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Reconfigurable Intelligent Surface (RIS) can improve the security of the physical layer of
wireless communication by adjusting the phase of the reflective unit. After analyzing the
common theoretical models and potential problems, this study proposes an alternative
iterative model based on multiple input multiple output (MIMO), and designs the
transmitter, channel and receiver. In addition, passive beamforming precoding matrix of RIS
was jointly optimized, and the Lagrangian dual relaxation (LDR) was adopted to decouple
the nonconvex problem. After that, the active and passive beamforming matrices were
subjected to iterative calculation, and the beamforming was optimized through cyclic

programming at the base station (BS). In addition, the high convergence of the proposed
algorithm was proved by MATLAB simulation. The results of simulation demonstrate that
the joint precoding framework algorithm can maximize the weighted sum rate (WSR), which
in turn demonstrates the feasibility of our method. Finally, the authors analyzed the strong
applicability of the RIS technology in complex wireless networks with different volatility,
revealing the possibility of future development.

1. INTRODUCTION

In recent years, China has made great progress in 5G
wireless communication technology, and deployed more and
more 5G base stations. Meanwhile, the 6G wireless network
has piqued the interest of most operators, thanks to the
technical advantages of 6G communication technology, such
as ultra-high frequency spectrum, high energy efficiency,

ultra-connection of ultra-dense users, and ultra-low latency [1].

The reasonable control of energy and power efficiency is
crucial to the 6G wireless network. So far, researchers have
studied the efficiency of various energy-intensive
communication services, aiming to reasonably distribute the
energy and power in the network.

Apart from energy efficiency, secure communication is also
critical in the 6G wireless network. There are two types of
secure communication technologies: the traditional encryption
technology and security system, which encodes the
transmitted information through software encryption, and the
hardware data encryption on the physical layer, which realizes
secure communication without incurring additional overhead
during the protection of the safe key [2, 3]. One of such secure
communication technologies is reconfigurable intelligent
surface (RIS). The RIS improves the security of physical layer
of wireless communication systems by adjusting the phase of
the reflective unit. The introduction of RIS adds a special
dimension to the design of wireless communication systems:
interfering channels are designed to obtain a channel that can
be controlled to a certain extent [2]. This extend depends on
the integrated algorithm and the coverage density of the RIS
system. Once the RIS is fully deployed in all directions of the
transmitter and receiver, the wireless communication channel
will be fully controllable [4].
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Compared with traditional relays, the RIS is a passive, low-
power device, which ensures that the transmission signal-to-
noise ratio (SNR) in the channel is proportional to the square
of the surface elements number of RIS [5]. Starting from this
unique feature, a series of mathematical calculations can be
carried out [4], allowing operators to change the deployment
cost, and enabling scholars to realize deeper derivations. This
is good news to the potential application of RIS research
results.

The RIS is made of a new programmable two-dimensional
(2D) metamaterial. The metamaterial is divided into several
element units, which are combined into a surface structure.
Each element unit needs to be adjusted to control the angle of
reflection and intensity of incoming and outgoing
electromagnetic waves, according to the mathematical and
chemical components. The adjustment generally refers to
changing the size of capacitance, resistance, and inductance.
The RIS structure is illustrated in Figure 1. Following the one-
to-one principle, each unit of each layer is connected to the
corresponding controller [6].

In recent years, RIS has been widely studied in academia.
The signal from the base station (BS) can reach the user
equipment (UE) directly, or via RIS reflection. The phase of
the N reflection elements of the RIS should be reasonably
modulated, so that the RIS reflection signal is superimposed
with the original signal at the spectrum sharer for the signal
strength enhancement [7]. The common performance indices
of wireless systems, such as SNR, secrecy rate (SR),
transmission power, sum rate of multiple users (sum-rate),
energy efficiency (EE), and physical layer security (PLS) [5]
are generally assured by designing a joint optimization
algorithm, which can start with the element phase of the RIS,
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and also consider the joint optimization of the multi-antenna
beamforming (BF, beamforming) vector of the BS.

Saad et al. [3, 8] explored the beam design problem of RIS-
assisted multi-input single-output (MISO) system, and
analyzed the robust beamforming design of the worst-case, in
the presence of imperfect channel state information (CSI).
Through transformation and approximation, the problem was
transformed to a series of subproblems of the semi-definite
program (SDP), followed by the reasoning about the system’s
data transfer rate and security. Huang et al. [9] calculated the
symbol error probability (SEP), before analyzing the element
number of the RIS per unit area, the effect of the corresponding
phase on the SEP of system compilation, and the final
asymptoticity. Lyu and Zhang [7] investigated the impact of
RIS deployment on the downlink throughput in the MISO of
the current wireless communication system, and proved that a
denser deployment of RIS can greatly enhance the signal
power at the cost of rising interference other than the preset
interference.

Additionally, Saad et al. [3] pointed out that the per square
meter capacity of the RIS surface area varies proportionally
with the mean transmission power, rather than logarithmically
as in the massive MIMO. Huang et al. [9] imagined the entire
surface as a receiving antenna array to analyze the

communication between a single antenna terminal and the RIS.

In this case, the received post-filtering signal was matched. As
long as the surface area is large enough, the channel

information could be represented by the inter-symbol
interference channel constructed under the sinc function. Cui
et al. [10] searched the optimal passive beamforming vector of
RIS and the optimal active beamforming vector of BS to
maximize the weighted sum of downlink rates, and these
weights represent the priorities of mobile users. Furthermore,
discrete RIS phase shift values were adopted to make the
analysis simpler and more practical.

The RIS can intelligently modulate the information of the
reflected signal via software control. In terms of security
applications, the eavesdropping-proof design at the physical
layer is a forward-looking consideration to improve the
probability of secrecy. Wu and Zhang [6] summarized that the
integration of the RIS in wireless communication systems
intends to minimize the information leakage to the
eavesdropper, and cut off the direct link between BS and
eavesdropper by tuning the non-RIS reflected signal or the
signal transmitted by the system. To maximize system security,
Yang et al. [8] carried out the joint trajectory design and power
control of unmanned aerial vehicles (UAVs), which properly
adjusts the RIS reflection phase shift, and came up with a
brand-new secure RIS UAV communication system.
Considering discrete and continuous phase shifts, Chen et al.
[11] designed an alternate optimization algorithm, and relied
on the algorithm to optimize the transmit beamforming and
RIS phase shift matrix. The proposed algorithm improves the
safe data rate to a certain extent.
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Figure 1. RIS structure
2. COMMON THEORETICAL MODELS AND than one bit time, then it can be assumed that they arrive at the
POTENTIAL PROBLEMS receiver almost simultaneously. In this case, the multiple

The RIS, which have an energy-efficient, high-gain, and
low-cost meta-surface, can tune the phase shift of its elements
with a lot of low-cost passive components, and reflect incident
electromagnetic signals to any direction with high array gain
[12]. Similar to the model shown in Figure 2, a common RIS
includes a receiver, a random eavesdropper, a BS having N
antennas, and an RIS having M phase shifters, whose phases
are adjusted by the RIS controller.

When multiple signals arrive at the receiver simultaneously,
the system will arrange them in an internal order called relative
delay. If the difference between the relative delays is much less
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signals will not cause mutual interference between bits. Such
an effective channel fading model is known as flat fading.
Within each frequency band, the frequency response under this
channel model is flat with little inter-bit interference. However,
if the signals are superimposed, the influence of the relative
delays will gradually increase, resulting in interference
between bits. In this case, the frequency response of the
channel is not flat in the frequency band. Such a fading model
is known as the frequency selective fading model. Under this
model, it is assumed that, after passing through the radio
channel, the signal has a random amplitude, and its envelope
obeys the Rayleigh distribution.
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Figure 2. RIS-assisted downlink model of MISO

The quasi-static flat Rayleigh fading (QSRC) is a common
channel model, where the multipath case does not cause inter-
symbol interference and remains constant within each block.
Therefore, this paper chooses the QSRC as the channel model.
It is assumed that all CSI is known, and an eavesdropper is in
the channel. Let Hg; € CY*Nt, hy € CY*Nt,and hy, € CPM
be the channel coefficient matrixs from BS to RIS, from BS to
legitimate user, and from RIS to user, respectively. Drawing
on idea of channel estimation, the signal received from
legitimate receiver can be written as:

yr = (hgy + hy®PHp)fx + ny, (1)
where, @ = diag (5,€)%, B,€1%, -, B, €M) is  the
coefficient matrix of RIS; S€[0,1] and 6x€[0,2nt] are the
amplitude and phase of the k-th unit of RIS.

Suppose RIS has a large power gain, and is expressed as
Bi=1, k=12, M [5]; f € CNt*1 represents the integrated
beamforming of the BS, where the power limit || f I
\/IT , Pap indicates the real-time maximum power that the BS
can transmit; ny represents other undesired noise near the
receiver, which satisfies n;, ~ CNV'(0, o).

In the same way, the signal received from the eavesdropper
can be expressed as:

ye = (hgg + hig®PHg)fx + ng (2)
where, hjp € CYM and hgg € CY*Nepyp € CY*M are  the
matrices of channel coefficient from RIS to eavesdropper, and
from BS to eavesdropper; ng is other undesired noise near the
eavesdropper, which satisfies ng ~ CN(0, 62).

According to formulas (1) and (2), in the common sense of
the RIS-assisted MISO system, the safe rate can be derived as:

Reee = [Ry, — Rg]* (unit: bit/(s - Hz)) 3)

where, [x]" is mathematically the larger number between x and
0; Ry is the receiving rate of the legitimate receiver on the link:

)

The eavesdropper's receiving rate on the link should also be
represented. Here, the eavesdropping rate Rg [5, 13] is defined
as:

|(hgy, + hy, ®Hp)f|?

2
0y,

R.=1b (1 + “)
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|(hgg + hig @Hp)f|?

2
Og

Rg=1b (1 + (5)

)

As shown in formula (3), in order to maximize R, it is
necessary to jointly design the key factor @ of RIS and the
vector fof BS, remove the mathematical symbol []* in formula
(3) through a certain transformation, and transform the
formula as follows, using the incremental feature of Ib( -):

|(hgL + hy ®Hg)f|?
14 1L ;—13 s f

14 |Chgg + h(ITEzq’HBI)ﬂZ
E

{fopt: q)opt} = argf_gax

st Il £ 12< Pap

|| = 1,0 € {1,2,, M} (6)

It can be observed from formula (6) that the constraints
involve a series of non-convex problems, which limits the
solution process. Meanwhile, there is a relationship between
the variables in the objective function. The two constant
optimization variables f and ® are mutually coupled, making
it possible to transform the objective function into a convex
function step by step [5].

Restricted by the above conditions, the optimal solution of
f and ® in formula (6) cannot be directly obtained.
Nevertheless, Constraint 1 in formula (6) only restricts f, and
Constraint 2 only targets .

So far, the algorithm using alternate iterative multiplication
factors has already taken shape. The next goal is to design f
and @ separately until the objective function converges to a
stable value [5].

3. MODELING AND JOINT OPTIMIZATION

The centralized massive MIMO technology is extensively
adopted by the BSs in the current 5G cellular network
communication system. The exiting research proves that the
network capacity can be further expanded by increasing the
density of BSs. But denser BS distribution increases the inter-
cell interference, which seriously bottlenecks the continuous
improvement of network capacity.

In 2017, wireless communication researchers came up with
the cell-free massive MIMO technology, which achieves a
larger network capacity than centralized massive MIMO. The
excellent network capacity is realized by deploying distributed
small BSs, and eliminating inter-cell interference through the
cooperation between BSs. The integration of RIS in the
cellular-free network (RIS-CF) provides a better way of the
effective improvement of coverage and capacity at low cost,
without consuming much power, for the future wireless
systems. This paper randomly distributes multiple access
points (APs), and constructs a centrally distributed backhaul
link model to transmit data to the central processing unit (CPU)
while ensuring that the frequency consistency between all
multi-frequency signals. At the same time, the received signal
of user was enhanced by programming the reflection
coefficient of the RIS. Figure 3 presents the structure of the
cellular-free network.



user 1
RIS 1

RIS 1

oooo

Figure 4. Downlink channel of RIS-CF system

The cellular-free massive MIMO network can shorten the
distance between the user and the BS, and obtain a spatially
distributed absolute gain. It can also greatly reduce the path
loss in the effective transmission channel, and utilize a
massive number of APs to ensure favorable propagation to
numerous users. In this way, the resource waste is avoided, and
the interference between multiple bits is reduced.

The prototype of the system is a distributed antenna system
(DAS), which can be compared to identify the origin of RIS-
CF. Figure 4 shows the new network system proposed by the
authors: The proposed system contains BSs, R RISs, and K
multi-antenna users. The number of antennas of the b-th BS,
the number of antennas of the k-th user, and the number of
elements of the r-th RIS are denoted by M;, Uy and N,,
respectively. For simplicity, M, Uy and N, are written simply
as M, U, and N, respectively.

Considering the need for multi-carrier transmission, it is
further assumed that there are P subcarriers. Then, the number
of RIS elements, RISs, BSs, subcarriers, and users is denoted
by N={,,N,R={1,-,R},B={1,-,B},P =
{1,---,P},and X = {1, -+, K}, respectively.

3.1 Transmitter design

In the cellular-free massive MIMO network, all BSs must
be synchronized and independent to provide better service to
all users through an integrated channel.

Assume s, £ [sm, -, sp'K]T € CX, in which s, ; represents
the bit information sent on the p-th subcarrier for the k-th user.
Suppose the power of transmitted signals are same, e.g.,
IE{sp sg } = g, Vp € P. In the transmission model of downlink,
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the frequency domain symbol s, is first decoded on the b-th
BS with the precoding vector wy,,, ,, € cM.

Therefore, at the b-th BS on the p-th subcarrier, the
precoding x;, can be expressed as:

K
Xpp = Z Wh,p,kSp.k
k=1

At the b-th BS on the p-th subcarrier, the frequency domain

()

P . . .
symbol {xb_p}pzl can be transformed into the time domain by

inverse discrete Fourier transform (IDFT). After being added
a cyclic prefix (CP), the signal is up-transformed into the radio
frequency (RF) domain through the M radio frequency chains.

3.2 Channel design

As shown in the RIS-CF system, the R RISs support
directional reflection. In the RIS-CF system network, the
channel between each pair of user and BS is roughly composed
of two parts: R BS-RIS user links and a freely distributed user-
user link. Each BS-RIS user link consist of an RIS-user link
and a BS-RIS link. Before be transmitted to the user, the RIS
signal are modeled by multiplying the incident wave with a
phase shift matrix. So, the channel i/, , € CCY*™ on the p-
th subcarrier, from the b-th BS to the k-th user, can be
equivalently expressed as:

R
H — H H H
Norp = Hpip + Z Frkp®r Gorp (8)
e
BS-user link r=1
BS-RIS-user link
in which, Hp, € CCVM, Fl e€CC”N | and Gy, , €

CCN*M are the frequency domain channel of subcarrier p from
b-th BS to k-th user, from r-th RIS to k-th user, and from b-th
BS to r-th RIS; @, € CCV*V is the phase shift matrix of r-th
RIS:

0, = diag (6,1, .., 0,n), VT €R 9)
where, 6,,, € F and F is a valid set of reflection coefficients
(RCs) of RIS. For a generalized model, this paper assumes that
F is a system scenario based on the ideal RIS: both the phase
and amplitude associated with the element 6., of RIS can be
controlled continuously and independently:

F 2{0, 1|00 IS 1},Vr e R,YREN (10)

3.3 Receiver design

Assume the received signal by the user pass through the
channel hj kp- Lhe signal in time domain is first transform to
the baseband by frequency transform, followed by CP removal
and discrete Fourier transform (DFT). The original signal can
be restore with the final frequency domain symbol. Let
Yokp € CY denote the baseband signal in frequency domain,
which transmit from b-th BS to k-th user via subcarrier p. Then,
Ybkp canbe derived according from the channel model above.
Since B BSs serve K users simultaneously, this paper adopts
the matrix-based idea, and superimposes the signals received
at user k with the transmitted signals from B BSs. Let y ,, €



CYdenote the received signal of k-th user on subcarrier p. With
the additive white Gaussian noise (AWGN) at the receiver,
Ykp can be written as formula (11):

Note that the first term on the right side of formula (11)
represents the expected signal of user k in effective
transmission. Since there are a total of P available subcarriers,
this paper makes the seemingly complex expression of the
second term as the interference signal. The corresponding

Ybkp
o P
_H . . .
= hp g pXpp signal received by the user is denoted by {y’w}p:l . Then, we
R K (11 have:
_ | yH H qH
- Hb,k,p + Z Fr,k,p@r Gb,r,p Z Wb,p,jsp,j
r=1 Jj=1
— \'B — B K H R H H
Yk,p - Zb:l Yb,k,p + Zk,p - Zb:le:l (Hb,k,p + ZT:lFr,k,pGT Gb,r,p)wh,p,jsp,j + Zk,p

= Yhet (Hg,k,p + YR Fg,k,p ey Gb,r,p)Wb,p,kSp,k

(12)

Desired signal to user k
B K H R H H
+ Yb=12)=1,j%k (Hb,k,p + Xr=1FripOr Gprp)Wpp,iSpj + Zip

Interference from other users

3.4 Scheme generation

Based on the above system model, the weighted sum rate
(WSR) of the cellular-free massive MIMO network is
maximized, under the constraints of transmission power in
BSs and RC-constrained RISs.

First, the received signal ysi, in formula (12) can be
simplified as:

B K
(@)
& H H oH
Yp = Z Z (Hb.k.p + Fi,© Gb.p)wb.p.jsp.j
b=1 j=1
B K
(b)
D) H
tZgp = Z Z hy ke pWop,iSp,;  (13)
b=1 j=1
K
(©)
) H
tzip = Z b pWp,iSp,j + Zicp
=1

In (a), O can be defined as:
. T
9 = dlag (@1, °cy ®R)' Fk,p = [F{,k,p' °cy F£,k,p] , Gb,p
T
= [Gg,l,p' T Gg,R,p]

(b) mainly comes from formula (11);
In (c), hkp can be defined as:

hyp, = [h;k,p' ""hg.k.p]T'Wp.k = [WlT,p,k' ""Wg.p.k]T

Then, for the k-th user on subcarrier p, the transmission
symbol s« SINR can be calculated by:

K
H

_ H H H
Yip = Wpihip Z hk.pwp,j(hk.pwp.j)

j=1,j#k

1 (14)
+Ekp | hE,wpk
For all K users, the WSR Rqm can be derived by:
K P
Reum = Z Z lelogz (1 + yk,p) (15)
k=1 p=1
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where, 7, € R" is the weight of k-th user; Ry, is the rate of
k-th user on subcarrier p.

Finally, the problem of WSR maximization can be initially
expressed as

:Po: maXO,WRsum (@, W)

16a
= K 2 imilog, (14 vip) (162)
2
5.t Co XK 3P Wy pill® < Pymax Vb € B (16b)
Cy:0,, € F,Vr ER, VN EN (16¢)

where, P, max i the maximum transmission power of b-th BS.
For convenience, W can be defined as:

T

W= [WIJ'WI,Z»"':W1T,K'W2T,1'W2T,2;“';Wg,K] (17)

It is very difficult to jointly optimize the non-convex

objective function (16a), the precoding vector W and the phase

shift matrix @. Inspired by distribution programming (FP), the

joint precoding framework algorithm—Lagrangian dual

relaxation (LDR) was employed to find the solution to the
problem P°.

3.5 Algorithm optimization

The signal received by a single user will only be interfered
by itself, rather than by other users. To facilitate the
measurement and evaluation of the data throughput of system
users, the problem was transformed into a joint optimization
problem of how to design the beamforming vectors at the
active and reflector ends. The problem cannot be solved
directly, for the relative constraints of the objective function
are not convex. Therefore, the non-convex problem was
decomposed into multiple sub-problems for iterative joint
solution.

It is assumed that the CSI in the time unit is known. To solve
the logarithmic complexity and the WSR maximization, the
LDR was adopted to apply logarithmic decoupling. This paper
proposes a passive precoding and joint active framework to
iteratively optimize these variables:

Inputs: Hy, x , Gp -, and F. ., of all channels, where p €
P,k € K,and Vb € B.

Outputs: optimized passive precoding matrix ®; optimized
active precoding vector W; WSR Rgm.



Initializing W, and ©;

When Ry does not converge, kicking off the following
loop: update p; update &; update W; update o; update ®; return
WOP, @°P, and Ry,,.

In the framework, these five variables p, @, @, &, and W are
updated iteratively until the objective function convergences.
The analytical solutions of &' W' w°" and @' are
obtained through further Lagrangian operations [14].

(1) Objective function

The auxiliary variable p € RPX was introduced, with p =

T .
[P1,1'P1,2’ " PLE P21 P22t 'pP,K] . Then, problem P° in
formula (16) can be converted into:

P: max f(©,W,p)

K P
.t cl:z Z IWopil? < Pom,vb€B,  (18)
k=1 p=1
C:0,, EF,VFrERVRNEN,

Then, the new objective function can be written as (O, W7,
p):

(19)

where, function f; ,, (0, W) is defined as:

H
fiep (0, W) = wphy (Zﬁlhg.pwp,j (h¥pwp,)

1 (20)
+ Ek,p) hy Wy

(2) Iteration of p°

Whereas (0%, W*) is known, for Vp € P,and Vk € X, the
optimal p”* of formula (20) got by solving df / dpy , = 0. The
solution can be expressed as:

Db’ = Yip VD € P,Vk € K. 1)

Substituting p," in formula (21) into f in formula (19), only

the last term of formula (19) is related to variables ® and W.
Thus, the problem P in formula (18) can be solved.

3.6 Simulation and discussion

This paper intensively adopts the LDR, along with repeated
multi-dimensional complex quadratic transforms, to solve the
original problem as multiple sub-problems. To verify the
stability of the joint optimization algorithm framework
proposed in this work, Matlab simulation was conducted to
demonstrate the powerful performance of the proposed
cellular-free massive MIMO network.

(1) WSR at different distances L

Referring to the potential deployment schemes of cellular-
free networks, the simulation scenario for the cellular-free
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MIMO network was designed by superimposing the dual time
scale scheme onto the potential schemes. Suppose there are
four users in a circle with the center of (L, 0) and a radius of
Im. These users were randomly distributed, and height of them
was set to 1.5m. Then, the WSR at different distances L can
be obtained (Figure 5).

The following can be seen from Figure 5:

1) For the ideal RIS, the WSR can be maximized by the joint
precoding framework algorithm.

2) When all direct links between users and BSs are blocked
(H=0), the joint precoding framework algorithm can also
maximize the WSR.

3) With the randomly setting of all phase shifts of RIS
elements, the WSR can maximized by the joint precoding
framework algorithm, based only on the composite channels
at BSs.

4) For the RIS-free traditional cellular-free network, the
WSR maximization effect is weakened, when the multi-user
precoding method is implemented at BSs, based on the CSI of
the BS user channels.

In general, it can be concluded that:

1) For the schemes with RIS, two obvious peaks can be seen
at L=60m and L=100m. This suggests that the WSR increases
as the user approaches one of the two RIS, as the user may
receive a strong signal reflected from the RIS. For the schemes
without RIS, these two peaks do not appear. It can be
concluded that deploying RIS in the network can greatly
expand the network capacity, thereby extending the signal
coverage.

2) Compared with the RIS-free schemes, the random phase
shift leads to a very limited performance gain. The reason is as
follows: if the RISs do not have passive beamforming, the
signal arriving at the RISs cannot be directed to the user
accurately, and that is the reason why passive precoding is
necessary.

3) Compared with the ideal RIS scheme, the dual time scale
scheme has a mean performance loss of about 10%. The
possible reasons are: for the ideal RIS scheme, all RIS
auxiliary channels are acquires and utilizes for joint precoding
design, but for the dual time scale scheme, only the RIS
auxiliary channels that match the user RIS pair are acquires
and utilizes.
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Figure 5. WSR at different distances L

(2) Framework Convergence
To demonstrate its convergence, our algorithm was run
once after initialization, and the WSR results were compared



with the number of iterations in Figure 6, with the distance L
fixed at 65m. Continuous phase shift, 1 bit phase shit, and 2
bit phase shift were added to represent different frequency
domain cases, and evaluate the convergence in the case of non-
ideal RIS phase shift.

—a—|deal RIS
>+ Dual time scales
Continuous phase shift
~—#— 2 bit shift
1 bit shift

WSR(bit/s/Hz)

No direct link
—-&— Random phase shift
=&~ NoRIS

15 20 25 30

Number of iterations |

Figure 6. WSR at different CSI error parameters

The following can be seen from Figure 6:

1) When the convergence error does not exceed 1%, the
joint precoding framework under RIS converges generally
within 14 iterations. It can be seen that the ideal RIS scheme,
dual time scale scheme, continuous phase shift scheme and no
direct link scheme, all of which involve certain RIS, can
converge in or around 14 iterations. By contrast, the discrete
phase-shift scheme converges within 10 iterations, which
indicates a certain error rate.

2) Since traditional cell-free networks without random
phase shift scheme and RIS do not have the necessarity to deal
with RIS precoding, in these cases, no more than 5 iterations
are needed for the WSR convergence.

3) The continuous phase shift curves and ideal RIS are very
close. The reason might be that the magnitude of most
optimized RIS elements is equal to 1 for the ideal RIS.
Therefore, the amplitude limitation can be relaxed to optimize
the precoding to the ideal RIS, for the precoding design of RIS
with uncontrollable amplitude.

(3) Robustness Analysis

In the cellular-free massive MIMO network, estimation of
channel is difficult due to the high-dimensionality of the
channels. Thence, the authors decided to analyze the
robustness of the joint precoding scheme to CSI errors.

In realistic, the actual estimated imperfect channel
h can be modeled as:

h=h+e, (22)
ie.e ~CN(0,62),02 2 5|h|.
where, e is the estimation error of Gaussian distribution and
zero mean; / is the real channel; 62 is variance; d is the error
power. .’ is proportional to channel gain &§|h|?, reflecting the
degree of CSI error.

As shown in Figure 7, the performance loss increases with
time, especially for the ideal RIS vs. the perfect CSI with no
error (i.e., 6 = 0). When the error power is 10% of the channel
gain (i.e., 6 = 0.1), the system performance loses 5%; when &
=0.3, it loses 20%. It can be concluded that the joint precoding
scheme is highly robust against CSI errors.
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Therefore, it can be concluded that the joint precoding
scheme has strong robustness to CSI errors.

WSR(bit/s/Hz)

- ay,
7
:I\\

o = Continuous
hase shift
6F ual time
sssss

phase shift
No RIS |
L

L L
02 0.25
CSl error parameter §

0 0.05 0.1 0.15

Figure 7. Robustness of joint precoding under CSI errors

4. CONCLUSIONS

This paper devises an RIS-assisted cellular-free network,
evaluates the WSR and other properties of the network, and
designs a joint precoding scheme, which optimizes the
network capacity by maximizing the WSR. The results of
simulation show that, with the help of energy-efficient and
low-cost RIS, the proposed RIS-assisted cellular-free massive
MIMO network can achieve higher capacity than traditional
cellular-free networks, reduce transmit power [15], improve
the transmission efficiency and reliability [16], and expand the
coverage of wireless transmission [17-27].

RIS-assisted communication is an emerging research topic.
In recent years, many scholars have expressed the hope of
fundamentally changing the future wireless network
architecture by integrating RIS, turning the traditional active
component-only architecture into a new hybrid architecture.
The transform of network architecture would significantly
broaden the availability of energy in the future [6]. RIS is
bound to become a promising key technology for 6G wireless
communication.
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