has a closed-form solution, which leads
to lower complexity and is beneficial for hardware deployment.

IV. DISTRIBUTED IMPLEMENTATION AND

NUMERICAL RESULTS

In this section, we will provide the distributed implementation
and numerical analysis of the proposed algorithm.

Algorithm 2: Low-Complexity BCD for Problem (4).

1: Initialize fb,k,Φr,v
H
r,k,Gb,r,h

H
b,k, αk, Pb, ∀b, k, r,

with
∑K

k=1 Tr(fb,kf
H
b,k) = Pb, ∀b.

2: Update ĥH
b,k, ∀b, k according to (1).

3: Repeat
4: Update uk and wk, ∀k according to (7) and (8).
5: For b = 1 : B
6: Update Λb and Ωb according to (12)–(14).
7: Update λb with bisection method.
8: Update fb,k, ∀k according to (11).
9: Update Z and q according to (18) and (19).

10: Update p by p = Zθ.
11: For n = 1 : NR
12: Update θn by solving (21).
13: End for
14: Update ĥH

b,k, ∀b, k according to (1).
15: End for
16: Until convergence

TABLE I
MAIN COMPLEXITY COMPARISON OF FIVE ALGORITHMS

A. Complexity Analysis

In Algorithm 2, the computational complexity consists of
two parts: calculation on UEs and BSs. For each UE, accord-
ing to (7) and (8), the main complexity is the dot product of
two Nt-dimensional vectors and the division of a real num-
ber, which leads to a low complexity and can be neglected
in the proposed algorithm. For any BS b, in the transmit
beamforming, the complexity is caused by eigenvalue decom-
position before (15), calculation of the diagonal elements of
Ω in (15), bisection method to obtain λb, and the inverse
operation in (11) for K UEs. The eigenvalue decomposition
and matrix inverse both cause a calculation complexity of
O(N3

t ), calculation of the diagonal elements in Hermitian
matrix Ωb causes a complexity of O(N2

t ), and the bisection
method causes a complexity of O(log2 (L0/ε)), where ε is
the target precision and L0 is the initial search length interval
of bisection method. For passive beamforming, the complex-
ity includes calculation of Z, calculation of p, and update
of p, which cause the complexity of O(N2R2Nt +NRNt),
O(N2R2Nt +NRNt), and O(NR), respectively. Conse-
quently, considering B BSs and NR blocks in Algorithm 1,
the above complexity is O(I1(BN3

t +BN2
t +BKN3

t +
B log2 (L0/ε) + 2B(N2R2Nt +NRNt) +BN2R2)).
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Fig. 3. Information interaction order of proposed distributed algorithm.

TABLE II
TOTAL REQUIRED INTERACTIONS IN EACH ITERATION

In Table I, we summarize the complexity of several different
algorithms. For simplicity, we only compare the highest order of
complexity [23], and assume that I1, I2, I3, I4, and I5 represent
the required iteration numbers for convergence. Note that the
first four algorithms are all executed in distributed ways and all
have closed-form solutions. As given in Table I, the complex-
ity of the proposed algorithm is the lowest. Since usually the
element number N of IRSs is large, it is worth noting that the
complexity is cut down by many orders of magnitude.

B. Distributed Implementation and Message Overhead

For the distributed algorithms, complexity and message over-
heads are two important factors, the complexity is analyzed
in Section IV-A. Thus, in this Section IV-B, we will ana-
lyze the distributed implementation and message overhead of
Algorithm 2.

As shown in Fig. 3, in each iteration the distributed imple-
mentation of the proposed algorithm can be divided into two
phases. In phase 1, every UE updates uks and wks according to
(7) and (8), respectively, and broadcasts them to BSs. After that,
in phase 2, BSs sequentially update their beamforming vectors
and θ, then broadcasts to other BSs and UEs.

Note that uk ∈ C
1×1∀k,wk ∈ R1×1∀k, fb,k ∈ C

Nt×1∀k, and
θ ∈ C

NR×1, in each iteration, the required information interac-
tion between BSs and UEs is in phase 1, when the UEs, respec-
tively, broadcast totally 2K 1-D complex number uks and wks,
the required information interaction of BSs includes the number
ofKNt-dimensional beamforming vector fb,1, . . ., fb,K and one
NR-dimensional phase-shift vector θ in phase 2. Therefore, the
total required information interaction is 2K +B(KNt +NR),
as given in Table II. The proposed algorithm has the lowest
information interaction in the following algorithm as well as

Fig. 4. Location of BSs, IRSs, and UEs, where the location of UEs is generated
randomly.

distributed WMMSE, but it is worth mentioning that our pro-
posed algorithm has a lower complexity than it.

C. Parameters and Channel Model

We assume that the BSs are located on a circle centered at (0,0)
with radius Rc, and the UEs were generated by random location
in this circle. For simplicity and without loss of generality, we set
B = 2, R = 2,K = 5, Rc = 125 m, andαk = 1∀k and assume
that the BSs are located at (Rc,0) and (−Rc,0), IRSs are located
at (50,50) and (−50,50), as shown in Fig. 4. The height of BS,
IRS, and UE is set to be 30, 10, and 1.5 m, respectively [12].

1) Large-Scale Fading Model: We refer to the large-scale
fading model in [1] and [2], where the path loss, shadow fading,
and block probability of direct link are considered.

a) Path loss model: For the path loss, we use the three-slope
model, which is generally considered in cell-free networks. The
large-scale path loss in dB is given by

PL =

⎧⎨
⎩
L− ε log10 d, if d > d1
L− 15 log10 d1 − 20 log10 d, if d0 < d < d1
L− 15 log10 d1 − 20 log10 d0, if d < d0

(26)

where L is the path loss at the reference distance of 1 m, ε is
the path loss exponent for different channels, d is the distance
from the transmitter to the receiver, and d0 and d1 are the
distance thresholds for the three slopes. We set L = −30 dB,
σ2
k = −80 dBm∀k [14], the path-loss exponent ε of BS-UE link

non-line-of-sight (NLoS) and BS-IRS, IRS-UE link line-of-sight
(LoS) is set to be 3.75 and 2.2, respectively, and we assume that
d0 = 10 m and d1 = 50 m [1].

b) Shadow fading: Considering the direct-link obstacles, the
large-scale fading coefficient β̃b,k of BS-UE links can be mod-
eled as

β̃b,k = PLb,k · 10σsh ·z
10 ∀b, k (27)

where 10
σsh ·z
10 represents the shadow fading with the standard

deviation σsh, and z ∼ N (0, 1) [1].
c) Block probability of direct-link: Considering the block

probability, the large-scale fading coefficient for the direct-link
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TABLE III
SIMULATION PARAMETER SETTINGS

Fig. 5. Convergence of algorithms when Nt = 4,N = 40, Pb = 30 dBm,
σsh = 8 dB, and p̃ = 0.

channels is formulated as follows:

βb,k = β̃b,kab,k∀b, k (28)

where the binary variables ab,k means whether the link is
blocked, and can be defined as

ab,k =

{
0,with probability of p̃
1,with probability of 1− p̃

(29)

where p̃ ∈ [0, 1] accounts for that the direct link is not
blocked [2].

2) Small-Scale Fading Model: For the BS-UE link, we set
the small-scale fading to be Rayleigh fading, whereas the Rician
fading for the BS-IRS, IRS-UE link, which can be written as

H̃ =

√
γ

γ + 1
H̃LoS +

√
1

γ + 1
H̃NLoS (30)

where the Rician factor γ is set to be 3, and H̃LoS and H̃NLoS

are the deterministic LoS and the NLoS components, respec-
tively [12].

The variables in Table III are the parameters used for perfor-
mance analysis in the simulation, unless otherwise specified.

D. Numerical Results and Performance Analysis

Fig. 5 shows the convergence performance of several al-
gorithms when fixing Nt = 4, N = 40, Pb = 30 dBm, σsh =

Fig. 6. Average WSR versus transmit power when Nt = 4, σsh = 8 dB,
and p̃ = 0.

8 dB, p̃ = 0, and the parameters in different algorithms are
initialized to the same value. In every iteration, the transmit
beamforming of all the BSs and phase-shift matrices of all the
IRSs are updated. It can be shown in Fig. 5 that, all the algorithms
in the figure have good convergence performance and finally
converge to a stationary point. Moreover, the convergence rate
of the proposed algorithm is higher than the other benchmark
algorithms, which have closed-form solutions. Although the
direct-fractional programming (FP) with the widely used SDR
method converges in fewer iterations, it is worth noting that
the transmit beamforming and passive beamforming in that
algorithm are solved by standard convex solvers, which will
cause a higher computation complexity and the closed-form
solution is hard to achieve.

Fig. 6 presents the average WSR, which varies with the
transmit power and the number of elements in IRS. We fix
Nt = 4, σsh = 8 dB, p̃ = 0, and every curve is averaged over
100 channel realizations. It is obvious that the more transmit
power the BSs use, the higher the average WSR the UEs can
obtain. Besides, since the system gain brought by introducing
IRSs scales with the element number in IRSs [24], increasing
the number of elements in IRSs can improve the performance
of the system.

Fig. 7 demonstrates that the average WSR varies with the
transmit power and the number of transmit antennas in BSs. In
this figure, we set N = 40, σsh = 8 dB, p̃ = 0, and every curve
is averaged by 100 channel realizations. Similar to Fig. 6, higher
average WSR can be achieved by higher power consumption by
each BS. Moreover, to improve WSR, the number of transmit
antennas of BSs need to be increased. However, as the dimension
of beamforming vector increases, the computational complexity
will increase accordingly.

Fig. 8 illustrates the performance comparison of several rel-
evant schemes, including direct FP with widely used SDR [15],
[31], closed-form FP with MM in [23], [30], WMMSE with
MM in [12], and maximum radio transmission (MRT) [33], each
algorithm adopts the same initialization values and every curve
is averaged by 100 algorithm execution. Since closed-form FP
has a strong link with WMMSE [30], when applying the same
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Fig. 7. Average WSR versus transmit power when N = 40, σsh = 8 dB,
and p̃ = 0.

Fig. 8. Performance of different algorithms when N = 80,Nt = 8, σsh =
8 dB, and p̃ = 0.

passive beamforming strategy MM, these two algorithms have
a very similar performance in distributed framework. It is inter-
esting that the distributed WMMSE with MM algorithm slightly
outperforms the centralized WMMSE with MM algorithm, that
is because in distributed framework, every BS updates θ for one
time in each iteration, compared with that in centralized frame-
works, in which in each iteration, the central node updates θ for
one time, it will provide more precise information for transmit
beamforming. It can be shown from Fig. 8 that our proposed
algorithm outperformed the traditional MRT beamforming strat-
egy (even with MM passive beamforming) and acquired about
the same performance as the other benchmark algorithms, note
that the computation complexity in our proposed algorithm is
the lowest.

Fig. 9 demonstrates the performance comparison of differ-
ent deployment strategies. We fix Nt = 8, σsh = 8 dB, p̃ = 0,
and every curve is averaged by 100 channel realizations. For
the deployment of IRS, we applied two strategies: centralized
deployment and distributed deployment. For the distributed IRS
deployment strategy, similar with that in Fig. 4, we assume there

Fig. 9. Performance comparison with different deployment strategies when
Nt = 8, σsh = 8 dB, and p̃ = 0.

Fig. 10. Average WSR versus unblock probability of direct links un-
der different levels of obstacles (shadow fading) when Nt = 8, Pb =
30 dBm ∀b, and N = 120.

are two IRSs, and N = 60 for each IRS. For the centralized IRS
deployment strategy, we assume that there is only one large-
scale IRS with N = 120, while the location of BSs, UEs, and
other parameters remain unchanged. For the cell-based network,
each cell is equipped with one IRS with N = 60 with other
system parameters unchanged. Compared with centralized IRS
deployment, in distributed deployment, the distance between
IRS-BS, and IRS-UE can be shortened, and thus the path loss
is reduced [34], so higher system rates can be obtained, that
is the reason why in Fig. 9 the distributed strategy slightly
outperformed the centralized one, and in practice, the distributed
deployment is more flexible since it may not always be possi-
ble to deploy a large-scale IRS due to space limits. However,
considering the information exchange brought by multi-IRS,
it is hard to judge which deployment strategy is better [24].
Since in cell-free networks, BSs serve UEs cooperatively and
simultaneously with no cell boundaries so that the spectral
resource can be utilized more efficiently [1], [2], [3], it can be
seen from Fig. 9 that the average WSR of cell-free networks is
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higher than that in cell-based networks with the same transmit
power per BS.

Fig. 10 shows how the average WSR varies with the unblock
probability of direct links and the standard deviation of shadow
fading, every curve is averaged by 100 channel realizations. It
can be concluded from Fig. 10 that the average WSR increases
with the unblock probability of direct links, when p̃ = 0 (direct
links are completely blocked) the performance is the worst.
Moreover, the level of direct obstacles has an impact on the
average WSR. When the deviation of shadow fading σsh in-
creases (lower obstacle level), the system performance is able to
improve.

V. CONCLUSION

In this article, a low-complexity, low-interaction, closed-
form solution, distributed beamforming strategy for multi-IRS
assisted cell-free MIMO network was proposed so that the
WSR can be maximized. Both analytical and simulation results
demonstrated that, while guaranteeing superiority in WSR per-
formance and information interaction cost, the proposed scheme
outperforms the benchmark distributed algorithms significantly
in terms of complexity cost.
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