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Abstract: Cell-free systems significantly improve network capacity by enabling joint user service without cell boundaries, eliminating inter-
cell interference. However, to satisfy further capacity demands, it leads to high-cost problems of both hardware and power consumption. In
this paper, we investigate multiple reconfigurable intelligent surfaces (RISs) aided cell-free systems where RISs are introduced to improve
spectrum efficiency in an energy-efficient way. To overcome the centralized high complexity and avoid frequent information exchanges, a co-
operative distributed beamforming design is proposed to maximize the weighted sum-rate performance. In particular, the alternating optimiza-
tion method is utilized with the distributed closed-form solution of active beamforming being derived locally at access points, and phase shifts
are obtained centrally based on the Riemannian conjugate gradient (RCG) manifold method. Simulation results verify the effectiveness of the
proposed design whose performance is comparable to the centralized scheme and show great superiority of the RISs-aided system over the con-
ventional cellular and cell-free system.
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1 Introduction
o satisfy the ever-increasing demands for massively-
connected, high-throughput, and energy-efficient com-
munications, several promising technologies have
emerged and been discussed in 5G communication
standards, including massive multiple-input multiple-output
(MIMO)", millimeter-wave communications?, and ultra-dense
networks (UDNs)". Among them, massive MIMO and UDN
both aim at increasing the number of antennas or the deploy-
ment of small base stations (BSs) in a cell-centric way to
achieve high capacity. However, the performance of multi-cell
MIMO architecture suffers from inter-cell interference with
the concept of cell boundaries™®. To address this problem, a
new architecture named the cell-free network has been pro-
posed in a user-centric paradigm, where all access points
(APs) in the network coordinate with each other to serve all us-
ers in the network simultaneously® ®. By deploying a mass of
low-cost APs across the network and through effective coop-
eration among APs, cell-free networks achieve high-capacity
coverage and diversity enhancement. However, when it comes
to further capacity improvement, both hardware and power
consumption require high costs, which cannot be ignored for

next-generation communications.
(RIS)

emerges as a key candidate technology for future 6G wireless

Fortunately, reconfigurable intelligent surface
systems!” 8. Different from the traditional ways of antennas or
BS densification, RIS, which comprises numerous low-cost
passive reflecting elements, provides an energy-efficient alter-
native to improve the system spectrum efficiency by adjusting
the phase shifts of its elements smartly, while being free from
radio frequency chains and amplifiers. With the ability to ma-
nipulate the incident electromagnetic signals, RIS can be used

to improve the channel rank'”, extend the coverage areal'”,

en-
hance the desired signals at the users, and constructively miti-
gate the undesired signals at unintended users. By introducing
RIS into the cell-free network, higher spectrum and energy ef-
ficiency can be achieved with less power consumption'' '\
Several research works have been devoted to jointly optimiz-
ing the transmit beamforming at the AP and the phase shifts at
the RIS to guarantee the performance gain, including single-
cell™ " and multi-cell™ scenes. Additionally, in Ref. [15],
the authors first added an ariel RIS to a cell-free system and
proposed an iterative optimization algorithm to maximize the

achievable rate of the user by the power allocation and the
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In Ref. [16],

scheme was investigated for RIS-assisted cell-free systems un-

beamforming vector. the channel estimate
der spatially correlated channels. While the above works only
considered the system with a single RIS, authors in Ref. [11]
studied the sum-rate optimizing problem with multiple RISs in
a centralized beamforming scheme. However, with the in-
crease of the network scale, it is very intractable to collect all
the instantaneous channel state information (CSI) and com-
pute the high-dimensional information. Later, in Ref. [17], a
fully decentralized design framework was proposed to incre-
mentally and locally update the beamformers. However, in the
presence of RISs, multiple iterations are required to reach a
consensus for the phase shift design due to the coupling effect
of the active beamformer and phase shift design. Despite re-
ducing the complexity, it increases signaling exchange among
APs and the processor cost for APs, introducing more poten-
tial delay and errors for CSI.

Inspired by Ref. [18], we propose a distributed framework
for cooperative beamforming and phase shift design in RISs-
aided cell-free systems. In order to avoid the drawbacks of
centralized high-dimensional CSI exchange and high CPU
processing complexity, as well as the issues of frequent CSI
exchange and latency time among fully distributed APs, we
leverage the centralized processing capability of the CPU to
optimize the high-dimensional phase shifts brought by mul-
tiple RISs to improve system capacity, while each AP only lo-
cally optimizes the small-scale active beamforming. The
main contributions of this work are summarized as follows. 1)
A cooperative distributed beamforming design framework is
proposed for the multi-RIS aided cell-free system, showing
lower complexity and comparable spectrum efficiency to the
centralized framework in Ref. [11]. 2) A weighted sum-rate
(WSR) maximization problem for the cooperative distributed
scheme is formulated, subject to transmit power constraints
at APs and unit-modulus constraints of RIS. By employing
the alternating optimization framework to decompose the non-
convex problem, we innovatively derive a closed-form distrib-
uted solution to active beamforming, while the effective Ri-
emannian conjugate gradient (RCG) algorithm is adopted to
deal with the phase shifts of multiple RISs under unit-
modulus constraints, and the discrete phase-shift case is ad-
ditionally discussed. 3) Simulation results demonstrate the
superior performance of the multi-RIS aided cell-free system
compared with the traditional cellular network and the con-
ventional cell-free system, and verify the effectiveness of the
proposed low-complexity design.

The rest of this paper is organized as follows. Section 2 pres-
ents the system model and the formulation of the discussed
problem. Section 3 introduces the proposed cooperative dis-
tributed beamforming design. Section 4 provides the numeri-
cal results to discuss the performance of the proposed design.
Finally, we conclude this paper in Section 5.
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2 System Model and Problem Formulation
In this paper, we consider a downlink RISs-aided cell-free
system, where multiple distributed APs (each equipped with
M, transmit antennas) cooperatively serve K users (each
equipped with M, receive antennas) with the aid of multiple
RISs. All RISs are controlled by the CPU through wired or
wireless control, while all APs are connected to the CPU by
the backhaul link. The CPU is deployed for joint planning and
control, which coordinates APs and RISs. We denote the in-
dex sets of APs, RISs, users and RIS reflecting elements as
B={l,--.B}, L ={l,---.L}, K ={1,--- K} and A'={1,---,N},

respectively.

2.1 Transmitters
In the proposed cell-free network, all APs cooperate to
serve all users by coherent transmission. Let s,,Yk € K denote

2
the transmitted symbol for the k-th user, satisfying E{| sk| } =

1. Then, the transmitted signal at the b-th AP is given as

K
x, = zwb%ksk,\fb e B, W
=1

where w,, € C"*" denotes the corresponding active beam-
forming vector designed for the k-th user at the b-th AP. The
beamforming vectors satisfy the transmit power constraint

z:; 1” Wy ”2 where P
of the AP b.

denotes the power budget

b max? b, max

2.2 Channel Model

Let H/, e C"*" H', e C""" and G,, € C"*" denote
the complex equlvalent baseband channel matrix between the
b-th AP and the k-th user, between the [-th RIS and the k-th
user, and between the b-th AP and the [-th RIS, respectively,
Vb e B,Vk e K,and VI € L. We assume that the CSI of all
the links can be perfectly known at the AP via the channel ac-

quisition method"”. Denote the phase shift of the n-th reflec-
tion element of the I-th RIS by 6’ € [0, 2m]. Then, by defining

P, L diag{(bl’l,---,d)l_’w},Vl € L, where ¢, = ¢, the received
signal at the k-th UE can be expressed and simplified as:

B K
(PP

zi<

b=1m=1

B K
Z z H!;”Awbmsm +n, @)

(a)
H —
H/) + 2 Hrlk ¢ Gb wb,msm + "’k -

1=1

(b)
i —
,+ H, P Gh)wb,msm tn=

where (a) holds by defining @ = dlag((P . (15L), H, =

[Hfl_k, -',Hr’,‘,k] , and G, = [Gbr,, . G,, ]1, and (b) holds by
defining
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AFigure 1. Downlink transmission in the multi-RIS aided cell-free system

L
Hlfk = Hlfk + zHﬁ,ﬂ)zcb,z»
= (3)

and n, ~ CN(O,O‘ZIMI) denotes the noise at the k-th user fol-

lowing the Gaussian distribution. Then, the achievable data
rate of user £ can be given by:

B B
R, = logdet(] + (zﬁfkwb’k)( zwf’kﬁb’k)Qk'),
i=1 =1

(4)

K B B
where @, = z ( zﬁlfik wb,m)( z wﬁmﬁb,k) + U'ZIM, .

m=1m#k\k=1

2.3 Problem Formulation

In this paper, we aim at maximizing the WSR of the RISs-
aided cell-free system by jointly optimizing the AP transmit
beamforming W and phase shift matrix @, with the WSR writ-
ten as

K
R, = o, R,,
sum AZ‘I kY k (5)

where w, € R" is a weighting factor representing the priority
for user k.

Then, subject to the AP transmit power constraint and the
unit-modulus constraints of RIS elements, the optimization
problem can be expressed as

max R
w.d

K 2
s.L. zu w,, ” <P, .o Vb € B,
=1

sum

Gief,Vle[,,Vne./\/', (6)
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where W A [w],---,wK] e CPM K and w, = [w,T’k,m,w;_kT.
Here, we assume F 2 {01" He’gl‘ = 1},Vl e LYn e N, and we

will also discuss the design under the discrete phase shift con-
straints as follows. Apparently, due to the non-convex complex
objective function and the unit-modulus constraint in Problem
(6), the optimization of the phase shift matrix @ and the active
beamforming matrix W is very challenging.

3 Proposed Cooperative Distributed Beam-

forming Design

To avoid the centralized overwhelming computation, we pro-
pose a cooperative distributed beamforming design for solving
Problem (6), since the constraints are distributed. Meanwhile,
due to the large dimension of variables and the coupling effect
of active beamformer and phase shift design, the full distrib-
uted framework will lead to extensive CSI exchange among
APs and even more to reach a consensus on the phase shift de-
sign. Therefore, in the proposed design, we take full advantage
of the centralized processing of the CPU to optimize the high-
dimensional @, while the active beamformers are computed lo-
cally by each AP, in a cooperative distributed way.

In the following, the alternating optimization approach is ad-
opted to address the joint optimization problem, which is de-
composed into the active beamforming and the phase optimiza-
tion subproblems.

3.1 Reformulation of the Original Problem
By exploiting the equivalence of the sum-rate maximization
problem and the weighted mean-square error (MSE) minimiza-

21 the original non-convex problem can be refor-

tion problem!
mulated into a more tractable form. First, considering a linear
receiver filter u, € C" ', the estimated signal vector of each
user is given by §, = u}'y,,Vk € K. Then, under the indepen-
dence assumption of the signal and the noise, the MSE matrix

can be written as

mse, & ESY"[(.?A - sk)(s?k - s,c)q =

B B H
H 7 H H 71
(ur. H,w,, - 1)(uk sz,A—wb.k - 1) +
b=l

b=1

K B B
11 71 T 2
L 2 ( sz,kw[;.m)( zw[:,rng,k) + ol u ke £
m=Tm=k\b=1 b=1 .

(7)

By introducing a set of auxiliary matrices f = {fk,Vk}, Prob-

lem (6) can be reformulated as follows™":

K
‘{/n’ui); k;wk(log(fk) - f,mse, + 1),

K 2
s.t. z” w,, ” <SP, VbeB,
=1

0 e F,¥le L,Yne N (8)

ZTE COMMUNICATIONS | 101
June 2024 Vol. 22 No. 2



Research Papers | Cooperative Distributed Beamforming Design for Multi-RIS Aided Cell-Free Systems

ZHU Yuting, XU Zhiyu, ZHANG Hongtao

3.2 Optimizing Active Beamforming

Fixing all of the auxiliary matrices u,f and the phase shift
matrix of RISs @, we can rewrite the active beamforming opti-
mization problem as:

K
min zwkfkmsek
L=

s.t. 1,2” w,, ”2 <P, .o Vb e B. ©)

By substituting mse, in Eq. (7) into the objective function in

Problem (9) and ignoring the unrelated constant terms, we sim-
plify the above optimization problem as

min Tr(WVW) = 2Re{Tr(Q"W )|

K 2
s.t. z” w,, H <P, Vb € B,
=

(10)
where
V., Vig

VA D
VBI VB,B (11)
V,, A zf: lwkfkﬁb,kukufﬁﬁk’ (12)
Qé[’]n"'aqk]’ (13)

r
q, é |:q’1r,k7q§,k7"'7qlr?,k] ’ (14)
qp 4 “’kﬁfﬁmkl"k? (15)

and Re{ -

serve that Problem (10) is a standard quadratically con-

} denotes the real part of its argument. We can ob-

strained quadratic program (QCQP) problem, which can be op-
timally solved by many existing methods such as the alternat-
ing direction method of multipliers (ADMM) and the standard
convex tools'''l. However, these centralized methods contrib-
ute to high computational complexity. Here, with the power
budget constraint, we provide a closed-form distributed solu-
tion by introducing the Lagrange multipliers method. Accord-
ing to the first-order optimal condition for each AP b and each
user k, we can obtain

wih =V, + Ay ) (qus = &01)s (16)

where A, is the introduced Lagrange multiplier updated via
Lo A
the bisection method. &, & 2,},68\“))

the information about the channel between AP b and the other

V,yw,,, which implies
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APs, and about the beamforming designs adopted by the other
APs for user k. Moreover, in the distributed design, each AP
locally computes its beamformer w,, in parallel with the other

APs. So based on the fixed &,,, each AP updates its beam-

former vector at iteration ¢ as

wiy = (1 - a)wy; "

(17)

opt
+ awb,k ’

where a € (0,1:|. The update in Eq. (17) is to limit the varia-

tion of the precoding vectors between consecutive iterations,
where the step size a needs to be chosen properly to strike a
balance between convergence speed and accuracy.

3.3 Optimizing Auxiliary Variables
For given active beamforming matrices {w,)’k,Vb,Vk} and @,
the optimization problem can be expressed as

K

i ,;‘”k(log(fk) - fmse,). (18)

By substituting Eq. (7) into the objective function in Prob-
lem (18), it can be easily seen that the form is concave with re-
spect to w, and to f;. Thus, the optimal solution of them can be
easily obtained by checking the first order optimality condi-
tion as follows:

=1 (19)
S = mse;, (20)
where
S B
=1- H .
mse, gwb,/ﬁ bk Wi 21)

3.4 Optimizing Phase Shifts
Next, we focus our attention on optimizing the phase shifts

@, based on the optimized u, f and {wb_’k,Vb,Vk}. By ignoring

the unrelated terms, the phase shifts optimization problem is
presented as

K
min Zwkfkmsek
L =

st. 0 e FVle L,YneN. (22)
This problem is non-convex due to the unit-modulus con-

straint. Substituting Eq. (3) into Eq. (7) and following some

further manipulations, the objective function is represented as
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L

K L
> o.f; Zl > (@A, @8,) +

k=1 j=1

ZTr(qs,H(cM -D,))+ zTr(d),(CM_ - D,’k)H)

=1 . (23)
with the notations as follows:
Ai,j,k = Hr,i,kuku?Hg.ko (24)
K [ B B
Bi,j = z ( z Gb.jwb,m)( z wil,mGl{{i)
m=1\b=1 b=1 R (25)
K [ B B
C,= Hr.l.k"’kug 2 ( z Hl{]kw!,m)( z Wi'mcfz)
’ e A = R AV = T (26)
& W
D, = Hr,l,kukbz,lwb.kcb.l . 27)

By defining vector d),:[d),_l,---,d),_u,---,zi),_w]T, and ¢ =
[¢7d!]  we Tr(®VA,, P B,) =

(f)H(Ai’f’k@BZj)d), where © is a Hadamard product operator.

arrive at

.
For ease of representation, we let Z;; = (zwkkaq‘k)QBZ/,

k=1

R Z1,1 ZI,L .
Z=|: - b P = [Zk= lwkfk[cl.k -
Zyy o ZL,L

T
T N S A L D,’k]M} cand p=[pl.p!].

Hence, the optimization of Problem (22) for phase shifts ¢ can

be reformulated as:

m‘gn ¢H2¢ + Zﬂ?e{pﬂ(l)}
st. 0, e FNle LNne N (28)

We have F 2 {9f,y| ‘e’”{“ = 1} in the non-convex problem,

and we notice that the unit modulus constraints form a com-
plex circle manifold in fact, as

MNLZ{(I)E(CNL:‘(I)LI‘:“':‘qusN‘: 1}. (29)

The formed search space is the product of NL circles in the
complex plane, which is a Riemanifold of C* with the product
geometry. Thereby, we propose the Riemannian conjugate gra-
dient method for the phase shifts optimization. Specifically,
Problem (28) can be alternately solved by carrying out the fol-
lowing steps at each iteration r: 1) Firstly, compute the gradi-
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ent in Euclidean space Vf(d),) = 22¢, + 2p"; 2) Compute the
Riemannian gradient grad f (¢, ) = Proj, Vf ($,) = Vf (¢,) -
R{Vf(([),)@(l)f}@(f),; 3) Then, update the search direction
for the RCG method on manifold 7, ,, =-gradf(&,, )+
B.Zy o (n,). whete 7y, ()27, M" T, M
n, PN, - 3?«3{17,@([)?,r 1}®4’r+| and B, is chosen as the

Polak-Ribiere parameter; 4) Finally, map the solution into the
manifold M as ¢, = R(br(ar'r),) with step size «, by re-

traction operator R¢,( a,’r],) A T(,,’MNL > MM
+
an o vee| M|
b, +am,

3.5 Complexity Analysis and Algorithm Supplements
Based on the solutions to the above sub-problems, we imple-
ment the proposed cooperative distributed beamforming de-
sign by iteratively updating the variable set {w, u,f, &, (f)} At
each iteration, w is optimized locally at each AP, while CPU
optimizes u, f, ¢ and computes € in a centralized mode, which
is guaranteed to converge at least a locally optimal solution"®,

Note that APs need to share the estimated CSI {HM,Vk},
{Hr,l,k’Vk7 l}, and {Gbil,Vl} with CPU, so the required backhaul
signaling for CSI exchange is BMt(KMr + NL) + NLKM .
Moreover, according to Section 3.2, each AP needs to receive
{u,f, f,(])} from CPU (or initialize them) at each iteration,
which requires KM, + K + NL + BM,K backhaul signaling,
and then APs need to feed back {wb,k,Vk} to CPU, which re-

quires BM,K backhaul signaling. Therefore, the total required
signaling overhead of the proposed design is BM,(KMr +
NL) + NLKM, + (KM, + K + NL + 2BM,K), where I de-
notes the number of iterations. It reduces the signaling over-
head compared with the fully distributed framework, which
leads to B(M,(KM, + NL) + NLKM, + I (KM, + K + NL +
MtK)) signaling overhead, in the case of large B in the cell-
free network.

In the meantime, the main complexity is dominated by the
matrix inverse, which involves complexity O(BKM? ), and by
the gradient computation in the RCG method, which involves
O(K2N2L2 ) Compared with the design using semidefinite re-
laxation (SDR) or convex optimization toolbox, which leads to
the complexity (’)(N3'5 L* ), the proposed approach realized
great computational complexity reduction.

As a supplement, when the discrete phase shifts are consid-
ered, we adopt the common solution and approximation projec-
tion®"!] to address the non-convex constraint. The core idea of
this method is first to obtain a continuous solution 6’ ™, V1,¥n
that satisfies the unit modulus constraint, and then simply
project the solution to the nearest discrete value in the set
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2m(x - 1)

Fb 6| 92=e/ A ,x=1,---,A,whereA=25 and b is

the number of discrete bits. It can be written as follows:

Yle LNne N

n

[ox : L opt _
0," = arg mn}’ﬁn ®©
peF

4 Simulation Results

In this section, simulation results are presented to demon-
strate the performance of the proposed cooperative distributed
beamforming design in the multi-RIS aided cell-free system.
The numbers of APs, users and RISs are B = 3, K = 3, and
L =3, and each AP and user is equipped with M, =M =2
antennas. Considering a 3D scenario, three APs are located at

(0,100 m, 3 m), (-50¢/3m-50m.3m)

and

(50 V3 m,-50m, 3 m), respectively, and users are randomly

distributed in a circle centered at (0, 0) with a radius of 5 m.
The height of the users is set as 1.5 m. In particular, three
RISs are deployed near users right above the points (0,20 m),
( - 15m,-15 m), and (15 m,—15 m), respectively, facing the
ground with an altitude of 6 m, so that all of them can cooper-
ate with all APs to serve the users.

For the large-scale fading, we use the urban macro (UMa)
path loss model in 3GPP specification TR 38.901%% as the
distance-dependent channel path loss model, with a carrier
frequency set as 5.8 GHz. Specifically, the path loss model for
G,, and H ,, can be given by L, =43.27 + 22.0log(d),
where d represents the distance between the transmitter and
the receiver. Meanwhile, due to the randomness of users and
the long distance between the AP and users, LoS propagation
may not necessarily be guaranteed for the AP-user channels,
so the path loss for H,, is assumed as Ly =

max(ELUS, II\ILoS)’ where L}, = 28.81 + 39.081log(d). For

the small-scale fading, we consider the Rician fading channel
model. Let k,; = 0, kpy = 3, and k,; — % denote the Rician
factors of the AP-user, RIS-user, and AP-RIS channels, re-
spectively. The transmit power budget is set as P, . = P, =
20 dBm, Vb, the noise power is set as o> =—80 dBm, and the
weight w, for each user is set as 1 equally.

Fig. 2 illustrates the convergence behavior of all the pro-
posed algorithms. It can be seen that, when N = 100 and the
convergence error is not greater than 0.1%, the proposed coop-
erative distributed beamforming (CD-BF) algorithm converges
within 15 iterations. Despite the distributed design of active
beamforming in the proposed method, the convergence perfor-
mance is almost the same as that of the centralized beamform-
ing (BF)"Y, without causing any performance loss. Besides,
the cases of discrete bits, random phases, and without RIS
converge within 15 iterations as well.

Fig. 3 presents the convergence behavior of the proposed
and

max

design under different AP transmit power budgets P
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AFigure 2. Convergence behavior when N=100
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max

A Figure 3. Convergence behavior under different power budgets and
numbers of elements N

varying numbers of elements N. Fig. 3(a) illustrates that as
P .. increases, the convergence speed noticeably slows down,
while the weighted sum-rate performance significantly im-
proves. Similarly, in Fig. 3(b), it can be observed that as N in-
creases, the algorithm converges slightly slower but within 20
iterations. This depicts the good convergence performance of
the proposed design.

Fig. 4 shows the performance comparison between the pro-
posed and the centralized algorithm in terms of weighted sum-
rate and CPU running time, with different numbers of reflect-
ing elements N=100, 200, and 300. First, it is observed that

both algorithms exhibit almost identical sum-rate performance
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under different N. However, due to the proposed cooperative
distributed design, which avoids high-dimensional matrix cal-
culations, and the fast optimization speed of the manifold
method, the proposed one achieves better speed performance
than the centralized algorithm. In addition, as N increases, the
runtime of the proposed algorithm remains in the same order
of 10°, while the centralized algorithm’ s runtime increases
from 107 to 10°, highlighting the low complexity advantage of
the proposed algorithm.

Fig. 5 compares the sum-rate performance with the size N
of RIS. The results indicate that the proposed design achieves
higher performance gain as N increases, comparable to cen-
tralized design. Additionally, with the rise of N, the approxi-

6 T T T 10°

I CD-BF, proposed|
5 M Centralized BF 410°

w
CPU time/s

Weighted sum-rate/(bit+s™" *Hz™")

N=100

N=200 N=300

CD-BF: cooperative distributed beamforming algorithm
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mation loss of low-bit discrete phases becomes larger, which
implies the significance of the precise phase design when it
comes to a large size of RIS, while balancing the overhead and
complexity of channel estimation. Furthermore, we discuss a
traditional cellular network baseline with multiple small cells
serving the nearest user in the setting scene without RIS assis-
tance, where classical zero-forcing (ZF) precoding is used for
transmission. It can be observed that compared with this base-
line and the traditional cell-free network without RIS, the RIS-
assisted cell-free system architecture achieves significant
spectral efficiency improvement.

In Fig. 6, we compare the WSR performance under two dif-
ferent deployment strategies, namely, the near-AP side and
the near-user side. In the setting scenario, the results reveal
that, considering edge users that are far from APs, the near-
user deployment outperforms the near-AP one, regardless of
continuous or discrete phase shifts. Moreover, it can be seen
that, even compared with the traditional cell-free scenario
with B"= B + L APs, the proposed RIS-aided architecture
still provides significant gains while being cost-effective and
energy-efficient.

S Conclusions

In this paper, we investigate joint active beamforming and
phase shift design for the multi-RIS aided cell-free system.
The weighted sum-rate maximization problem under the pro-
posed cooperative distributed beamforming design framework
has been considered, which is firstly converted to a tractable
form by exploiting the relationship between the sum rate and
the sum MSE. Further, we derive the distributed closed-form
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solution from the active beamforming and update the phase
shifts using the RCG method. By iteratively optimizing the two
objectives across APs and CPU, the proposed design con-
verges to a stationary point, outperforming the centralized
framework in terms of lower complexity and equivalent spec-
trum efficiency. In addition, our numerical results demon-
strate the remarkable potential of RIS in improving the net-
work capacity compared with conventional cellular and cell-
free systems.
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