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Abstract—Thanks to the strong ability against the inter-cell
interference, cell-free network has been considered as a promising
technique to improve the network capacity of future wireless
systems. However, for further capacity enhancement, it requires
to deploy more base stations (BSs) with high cost and power con-
sumption. To address the issue, inspired by the recently proposed
technique called reconfigurable intelligent surface (RIS), we
propose the concept of RIS-aided cell-free network to improve the
network capacity with low cost and power consumption. Then, for
the proposed RIS-aided cell-free network in the typical wideband
scenario, we formulate the joint precoding design problem at the
BSs and RISs to maximize the network capacity. Due to the
non-convexity and high complexity of the formulated problem,
we develop an alternating optimization algorithm to solve this
challenging problem. Note that most of the considered scenarios
in existing works are special cases of the general scenario in
this paper, and the proposed joint precoding framework can
also serve as a general solution to maximize the capacity in
most of existing RIS-aided scenarios. Finally, simulation results
verify that, compared with the conventional cell-free network,
the network capacity of the proposed scheme can be improved
significantly.

Index Terms—Cell-free, RIS, precoding, wideband, sum-rate

I. INTRODUCTION

Network technique is the most essential technique to in-
crease the capacity of wireless communication systems. Re-
cently, a novel user-centric network paradigm called cell-
free network has been proposed [1] to address the issue
of inter-cell interference, which is common in conventional
cellular networks. Due to the efficient cooperation among all
distributed base station (BS)s in the cell-free network, the
inter-cell interference can be effectively alleviated, and thus the
network capacity can be accordingly increased. This promis-
ing technique has been considered as a potential candidate
for future communication system [2], and has attracted the
increasing research interest in recent years.

However, to improve the network capacity further, the
deployment of more distributed synchronized BSs requires
high cost and power consumption in the cell-free network.
Fortunately, the emerging new technique called reconfigurable
intelligent surface (RIS) is able to provide an energy-efficient
alternative to enhance the network capacity. Verified by a
communication prototype [3], with a large number of low-
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Fig. 1. The downlink channels in the wideband RIS-aided cell-free network.

cost passive elements, RIS is able to reflect the elertromagentic
incident signals to any directions with extra high array gains
by adjusting the phase shifts of its elements. Since the wireless
environment can be effectively manipulated with low cost
and energy consumption [4], RIS can be used to improve
the channel capacity, reduce the transmit power, enhance the
transmission reliability.

In this paper, we first propose the concept of RIS-aided
cell-free network to further improve the network capacity of
the cell-free network. Then, for the proposed network in the
typical wideband scenario, we formulate the joint precoding
design problem to maximize the weighted sum-rate (WSR) of
all users. Finally, inspired by the methods introduced in [5], we
propose a joint precoding framework to solve the formulated
problem. Specifically, we decouple the joint precoding design
via Lagrangian dual reformulation and fractional programming
(FP). Then, by solving the decoupled subproblems alterna-
tively, the WSR will converge to a local optimal solution. The
simulation results show that RISs can improve the cell-free
network capacity significantly.

Notations: C, R, and R+ denote the set of complex, real,
and positive real numbers, respectively; [·]−1, [·]∗, [·]T , and
[·]H denote the inverse, conjugate, transpose, and conjugate-
transpose operations, respectively; ‖ · ‖ denotes the Euclidean
norm of its argument; diag(·) denotes the diagonal operation;
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R{·} denotes the real part of its argument; ⊗ denotes the
Kronecker product; ∠[·] denotes the angle of its complex
argument; IL is an L×L identity matrix, and 0L is an L×L
zero matrix; Finally, el is an elementary vector with a one at
the l-th position, and 1L indicates an L-length vector with all
elements are 1.

II. SYSTEM MODEL

To increase the network capacity with low cost and power
consumption, in this paper we first propose the concept of RIS-
aided cell-free network. Specifically, we consider a wideband
scenario as shown in Fig. 1, where multiple BSs, multiple
RISs, multiple users, wideband and MIMO are considered
simultaneously. Let M = {1, · · · ,M}, U = {1, · · · , U},
N = {1, · · · , N}, B = {1, · · · , B}, R = {1, · · · , R},
K = {1, · · · ,K} and P = {1, · · · , P} denote the index sets
of BS antennas, user antennas, RIS elements, BSs, RISs, users,
and subcarriers, respectively.

In the proposed RIS-aided cell-free network, all BSs are
synchronized. Let sp , [sp,1, · · · , sp,K ]

T ∈ CK , where sp,k
denotes the transmitted symbol to the k-th user on the p-th
subcarrier. We assume that the transmitted symbols have nor-
malized power. In the downlink, the frequency-domain symbol
sp,k is firstly precoded by the precoding vector wb,p,k ∈ CM

at the b-th BS, so the precoded symbol xb,p at the b-th BS on
the p-th subcarrier can be written as

xb,p =
K∑

k=1

wb,p,ksp,k. (1)

Thanks to the directional reflection supported by R RISs as
shown in Fig. 1, the channel between each BS and each user
in the proposed RIS-aided cell-free network consists of two
parts: the BS-user link and R BS-RIS-user links. Therefore,
the equivalent channel hH

b,k,p from the b-th BS to the k-th user
on the p-th subcarrier can be written as

hH
b,k,p = HH

b,k,p︸ ︷︷ ︸
BS-user link

+

R∑
r=1

FH
r,k,pΘ

H
r Gb,r,p︸ ︷︷ ︸

BS-RIS-user links

, (2)

where HH
b,k,p ∈ CU×M , Gb,r,p ∈ CN×M , and FH

r,k,p ∈ CU×N

denote the frequency-domain channel on the subcarrier p from
the BS b to the user k, from the BS b to the RIS r, and from
the RIS r to the user k, respectively; Θr ∈ CN×N denotes
the phase shift matrix at the RIS r, which is written as

Θr
∆
= diag (θr,1, · · · , θr,N ) , ∀r ∈ R, (3)

where θr,n ∈ F . Note that F is the feasible set of the reflection
coefficient (RC) at RIS. Here we assume

F ,
{
θr,n

∣∣∣ |θr,n| ≤ 1
}
, ∀r ∈ R, ∀n ∈ N . (4)

After passing through the equivalent channel hH
b,k,p as

shown in (2), the signals will be received by the users. Let
yb,k,p ∈ CU denote the baseband frequency-domain signal,
which is received by the user k on the subcarrier p from the
BS b. Since there are B BSs serving K users simultaneously,
the received signal at user k can be written as (6) at the bottom
of this page, where zk,p denotes the additive white Gaussion
noise (AWGN) with zero mean and covariance Ξk,p = σ2IU .

Based on the system model above, notice that the received
signal yb,k,p in (6) can be simplified as

yk,p
(a)
=

B∑
b=1

K∑
j=1

(
HH

b,k,p + FH
k,pΘ

HGr,p

)
wb,p,jsp,j + zk,p

(b)
=

K∑
j=1

hH
k,pwp,jsp,j + zk,p,

(7)
where (a) holds by defining Θ = diag(Θ1, · · · ,ΘR), Fk,p =

[FT
1,k,p, · · · ,FT

R,k,p]T , and Gr,p =
[
GT

1,r,p, · · · ,GT
B,r,p

]T
;

(b) holds by defining hk,p = [hT
1,k,p, · · · ,hT

B,k,p]T

and wp,k = [wT
1,p,k, · · · ,wT

B,p,k]T . Then, the signal-to-
interference-plus-noise ratio (SINR) for the symbol sp,k at the
user k on the subcarrier p can be calculated as

γk,p

=wH
p,khk,p

 K∑
j=1,j 6=k

hH
k,pwp,j

(
hH
k,pwp,j

)H
+Ξk,p

−1

hH
k,pwp,k.

(8)
Therefore, the WSR maximization optimization problem Po

can be originally formulated as

Po : max
Θ,W

f(Θ,W) =
K∑

k=1

P∑
p=1

ηklog2 (1 + γk,p) (9a)

s.t. C1 :
K∑

k=1

P∑
p=1

‖wb,p,k‖ ≤ Pb,max, ∀b ∈ B, (9b)

C2 : θr,n ∈ F , ∀r ∈ R,∀n ∈ N , (9c)

where ηk denotes the weights of user k; Pb,max denotes the
maximum transmit power of the BS b, and W is defined as:

W=[wT
1,1,w

T
1,2, · · · ,wT

1,K ,w
T
2,1,w

T
2,2, · · · ,wT

P,K ]T . (10)

yk,p =
B∑

b=1

yb,k,p + zk,p =
B∑

b=1

K∑
j=1

(
HH

b,k,p +
R∑

r=1

FH
r,k,pΘ

H
r Gb,r,p

)
wb,p,jsp,j + zk,p

=
B∑

b=1

(
HH

b,k,p +
R∑

r=1

FH
r,k,pΘ

H
r Gb,r,p

)
wb,p,ksp,k︸ ︷︷ ︸

Desired signal to user k

+
B∑

b=1

K∑
j=1,j 6=k

(
HH

b,k,p +
R∑

r=1

FH
r,k,pΘ

H
r Gb,r,p

)
wb,p,jsp,j︸ ︷︷ ︸

Interference from other users

+zk,p
. (6)
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III. PROPOSED JOINT PRECODING FRAMEWORK

In this section, we present the proposed joint precoding
framework to solve the WSR optimization problem Po in (9).

A. Overview of the proposed joint precoding framework

Firstly, to deal with the complexity of sum-logarithms in
the WSR maximization problem Po in (9), based on the
multidimensional complex Lagrangian dual reformulation, a
method has been proposed in [5] to decouple the logarithms,
based on which we have the following Proposition 1.

Proposition 1: By introducing an auxiliary variable ρ ∈
RPK with ρ = [ρ1,1, ρ1,2, · · · , ρ1,K , ρ2,1, ρ2,2, · · · , ρP,K ]T ,
the original problem Po in (9) is equivalent to

P̄ : max
Θ,W,ρ

f(Θ,W,ρ)

s.t. C1 :
K∑

k=1

P∑
p=1

‖wb,p,k‖ ≤ Pb,max, ∀b ∈ B,

C2 : θr,n ∈ F , ∀r ∈ R,∀n ∈ N ,

(11)

where the new objective function f(Θ,W,ρ) is

f(Θ,W,ρ)=
K∑

k=1

P∑
p=1

ηklog2 (1+ρk,p)−
K∑

k=1

P∑
p=1

ηkρk,p

+
K∑

k=1

P∑
p=1

ηk(1+ρk,p)fk,p(Θ,W),

(12)

where the function fk,p(Θ,W) is denoted by

fk,p(Θ,W) =

wH
p,khk,p

 K∑
j=1

hH
k,pwp,j

(
hH
k,pwp,j

)H
+Ξk,p

−1

hH
k,pwp,k.

(13)

Then, after introducing two auxiliary variables ξ and $, the
proposed joint precoding framework to maximize the WSR is
summarized in Algorithm 1, where the optimal solution of X
is denoted by Xopt. The method is to fix the other variables
and optimize the remain one. The optimal solutions in each
step will be introduced in the following three subsections.

Algorithm 1 Proposed Joint Precoding Framework.
Input: The channels Hb,k,p,Gb,r,p and Fr,k,p where ∀b ∈
B, k ∈ K, p ∈ P; user weights ηk, ∀k ∈ K.

Output: Optimized active precoding vector W ; Optimized
passive precoding matrix Θ; Weighted sum-rate Rsum.

1: Initialize Θ and W ;
2: while no convergence of Rsum do
3: Update ρopt by (14);
4: Update ξopt by (18);
5: Update Wopt by solving (23);
6: Update $opt by (29);
7: Update Θopt by solving (33);
8: Update Rsum by (8) and (9a);
9: end while

10: return Θ, W and Rsum.

B. Fix (Θ,W) and solve ρopt

Given fixed (Θ?,W?), the optimal ρ in (12) can be
obtained by solving ∂f/∂ρk,p = 0, which can be written as

ρopt
k,p = γk,p. (14)

C. Active precoding: fix (Θ,ρ) and solve Wopt

In the case of given (Θ?,ρ?), the equivalent WSR maxi-
mization problem P̄ in (11) can be reformulated as:

Pactive : max
W

g1(W) =
K∑

k=1

P∑
p=1

µk,pfk,p(Θ?,W)

s.t. C1 :
K∑

k=1

P∑
p=1

‖wb,p,k‖ ≤ Pb,max, ∀b ∈ B,

(15)

where µk,p = ηk(1 + ρ?k,p) holds. Inspired by the methods
proposed in [5], we can further obtain Proposition 2 as below.

Proposition 2: With multidimensional complex quadratic
transform, by introducing auxiliary variables ξp,k ∈ CU and
ξ = [ξ1,1, ξ1,2, · · · , ξ1,K , ξ2,1, ξ2,2, · · · , ξP,K ], the subprob-
lem Pactive in (15) can be further reformulated as

P̄active : max
W,ξ

g2(W, ξ)

s.t. C1 :

K∑
k=1

P∑
p=1

‖wb,p,k‖ ≤ Pb,max, ∀b ∈ B,
(16)

where

g2(W, ξ) =
K∑

k=1

P∑
p=1

2
√
µk,p R

{
ξHk,ph

H
k,pwp,k

}
−

K∑
k=1

P∑
p=1

ξHk,p

 K∑
j=1

hH
k,pwp,j

(
hH
k,pwp,j

)H
+ Ξk,p

 ξk,p.
(17)

Therefore, we can optimize the variables W and ξ in (16)
alternatively. The reformulated subproblem P̄active in (16)
can be further divided into two subproblems and respectively
solved as follows.

1) Fix W and solve ξopt: Given fixed W, by setting
∂g2/∂ξk,p to zero, the optimal ξ can be obtained by

ξopt
k,p =

√
µk,p

 K∑
j=1

hH
k,pwp,j

(
hH
k,pwp,j

)H
+ Ξk,p

−1

hH
k,pwp,j .

(18)
2) Fix ξ and solve Wopt: While fixing ξ in P̄active in (16),

for simplification and clarity of (16), we can first define

ap =
K∑

k=1

hk,pξk,pξ
H
k,ph

H
k,p, (19a)

Ap = IK ⊗ ap, vk,p = ξHk,ph
H
k,pwp,k. (19b)

By substituting (19) into g2 in (17), g2 can be rewritten as

g3 (W) = −WHAW + R
{

2VHW
}
− Y, (20)
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where

A = diag (A1, · · · ,AP ) , Y =
K∑

k=1

P∑
p=1

ξHk,pΞk,pξk,p, (21a)

V = [v1,1, v1,2, · · · , v1,K , v2,1, v2,2, · · · , vP,K ]T . (21b)

Then, notice that the constraint C1 in (16) can be rewritten as

WHDbW ≤ Pb,max, ∀b ∈ B, (22)

where Db = IPK ⊗
{(

ebe
H
b

)
⊗ IM

}
and eb ∈ RB .

Therefore, by using (20) and (22), the active precoding
problem P̄active in (16) can be further simplified as

P̂active : max
W

g3(W) = −WHAW + R
{

2VHW
}
− Y

s.t. C1 : WHDbW ≤ Pb,max, ∀b ∈ B.
(23)

Finally, notice that since the matrices A and Db are all positive
semidefinite, the simplified subproblem P̂active in (23) can be
directly solved by the standard convex tools such as CVX [6].

D. Passive precoding: fix (ρ,W) and solve Θopt

Given (ρ?,W?), the equivalent problem P̄ in (11) can be
equivalently written as

Ppassive : max
Θ

g4(Θ) =

K∑
k=1

P∑
p=1

µk,pfk,p(Θ,W?)

s.t. C2 : θr,n ∈ F , ∀r ∈ R,∀n ∈ N ,

(24)

where µk,p = ηk(1+ρ?k,p). Similarly, to reduce the complexity,
we wish to simplify the expression of g4 in (24). Firstly, by
defining a new auxiliary function with respect to Θ as

Qk,p,j (Θ) =
B∑

b=1

(
HH

b,k,p + FH
k,pΘ

HGb,p

)
wb,p,j , (25)

we can rewrite g4 in (24) as (26) at the bottom of this page.
However, this subproblem is still hard to solve due to matrix
inversion in fk,p in (13). Again, we consider to exploit the
multidimensional complex quadratic transform [5] to address
this issue by using the following Proposition 3.

Proposition 3: With multidimensional complex quadratic
transform, by introducing an auxiliary variable $p,k ∈ CU

and $ = [$1,1,$1,2, · · · ,$1,K ,$2,1,$2,2, · · · ,$P,K ],
the subproblem Ppassive in (24) can be reformulated as

P̄passive : max
Θ

g5 (Θ,$) =
K∑

k=1

P∑
p=1

gk,p (Θ,$) (27a)

s.t. C2 : θr,n ∈ F , ∀r ∈ R,∀n ∈ N , (27b)

where
gk,p(Θ,$) = 2

√
µk,p R

{
$H

k,pQk,p,k (Θ)
}

−$H
k,p

 K∑
j=1

Qk,p,j (Θ) QH
k,p,j (Θ) + Ξk,p

$k,p.
(28)

Next, similar to the previous processing, we consider to
optimize Θ and $ in (27) alternatively as follows.

1) Fix Θ and solve $opt: For given fixed Θ?, by solving
∂g5/∂$k,p = 0, we can obtain the optimal $ by

$opt
k,p =

√
µk,p

 K∑
j=1

Qk,p,j (Θ?) QH
k,p,j (Θ?) + Ξk,p

−1

Qk,p,j (Θ?) .

(29)
2) Fix $ and solve Θopt: While fixing $ in g5 in (27),

due to the complexity of P̄passive in (27), we can first define

θ = Θ1RN , ck,p,j =
B∑

b=1

$H
k,pH

H
b,k,pwb,p,j , (30a)

gk,p,j =
B∑

b=1

diag
(
$H

k,pF
H
k,p

)
Gb,pwb,p,j . (30b)

Then, by substituting (25) and (30) into g5 in (27a), g5 can
be rewritten as

g6(Θ) = −θHΛθ + R
{

2θHν
}
− ζ, (31)

where

Λ =

K∑
k=1

P∑
p=1

K∑
j=1

gk,p,jg
H
k,p,j , (32a)

ν =
K∑

k=1

P∑
p=1

√
µk,pgk,p,k−

K∑
k=1

P∑
p=1

K∑
j=1

c∗k,p,jgk,p,j , (32b)

ζ =
K∑

k=1

P∑
p=1

K∑
j=1

|ck,p,j |2 +
K∑

k=1

P∑
p=1

$H
k,pΞk,p$k,p (32c)

− 2

K∑
k=1

P∑
p=1

√
µk,p R {ck,p,k}. (32d)

Therefore, the reformulated passive precoding subproblem
P̄passive in (27) can be further simplified as

P̂passive : max
Θ

g6(Θ) = −θHΛθ + R
{

2θHν
}
− ζ

s.t. C2 : θr,j ∈ F , ∀r ∈ R,∀j ∈ N ,
(33)

which is similar to those in [7], [8]. Since the matrix Λ and the
constraint C2 are positive semidefinite, Θopt can be directly
obtained by the standard convex tools such as CVX [6].

g4(Θ) =

K∑
k=1

P∑
p=1

√
µk,pQ

H
k,p,k (Θ)

 K∑
j=1

Qk,p,j (Θ) QH
k,p,k (Θ) + Ξk,p

−1

Qk,p,k (Θ). (26)
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Fig. 2. Scenario where two BSs assisted by two RISs serve four users.

IV. SIMULATION RESULTS

For the simulation of the proposed RIS-aided cell-free
network, we consider a RIS-aided cell-free system with the
topology as shown in Fig. 2, where four users are randomly
distributed in a circle centered at (L, 0) with radius 1 m. The
other system parameters are set as follows: Pb,max = 0 dB,
M = 8, U = 2, N = 32, P = 6, ηk = 1, and σ2 = −120
dBm. The signal attenuation is set as 30 dB at a reference
distance 1 m for the BS-user link and 40 dB for the BS-RIS-
user link, respectively. The path loss exponent of the BS-RIS
link, the RIS-user link, and the BS-user link is set as 2, 2, and
3, respectively. We also assume that, the RIS-user link and the
BS-user link satisfy Rayleigh fading, while the BS-RIS link
satisfies LoS fading. Θ is initialized by random values in F ,
and W is initialized by identical power and random phases.

Fig. 3 shows the WSR against the distance L, where the
conventional cell-free network without RIS (which is denote
by “No RIS”) is considered as benchmark. Specifically, the
“Ideal RIS case” denotes the case where the shift of RIS
elements satisfy (4), while “Continuous phase shift” denotes
the case where θr,n ∈ {θr,n| |θr,n| = 1}, which is obtained
by applying approximation operation on F . To the best of
our knowledge, the wideband WSR maximization problem in
conventional cell-free network has not been investigated in the
literature. Therefore, the curve “No RIS” is achieved by the
proposed framework with the setting R = 0.

From Fig. 3, we can see that, as the users move away from
the BSs, the WSR of the users decreases rapidly. However,
for the proposed RIS-aided cell-free network, we can see two
obvious peaks at L = 30 m and L = 50 m, which indicates
that the WSR rises when the users approach one of the two
RISs, since the users can receive strong signals reflected from
the RISs. Thus, we can conclude that the network capacity can
be substantially increased by deploying RISs in the network,
and the signal coverage can be accordingly extended. Limited
by the length of the article, please refer to [9] for more
simulation results and insights.

V. CONCLUSIONS

In this paper, we first propose the concept of RIS-aided
cell-free network, which aims to improve the network capacity
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Fig. 3. Weighted sum-rate against the distance L.

with low cost and power consumption. Then, for the proposed
network, in the typical wideband scenario, we formulate the
joint precoding design problem to maximize the weighted
sum-rate of all users. Finally, we propose a joint precoding
framework to solve this problem. Since most of the considered
scenarios in existing works are special cases of the general
scenario in this paper, the proposed joint precoding framework
can also serve as a general solution to maximize the capacity
in most of existing RIS-aided scenarios. The simulation results
demonstrate that, the proposed RIS-aided cell-free network can
realize higher capacity than the conventional cell-free network.
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