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Abstract Thanks to the capability of intelligently manipulating the propagation environment, reconfig-
urable intelligent surface (RIS) has emerged as a promising technology for the sixth generation (6G) wireless
communications. Precoding is essential to enable RIS with high array gains. In most existing works, the
precoding design of RIS relies on the complete channel state information (CSI) knowledge of RIS reflected
links. For more practical cases when the CSI is not completely known, an efficient precoding design scheme
for RIS to serve multiple users is the angle-based multi-beam design, which is however challenging due to
the constant modulus constraint of RIS. To address this challenge, in this paper, we introduce the recently
proposed active RIS and propose an adaptive multi-beam design framework. Specifically, we first formulate
a multi-beam design problem for active RIS with power constraints, which accounts for the power allocation
among multiple users. To solve the problem, we propose a discrete Fourier transform (DFT)-based codebook
design scheme to generate multiple beams with low complexity. To further improve the beam gain, we de-
velop a majorization-minimization (MM) algorithm-based scheme to solve the problem in an iterative way.
Simulation results demonstrate that proposed schemes for active RIS can generate high-gain multiple beams,
which realize high sum-rate in active RIS-assisted wireless communication systems.
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1 Introduction

Reconfigurable intelligent surface (RIS) has attracted extensive attentions owing to the potential to en-
hance the future sixth generation (6G) wireless communications [1,2]. Thanks to the recent development
of metamaterials, RIS composed of massive tuned elements enables the controllable manipulation of
reflected signals [3,4]. By properly adjusting reflection coefficients of RIS to make reflected signals coher-
ently or deconstructively add up at the user, RIS is capable of improving the signal-to-noise ratio (SNR)
and suppressing interferences by providing additional signal propagation paths, which thus leads to the
increased spectrum efficiency [5], enlarged wireless coverage [6], reduced power consumption, etc [7]. As
a result, RIS has become a candidate technology for future 6G networks [8].

1.1 Prior Works

To unleash the benefits of RIS, precoding design is essential by jointly optimizing the transmit precoding
vector at the base station (BS) and the precoding matrix at the RIS in RIS-assisted communications.
Existing studies on the precoding design of RIS typically assume the complete knowledge of channel
state information (CSI) [9-11]. For example, in [9], the precoding design at the RIS and the BS were
alternately optimized to maximize the sum-rate through a block coordinate descent method. Besides,
a time-division based dynamic beamforming framework of RIS was proposed to achieve the multi-beam
gain for a multi-user wireless energy transfer system [10]. Nevertheless, the acquisition of the complete
CSI for multiple users will result in high complexity and high or even unaffordable pilot overhead [12].
In practical scenarios, the information of spatial angles from the RIS to users, i.e., the incomplete CSI,
is easy to be acquired through beam training. Thus, compared with most existing precoding methods
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based on the complete CSI, the multi-beam design with incomplete CSI is more practical to serve multiple
users [13].

The multi-beam design with incomplete CSI has been extensively studied and practically realized in
multiple-input multiple-output (MIMO) communications [14-16]. For instance, a hierarchical codebook
design was investigated to search the best beam direction in millimeter-wave communications based
on the techniques of deactivation antenna processing and sub-array [14]. A multi-resolution codebook
design was proposed to search the dominant directions for the single-path channel based on a generalized
discrete Fourier transform (DFT) matrix [15]. In addition, the authors in [16] proposed a two-step
codeword design in millimeter-wave massive MIMO by considering the hardware constraints, which aims
at generating desired beam patterns. However, existing codebook design schemes for MIMO systems
cannot be directly applied to RIS due to the constant modulus constraint of RIS. This is because the
precoding designs for classical passive RIS consisting of massive passive elements mainly optimize the
phase shifting of each RIS element, which cannot adjust the amplitude of the RIS element [5,17]. If we
extract the phase information of codewords in the designed codebook to satisfy the constant modulus
constraint, a severe loss of beam gains will be introduced. Therefore, the multi-beam design for RIS-
assisted communication systems with incomplete CSI is still a critical problem. To the best of our
knowledge, there is no practical solution in the literature.

1.2 Our Contributions

To fill in the gap, we introduce active RIS and propose an adaptive multi-beam design framework with
incomplete CSI in this paper!). The main contributions are summarized as follows.

e First, active RIS is introduced to compensate for the severe performance loss of multi-beam design
caused by the constant modulus constraint of passive RIS. Different form passive RIS, active RIS is
capable of amplifying reflected signals, which can break through the constant modulus constraint and
increase the degree of freedom (DoF) for design. Based on the active RIS, we formulate the adaptive
multi-beam design problem with incomplete CSI subject to the power constraint of the BS and the
radiation power constraint of the active RIS.

e Then, to generate multiple beams towards target directions of multiple users, we propose a heuristic
DFT-based codebook design scheme to solve the formulated problem with low complexity. To further
improve the beam gains, we propose a majorization-minimization (MM) algorithm-based scheme to solve
the multi-beam design problem, which compensates for the performance loss of the DFT-based scheme.
In particular, the MM-based algorithm decomposes the non-convex optimization problem into tractable
sub-problems. Then, the sub-problems are iteratively solved to approach the optimal solution, based on
which the precoding scheme at the BS and RIS is developed. The convergence and the complexity of
proposed schemes are analyzed accordingly.

e Finally, we optimize the power allocation among multiple users to further improve the system per-
formance. The optimal power allocation to target multiple beams aiming at maximizing the minimum
user rate or the users’ sum-rate is provided, respectively. Simulation results show that our proposed
DFT-based scheme and MM-based scheme are capable of generating high-gain multiple beams, which
provide practical solutions to the multi-beam design for active RIS with incomplete CSI.

Organization: The rest of this paper is organized as follows. We introduce the system model and the
formulated problem in Section 2. We propose the DFT-based and the MM-based multi-beam design
schemes for active RIS in Section 3. Simulations results are provided in Section 4, followed by the
conclusions in Section 5.

Notation: Lower-case boldface letter a and upper-case boldface letter A represent vectors and matrices,
respectively. The conjugate transpose of a and A are represented by af’ and A respectively. The i-
th column of A is given by A ;). The Iy norm of a is represented by |lallo. diag{a} represents the
diagonalization operation of a. A ® B represents the Kronecker product of A and B. Besides, U(—a,a)
is the probability density function of uniform distribution within (—a,a), and the probability density
function of complex Gaussian distribution can be denoted as CA (u,0?) with mean p and variance o2.
The expectation of random variable X is expressed as F[X]. Finally, the real part of complex value a is
denoted by Re{a}.

1) Simulation codes will be provided to reproduce the results after the presentation of this paper in the following link:
http://oa.ee.tsinghua.edu.cn/dailinglong/publications/publications.html.
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Active RIS

Figure 1 The active RIS-assisted multi-user system.

2 System Model

The model of active RIS-assisted communication systems is first introduced in Subsection 2.1. Then, we
formulate the multi-beam design problem in Subsection 2.2.

2.1 Channel Model

The passive RIS with phase shifting circuits in each element can only reflect incident signals passively
by tuning the phase shifting of RIS elements. In passive RIS-assisted communication systems, the mul-
tiplicative fading effect is a major challenge [18]. In specific, the path loss of the equivalent BS-RIS-user
channel could be given by the product of the loss of BS-RIS channel paths and that of RIS-user chan-
nel paths. The recently proposed active RIS with reflection-type power amplifiers enables more flexible
adjustment of reflection coefficients of RIS elements including the amplitude and the phase [19]. Thus,
the active RIS with affordable power consumption is capable of reflecting incident signals with power
amplification, which can overcome the system capacity limitation caused by the multiplicative fading
effect [20-23]. Notice that different from passive RIS, the signal amplification of active RIS will generate
non-negligible thermal noise [17].

As shown in Fig. 1, an active RIS-assisted multi-user system is considered. A BS with V; antennas
deployed on a uniform linear array (ULA) serves K single-antenna users, aided by a RIS employing
N = N; X N elements arranged on a uniform planar array (UPA). The direct path between users and
the BS is blocked. Note that the frequency division multiplexing can be utilized to serve multiple users.
Therefore, the received signal y at user k is denoted as

yr = h{ ®Gx + h] @np + ny, (1)

where G € CV*Mt is the BS-RIS channel, and h] = [hg 1, hro, + , hi.n] € CP*Y represents the channel
from the RIS to user k. x = ws € CNtX! denotes the transmitted signal at the BS, where w € CN¢*1
represents the transmit precoding vector, and s € C represents the transmitted information symbol sat-
isfying E[|s|2] = 1. np represents the noise induced by active RIS satisfying ngp ~ CN (0N7021N), and
ny denotes the additive white Gaussian noise with zero mean and variance a,%. Besides, the reflection

coefficients © at the RIS could be expressed as
© = diag(0) = diag([816’", B2¢/, -, Bye!™¥]"). (2)

For the small-scale fading, we adopt the geometric channel model [24]. The BS-RIS channel is expressed

as
Ly

G = Zg1,¢€_j2WTl’ifa( i C{,i)b(ﬁﬁi)Ha (3)

i=1
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where 71; € RT and g1 ; € C represent path delay and path gain of the i-th path, respectively, and L,
denotes the number of paths. The elevation and azimuth angle of the angle-of-arrival (AoA) at the RIS
for the i-th path are represented by ¥} ; and Cii, respectively. ¢; represents the transmit angle for the
i-th path at the BS. a denotes the bteermg vector of the UPA, which is denoted as

1 j2n L (Ny—1)dsin ¥ sin ¢ r
a(ﬁ7<): 2|:].,"',6' e :|

® |:17 e 5€j27T£(N271)dCOS'l9:|T

i

and b denotes the steering vector of the ULA, which is given by

1 j2rm L (N, —1)dsin ¢ T 5
b(9) = s [1o- et | (5)

Notice that the antenna spacing d is set to half of the wavelength. Similarly, the RIS-user channel can
be given by
Lo

hk*ZQQk eIk i a(vs .0, Copi)s (6)

=1

where 75 1, ; € RT and g2 x; € C denote path delay and path gain of the i-th path for user k, respectively,
and L represents the number of channel paths. 9% 2. and C2 k. denote the elevation and azimuth angle
of the angle-of-departure (AoD) from the RIS to user & for the i-th path, respectively. The angles satisfy
9 elU(0,m), ¢ €U0, ), and ¢ € U(—7/2,7/2).

The large-scale fading of the end-to-end BS-RIS-user channel is expressed as [11]

fldy,dg) = Cdy ™ dy ™, (7)

where C represents the channel fading, a; and as represent the path loss. Besides, d; and dy represent
the distance between the RIS and BS, and that between the RIS and users, respectively.

2.2 Problem Formulation

Let C € CV*¥ denote a DFT matrix corresponding to the DFT codebook, where the n-th column of C,
ie., ¢, € CNX! represents the n-th codeword. The incomplete CSI of the RIS-user channel is available
by sequential beam training of K users based on the DFT codebook. In a more practical case, we can
obtain the equivalent spatial angle 95 ; and (5  for user k as shown in Fig. 1, as well as the corresponding
beam gain in the spatial angle grid. Therefore, the target multiple beams v € CN*! to serve all users
can be adaptively designed by superposing the beam gains in K angle grids. Besides, the deployment
of the RIS can be well-designed in a way that allows for the acquisition of BS-RIS channel G through
statistical information in practice.

To fully utilize the benefits of active RIS, precoding design is required to balance the amplification of
incident signals and thermal noise. We focus on minimizing the error of multi-beam design [y by jointly
optimizing the precoding vector w at the BS and the precoding matrix ® at the RIS. The adaptive
multi-beam design problem subject to the power constraints is formulated as

. . _ H 2
Py min lh=|v-C @GWH2 (8a)
st. Cp: w2 < P, (8b)
Cy : |OGW][; + [©]% 0 < P2, (8¢)

where C7 denotes the power constraint of the BS, Cs represents the radiation power constraint of the
RIS [19].

Notice that the power constraints C7, Cs, and the objective function [y are non-convex, which makes
it difficult to directly solve P;. In the next section, two multi-beam design schemes will be proposed.
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3 Proposed Multi-Beam Design Scheme

We first propose a DFT-based codebook design scheme to generate multiple beams with low complexity
in this section. Then, a MM algorithm-based scheme is proposed to solve P;, which provides improved
beam gain at the cost of higher complexity compared with the DFT-based scheme. Besides, we consider
the power allocation among multiple users to further enhance the system performance.

3.1 Proposed DFT-Based Scheme

In this subsection, we propose a DFT-based codebook design scheme with low complexity to generate
the target multiple beams v.

Firstly, the transmit precoding vector w can be calculated through the singular value decomposition
(SVD) precoding. We can express the ordered SVD of G as G = UXV# according to statistical
information of BS-RIS channel G. Note that V. ;) represents the eigenvector corresponding to the
largest eigenvalue of G. Thus, the transmit precoding vector w can be given by

V.

Vil

which satisfies the power constraint in (8b).

Then, in a beam training procedure between the active RIS and user k, the precoding design of active
RIS traverses all codewords from C [14]. We select the codeword c,, corresponding to maximum received
power as the precoding vector fi, which can be expressed as

f), = arg max |h£cn| . (10)

After acquiring all precoding vectors for K users, we can superimpose them with corresponding weights
to obtain the precoding design © at the active RIS, which can be given by

K
0 = wify. (11)
k=1

Note that © should be multiplied by a coefficient to satisfy the power constraint in (8c). The weight wy
is determined by the power allocation, which will be discussed in Subsection 3.3.

It is worth noting that, the DFT-based scheme only focuses on RIS precoding, which does not consider
the incident signal from the BS and the amplification of thermal noise at the active RIS. Consequently, sig-
nificant performance degradation will occur when utilizing the weighted superposition of DFT codewords
in active RIS-assisted wireless communication systems.

3.2 Proposed MM-Based Scheme

To compensate for the performance loss of the DFT-based scheme, an alternative scheme based on the
MM algorithm is proposed in this subsection, which can realize higher beam gain at the cost of increased
complexity.

Due to the non-convex property, we decouple two optimization variables in P;. The transmit precoding
vector w at the BS can be acquired according to (9). To optimize the precoding matrix ®, we derive
the expansion of (8a) and (8c) and carry out variable substitution. We have @Gw = diag(0)Gw =
diag(Gw)0. By defining

A = Cfdiag(Gw), B = diag(Gw)"diag(Gw) + oI,
¥ =B20, A=B 2AYAB z,and =B zAv,
Py can be converted to
Pa: min [(3) = " Ad —2Re {34} (12a)
st. Cr: |9l < P (12b)
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The objective function f()) in (12a) is still non-convex. To solve Py, the MM algorithm is adopted [25].
The crux is to construct a series of approximate sub-problems and iteratively solve them. In specific, we
introduce a series of proxy functions g(t|t?) as the objective function of corresponding sub-problems.
Let b represent the solution to sub-problems in the ¢-th iteration. g(p|?) serves as an upper bound of
the original function in the (¢+1)-th iteration, whose solution can be denoted as ¥;,1 = argmin g(t|1?).

b

The proxy function g(t|1pt) should satisfy the following three features:

F@') = g(' "), (13a)
f) < gy, (13b)
Vo f (W) lp=pt = Vg (@19l p=p:- (13c)

(13a) means that the value of the proxy function and the original one at point 1) should be equal. (13b)
represents that the proxy function serves as an upper bound of the original one. (13c) represents that
the first-order gradient of the original function is the same as that of the proxy one.

Based on the principles, we construct the proxy function expressed as

g(plw") =y (wly') - 2Re { Fp |, (14)

where y(1p) is defined according to [9], which can be given by
y (') £ @"Xep — 2Re {o"(X - A)y'}
+ ()" (X - Ay’ >y Ag,

where X = AmaxIy, and Apmax is the maximum eigenvalue of A. According to (14)-(15), P2 can be
converted to a series of sub-problems expressed as

Ps max I =Re {¢"q'} (16a)

st. Cp: |93 = Py, (16h)

where q* = ()\maXI - ]X) '+ B. The equal sign in (16b) ensures the maximum utilization of total power
to improve the system performance. Thus, the solution to Ps can be given by

q!
lat(l,

Pt = Ps. (17)

After the iterations, we can approach the optimal solution of ». Then, the optimal precoding design w°P*
and @°P' i.e., the solution to P, is obtained based on 1. Details of our proposed MM-based scheme is
shown in Algorithm 1.

Algorithm 1 MM-based multi-beam design scheme

Require: Target multiple beams v; DFT codebook C; BS-RIS channel G; BS power P;; RIS power P2; number of iterations T}
Ensure: Transmit precoding w°P*; RIS precoding @°P*;
1: Randomly initialize the precoding vector 8 = 6*;

2: fort € {1,2,---,T} do
1

3: Calculate ¢* = B2 6%;

4 q' = (AmaxI = A) 9" + s

t
P = VP

a1,

end for
wopt _ ’(l’ty QoPt — B*%,lpOpt;
G =USVT Vi =V

v
N 7% ) opt _ ;3 opt
= Vil V' Pi, ©°P" = diag(0°F").

© »N> T

wopt

Page 6 of 11
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3.3 Power Allocation

We discuss the power allocation among multiple users to design the amplitude of multiple beams in this
subsection.

Based on the sequential beam training of K users through the DFT codebook, K spatial angles of
users and the corresponding beam gain \; in each spatial angle grid can be obtained. Here we consider
two scenarios to adaptively design the target multiple beams v by weighted superposition. Specifically,
one scenario is aimed at maximizing the minimum user rate, the other is to maximize the sum-rate.

The optimization problem of maximizing the minimum user rate is given by

iAi

maxmin R; =log(1l + L 5) (18a)
[ Ui

s.t. Cl : E pPi = P, (18b)

where p; and \; represent the allocated power and the equivalent channel gain for user ¢. The following
Lemma 1 provides the solution to the optimization problem.

Lemma 1. Assuming that the noise power at each user is the same. The optimization problem of
maximizing the minimum user rate achieves the optimal performance, if and only if the received SNR of
each user is the same, i.e., p; x /\%
Proof: This proof can be completed through the proof by contradiction. |
From Lemma 1, the minimum user rate can be achieved by weighted superposition-based multi-beam
design. The beam gains in K angle grids can be superimposed with the weight w; = % to design v.
Besides, the sum-rate of K users can be maximized by applying the water-filling algorithm, wherein
the target multiple beams v could be designed by superimposing beam gains with the weight wy = Ag.

3.4 Convergence and Complexity

Firstly, the convergence of our proposed MM-based scheme is analyzed. According to [9], the proxy
function g(tp|tp') in (14) satisfies the features in (13). Thus, we have

F@T) < g™ ") < g(@'lY') = f(¥"). (19)

It can be revealed that, the sequence f(1p?) is monotonically decreasing during iterations. Thus, the MM
algorithm-based scheme will converge to the optimal solution of P;.

In addition, we discuss the computational complexity of the MM-based scheme, which mainly includes
two aspects. First, the complexity of calculating the maximum eigenvalue of A could be given by O(N3).
Second, 1! and q' are updated in each iteration, the complexity of which is given by O(N?). Notice that
T represent the number of iterations. Thus, the computational complexity of our proposed MM-based
scheme is expressed as O(N?3) + O(TN?).

As for the DFT-based scheme, since the weighted superposition of DFT codewords provides the closed-
form solution, the computational complexity is O(1).

4 Simulation Results

Simulation results are provided in this section to validate the performance of proposed schemes.

If not specifically illustrated, the number of RIS elements can be given by N = 256 with N; = 16 and
N5 = 16. The number of paths is given by L = 4. The path delay 7;, path gain g;, and other parameters
are generated as follows: 7, ~ U (0,20 x 107%), g; ~ CN (0,1), a1 =2, ag =2, d; = 10 m, dy = 250 m,
C =-60dB, N; =4, K =4, and f = 5 GHz. The noise power is given by 02 = ai = —110 dBm. The
number of iterations is selected as T' = 5. Five hundred independent experiments are performed with
randomly generated channels.

We present the performance of our proposed MM-based scheme and DFT-based scheme for active RIS
to design multiple beams. The DFT-based scheme for passive RIS serves as the baseline, which only
extracts the phase information after the weighted superposition of DFT codebooks. Note that the power
consumption is set to be the same. Specifically, The total power of the RIS-assisted communication
system P = P} + P, ranges from 5 W to 30 W. As for the active RIS-assisted communication system,
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Figure 2 The designed multiple beams.
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the radiation power of active RIS is set to one thousandth of the total power expressed as P, = ﬁ.

For comparison, the transmit power of BS in the passive RIS-assisted system is equal to the total power
expressed as P; = P.

Firstly, the beam gain of acquired multiple beams by three schemes versus the direction for spatial
angles are presented in Fig. 2. To simplify the illustration, we adopt the number of RIS elements as
Ny = 256 and Ny = 1. The total power is set to 10 W. The ratio of allocated powers for multiple beams
towards K = 4 users are set to 1 : 1 : 2 : 2. It can be observed that the passive RIS can only generate
beams with very low power due to the effect of multiplicative fading. Besides, the DFT-based schemes
for both active RIS and passive RIS cannot generate beams towards desired directions with desired gains.
The reason is that the DFT-based schemes do not take reflection of incident signals from the BS into
account, which only aims at RIS precoding. Thus, the generated beams will point to other directions in
a practical RIS-assisted system. By contrast, the generated multiple beams based on the MM algorithm
point to target directions with predetermined beam gains, which validates the effectiveness.

Then, Fig. 3 shows the minimum user rate against the transmit power. It is noted that the rate
performance of active RIS always outperforms that of passive RIS. It is because that active RIS can
overcome the effect of multiplicative fading by signal amplification. Besides, for active RIS, the MM-
based scheme improves more than 50% minimum user rate compared with the DFT-based scheme. The
reason is that the DFT-based scheme cannot generate multiple beams towards desired directions. Besides,

Page 8 of 11



Page 9 of 11

oNOYTULT D WN =

SCIENCE CHINA Information Sciences

Sci China Inf Sci 9

9
!
N80 1
I
2
% - © —Passive RIS, DFT
Sl —6— Active RIS, DFT ,
2 Active RIS, MM
£
260F .
k) )
o)
©
>
D50F ,
S
S
2 & -=--—1
= 40 o H---—" =
o-e--%
_ -
30 ‘ ‘ ‘ ‘
5 10 15 20 25 30

Transmit power (W)

Figure 4 Achievable sum-rate against transmit power.

N
w
o

-

[

o
T

- € —Passive RIS, DFT
—O— Active RIS, DFT
Active RIS, MM 1

N

-

o
T

-
o
o

©
o

80

70

60

The achievable sum-rate (bit/s/Hz)

50 o e/’o
40t e N S 1

30 | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

Distance between BS and RIS (m)

Figure 5 Achievable sum-rate against the distance.

the DFT-based scheme is unable to tackle with the amplification of thermal noise, which leads to serious
performance loss. In contrast, due to the better balance of amplifying signals and thermal noise, the
MM-based scheme is capable of achieving a much higher minimum rate, which effectively improves user
fairness.

Moreover, the achievable sum-rate against the transmit power is presented in Fig. 4. It is revealed
that with the increased transmit power, the system performance of all three schemes gradually increases,
which is due to the improvement of SNR at users. One can also observe that the active RIS could achieve
better performance than the passive RIS. Similarly, compared with the DFT-based scheme, the sum-rate
achieved by the MM-based scheme increases by above 50% for active RIS. Therefore, we can conclude that
the MM-based scheme is able to realize improved user rate performance compared with the DFT-based
schemes, no matter for active RIS or passive RIS.

In addition, the influence of the location of active RIS is investigated. The total power is set to 10 W.
The sum of the distance from the RIS to BS and that from the RIS to users is set to 100 m, where the
location of RIS changes. We provide the sum-rate performance against the distance between the RIS and
BS in Fig. 5. As for passive RIS-assisted systems, we can find that the sum-rate performance decreases
at first and then increases with the increase of the distance between the RIS and BS. This is because the
multiplicative fading effect in passive RIS-assisted systems can be alleviated with RIS located near either
users or the BS. By contrast, the sum-rate performance of active RIS based on the DFT-based and MM-
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based scheme increases with the increased distance between the RIS and BS. There are two main reasons.
The first one is that when the active RIS is deployed closer to users, the amplification factors are bigger
to compensate for the amplification noise, which significantly improves the signal power and overcomes
the multiplicative fading. The second one is that as the distance between the RIS and users becomes
smaller, the influence of incomplete CSI is gradually mitigated. Thus, one can observe that when the RIS
is deployed very close to the BS where the advantages of active RIS are not fully utilized, the DFT-based
scheme for passive RIS outperforms that for active RIS. Besides, the MM-based scheme always achieves
better sum-rate compared with the DFT-based scheme due to beam alignment. Therefore, the MM-based
scheme can provide a practical multi-beam design for active RIS with incomplete CSI.

5 Conclusions

In this paper, we proposed an adaptive multi-beam design framework based on active RIS with incomplete
CSI. We first formulated the multi-beam design problem with power constraints and investigated the
power allocation among multiple users. Then, a DFT-based codebook design scheme with low complexity
was proposed to generate desired multiple beams. To compensate for the beam gain loss caused by the
beam misalignment of the DFT-based scheme, we further proposed a MM algorithm-based scheme to
improve the performance at the cost of increased complexity. Simulation results demonstrated that both
the DFT-based and MM-based scheme for active RIS proposed in this paper can realize higher beam
gain compared with passive RIS. Besides, the proposed MM-based scheme can generate multiple beams
towards desired directions with expected beam gains, which thus achieved higher user rate performance
compared with the DFT-based scheme. Therefore, the proposed adaptive multi-beam design framework
based on active RIS in this paper provided an effective solution to multi-beam design for RIS. More
advanced precoding algorithms to solve the optimization problem with lower complexity and improved
performance are left for future works.
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