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A Joint Precoding Framework for Wideband
Reconfigurable Intelligent Surface-Aided
Cell-Free Network

Zijian Zhang

Abstract—Thanks to the strong ability against the inter-cell
interference, cell-free network is considered as a promising tech-
nique to improve network capacity. However, further capacity
improvement requires to deploy more base stations (BSs) with
high cost and power consumption. To address this issue, inspired
by the recently developed reconfigurable intelligent surface (RIS)
technique, we propose the concept of RIS-aided cell-free network
to improve the capacity with low cost and power consumption.
The key idea is to replace some of the required BSs by low-cost
and energy-efficient RISs. Then, in a wideband RIS-aided cell-
free network, we formulate the problem of joint precoding design
at 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 framework to solve this
challenging problem. In particular, we decouple this problem via
fractional programming, and solve the subproblems alternatively.
Note that most of the scenarios considered in existing works are
special cases of the general scenario studied in this paper, and the
proposed joint precoding framework can serve as a general solution
to maximize the capacity in most existing RIS-aided scenarios.
Finally, simulation results demonstrate that, compared with the
conventional cell-free network, the network capacity under the
proposed scheme can be improved significantly.

Index Terms—Cell-free network, reconfigurable intelligent
surface (RIS), wideband, joint precoding.

1. INTRODUCTION

ETWORK technique is the most essential technique to
Nincrease the capacity of wireless communication sys-
tems [2]. Compared with 4G, the capacity of 5G wireless
network is expected to be increased by 1000 times [3]. In the
currently deployed cellular networks, all users in a cell are
mainly served by one base station (BS), thus the users close
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to the cell boundary usually suffer from the severe inter-cell
interference, which is caused by the signals from adjacent
cells.

Ultra-dense network (UDN) has been proposed as a promising
technique for 5G to further enhance the network capacity [4].
The core idea of UDN is to increase the number of BSs and de-
ploy small cells [5] in the cell-centric cellular network. However,
as the cell density increases, the inter-cell interference grows
larger and larger. The cooperation theory has determined that [6],
the upper limit of the network capacity will be bounded by the
inter-cell interference as long as the cell-centric network is used.
In other words, inter-cell interference becomes the bottleneck
for the capacity improvement of UDN. This problem is inherent
to the cell-centric network paradigm, and cannot be efficiently
solved [7].

To address the issue, a novel user-centric network paradigm
called cell-free network has been recently proposed [7]. Unlike
the classical cell-centric design principle, the cell-free network
utilizes the user-centric transmission design, where all BSs in the
network jointly serve all users cooperatively without cell bound-
aries. Due to the efficient cooperation among all distributed
BSs [8], the inter-cell interference can be effectively alleviated,
and thus the network capacity can be increased accordingly. This
promising technique has been considered as a potential candi-
date for future communication systems [9], and has attracted
the increasing research interest such as resource allocation [10],
precoding/beamforming [11], channel estimation [12] in recent
years.

However, to improve the network capacity further, the de-
ployment of more distributed 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. Equipped with a low-cost, energy-efficient
and high-gain metasurface, RIS is becoming a promising smart
radio technique for future 6G communications [13]. With a
large number of low-cost passive elements, RIS is able to reflect
the elertromagentic incident signals to any directions with high
array gains by adjusting the phase shifts of its elements [14].
Since the wireless environment can be effectively manipulated
with low cost and energy consumption [15], RIS can be used
to improve channel capacity [16], reduce transmit power [17],
enhance transmission reliability [18], and enlarge wireless
coverage [19].
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A. Prior Works

The existing research works about RIS include antenna de-
sign [20], physical model [21], channel estimation [22], joint
precoding/beamforming [23], and etc. Particularly, the proto-
type of RIS-based wireless communication has been recently
developed in [24] to demonstrate its functions.

One key guarantee for RIS to improve the network capacity is
the joint precoding. Different from the conventional precoding
at the BS only, the joint precoding in RIS-based wireless systems
refers to the joint design of the beamforming vector at the BS
and the phase shifts of the RIS elements. Different RIS-based
scenarios have been studied to maximize the capacity in the
literature. Specifically, the authors in [25] considered a scenario
where one BS and one RIS jointly serve a single user, which was
an early attempt to realize the capacity enhancement by using
low-cost and energy-efficient RIS. In [26], the authors consid-
ered a multi-user scenario and maximized the sum-rate of all
users. To obtain the cooperation gain, the multi-BS scenario was
considered in [19], while the multi-RIS case was investigated
in [18].

Apart from the capacity maximization, the design goal for
joint precoding can be different. Specifically, to reduce power
consumption, some researchers have proposed the methods to
minimize the transmit power [17], and the authors in [15] have
developed a method to maximize the energy efficiency. Some
researchers have considered the fairness among users, and some
methods have been proposed to maximize the minimum signal-
to-interference-plus-noise ratio (SINR) [23]. Furthermore, RIS
has been combined with different techniques in the literature.
For instance, the RIS-aided millimeter-wave (mmWave) system
was considered in [18] and [27], where the authors discussed
the signal-to-noise ratio (SNR) maximization problem and the
joint hybrid precoding design, respectively. In [28] and [29], the
application of RIS in wideband orthogonal frequency division
multiplexing (OFDM) systems was discussed to maximize the
sum-rate.

B. Our Contributions

To address the challenge of cell-free network as mentioned
above, in this paper we consider to exploit RISs to realize the
improvement of network capacity with low cost and power
consumption.! Specifically, the contributions of this paper can
be summarized as follows.

® We propose the concept of RIS-aided cell-free network

to further improve the network capacity of the cell-free
network with low cost and power consumption. The key
idea is to replace some of the required BSs in cell-free
network by the energy-efficient RISs and deploy more RISs
in the system for capacity enhancement. In the proposed
RIS-aided cell-free network, all BSs and RISs are simul-
taneously serving all users cooperatively. To the best of
our knowledge, this is the first attempt to introduce RIS in
cell-free networks.

I'Simulation codes are provided to reproduce the results presented in this ar-
ticle: http://oa.ee.tsinghua.edu.cn/dailinglong/publications/publications.html.
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e For the proposed RIS-aided cell-free network, in a typical
wideband scenario, we formulate the problem of joint
precoding design at the BSs and RISs to maximize the
weighted sum-rate (WSR) of all users to improve the
network capacity. Since the considered scenario is very
general, i.e., multiple antennas, multiple BSs, multiple
RISs, multiple users, and multiple carriers, most of the
considered scenarios in existing works, such as single BS,
single RIS, single user, and single carrier, or some of them
are mutiple, are all special cases of the considered scenario
in this paper.

® We propose a joint active and passive precoding framework
to solve the formulated problem. Specifically, the proposed
framework is an alternating optimization algorithm based
on the assumption of fully-known channel state informa-
tion (CSI), which can gradually approximate a feasible
solution to joint precoding design. We first decouple the
active precoding at the BSs and the passive precoding at
the RISs via Lagrangian dual reformulation and Multidi-
mensional Complex Quadratic Transform (MCQT), and the
decoupled problem can be reformulated as two quadrati-
cally constrained quadratic program (QCQP) subproblems.
Then, by solving the two subproblems alternatively, the
system WSR will finally converge to a feasible solution.

® Challenged by the high-dimensional channels introduced
by RISs, acquiring all RIS-aided channels constantly is
usually unrealistic. To tackle this issue, by exploiting the
property that RISs far from users have little contribution
to capacity improvement, the proposed joint precoding
framework is further extended to a more practical two-
timescale scheme, which can reduce the CSI required by
joint precoding from the long-term perspective. Specifi-
cally, at the beginning of a large timescale, each user is
matched with several well-performed RISs by the proposed
linear conic relaxation (LCR)-based method. Then, in later
several small timescales, only the RIS-aided channels of
the matched user-RIS pairs are acquired and utilized for
joint precoding design, while those of the unmatched pairs
are temporarily ignored. Finally, in the next large timescale,
the above process will be repeated.

® Simulation results demonstrate that RISs can improve the
cell-free network capacity significantly. In particular, with
limited CSI knowledge, the two-timescale extension of the
proposed framework can improve the capacity efficiently
with little performance loss. Besides, it is worth noting
that, thanks to the generality of the studied problem, the
proposed joint precoding framework can also serve as a
general solution to maximize the WSR in most of the
existing RIS-aided scenarios in the literature.

C. Organization and Notation

Organization: The rest of the paper is organized as follows.
The system model of the proposed RIS-aided cell-free network
and corresponding WSR maximization problem formulation
of joint precoding design are discussed in Section II. The
joint precoding framework to solve the formulated problem is
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Fig. 1. The proposed concept of RIS-aided cell-free network.

proposed in Section III, and the two-timescale extension of
the framework is proposed in Section IV. More framework
supplements including convergence and complexity analysis are
given in Section V. Simulation results are provided in Section VI
to validate the performance of the proposed RIS-aided cell-free
network. Finally, in Section VII, conclusions are drawn and
future works are discussed.

Notations: C, R, and R™ denote the set of complex, real, and
positive real numbers, respectively; [-] 71, [-]*, []7, and [-]¥ de-
note the inverse, conjugate, transpose, and conjugate-transpose
operations, respectively; [-] T denotes the negative truncation op-
eration, i.e., [z]T = max{z, 0}; [v]; is the ith element of vector
v; [M]; ; is the element at the ith row and jth column of matrix
M. || - || denotes the Euclidean norm of its argument; [E{-} is the
expectation operator; diag(-) denotes diagonal operation; R{-}
denotes the real part of its argument; Tr{-} denotes the trace of
its argument; ® denotes the Kronecker product; /[-] denotes the
angle of its complex argument; In(-) denotes natural logarithm;
I; isan L x L identity matrix, and O, is an L X L zero matrix;
Finally, e; is an elementary vector with a one at the [-th position,
and 17, indicates an L-length vector with all elements are 1.

II. SYSTEM MODEL OF THE PROPOSED RIS-AIDED CELL-FREE
NETWORK

To improve the network capacity with low cost and power
consumption, in this paper we first propose the concept of RIS-
aided cell-free network. In this section, the architecture of the
proposed RIS-aided cell-free network will be introduced at first.
Then, we will discuss the transmitters, channels, and receivers,
respectively. Finally, we will formulate the problem of capacity
maximization in a wideband RIS-aided cell-free network.

A. System Architecture

In this paper, we consider a wideband RIS-aided cell-free
network as shown in Fig. 1, where multiple distributed BSs and
RISs are deployed to cooperatively serve all users. A central
processing unit (CPU) is deployed for control and planning,
to which all BSs are connected by optical cables or wireless
backhaul [30]. All RISs are controlled by the CPU or BSs by
wired or wireless control. Particularly, the considered network
consists of B BSs, R RISs, and K multi-antenna users. The
number of antennas at the b-th BS and that at the k-th user are
My, and Uy, respectively. The number of elements at the 7-th RIS
is INV,.. For simplicity but without loss of generality, we assume
My, Up and N, are equal to M, U and N, respectively.
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Fig. 2. The downlink channels in the wideband RIS-aided cell-free network.

Finally, the multi-carrier transmission is considered and the
number of available subcarriers is P. Let N’ ={1,..., N},
B={1,...,B}, R=A1,...,R}, K={1,...,K} and P =
{1,..., P} denote the index sets of RIS elements, BSs, RISs,
users, and subcarriers, respectively.

B. Transmitters

In the proposed RIS-aided cell-free network, all BSs are
synchronized, which is necessary to serve all users by coherent
joint transmission [8]. Let s, £ [5“1, ey sp7K]T € (CK, where
5p,1 denotes the transmitted symbol to the k-th user on the p-th
subcarrier. We assume that the transmitted symbols have nor-
malized power, i.e., E{s,sf'} = I, Vp € P. In the downlink,
the frequency-domain symbol s, ; is firstly precoded by the
precoding vector wy, ,, 1, € CM at the b-th BS, so the precoded
symbol x;,,, at the b-th BS on the p-th subcarrier can be written as

K
Xop = Y Whp kSpk- €]
k=1

Then, by inverse discrete Fourier transform (IDFT), the
frequency-domain signal {x; ,}”_, on all P subcarriers at the
b-th BS is converted to the time domain. After adding the cyclic
prefix (CP), the signal is up-converted to the radio frequency
(RF) domain via M RF chains of the b-th BS.

C. Channels

Thanks to the directional reflection supported by R RISs as
shown in Fig. 2, 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, where each BS-RIS-user
link can be further divided into a BS-RIS link and a RIS-user link.
The signal reflection on the RISs can be modeled by multiplying
the incident signal with a phase shift matrix and forwarding the
phase shifted signal to the user [25]. Therefore, the equivalent
channel hf, € CY*M from the b-th BS to the k-th user on the

p-th subcarrier can be written as” [32]
R
b, = Hi, +) FH,00Gy ., )
——

r=1
BS-user link

BS-RIS-user links

2The signals reflected by the RISs twice and more are ignored, since they are
much weak due to the large path loss of multiple hops [31].
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UxM NxM UxN
where Hb kp €C ,GprpeC , and FT kp €C

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; ®,. € CN*N denotes the
phase shift matrix at the RIS 7, which is written as

©, 2 diag (0,.1,...,0,n),Vr € R, 3)

where 6, ,, € F. Note that F is the feasible set of the reflection
coefficient (RC) at RIS. To study a generalized model, here we
assume F is the ideal RIS case, i.e., both the amplitude and the
phase of 0,. , associated with the RIS element can be controlled
independently and continuously [33], i.e.,

Fe{o,.

Note that the more practical RIS reflection coefficients such
as low-resolution discrete phase shifts will be discussed in
Subsection V-A later.

|9T,n|§1},vTeR,VneN. 4)

D. Receivers

After passing through the equivalent channel hfkyp as s in
(2), the signals will be received by the users. The time-domain
signals received by the users are down-converted to the baseband
at first. After the CP removal and the discrete Fourier transform
(DFT), the frequency-domain symbols can be finally recovered.
Letyprp € CVY denote the baseband frequency-domain signal,
which reaches the user k on the subcarrier p from the BS b. Then,
according to the channel model above, yy 1, can be expressed
by combining (1) and (2) as

_w.H
= hb,k,pxb,p

R K
= (ka,p + ZFﬁk,pngb,r,p> Zwb,p,jsp,j~
r=1 j=1
(5)

Since there are B BSs serving K users simultaneously, the
received signal at user k is the superposition of the signals
transmitted by B BSs. Letyy, , € CY denote the received signal
at the user k£ on the subcarrier p. Thereby, considering the
additive white Gaussion noise (AWGN) at the receiver, we have
the expression of yy. ,, as shown in (6) at the bottom of this page,
where zj, , £ [zg’p’l, cey 2L . )7 denotes the AWGN with zero
mean Oy and covariance Ej, , = o 2I;;. Note that the first term
on the right-hand side of (6) is the desired signal to user &, while
the second term denotes the interference from other users. As

Yb,k,p
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there are P subcarriers available in total, we denote the received
signal at user k as {yx}5_;

E. Problem Fomulation

Based on the system model above, we consider to maximize
the WSR of the proposed RIS-aided cell-free network subject to
the transmit power constraint at BSs and RC constraint RISs in
this subsection. At first, the received signal yy 1, in (6) can be
simplified as

—~

a
Yk,p =

=

=
M= M= 1=
= 1]~

H oH
(Hb kp T FEp© Gy ) Wiy i5pj + 2k

<.
Il
—

H
hy b Wop,iSpi + Zkp

j=1
O h
= kepWp.iSp,i t Zkps (7
j=1
where (a) holds by defining ® = diag(®;,...,0g), Fj, =
[FlTk P ngp]T’ and Gy = [Gb 1,p> " Nels Rp] ) (b)

holds accordlng to (2), and (c) holds by deﬁmng hy, =
[hT pr ,hL kp} andw,, , = [W{p’k, . pr 4|7 Then,
the SINR for the transmitted symbol s, ;. at the user £ on the
subcarrier p can be easily calculated as

’yk,p
-1
X H
= Wﬁkhkm Z thmpr (thme,j) +Ekp th,ank-
j=1,j#k
3
Thereby, the WSR Ry, of all K users is given by
K P
sum Z Z klOgZ 1 + ’Yk,p) (9)
k=1p=1

where 7, € RT represents the weight of the user k and Ry,
denotes the rate of user £ on subcarrier p.

Finally, the WSR maximization optimization problem can be
originally formulated as

B
Ykp = E Yokp T Zkp =

b=1

B B K
=y ( bkp T Z F/, p@be,r,p> WopkSpkt Y Y

b=1

b=1j=1,j#k

B K
H
DD | Hil, + E: Fl o O0Gy | Wop s+ 2k
b=1 j=1

Y .
< bkp T § Fr 1, p©r Gb,r,p) Wb,p,j8p.j T2k,p

Desired signal to user k

Interference from other users

(6)
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Fig. 3. The dynamical working process of the proposed joint precoding
framework over time.

P°: max Rgum(O, W)= nklog2 (14+9%p) (10a)
e.w k=1p=1

K P
st Cri Y Y Wopkll? < Pomax, Vb € B, (10b)

k=1p=1

Cy:0,, € FNreRVneN, (10c)

where Py ,.x denotes the maximum transmit power of the BS b
and we have defined W as follows for expression simplicity:

T T T T T T 1T
W= [w| |, Wio...,W| Wy, Woo,....Wpp| . (1D

Due to the non-convex complex objective function (10a),
the joint optimization of the phase shift matrix @ and the
precoding vector W is very challenging. Fortunately, inspired
by the fractional programming (FP) methods, we propose a joint
precoding framework to find a feasible solution to the problem
P° in the following Section III.

III. PROPOSED JOINT PRECODING FRAMEWORK

In this section, we present the proposed joint precoding
framework to solve the WSR optimization problem P° in (10).
Specifically, the section is summarized as follows. An overview
of the proposed framework is first provided in Subsection III-A,
where the problem P° in (10) is divided into three subproblems.
Then, the detailed algorithms to solve these three subproblems
are given in Subsection III-B, III-C, and III-F, respectively.

A. Overview of the Proposed Joint Precoding Framework

As the basis of the joint precoding design, we assume that
the CSI of the whole RIS-aided cell-free network can be fully
acquired by the CPU in advance. Then, based on the fully-known
CSI, the joint precoding at the BSs and RISs are further designed
and employed. Intuitively, we draw Fig. 3 to show this dynamical
process over time. Under the assumption of fully-known CSI in
each small timescale, we focus on solving the problem P° in
(10) to find a feasible precoding design W°P* and ©°P* for
each small timescale as follows.

At first, to deal with the complexity of sum-logarithms in the
WSR maximization problem P° in (10), by utilizing Lagrangian
dual reformulation (LDR), a method has been proposed in [34]
to decouple the logarithms. Based on this, we have the following
Proposition 1.

Proposition 1: By introducing an auxiliary variable p €

RPK withp = [p1,1, P12, PLE: P21 P22 PP i) > the

4089

Algorithm 1: Proposed Joint Precoding Framework.

Input: All channels Hy, 1. ,, G, p and F,. , , where
Vbe B,keK,peP.
Output: Optimized active precoding vector W'; Optimized
passive precoding matrix ©; Weighted sum-rate Rgyp,-
Initialize W and ©;
while no convergence of Rg,,do
Update p by (15);
Update & by (19);
Update W by solving (24);
Update =zo by (29);
Update ® by solving (35);
end while
return W°P' ©°P and Ryym.

A A R o b

original problem P° in (10) is equivalent to

P: nax [(©,W,p)

s.t. Z Z HWb’p’

k=1p=1

Cy: 0, € FNreR,VneN,

<Pbmax7Vb€B

(12)

where the new objective function f(®, W, p) is

K P
ZZ%IH L+ prep) = D D ePhp

k=1p=1 k=1p=1

f(O,W,p) =

K P
ST+ o) frp(©, W),

(13)
k=1p=1
wherein the function f, ,(©, W) is denoted by
fk,p(ev W) =
-1
H
Wp, khkm Z hk pWVp.j hk,pwp,j) + Zkp th,pr,k~
(14)

Then, we propose the joint active and passive precoding
framework to optimize the variables p, W, and ® in (12)
iteratively. After introducing two auxiliary variables £ and o,
the proposed joint precoding framework to maximize the WSR
is summarized in Algorithm 1. In this framework, the variables
p. &, W, o, and © are alternately updated until the convergence
of the objective function is achieved.

The optimal solutions to these variables at each step will be
introduced in the following three subsections. Specifically, the
solution to p°P! is firstly present in Subsection III-B. Then, the
solutions to £°P* and W°P* for the active precoding design are
provided in Subsection III-C. After that, the solutions to zoOPt
and ©°P* for the passive precoding design are finally discussed
in Subsection III-F.

Authorized licensed use limited to: Tsinghua University. Downloaded on March 11,2022 at 17:01:01 UTC from IEEE Xplore. Restrictions apply.



4090

B. Fix (©, W) and Solve p°®*

Given fixed (©*, W*), the optimal p in (13) can be obtained
by solving 9 /dpy,, = 0for Vk € K,Vp € P. The solution can
be written as

opt

PPt =i Yk € K, Vp € P. (15)

By substituting pc’pt in (15) back into f in (13), one can notice
that, only the last term in (13) is associated with the variables
W and ©. Hence, the problem 7P in (12) can be further solved
as shown in the following two subsections.

C. Active Precoding: Fix (©, p) and Solve WP

In the case of given (©*, p*), the equivalent WSR maximiza-
tion problem P in (12) can be reformulated as the following
subproblem P,ive for the active precoding design at BSs:

ZZMkpfk,p @ W)

k=1p=1

K P
s.t. Cy: Z Z Hwb7p7k

k=1p=1

Pactive : max 91
(16)
|2 < Pb,maX7Vb € Ba

where (i, = 15 (1 + pj; ,) holds. However, note that the re-
formulated subproblem P,ctive in (16) is still too difficult to
solve due to the high-dimensional non-convex f , in (14).
Specifically, due to the channels introduced by the RIS-aided
cell-free network, this subproblem is actually a special high-
dimensional sum-of-fractions problem. Different from the fa-
miliar scalar-form fractions, the high-dimensional “fractions” in
(14) are the products of matrices and inverse matrices. Thereby,
the non-convexity of fj ,, in (14) cannot be simply relaxed by
adopting the common FP methods such as the Dinkelbach’s
algorithms [35].

To tackle this issue, we fortunately notice a recently proposed
method called multidimensional complex quadratic transform
(MCQT) [34]. Different from the common FP methods, MCQT
extends the common scalar-form fractional programming to
matrix-form and can be utilized to address the non-convexity
of the high-dimensional “fractions” [34]. Since f}, ;, in (16) just
meets the concave-convex conditions required by MCQT, we
can apply MCQT to reformulate the subproblem (16) to address
its non-convexity. In this way, we obtain Proposition 2 as below.

Proposition 2: Exploiting the fractional programming
method MCQT and by introducing auxiliary variables &, ), €
CY with &€ =[€11,€12,---,&1.K,62.1,€222, -, Ep K], the
subproblem P,ive in (16) can be further reformulated as

75activc I&%? 92 (Wv é)

K P

s.t. Cl : Z Z HVVb,p,k”2 < Pb,max7Vb € 87
k=1p=1
(17)
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where
(W E ZZQ\/MkPm{gkp kpwp,k}
k=1p=1
_ZZ'skp Zh Wp] hkapJ)H+Ek,p Eip
k=1p=1

(18)

Thereby, the updating of W can be divided into two steps
of updating £ and W in turn. To achieve this, the reformulated
subproblem Phactive i (17) can be divided into two subproblems
and solved respectively as follows.

1) Fix W and Solve £°P*: While fixing W in P,ciive in (17),
by setting dga/0&;, , to zero, the optimal £ can be obtained by

-1

K
opt H H H o H
k}:)p =V Hk,p Z hk,ppr (hk,pr-,j) + Zkp hk,pwp,ka
j=1
Vk e K,Vp e P. (19)

2) Fix & and Solve W°P': While fixing & in Pactive in (17),
for simplification and clarity of (17), we can first define

Z hy, & p&k phk P (20a)
k=1
Ap = IK & ap, Vip = hk,;ﬁ&k,p' (20b)

Then, by substituting (20) into g5 in (18), we can rewritten g, as

92 (W) =-WYAW + R {2VIW} -Y, (2D
where
K P
A=diag(Ay,...,Ap), Y=> > & 5.6, (22)
k=1p=1
V= [v{l,vfz, e ,v{K,vg’l,v;Q, e 7VEK]T. (22b)

Therefore, the active precoding problem Poctive in (17) can be
further simplified as

7Dac‘cive ZH{[}%,II g3 (W> = WHAW —R {QVHW}

s.t. Cl : WHDbW < Pb,ma)mvz) € Ba (24)

where Dy, = Ipx @ {(epel’) @ Iy} with e, € R®. Since the
matrices A and D, (Vb € B) are all positive semidefinite, the
simplified subproblem ﬁamvc in (24) is a standard QCQP
problem, which can be optimally solved by many existing
methods such as alternating direction method of multipliers
(ADMM) [36].

However, note that the adoption of ADMM in QCQP problem
requires the inversion for the matrix A (along with Lagrange
multipliers). Due to the high-dimensional channels of cell-free
network, the dimension of A is usually very high (BM PK). As

K P
= Z Z Y /lk,ka}{%

k=1p=1

Z Qk,p J

-1

Qk,p, (O)+Ekp | Qrpir(O). (23)
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aresult, the inversion for A has a high computational complexity
of about O(B3*M?3P3K?), which may prevent the precoding
design from practical application. To avoid the matrix inversion
operation thus reducing the complexity, here we provide an
inversion-free feasible solution by exploiting the primal-dual
subgradient (PDS) method [37] to obtain W°P' in Appendix A.

D. Passive Precoding: Fix (p, W) and Solve @°P*

Based on the given (p*, W*), for the equivalent WSR maxi-
mization problem P in (12), the subproblem of the RIS precod-
ing design at RISs can be equivalently rewritten as

Z Z Nk,pfk,p (©,W7)

k=1p=1

st. Cy:0,, € FVreR,VneN,

Ppmsswe maX g4

(25)

where gy, = 1% (1 + pj; ,,)- Similarly, to reduce the complexity,
we wish to simplify the expression of g4 in (25). Firstly, by
defining a new auxiliary function with respect to © as

= (H

b=1

o

Q’C,p,j ﬁpQHGbJ)) Whb.p,js (26)

bk:p

we can rewrite g4 in (25) as (23) at the bottom of previous
page. However, this subproblem is still hard to solve due to
the mutidimensional fractions in f , in (14). Notice that the
subproblem (25) satisfies the concave-convex conditions [34],
again we exploit the MCQT to address this issue again by using
the following Proposition 3.

Proposition 3: With the fractional programming method
MCQT, by introducing an auxiliary variable o, ) € CY
andw = [t011,T012,...,T01,K,T921, 022, .., T pK),the
passive precoding subproblem Pp,ssive in (25) can be reformu-
lated as

Prassive : $T0aX g5 (©, ) Zng’p O,w) (27a)
k=1p=1
st. Cy:0,., € FVreR,VneN, (27b)
where
Irp(©, @) =2/l , R {wkH,kaypyk (@)}
(28)

wk,p Z Qk.p,j (

Qk,p 7 ( ) + Ek’yp wkﬁ"'

Next, similar to the previous processing of solving the sub-
problem Pactive in (17), we consider to optimize two variables
wo and O in (27) in turn. The reformulated subproblem ﬁpassive
in (27) can be further divided into two subproblems and respec-
tively solved as follows.

1) Fix © and Solve ©o°P*: For given fixed © in Ppassive in
(27), by solving dgs /0wy, , = 0 for Vk € K and Vp € P, we
can obtain the optimal =y, ,, forall k € KC and p € P by

opt __
k.p —
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-1

Qk,p.k (©).

(29)

:uk:,p Z Qk,p,

Qk,p, ( ) + Ek:P

1) Fix o and Solve ©°P': While fixing = in g5 in (27),
due to the complexity of ﬁpassive in (27), we first consider to
simplify the expression of g5 by using the new auxiliary function
Q. p,;(©) with respect to © in (26) as follows:

wgka,P’j (6)

s}

\? H yyH H pnH oH
= (=i Hyk pWop + @k Fi 07 Gy pwiy )

=1

=

o

B

b kpWb,p, ;+0 Zdlag = ka p) GopWop,;
b=1 b=1

(¢)
= Chp,j T eHgk@jv

IS
Mm

(30)

where (a) holds according to (23), () is obtained by defining
0 = O1gy, and (c) is achieved by defining

B

Ck,p,j = Z wkH,leiIk,pr,p,jv (31a)
b=1
B

Chpj = Z diag (=l Fi.) Gy pWi ;- (31b)
b=1

By substituting (30) into (28), we obtain:

J(©) = 2 e+ 1)
K

=D (Crp +078rp5) (chp; T8E 10) ~ Tk, By k-
j=1

Ik,

(32)

Then, we can further substitute (32) into (27a), so that g5 in (27a)
can be simplified as

95(©) = —0" A0 + R {207V} — ¢, (33)
where
K P K
A=D"3" gipigip (34a)
k=1p=1j=1
K P K P K
V=3 irpBhpk— D D> ChpBhps (34b)
k=1p=1 k=1p=1j=1
K P K K P
¢= ZZZ|C,€7PJ| ZZ Wp=k,p @ k,p
k=1p=1j=1 k=1p=1
K P
-2y Z VIR Chpi}- (34c)
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Therefore, the reformulated passive precoding subproblem

Prassive 10 (27) can be further simplified as

75passive :min 96(6) =0"A0 — % {QOHII}
© (35)
st. Cy:0,., € F,VreR,VneN.

This simplified subproblem ﬁpassivc is similar to those in [19],
[38]. Since the matrix A is positive semidefinite, the objective

. . . . A
function is convex. Besides, since we have F = {6, ; ‘ 10,5 <

1} according to (4), the constraint Cs is also convex. Thereby,
this subproblem ﬁpassive can be solved by ADMM [36].
However, similar to the optimization of active precoding
vector W, note that the adoption of ADMM [36] in this QCQP
problem requires the matrix inversion for A with high computa-
tional complexity of O(R3N?). Since the RIS element number
N is usually very large, the complexity of using ADMM is very
high. Again, to reduce the complexity, here we also provide a
potential method based on the PDS to obtain the optimal solution
©°Pt which will be detailedly introduced in Appendix B.

IV. TWO-TIMESCALE EXTENSION OF THE PROPOSED JOINT
PRECODING FRAMEWORK

Up to now, we have provided a joint precoding framework for
the proposed RIS-aided cell-free network under the assumption
of fully-known CSI in every small timescale, as shown in Fig. 3.
However, due to the inherent high-dimensional channels intro-
duced by RISs, acquiring all RIS-aided channels so frequently
is usually unrealistic [22]. In particular, this issue is greatly
exacerbated by the high-density of users, BSs, and RISs in RIS-
aided cell-free networks, which prevents many existing joint
precoding schemes based on fully-known CSI from practical
adopting.

To tackle this issue, in this section, the proposed joint pre-
coding framework is further extended to a more practical two-
timescale scheme, which can serve as a trade-off scheme be-
tween overhead and performance. The key idea is to match
each user with several well-performed RISs at the beginning
of a large timescale. Then, in later several small timescales,
only the RIS-aided channels of the matched user-RIS pairs are
acquired and utilized for joint precoding design, while those
of the unmatched pairs are temporarily ignored to relieve the
pressure of RIS channel acquisitions.

Specifically, this section is summarized as follows. Firstly, in
Subsection IV-A, the two-timescale extension of the proposed
framework is overviewed. Then, the user-RIS matching problem
is formulated in Subsection IV-B. Finally, a LCR-based method
is proposed to solve this problem in Subsection IV-C.

A. Overview of the Proposed Two-Timescale Extension

In this subsection, the two-timescale extension of the pro-
posed joint precoding framework is proposed as a more practical
scheme to address the challenge of high-dimensional channels
introduced by RISs in cell-free networks. Intuitively, we present
how this two-timescale scheme works in Fig. 4, which illustrates
its dynamical working process over time in a large timescale.
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Acquire full CSI of
/ the whole network

Acquire partial CSI based on
/ the matching results

\ﬂ_kﬂ_)\ﬂ_l

Small timescale

Time

Large timescale

Joint precoding with

. User-RIS
partial CSI knowledge

matching

Fig. 4. The dynamical working process of the two-timescale extension of the
proposed joint precoding framework.

Particularly, the proposed two-timescale scheme exploits the
properties that RISs far from users have little contribution to
system capacity and the user’s mobile scope is limited in a large
timescale, thus the RISs far from users can be ignored tem-
porarily. Specifically, at the beginning of a large timescale, all
BS-RIS-user channels are fully acquired once. Then, under the
principle of matching relatively strong user-RIS pairs, each user
is matched with several well-performed RISs. Subsequently, in
the next several small timescales, only the RIS-aided channels of
the matched user-RIS pairs and the direct-link channels are ac-
quired and utilized for precoding design while those unmatched
are ignored. Finally, the above process will be repeated in the
next large timescale.

With this two-timescale scheme, only the limited CSI is
acquired and utilized in small timescales, and it is unnecessary
to acquire all RIS-aided channels so frequently as before. As
the cost of the incomplete CSI, the two-timescale scheme will
lead to performance loss, while we will show this loss is actually
very limited in later Section VI. Consequently, compared with
the original scheme in Fig. 3, the two-timescale scheme in Fig. 4
is more practical to be applied, especially for the networks with
a large number of distributed RISs.

B. User-RIS Matching: Problem Formulation

To determine which RIS-aided channels should be acquired
and utilized in small timescales as shown in Fig. 4, in this
subsection, the user-RIS matching problem is formulated.

Firstly, let ug,, € {0,1} denote the indicator variable that
indicates whether the user £ and the RIS 7 is matched. Par-
ticularly, uy, , being one/zero means that the channels between
user k£ and RIS 7 will/won’t be acquired and utilized in later
small timescales. To simplify the expression, we define u; =
[ug 1, .., upr)t andu = [uf, ..., uL]T. To determine which
user-RIS pairs should be matched, we define the following
virtual sum-rate Rsum as the bonus function® of the user-RIS

3This bonus function is chosen for the expected result that, by maximizing
Rsum, the user-RIS pairs with stronger links are more preferred to be matched,
while those unmatched pairs have relatively little contribution to capacity
improvement so that they can be temporarily ignored in later small timescales
to relieve the pressure of RIS channel acquisitions.
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matching problem:

Z Z nklogs (1 + k. p)

k=1p=1

(36)

SllIIl

where the virtual SINR 4y, ,, is equivalent to the real SINR y;, ,,
in (8) in which the end-to-end channels hf;[ . p are replaced by

R
_ H H H
=Hy, + E g By 000 G g

r=1

h{, (37)
Next, let Ry atch denote the maximum number of RISs that

each user can be matched with (R,.tcn < R), thus the user-RIS
matching problem P tcn can be formulated as

Pmatch . H\%\E}X Rsum u, W @ Zznklog2

k=1p=1

+ ’AWWJ)

K P
s.t. Cy: ZZ ||VVb,p,kH2 < Pb7max7Vb € 67

k=1p=1
Cy: 0, € FNreR,VneEN,
Cs:up, € {0,1},VEk € K,Vr € R,

R
04 : Zuk,r S anatc}UVk € IC’

r=1

(38)

where Cj is zero-one constraint of the indicator variable u, and
Cj ensures that each user can only be matched with at most
Rmdtch RISs.

Our goal is to find a best—p0531ble matching vector u°P® to
maximize the virtual sum-rate* Rsum in user-RIS matching
problem Ppatch in (38). However, due to the non-convexity
of zero-one constraint C's, the problem Py,.¢cn is challenging.
Again, we consider to solve the problem via alternative optimiza-
tion, which will be detailedly introduced in the next subsection.

C. User-RIS Matching: LCR-Based Method

We consider to solve the matching problem P™ in (38) by
optimizing u, W, and © alternately. Note that, when u is fixed,
the problem Py a¢cn in (38) has the same form as the original
problem P° in (10). Therefore, the desired algorithm to solve
Prnatch can be realized by inserting a new step of optimizing u
into Algorithm 1, and here we summarize it as Algorithm 2 for
clarity. In the rest of this subsection, we will focus on the step 8,
i.e., optimizing u while fixing the other variables, to complete
this algorithm.

Firstly, we consider to reformulate Ppatch as a solvable
convex problem. Similar to the optimization of ®, by applying
LDR in Proposition 1 and MCQT in Proposition 3 and then
fixing all auxiliary variables, the user-RIS matching problem

4The virtual WSR Rsum is just the bonus function for user-RIS matching
instead of the real WSR, while the real WSR can be evaluated by substituting
the optimized W°P* and ®°P! into Rgyum, in (9).
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Algorithm 2: Proposed User-RIS Matching Method.

Input: All channels Hy, 1. ,, G, p and F,. j, , where
Vbe B,ke K,peP.

Output: Optimized user-RIS matching vector u.

1: Initialize ®, W, and u;

2:  while no convergence of f%sumdo

3 Update p by (15);

4 Update £ by (19);

5: Update W by solving (24);

6: Update == by (29);

7 .

8

9

0

Update ® by solving (35);
Update u by solving (46);
end while
return u°P’,

Prateh can be reformulated as:

K P
Pmatch max g E E
k=1p=

st.  Cs:ug, €{0,1},VE € K,Vr € R,

R
Cy: Zuk,r < Rmatch>Vk € ’Ca

r=1

(39)

where §y, ,(u) is defined as

Jep(a) =2/ p R {wgka,p’k (u)} _

(40)

Ekp | @kp,

wk,p Z Qk,p J Qk D] ( )

in which the auxiliary functions Qy. , j(u) € CY satisfy

B R
A H E H H
QkJ’:j (u) :Z (Hb,k,p + uk,TFnk,p@r Gbﬂ‘;P) Wb,p,j-

b=1 r=1
(41)
Then, we wish to simplify the expression of the objective
function ¢ by exploiting the following definitions:

B
§ : H pH H
wk,pFnk,p@r Gbﬂ‘;wa;P;j’ (428)

b=1

Bk,p,jw =

Brp = Brpirl (42b)

Bk, Bre,pgy2s - - -

After substituting (31a) and (42) into the objective function g in
(39) and then removing the terms unrelated to u, g in (39) can
be rewritten as

g1 (u) = —u"Qu+2¢"u (43)
where

. T
Q:dlag(ﬂhQQ?"'aQK)aC:[ ?74577(%] ) (44)
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in which Q, and ¢, are given by

M=

P
Q=Rq>

BrwiPripi (- (45a)
p=1j=1
P P K
Cpo=% Z VHEpBrop i — Z Z ClopiBrp. (45b)
p=1 p=1j=1
Thus, Puaten in (39) can be equivalently reorganized as
Prnatch © Min gz (u) = u"Qu — 2¢Tu
u
st. Cs:[uf=[u],Vje{l,. .. KR},
C’4 : (IK & 1%) u S Rmatcth; (46)

where the constraints C's and Cj are also equivalently rewritten
for clearer expression.

Note that, the equivalent problem ﬁmatch in (46) is actually a
zero-one quadratic programming problem with linear constrains,
which is proved to be NP-hard [39]. Since the dimension of the
matching vector u is K R, when the number of users K and
RISs R is not too large, Bruto-Force method can be directly
used to search for the optimal solution to ﬁmatclp However,
when the densities of users and RISs in cell-free network are
high, it is unpractical to adopt Bruto-Force due to the large
search space (2% candidates). In this case, we can apply linear
conic relaxation (LCR) [40] to relax the zero-one programming
problem ﬁmatch and try to find a sub-optimal solution as a
substitute. In this way, we obtain the following proposition.

Proposition4: Applying LCR [40] for the zero-one program-
ming problem ﬁmatch in (46) and by introducing an symmetric
auxiliary matrix U € REF*KER (o replace the matrix uu?,
75match can be reformulated as

Pmatch : mlél §2 (u, U) = TI'(QU) — QCTU

st. Cy: (U], =[u],,Vje{l,...,KR},
Cy: (IK®1R)U<RmdtCh1K7
05 [U] [ LZ,VZ]E{l KR}7
C(; (IK®1T)U<Rmatch1Ku
1lu
C7'[uU]>;O’ )

where the newly added constraints C5, Cg, C'; are the guarantees
for U to approach uu” as close as possible, and the rank-one
constraint of U is relaxed.

Notice that, the constraint C'3 in the problem ﬁmatch in
(47) is now convex, and thus ﬁmatch is actually a solvable
semidefinite programming (SDP) problem. Thereby, the optimal
solution u°Pt to Py atch can be efficiently obtained by adopting
the modern SDP solvers such as SDPT3 [41], of which the
computational complexity is about O(K2R?*(K R + 1)*®) in
the worst case [42].
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V. FRAMEWORK SUPPLEMENTS

In this section, more supplements of the proposed joint pre-
coding framework are provided. Specifically, limited by the
practical hardware implementation, we discuss the non-ideal
RIS case in Subsection V-A. Then, we analyze the convergency
and computational complexity of the proposed algorithms in
Subsection V-D and Subsection V-E, respectively.

A. Extension to Non-Ideal RIS Cases

Up to now, we have provided a complete joint precoding
framework for the proposed RIS-aided cell-free network, where
ideal RIS case mentioned in Subsection II-C is considered. In
this subsection, we will extend this framework to the more
practical non-ideal RIS cases.

1) Non-Ideal RIS Cases: According to (4) in Subsection
II-C, F is defined as the ideal RIS case, where both the amplitude
and phase of 6, ,, associated with the RIS element can be con-
trolled independently and continuously. However, limited by the
hardware implementation of metamaterials, the RISs in practice
are usually non-ideal. For consistent discussion, here we redefine
the ideal RIS case F as F;. We also define F5 as the general case
where only the phase of ¢, ; can be controlled continuously [32],
and F3 as the practical case where the low-resolution phase of
0, is discrete [24], i.e

Fi 2 {1 16:a] <1}, (482)
F2 £ {0rn|10rnl = 1}, (48b)
Fo2{bpnlorne (L%, dFT L @so)

where L indicates that 3 contains L discrete phase shifts.

According to the simplified subproblem ﬁpassivc in (35),
for the passive precoding design at the RISs, when the phase
shift constraint F is the ideal case F; as discussed above, the
subproblem ﬁpassive can be directly solved due to the convexity
of Fi1. However, when the constraint F in (35) is non-ideal
Fo or F3, the simplified subproblem ﬁpassive in (35) becomes
non-convex. To address such problems, we provide the feasible
solutions in the following two parts, respectively.

2) Optimal Solution in Continuous Phase Shift Case Fo:
When F = F,, the subproblem (35) can be equivalently rewrit-
ten as

Prassive-con : Min 96(9) =0"A0 - N {QBHI/}
° (49)

st. Cy:l|bpn]=1,YVr e R,VneN,

which is non-convex due to the constant modulus constraint.
Fortunately, a similar subproblem has been discussed in [19,
Eqn. 41], while it has been proved that its optimal solution can be
obtained by adopting the majorization-minimization (MM) al-
gorithm [43] or complex circle manifold (CCM) algorithm [44].

3) Approximation in Discrete Phase Shift Case F3: When
F = F3, the common solution to address the non-convex con-
straint of discrete space is approximation projection [17], [23],
[28]. Specifically, we can first relax F3 to F», and obtain the
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TABLE I
COMPUTATIONAL COMPLEXITY FOR UPDATING EACH VARIABLE

| Variable | Computational complexity O () |

p PK (KUBM 4+ U? + (K +1)U? + U)
PK (KUBM +U® + (K +1)U?)
I, (B°’M*P?K? + BMPK)
PK (U? + (K + 1)U?%)
I, (R*N” + RN)
K2R? (KR+1)>°

= |0 9| S

optimal solution @°P* by solving (49). Then, following the
proximity principle, we can simply project the solved 8°P* to
the elements in F3 by a approximation projection, written as

VA Z¢|,Vr e R,Vj €N,

=argmin ‘4

eopt o
rJ
HEF3

(50)
where Gij‘jb denotes the approximated sub-optimal solution to

the phase shift ¢,. ;. Thus, we can finally obtain the sub-optimal
solution @' € F; to the subproblem (35).

B. Algorithm Convergency

In the ideal case / = F; and general case J = F3, the pro-
posed joint precoding framework, has strict convergency,’ since
each step of the iteration, i.e., (15), (19), (24), (29) and (35), can
be easily proved to be monotonous. However, in the non-ideal
case F = F3, the convergency of the proposed framework can
not be proved strictly, since the update of ® has no guarantee
of monotony in some cases due to the approximation operation
in (50). Besides, for Algorithm 2, how the relaxation operation
of optimizing the user-RIS matching vector u will influence the
global convergency is also unpredictable [40]. Fortunately, since
the rest of iterative steps are all monotonous, actually the loss
caused by the approximation operation and relaxation operation
have little adverse effect on the global convergence, which will
be verified through simulations in the next Section VI.

C. Computational Complexity

The overall computational complexities of the proposed joint
precoding framework and its two-timescale extension are mainly
introduced by the updates of the variables p, £, W, zo, ©, and u,
as shown in (15), (19), Appendix A, (29), Appendix B, and (47),
respectively. To make it clear, we summarize their computational
complexities in Tab. I, wherein I,, and I, are the required itera-
tion numbers for the convergence of the subproblems ﬁaetive in
(24) and ﬁpassive in (35), respectively.

From Table I, we can observe that the updates of p, £, and =
have much lower computational complexity than W, ©, and u,
since p, &, and = have close-form update formula while W°Pt,
©°P*, and u°P* can only be obtained by solving QCQP and SDP
problems via iterative optimization methods. Furthermore, since

SNote that, the proposed joint precoding scheme converges to a feasible
solution, while only the convergence rate is fully analyzed can its local optimality
be strictly proved.
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Fig. 5. The simulation scenario where five BSs assisted by two RISs serve

four users.

the density of BSs and users in cell-free network is high [9] and
the number of RIS elements is usually large [18], we can rea-
sonably assume that BM PK > U and RN > U. Under this
assumption, the overall computational complexity of Algorithm
1 can be approximated by O(I,(I,B>M?P?K? + I,R*N?))
and that of Algorithm 2 can be similarly approximated
by O(I,(I,B>*M?*P*K? + I,R*N? + K?R?*(KR + 1)*%)),
wherein [, denotes the requlred number of iterations for the
algorithm convergence.

VI. SIMULATION RESULTS

In this section, we provided extensive simulation results under
different conditions to validate the performance of the proposed
concept of RIS-aided cell-free network.

A. Simulation Setup

For the simulation of the proposed RIS-aided cell-free net-
work, we draw on the potential deployment schemes for cell-free
network from the existing works [8] to construct simulation
scenarios. For simplicity but without loss of generality, we
consider a 3-D scenario with the topology shown in Fig. 5. In
this setup, a cell-free network with five BSs serve four users
simultaneously, while the network capacity is limited due to the
obstruction of a green belt. To improve the capacity, two RISs
are separately deployed on two distant building surfaces, which
are high enough to construct extra reflection links. We assume
the i-th BS is located at (40(z — 1) m, —50m, 3 m), and two
RISs are located at (60m,10m,6m) and (100 m, 10 m, 6 m),
respectively. Since the BS in cell-free network is usually small
with few antennas and low transmit power [8], we further assume
the maximum transmit power at the BSis setas P, . = 0dBm,
while the number of antennas at each BS is set as M = 2 and
that at each user is set as U = 2. The number of RIS elements
is set as N = 100. The number of subcarriers is set as P = 4,
and the noise power is set as 02 = —80 dBm [32].
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For the channel model, we consider the same settings as those
in [32]. For the large-scale fading model, firstly we define dp,,,
dBR, dry as the distance between BS and user, BS and RIS, RIS
and user, respectively. Thus the distance-dependent path loss
model is given by

L(d) = Cy (;i) ,d € {dBu, dBR, dru} (5D
where Cj is the path loss at the reference distance dy = 1 mand
denotes the path loss exponent. Here we assume Cy = —30 dB,
and the path loss exponents of the BS-RIS link, RIS-user link,
and BS-user link are set as kpr = 2.2, kry = 2.8, and kpy =
3.5 [32], respectively. To account for the small-scale fading, we
further consider a Rician fading channel model, thus the BS-user
channel H is obtained by

H = “Bu HLOS + 1 HNLOS, (52)
1+ wpy V 1+ wsy

where wpg, denotes the Rician factor, and H°S and HNLoS

denote the LoS and Rayleigh fading components, respectively.
Note that H is equivalent to a LoS channel when wg,, — o0, and
aRayleigh fading channel when wp,, = 0. Then, H is multiplied
by the square root of the distance-dependent path loss L(dg,, ) in
(51). Similarly, the BS-RIS and RIS-user channels can also be
generated by the above procedure, and let wpr and wg,, denote
the Rician factors of them, respectively. We further assume
WBR — 00, wpy = 0 and, wr, = 0 [32].

At last, for the joint precoding framework, we set the weights
of users as 7 = 1. As an alternating algorithm, © is initialized
by random values in F, W is initialized by identical power and
random phases, and u is initialized by setting all of its elements
to one.

B. Weighted Sum-Rate of the RIS-Aided Cell-Free Network

The WSR of the proposed RIS-aided cell-free network is
evaluated in this subsection. Firstly, we assume that four users
are randomly distributed in a circle centered at (L, 0) with radius
1 m. The height of these users is set as 1.5 m, and we also assume
the ideal RIS case (F = F7). Then, we plot the WSR against
the distance L in Fig. 6, in which the five curves are defined as
follows:

® [deal RIS case: Based on the fully-known CSI, Algorithm
1 is performed to maximize the WSR.

® Two-timescale scheme: This curve is realized in three steps.
First, Algorithm 2 is performed to match each user with
no more than R,.tc, = 1 RISs. Then, only the RIS-aided
channels of the matched user-RIS pairs and the direct-link
channels are utilized for joint precoding design through
Algorithm 1. Finally, WSR is obtained by substituting the
optimized W°P* and ®°Pt from Algorithm 1 into Rg,m,
in (9).

o Without direct link: Assume that all direct links between
BSs and users are completely obstructed (H = 0), and then
Algorithm 1 is performed to maximize the WSR.

® Random phase shift: All the phase shifts of RIS elements
are randomly set to the values in F;. Then, based on the
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Fig. 6. Weighted sum-rate against the distance L.
combined channels, Algorithm 1 is only performed at BSs
to maximize the WSR.

e Without RIS: The conventional cell-free network without
RIS. Based on the CSI of BS-user channels, the multi-user
precoding method in [34] is performed at BSs to maximize
the WSR.

From Fig. 6, we have three observations. First, for the schemes
with RIS deployed, we can see two obvious peaks at L = 60 m
and L = 100 m. It 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. While for the conventional
scheme without RIS, these two peaks will not appear. 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. Second, we notice that
the performance of “Random phase shift” has very limited gain
compared with the scheme without RIS. The reason is that,
without passive beamforming at RISs, the signals reaching RISs
cannot be accurately directed to the users, which demonstrates
the necessity of passive precoding. At last, we notice that, com-
pared with “Ideal RIS case”, “Two-timescale scheme” suffers
an averaged performance loss of about 10%. The reason is that,
“Ideal RIS case” acquires and utilizes all RIS-aided channels
(KR = 8) for joint precoding design, while “Two-timescale
scheme” only acquires and utilizes the RIS-aided channels of the
matched user-RIS pairs (K Ry atcn = 4). In later Section VI-E,
we will analyze the system WSR with different R, 1, in detail.

C. Convergency of the Joint Precoding Framework

To show the convergency of the proposed algorithms, we plot
the WSR against the number of iterations I, in Fig. 7 by running
algorithms once with random initializations. The simulation
setups are same as those used in Subsection VI-B, and we fix
the distance L as L = 65m. To evaluate the convergency in
non-ideal RIS phase shift cases, we add the curves “Continuous
phase shift”, “1-bit phase shift”, and “2-bit phase shift’ to denote
the cases F» and F3. The results in Fig. 7 illustrate that, when
the convergence error is no more than 1%, the proposed joint
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precoding framework can converge within 15 iterations. To
be more specific, the ideal RIS case, two-timescale scheme,
continuous phase shift case, and the case without direct links
can converge within 15 iterations, while the discrete phase shift
case can converge within 10 iterations. Since the conventional
cell-free network without RIS and the scheme “Random phase
shiff” do not need to address the RIS precoding, the WSR
in these cases can converge within 5 iterations. The results
also indicate that, although the approximation operation in (50)
causes the uncertainty of convergence, the proposed framework
still enjoys a fast global convergence. More importantly, we
find that the curves “Ideal RIS case” and “Continuous phase
shift” are very close. The essential reason is that, for “Ideal
RIS case”, actually most of the optimized RIS elements have
an amplitude equal to 1. It indicates that, for the precoding
design of the amplitude-uncontrollable RIS, we can simply
relax its constant-modulus constraint and optimize its precoding
as an ideal RIS. Then, we can directly project the optimized
precoding matrix to the constant-modulus and obtain the final
design. In this way, the optimization of RIS precoding becomes
simple and low-complexity. Besides, it also implies that there
is no need to design an amplitude-controllable RIS for wireless
communications.

D. Robustness of the Joint Precoding to CSI Error

Generally, in the proposed RIS-aided cell-free system, the
channel estimation is very challenging due to the high-
dimensional channels. Here we analyze the robustness of the
proposed joint precoding scheme to CSI error. To generate the
imperfect channels, we model the practically estimated channel
h as [45]

h=h+e, (53)

where h denotes the real channel and e represents the esti-
mation error with Gaussian distribution and zero mean, i.e.
e ~ CN(0,02). We assume the variance o2, i.e. the error power,
satisfies 02 £ §|h|? wherein § denotes the ratio of the error

power o2 to the channel gain |h|?, which characterizes the level
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of CSIerror. Then, using the same setups in Subsection VI-C, we
plot the WSR against the CSI error parameter ¢ in Fig. 8. From
this figure, we can observe that, the performance loss grows
with the increasing of §. Particularly, for the “Ideal RIS case”,
compared with the perfect CSI without error (i.e. 6 = 0), the
system performance suffers a loss of 5% when the error power
is 10% of the channel gain (i.e. § = 0.1), and aloss of 20% when
0 = 0.3. Thereby, the proposed joint precoding scheme shows
strong robustness to CSI error.

E. The Impact of Key System Parameters

To reveal more insights of the proposed RIS-aided cell-free
network with different system parameters, we consider a new
simulation scenario with more dispersed users and reset the loca-
tions of the four users in Fig. 5 as (L — 60m, 0), (L — 20m, 0),
(L 4 20m,0), and (L + 60m, 0), respectively.

1) WSR Against BS Transmit Power: By fixing L = 80m,
we present the average weighted sum-rate against the BS trans-
mit power in Fig. 9. From this figure we can observe that, with
the increase of the BS transmit power, the weighted sum-rate
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rises rapidly in all cases. Particularly, “Two-timescale scheme”
achieves very similar performance to “Ideal RIS case”. It indi-
cates that, the RIS-aided channels of the unmatched user-RIS
pairs indeed have negligible contribution to capacity improve-
ment, which demonstrates the effectiveness of the proposed
two-timescale joint precoding scheme. Besides, we have an
important finding that, the performance gain brought by RISs is
significant only when the BS transmit power is moderate (e.g.,
form 0 dBm to 20 dBm), while the performance gain becomes
negligible when the BS transmit power is too low (e.g. -20 dBm)
or too high (e.g. 30 dBm). We explain this phenomenon in detail
as follows.

Intuitively, when the BS transmit power is too low, the re-
flected signals by RIS are so weak that RISs have little contribu-
tion to performance improvement. While, when the BS transmit
power is too high, the BSs prefer to allocate most of the power
to the beams towards the BS-user links rather than the beams
towards the BS-RIS-user links, which makes the role of RISs less
obvious. To be specific, as we can observe from Fig. 9, “Without
direct link” can be roughly regarded as the scheme when the
BSs allocate all power to the BS-RIS-user links, while “Without
RIS” denotes the scheme when the BSs allocate all power to the
BS-user links [32]. With the increasing of BS transmit power,
the performance gap between these two schemes becomes larger
and larger. It indicates that, compared with the first scheme
(i.e. BSs allocate all power to the BS-user links), the benefit
of applying the second scheme (i.e. BSs allocate all power to
the BS-RIS-user links) is relatively lower and lower. When the
BS transmit power is large enough, the performance can obtain
much more gain from BS allocating power to BS-user link than
to BS-RIS-user link, since the performance gap between them
is too large. In this case, the BS will tend to allocate most of its
power to the beam towards the BS-user link, which weakens the
role of RIS.

2) WSR Against Number of RIS Elements: Using the same se-
tups as above, we present the average weighted sum-rate against
the number of RIS elements in Fig. 10. We can observe that,
the WSR of the proposed RIS-aided cell-free network increases
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as the number of RIS elements rises. More importantly, we find
that, with the increasing of RIS elements, the approximation loss
of the low-resolution phase shift becomes larger. For instance,
when N = 100, the approximation loss in the case “/-bit phase
shift” is about 14% of the ideal case, and this loss grows to 21%
when N = 180. The observation implies that, when the number
of RIS is large, is is necessary to use more accurate phase shifts
for passive precoding, so that the signals reflected from RISs can
reach the users more precisely. In addition, since the dimension
of ® is RN, the complexity of solving (35) grows with the
number of RIS elements /N, and too more RIS elements will
also make the channel estimations more challenging. Thus, it is
essential to choose the RIS element number reasonably.

3) WSR With Different Allowable Matched user-RIS Pairs:
To evaluate the performance of the proposed two-timescale
extension of the joint precoding scheme, in this part, we analyze
the system WSR with different R .¢ch, Which denotes the
maximum number of RISs that each user can be matched with.
To show more insights, in the same simulation scenario shown
in Fig. 5, we reset the total number of RISs as R = 7 and the
RIS elements as N = 50. We further assume that the ¢-th RIS is
located at (20 x ¢m, 10m, 6 m). Then, we plot the WSR against
the distance L with different R, a¢cn in Fig. 11.

From this figure, we can observe that, the WSR increases
as each user can be matched with more RISs. Compared with
the ideal joint precoding design which acquires and utilizes
all KR = 28 RIS-aided channels, the proposed two-timescale
scheme suffers performance but consumes much less over-
head for CSI acquisitions. For example, when Ratch = 3,
i.e. each user can be matched with at most 3 RISs, compared
with the perfect joint precoding design to some extent, the
proposed two-timescale scheme acquires and utilizes no more
than K Ry a¢cn = 12 RIS-aided channels for joint precoding
design but only suffers an averaged capacity loss of about 5%.
Particularly, at the positions from L = 60 m to L = 100 m, the
two-timescale scheme (Ratch = 3) can almost achieve the
same performance as the ideal joint precoding design. In this
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way, the proposed two-timescale scheme consumes much less
overhead for acquiring RIS-aided channels from the long-term
perspective [22]. Thus, we can conclude that, the proposed two-
timescale scheme can serve as a efficient scheme for balancing
the performance and overhead for CSI acquisitions, which is
especially suitable to employ in the cell-free networks with a
large number of distributed RISs.

F. Trade-Off Between the Number of BSs and RISs

Since deploying more RISs can improve the network capacity
with low cost and power consumption, in this subsection we
analyze the trade-off between the number of BSs and RISs.

To fairly evaluate the losses and gains, here we take the
energy efficiency as the performance metric. According to the
power consumption model developed in [15], the system energy
efficiency is given by

Rgum
" 7||[W|? + BPgs + KPyg + RN Pgig

» o (54)

sum

where 7,1 is the efficiency of the transmit power amplifier, while
Pggs, Pyg, and Pris denote the hardware power consumption
at each BS, each user, and each RIS element, respectively.

For the simulation setups, we consider the same settings as
those in [15], i.e. 7» = 1.2, Pgs =9 dBW, Pyg = 10 dBm
and Prrs = 10 dBm. To find more essential insights, we reset
some parameters as P = M = U = 1 and N = 20. We fix the
distance-dependent effects by setting the related distances as
dpy = dpr = 110 m and dg, = 15 m. By performing Algo-
rithm 1 in ideal RIS case, we plot the energy efficiency against
the number of BSs B and that of RISs R in Fig. 12. From this
figure, we can observe that, given B, the energy efficiency can
be significantly improved by increasing the number of RISs R.
Particularly, when B = 7 and R = 9, the maximal energy effi-
ciency can be achieved, i.e. Eg, = 0.138 bit/s/Hz/W. However,
when R is too large, the energy efficiency will decline after
deploying more RISs. For example, given B = 7, the system
energy efficiency decreases to Egy,, = 0.09 bit/s/Hz/W when
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R = 21, which is about a 34.8% loss. The reason is that, when
the network capacity is large enough, the capacity improvement
viadeploying more RISs cannot make up for the extra power con-
sumption. Therefore, carefully designing the trade-off between
the number of BSs and RISs is the guarantee for balancing the
capacity and power consumption in practical systems.

VII. CONCLUSION

In this paper, we first propose the concept of RIS-aided
cell-free network, which aims to improve the network capacity
with low cost and power consumption. Then, for the proposed
RIS-aided cell-free network, in a typical wideband scenario, we
formulate the joint precoding design problem to maximize the
weighted sum-rate to optimize the network capacity, subject to
the transmit power constraint of BS and the phase shift constraint
of RIS. 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. Simulation results demonstrate that, with
the assist of low-cost and energy-efficient RISs, the proposed
RIS-aided cell-free network can realize higher capacity than the
conventional cell-free network.

Compared with the traditional cell-free network, the pro-
posed RIS-aided cell-free network can achieve wider signal
coverage [13], higher spectrum [32], and higher energy effi-
ciency [15]. For future works, some open problems are still
worth further investigations. For example, some other important
performance metrics such as the energy efficiency [15], BS
transmit power [17], and user fairness [23] are left for future
works. Besides, in some specific scenarios such as the internet
of vehicles, how to select the replaced BSs and optimize the
placements of RISs is also an interesting research direction.

Another promising technique benefiting from the advance
of meta-materials is large intelligent surface (LIS) [46]-[48].
Different from the passive RIS, LIS is considered as a quasi-
continuous surface [46] which can actively achieve surface
beamforming [47]. Moreover, the signal model of LIS is in
continuous-integral form [46]-[48]. The introduction of LIS into
cell-free network will bring many open problems, such as how
to bridge the gap between discrete model and continuous model,
which are also left for future works.

APPENDIX A
PDS-BASED METHOD FOR SOLVING SUBPROBLEM (24)

We consider to solve (24) via the PDS method [37]. Firstly,
by introducing Lagrange multipliers A = [A1,...,Ag]T € RE
and ¥ > 0, the Lagrangian for the augmented problem of (24)
can be written as

V
L1 (W, A) = g5(W) + ATF (W) + o [F(W)[*. (55
where the function vector F(W) e RZ is defined by

F(W) = [F;"(W),...,Fi/(W)]T with F,(W) being
F,(W) = WID,W — P, Lax.
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Next, we introduce a superscript ¢ to each variable as the
iteration index, and we have the iterative formulas of W* and
! written as

[wtﬂ] B [w] o [arl/aww_wt

A+ A — ATy /0Ny (56)

where the step length a® > 0is a sufficiently small positive value
and the iteration directions OT'; /OW and OT'; /O are given by

81_‘ * * & *
8—“1[:(AW) VY (WHIE (W) IO (W), (57a)
b=1
ory
—=F 57b
wherein the auxiliary function II,(W) € CPMPK is denoted
by
DWW, [, (W)>0
II, (W) = Vb € B. 58
0 (W) {OBMPK7Fb(W)§0 (58)

By simultaneously optimizing W and A via (56) until conver-
gence, the optimal W°P* can be finally obtained without need
of the inversion operation for the high-dimensional matrix A.

Remark 1: We discuss the computational complexity of solv-
ing (24). Since Dy is a fixed diagonal matrix with M PK
elements being 1, we can simply derive that the complexity of
computing F," (W) is O(M PK). Then, we can further obtain
that the computational complexity of updating W and A via
(56) are O(B2M?2P?K?) and O(BM PK), respectively. Let
I, denote the required iteration number for convergence. Then
the overall complexity of the applied PDS-based method is about
O(I.(B*M?P%2K? + BM PK)).

APPENDIX B
PDS-BASED METHOD FOR SOLVING SUBPROBLEM (35)

We consider to solve (35) via the PDS method [37]. Simi-
lar to Appendix A, by introducing Lagrange multipliers x =
X1, xeNn]T € REN and ¢ > 0, the Lagrangian for the aug-
mented problem of (35) can be derived as

[2(0,%) = 96(©) + X" G (©) + £ |G (O)*,  (59)

where the function vector G(@®) is defined by G(®) =
G (©),...,GLEy(@)T with G;(©)=6"E;0 —1 and
E; £ ejef . Then, we have the iterative formulas of 6 and
x! written as

0" 1 _[0"] _ i [ OT2/06]_y
Xt+1 Xt - 8F2/8X|X=Xt

wherein 3¢ > 0 denotes the sufficiently small step length and
the iteration directions OI'3 /06 and 0T’y /Ox are obtained by

(60)

or RN

3792: (AO) —v* + 2; (xj +»G} (©)) ¥} (6), (6la)
p

ory

=G (61b)
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Note that, the auxiliary function W ;(0) € C*" is defined as

E;0, 6"E;0 >0

‘Ilj (0){0RNa eHEJGSO ,VJ S {LaRN}

(62)

By simultaneously optimizing 6 and x via (60) until conver-
gence, the optimal @°P" can be finally obtained without need of
the inversion operation for the high-dimensional matrix A.

Remark 2: We study the computational complexity of solving
(35). Similar to Remark 1, we can easily derive that the com-
plexity of updating ® and x by (60) are O(R?>N?) and O(RN),
respectively. Therefore, the overall computational complexity is
O(I,(R®*N? + RN)) where I, denotes the required iteration
number for convergence.
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