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Abstract

Reconfigurable intelligent surfaces (RISs) hold promising technical prospects for 6G wire-
less communications to enhance system capacity, coverage and sum-rate. Unlike existing
studies deploying only passive or active RISs, this paper adopts a novel hybrid RIS archi-
tecture that optimally allocates the number of active and passive elements. Under fixed
quantities of both RIS element types in the fixed hybrid RIS, it simultaneously increases the
number of base station antennas and served users, focusing on solving rate optimization
for hybrid RIS-assisted MISO systems deployed in various scenarios. This paper establishes
a fundamental model for hybrid RIS reflection signals. To better characterize the perfor-
mance of the proposed hybrid RIS architecture, an optimization problem is formulated to
maximize the sum-rate of the hybrid RIS-assisted multi-user, multiple-input, single-output
(MU-MISO) system. An efficient algorithm is proposed combining fractional programming
(FP), alternating optimization, and Lagrange duality transformation. Simulation results
demonstrate that with hybrid RIS assistance, the system’s sum-rate gain increases by 49.1%
and 40%, respectively, compared to systems with only active RIS deployment. This achieves
higher sum-rate gains at lower power consumption.

Keywords: reconfigurable intelligent surfaces; hybrid active-passive RIS; beamforming;
reflection coefficient matrix optimization; rate optimization

1. Introduction
With the rapid advancement of modern wireless communication technologies,

academia and industry have already initiated research and discussions on 5G Advanced and
6G. The objectives of 5G communication systems include massive machine-type communi-
cation (mMTC), ultra-reliable low-latency communication (URLLC) for critical services, and
rate-centric enhanced mobile broadband (eMBB) [1,2]. Compared with these targets, 6G
wireless communications impose more stringent performance requirements, including mas-
sive connectivity, higher transmission rates and bandwidth, and lower latency [3,4]. To ad-
dress these challenges, reconfigurable intelligent surfaces (RISs) [5–8] have been proposed.
RISs have multiple advantages, such as high array gain, low cost, low power consumption,
ease of deployment, and improved spectral efficiency [8–10]. These advantages make RISs
a promising technology for 6G networks by enhancing channel capacity and transmis-
sion rates, extending base station coverage, and improving energy efficiency [11–13]. In
multi-user MISO systems, such as in urban or suburban areas, deploying an appropriate
number of RIS elements can enhance system performance. This not only extends the BS’s
coverage area but also further increases the system’s transmission rate. Furthermore, the
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RIS holds promising applications in numerous fields, including vehicle-to-everything (V2X)
communication [14], drone-supported wireless networks [15], navigation [16], auxiliary
relay communication [17] and covert secure communication [18,19], etc.

The existing RIS structures are primarily passive RIS and active RIS. However, both
passive and active RIS systems possess distinct advantages and disadvantages. Specifically,
when the number of deployed RIS elements N is limited or the transmission distance is
relatively long, active RIS achieves higher amplification gain and SNR [20–23]. In contrast,
when N is large, passive RIS offers higher beamforming gain, but introduces multiplicative
fading effects, deployment challenges, and increased technical complexity. Therefore, under
practical cost and hardware constraints, it is not feasible to achieve superior communication
performance by deploying either active RIS or passive RIS alone.

To address the aforementioned issues, a novel RIS incorporating a hybrid active–
passive configuration has been proposed. The hybrid RIS-assisted MISO system in [24]
focuses on system capacity optimization in scenarios where the direct BS–user link is
severely blocked or experiences deep fading, and its application scenarios are limited.
The hybrid RIS structure in [25] is mainly designed for scenarios with a small number of
deployed elements and focuses solely on energy efficiency optimization. Moreover, neither
Ref. [24] nor Ref. [25] explicitly formulates a unified signal reflection model for hybrid RIS.

In this paper, motivated by the aforementioned limitations, we investigate a hybrid
active–passive RIS-assisted multi-user MISO downlink system. Different from existing hy-
brid RIS studies, the proposed framework explicitly considers rate maximization under two
distinct BS–user link conditions, namely with and without a direct transmission link. The
number of served users and BS antennas is higher. Moreover, the thermal noise introduced
by the active RIS elements is explicitly incorporated into the system model. This paper
employs the hybrid RIS architecture proposed in [24], which optimally allocates the number
of active and passive elements. By jointly optimizing the transmit beamforming and the
hybrid RIS reflection coefficients, the proposed hybrid RIS architecture effectively balances
amplification gain and beamforming gain, thereby achieving enhanced transmission rates
under practical deployment and power constraints. Specifically, the main contributions of
this paper are summarized as follows:

• A signal reflection model for hybrid RIS is proposed, which not only characterizes the
amplification of the signal but also takes into account the non-negligible amplification
noise introduced by the active elements.

• To assess the transmission rate enhancement achieved by hybrid RIS, it is deployed
in a multi-user, multiple-input, single-output (MU-MISO) wireless system. Based on
the proposed hybrid RIS signal model, this paper derives the user-received signal
and formulates a rate maximization problem. To solve the formulated problem, this
paper develops a joint beamforming and hybrid RIS reflection optimization scheme
based on fractional programming (FP) [26], alternating optimization algorithm, and
the Lagrange multiplier method [27].

• Unlike existing studies on hybrid RIS, this paper considers two distinct scenarios:
severe blockage or fading of the direct BS–user link and the presence of a direct
link. For both scenarios, this paper analyzes the rate gains achieved by hybrid RIS.
The performance of hybrid RIS is validated through simulations and compared with
passive and active RIS, demonstrating its effectiveness.

The subsequent sections of this paper will proceed in the following order: Section 2
introduces related work on active RIS, passive RIS and hybrid RIS. Section 3.1 introduces
the architecture of hybrid RIS and constructs a hybrid RIS-assisted MU-MISO system.
Sections 3.2.1 and 3.2.2 formulate a rate maximization problem for the system model and
propose a joint optimization scheme for BS beamforming and hybrid RIS reflection matrix
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to address this problem. Section 3.2.3 analyzes the complexity and convergence of the
algorithm. Section 4 presents simulation results to validate the proposed hybrid RIS signal
model and evaluate its performance in typical communication scenarios. Section 5 provides
an overview of the simulation results and their implications. Finally, Section 6 concludes
the study. The notation used throughout this paper is summarized in Table 1.

Table 1. Notations.

Symbol Definition

C, R, R+
the set of complex numbers, the set of real numbers, and the set of

positive real numbers

(·)−1, (·)T, (·)∗, (·)H the inverse, transpose, conjugate and conjugate-transpose operations
of matrices

∥·∥ the Euclidean norm of the argument
∥·∥F the Frobenius norm of the argument

diag(·) the diagonalization operation of matrices
Re{·} the operation of taking the real part of the complex numbers
⊗ the Kronecker product

ln(·) natural logarithm

CN (µ, σ2)
the complex multivariate Gaussian distribution (CSCG) with mean µ

and variance σ2

IN the unit matrix with size N × N
0N the zero vector with size N × 1

2. Related Work
This section will provide an overview of the various existing initiatives related to

RIS. Sections 2.1 and 2.2 respectively describe the passive RIS and active RIS. Section 2.3
introduces the hybrid RIS.

2.1. Passive RIS

Passive RIS [3–8] is also called intelligent reflecting surface (IRS). As shown in Figure 1,
in passive RIS, each component comprises two parts: a reflector and an impedance-
adjustable circuit [8,28]. Without amplifiers, passive RIS can only reflect incident signals
without amplification, thereby enhancing wireless propagation while introducing minimal
additional noise [5,6]. By densely deploying such elements, the characteristics of recon-
figurable wireless environments can be achieved [8,9]. In addition, passive RIS features
low latency, supports full-duplex operation, and does not introduce self-interference [24].
Existing studies have shown that a passive RIS composed of N elements can effectively
enhance the SINR at the signal reception point, with the SINR gain being proportional to
N2 [20,29]. This approach improves the SNR of the system receiver [8,19,24,30,31], effec-
tively enhancing received signal quality. Moreover, since passive RIS does not include active
RF components, its power consumption and thermal noise are negligible [8,11,12,30,31].

However, the performance gains reported in the literature are typically achieved
under scenarios where the direct BS–user link is severely blocked or experiences strong
fading [8,12,13,32,33]. When the direct link is relatively strong or the number of passive RIS
elements N is limited, the achievable performance improvement becomes constrained [34].
This limitation mainly arises from the multiplicative fading effect introduced by passive
RIS [21,34]. Relying solely on passive RIS to address multiplicative fading requires sub-
stantially more elements, which significantly increases implementation cost and system
complexity [19–21].
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Figure 1. Passive RIS transmission method and hardware structure.

2.2. Active RIS

To overcome the multiplicative fading effect and achieve higher system gain, ac-
tive RIS has been proposed [20–22,35–37]. As shown in Figure 2, an active RIS employs
active components and incorporates a reflective amplifier circuit, such as a current in-
verter converter [38] or certain integrated circuits [39], ultimately connected to a power
source. Active RIS not only enables signal reflection in full-duplex mode but also amplifies
signal amplitude. Compared with passive RIS, active RIS can significantly improve the
received SNR [21]. Therefore, by introducing active RIS, the challenge of multiplicative
fading can be overcome. Unlike passive RIS, active RIS introduces non-negligible thermal
noise. Nevertheless, existing studies have demonstrated the effectiveness of active RIS
in enhancing wireless link performance and improving signal quality in various system
configurations [20,21,29,36,37]. Compared to the passive relay-type RIS equipped with RF
components and relays, active RISs are quite different. Instead of receiving, processing,
and retransmitting signals through RF chains, active RIS directly reflects incident signals
with controllable phase shifts while amplifying their amplitude. Therefore, the active
RIS transmits the signal with lower delay [21,40]. In addition, active RIS exhibits lower
hardware costs and power loss [41].

Figure 2. Active RIS transmission method and hardware architecture.
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However, the more complex physical architecture of active RIS increases production
and deployment costs compared to passive components. Moreover, the superior gain
performance of active RIS requires additional power loss [22].

2.3. Hybrid RIS

To exploit the complementary advantages of passive and active RIS and overcome
their inherent limitations, hybrid RIS architectures have been proposed [24,25,42]. In [24],
ZHANG R et al. first proposed the hybrid RIS architecture. They evaluated the performance
of the hybrid RIS under statistically known CSI and optimized the allocation problem for
the two types of RIS elements in the hybrid RIS. Simultaneously, they formulated a capacity
maximization problem for the hybrid RIS-assisted MISO system. In [25], Ioannis Krikidis
et al. proposed and analyzed a hybrid RIS architecture, where multiple active RIS elements
share a single amplifier while passive RIS elements remain unprocessed. They evaluated
the performance of this novel hybrid RIS and formulated an optimization problem for
maximizing energy efficiency (EE) in the hybrid RIS-assisted MISO system. This approach
achieves significantly higher energy efficiency even with a small number of deployed
elements N.

To provide a more intuitive overview of the research domains and respective strengths
and weaknesses of various RIS systems, the Table 2 below has been compiled.

Table 2. Comparison of advantages and disadvantages of existing RIS.

Ref. Classifications Advantages Disadvantages

[3–5,7,8], etc. Passive RIS-assisted
communication

Can slightly improve system
capacity and transmission rate.

Suffers from multiplicative
fading effect.

[20–22,35–37], etc. Active RIS-assisted
communication

Can overcome the multiplicative
fading effect, providing

significant system performance
gain.

Suffers from severe power
consumption.

[24] Hybrid RIS-assisted MISO
and capacity optimization

Further enhances system capacity
under complex channel

conditions; enables optimization
of element number allocation.

Limited applicability in
practical scenarios.

[25]
Novel hybrid RIS and

energy efficiency
optimization

Achieves higher energy efficiency.
Limited system and rate

improvement due to fewer
elements.

3. Materials and Methods
3.1. System Model

This section introduces the structure of hybrid RIS and the hybrid RIS-assisted MISO
wireless system model. Note that in the following text, scalars are denoted by regular italic
symbols, while vectors and matrices are represented using consistent boldface notation.

3.1.1. Hybrid RIS Architecture and Reflected Signal Model

Specifically, the hybrid RIS consists of two sub-surfaces co-planar to each other, with
each sub-surface comprising a predetermined number of active and passive RIS elements,
as shown in Figure 3. Unlike the architecture proposed in [25], each active element in the
hybrid RIS is connected to an independent amplifier. To better characterize the transmission
model of the hybrid RIS, a simplified wireless communication system assisted by the hybrid
RIS is constructed. Assuming a significant distance between the BS and the user group, the
hybrid RIS is deployed at an optimal location to transmit mutually independent data to a
set of K users. Hybrid RIS can also operate in full-duplex mode.
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Figure 3. Hybrid active–passive RIS transmission method and hardware architecture.

The signal transmission models for passive and active RIS are provided by y =Θx [10]
and y =Ψx+Ψv+n [21] respectively, where Θ ≜ diag

(
κ1ejθ1 , · · · , κNejθN

)
∈ CN×N signi-

fies the reflection phase matrix of the passive RIS and Ψ ≜ diag
{

a1ejθ1 , · · · , aNejθN
}
∈ CN×N

signifies the reflection coefficient matrix of the active RIS. When the passive RIS exhibits
no loss for the incident signal, the reflection coefficient κ = 1, θN represents the reflection
phase shift of the N element, θN ∈ (0, 2π]. In active RIS, the amplification coefficient of the
N element aN ∈ R+ and aN > 1, the reflection phase shift of the element θN ∈ (0, 2π].

Based on the above, the reflected signal of an N element hybrid RIS can be modeled as:

y = Ψx︸︷︷︸
Active RIS

Reflected Signal

+ Θx︸︷︷︸
Passive RIS

Reflected Signal︸ ︷︷ ︸
Desired Signal

+ Ψv︸︷︷︸
Dynamic Noise

+n, (1)

where x ∈ C denotes the incident signal, y ∈ C denotes the signal received at user location k
after reflection amplification by the hybrid RIS, Ψv represents the dynamic noise introduced
and amplified by the reflective amplifier [21] and n denotes the static noise generated by
the patch and phase-shifting circuits [43]. However, n is negligible compared to v and is
independent of Ψ; thus, it can be disregarded [21,22].

3.1.2. Hybrid RIS-Assisted MISO Communication System Model

To evaluate the performance gains of the proposed in a wireless communication
system, this section models the performance advantages of the hybrid RIS. We consider
a hybrid RIS-assisted multi-user, multiple-input, single-output (MU-MISO) system and
formulate a sum-rate maximization problem.

Specifically, a hybrid RIS-assisted downlink MU-MISO system is constructed as shown
in Figure 4. The hybrid RIS is deployed at an optimal location, equipped with M (M > 1)
antennas. This BS simultaneously serves single-antenna K users with the assistance of
a hybrid RIS containing N(N = Nact + Npas) elements, where Nact and Npas denote the
number of active RIS elements and passive RIS elements in the hybrid RIS, respectively.
The BS transmits mutually independent symbols to each user. The model employs the
Rician channel fading model.
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Figure 4. Downlink transmission in a hybrid RIS-assisted MU-MISO system.

The hybrid RIS reflection matrix is defined as a block-diagonal matrix ΨH ≜

[
Ψ 0
0 Θ

]
,

where Ψ =
(

a1eiθ1
act , · · · , aNeiθN

act

)
and Θ =

(
eiθ1

pas , · · · , eiθN
pas
)

denote the reflection ma-

trices of the active and passive RIS, respectively; Ga,p =
[
Gact

T , Gpas
T
]T

∈ CN×M ,

fH =
[
fH

act fH
pas

]
, s ≜ [s1, · · · , sK] ∈ CK represents the symbol vector transmitted from

the base station to the user, and bk denotes the beamforming vector generated by the
base station for symbol sK. Since each symbol is independent, E

{
ssH} = IK. Assuming

the signal received at the user location is yK, and yK ∈ C, according to (1), the signal yK

received at the user location k can be modeled as:

yk =
(

hH + fHΨHGa,p

) K

∑
j=1

bjsj + fH
actΨnv + nk

= hH
K

∑
j=1

bjsj︸ ︷︷ ︸
Direct Signal

+

(
fH

actΨGact︸ ︷︷ ︸
Active Reflected Signal

+ fH
pasΘGpas︸ ︷︷ ︸

Passive Reflected Signal

)
K

∑
j=1

bjsj

︸ ︷︷ ︸
Reflected Signal

+ fH
actΨnv︸ ︷︷ ︸

Noise introduced by Active RIS

+nk
, (2)

where, hH, Gact, Gpas, fH
pas and fH

act represent the channel vectors between the BS and user
k, between the BS and active RIS, between the BS and passive RIS, between passive RIS
and user k, and between active RIS and user k, respectively. nv represents the dynamic
noise introduced by the active RIS and model nv as nv ∼ CN (0Nact , σ2

vINact). nk denotes the
additive white Gaussian noise (AWGN) at user location k with zero mean and variance σ2.
The dimensions of the variables are summarized in Table 3.

Table 3. Variable dimension.

Variable Dimension

ΨH CN×N

Ψ CNact×Nact

Θ CNpas×Npas

Ga,p CN×M

Gact CNact×M

Gpas CNpas×M

fH C1×N

hH C1×M
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Table 3. Cont.

Variable Dimension

fH
pas C1×Npas

fH
act C1×Nact

s CK

bk CM×1

Based on the transmission model expressed in (2), the signal-to-interference-plus-noise
ratio (SINR) at user location k is given by:

γ =

∣∣∣(hH + fH
actΨGact + fH

pasΘGpas

)
bk

∣∣∣2
K
∑

j=1,j ̸=k

∣∣∣(hH + fH
actΨGact

)
bj

∣∣∣2 + ∥∥∥fH
actΨ

∥∥∥2
σ2

v + σ2
(3)

Let h̃
H
≜ hH + fH

actΨGact + fH
pasΘGpas, h̃

H
act ≜ hH + fH

actΨGact and h̃
H
pas ≜ hH + fH

pasΘGpas

denote the equivalent channels from the BS to user k, from the BS to user k via the active RIS,

and from the BS to user k via the passive RIS respectively, where h̃
H ∈ C1×M, h̃

H
act ∈ C1×M,

and h̃
H
pas ∈ C1×M. Then, the equivalent expression for SINR can be represented as:

γ̃ =

∣∣∣h̃H
bk

∣∣∣2
K
∑

j=1,j ̸=k

∣∣∣h̃H
actbj

∣∣∣2 + ∥∥∥fH
actΨ

∥∥∥2
σ2

v + σ2
(4)

The BS transmits power and the reflected power of the hybrid RIS can be expressed as:

PBS = E


∥∥∥∥∥ K

∑
j=1

bjsj

∥∥∥∥∥
2
 =

K

∑
j=1

∥∥bj
∥∥2 (5)

PA,P = E


∥∥∥∥∥ΨGact

K

∑
j=1

bjsj + Ψv

∥∥∥∥∥
2
 =

K

∑
j=1

∥∥ΨGactbj
∥∥2

+ ∥Ψ∥2
Fσ2

v (6)

It is worth noting that when an active RIS amplifies signal amplitude, it also amplifies
noise generated by its components. Therefore, the actual power loss of an active RIS should
include both signal amplification and noise amplification components [21].

3.2. Methods

In Section 3.2.1, a sum-rate maximization problem is formulated for the downlink of a
hybrid RIS-assisted MISO system. In Section 3.2.2, the problem is solved under PBS and
PA,P constraints via joint optimization of the hybrid RIS reflection amplification matrix
and the transmit beamforming. In Section 3.2.3, the complexity and convergence of the
algorithm are analyzed.

3.2.1. Problem Formulation

The information rates at user k are given by Rk = log2(1+γ) and Rsum =
K
∑

k=1
Rk, respectively.
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Therefore, under the constraints PBS and PA,P, the sum-rate maximization problem in
a hybrid RIS-assisted wireless communication system can be expressed as:

P1 : max
b, Ψ, Θ

Rsum(b,Ψ,Θ) =
K

∑
j=1

log2
(
1 + γ̃j

)
(7)

s.t. c1 :
K

∑
j=1

∥∥bj
∥∥2 ≤ Pmax

BS (8)

c2 :
K

∑
j=1

∥∥ΨGactbj
∥∥2

+ ∥Ψ∥2
Fσ2

v ≤ Pmax
A,P (9)

where b =
[
bT

1 , · · · , bT
K
]T represents the overall beamforming vector formed by the BS

transmitting signals to K users, where c1 and c2 are the constraints.

3.2.2. Joint Optimization of Beamforming and Hybrid RIS Reflection Matrix

Due to the non-convexity of problem (7) under the constraints in (8) and (9), coupled
with the high coupling between variables, solving this problem using a joint optimiza-
tion approach would result in high computational complexity. To effectively address this
issue, this paper employs a solution based on fractional programming (FP), alternating
optimization (AO), and the Lagrange multiplier method. Specifically, we first reformulate
the problem P1 using fractional programming (FP) as proposed in [26] to achieve decou-
pling. Subsequently, we employ the alternating optimization method to optimize variables
sequentially and find the optimal solution. For subsequent convenience, we refer to b as the
BS beamforming vector. In the following, we refer to this method as the “FAL algorithm”.

By introducing three auxiliary variables β, χ, and τ, where β ≜ [β1, · · · , βK] ∈ RK
+,

χ ≜ [χ1, · · · , χK] ∈ CK, and τ ≜ [τ1, · · · , τK] ∈ CK, and applying the fractional program-
ming (FP) approach proposed in [26], the problem P1 can be equivalently expressed as

:

P2 : max
b,Ψ,Θ
β, χ, τ

Rsum(b, Ψ, Θ, β, χ, τ) =
K

∑
j=1

ln
(
1 + β j

)
−

K

∑
j=1

β j +
K

∑
j=1

f
(
b, Ψ, Θ, β j, χj, τj

)
(10)

s.t. c1 :
K

∑
j=1

∥∥bj
∥∥2 ≤ Pmax

BS (11)

c2 :
K

∑
j=1

∥∥ΨGactbj
∥∥2

+ ∥Ψ∥2
Fσ2

v ≤ Pmax
A,P (12)

where the complete form of f
(
b, Ψ, Θ, β j, χj, τj

)
can be expressed as follows:

f
(
b, Ψ, Θ, β j, χj, τj

)
= 2

√
1 + β jΠ − Ξ × Z (13)

Π = Re
{

χ∗
j h̃

H
act,jbj

}
+ Re

{
τ∗

j h̃
H
pas,jbj

}
(14)

Ξ =
∣∣χj
∣∣2 + ∣∣τj

∣∣2 + 2Re
{

χ∗
j h̃

H
act,jbj

}
Re
{

τ∗
j h̃

H
pas,jbj

}
(15)

Z =
K

∑
j=1

∣∣∣h̃H
actbj

∣∣∣2 + ∥∥∥fH
actΨ

∥∥∥2
σ2

v + σ2 (16)

Equation (7) is decoupled to yield its equivalent form (10). The BS beamforming vector
b, the passive RIS reflection phase matrix Θ, the active RIS reflection coefficient matrix Ψ,
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and auxiliary variables β, χ, and τ can all be obtained through iterative methods to find
their optimal solutions at each iteration. By alternately optimizing these variables, a locally
optimal solution for Equation (10) can be obtained, thereby achieving convergence Rsum.

1. Fixed variable b, Ψ, Θ, χ, τ, optimization variable β. After fixing the BS beamforming
vector b, the passive RIS reflection phase matrix Θ, the active RIS reflection coefficient
matrix Ψ, and the auxiliary variable χ, τ, the optimal solution βopt can be obtained
by solving for ∂Rsum

∂β = 0. The resulting βopt can be expressed:

βopt =
ζ2 + ζ

√
ζ2 + 4

2
, (17)

where ζ = Re
{
β∗h̃

H
b + τ∗h̃

H
b
}

.

2. Fixed variables b, Ψ, Θ, β, τ and optimization variable χ. After fixing the BS
beamforming vector b, the reflection phase matrix Θ of the passive RIS, the reflection
coefficient matrix Ψ of the active RIS, and auxiliary variables β, τ, the optimal solution
χopt of χ can be obtained by solving ∂Rsum

∂χ = 0. The obtained χopt can be expressed:

χopt =

√
1 + βh̃

H
b

K
∑

j=1

∣∣∣h̃H
actbj

∣∣∣2 + ∥∥∥fH
actΨ

∥∥∥2
σ2

v + σ2
− h̃

H
actb · Re

{
τ∗h̃

H
pasb

}
(18)

3. Fixed variables b, Ψ, Θ, β, χ and optimization variable τ. After fixing the BS
beamforming vector b, the reflection phase matrix Θ of the passive RIS, the reflection
coefficient matrix Ψ of the active RIS, and auxiliary variables β, χ, the optimal solution
bopt of b can be obtained by solving ∂Rsum

∂τ = 0. The obtained τopt can be expressed:

τopt =

√
1 + βh̃

H
b

K
∑

j=1

∣∣∣h̃H
actbj

∣∣∣2 + ∥∥∥fH
actΨ

∥∥∥2
σ2

v + σ2
− h̃

H
pasb · Re

{
χ∗h̃

H
actb

}
(19)

4. Fixed variables Ψ, Θ, β, χ, τ, optimize the base station beamforming vector b. After
fixing the reflection phase matrix Θ of the passive RIS, the reflection coefficient matrix
Ψ of the active RIS, and auxiliary variables β, χ, τ, the optimal solution bopt for
the BS beamforming vector b can be obtained. At this point, the problem (7) can be
equivalently formulated as [21]:

P3 : max
b

Re
{

2tHb
}
− bHWb (20)

s.t. c1 : ∥b∥2 ≤ Pmax
BS (21)

c2 : bHNb ≤ Pmax
L (22)

where t =
[
tT
1 , · · · , tT

N
]T, tH

k =
√

1 + β(χ∗ + τ∗)h̃
H

, PL = Pmax
A,P − ∥Ψ∥2

Fσ2
v ,

N = IK ⊗
[
GH

a,p
(
ΨHΨ + ΘHΘ

)
Ga,p

]
, W = IK ⊗

K
∑

j=1

(∣∣χj
∣∣2 + ∣∣τj

∣∣2)h̃jh̃
H
j .

The problem represented by factor (20) conforms to the typical quadratic constrained
quadratic programming (QCQP) form, constituting a standard quadratic constrained
quadratic programming problem. This problem (20) can be solved using the Lagrange dual
multiplier method, yielding the following optimal solution:

bopt = (W + λIMK + µN)−1t (23)
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where λ and µ are the optimal multipliers obtained through a two-dimensional grid search
selected to solve the problem [27]. The selection of λ and µ must satisfy the constraints c1

and c2 in the problem (20).

5. Fixed variables b, Θ, β, χ, τ, optimize the reflection coefficient matrix Ψ of the
active RIS. After fixing the BS beamforming vector b, the reflection phase matrix Θ of
the passive RIS, and auxiliary variables β, χ, τ, the optimal reflection amplification
matrix Ψopt of the active RIS is obtained through iterative optimization.
In this section, to facilitate problem-solving, we first redefine the reflection coefficient

matrix Ψ of the active RIS. Let Φ ≜
[

a1ejθ1
act , · · · , aNejθN

act

]H
, then Ψ ≜ diag

(
ΦH).

Therefore, the equivalent channel h̃
H
act of the active RIS can be rewritten as:

h̃
H
act = hH + ΦHdiag

(
fH

act

)
Gact (24)

The equivalent channel of an active RIS can be expressed [21]:

c† =
K

∑
j=1

√
1 + β jdiag

(
χ∗

j fH
pas,j

)
Gpasbj −

K

∑
j=1

∣∣χj
∣∣2diag

(
fH

act,j

)
Gact

(
K

∑
j=1

bjb
H
j hj

)
(25)

o† =
K

∑
j=1

∣∣χj
∣∣2diag

(
fH

act,j

)
diag

(
fact,j

)
σ2

v +
K

∑
j=1

∣∣χj
∣∣2 K

∑
j=1

diag
(

fH
act

)
Gactbjb

H
j diag(fact) (26)

u† =
K

∑
j=1

diag
(
Gactbj

)(
diag

(
Gactbj

))H
+ σ2

vIN (27)

After fixing the variables b, Θ, β, χ,τ, the problem (7) can be equivalently ex-
pressed [21]:

P4 : max
Φ

Re
{

2ΦHc†
}
− ΦHo†Φ (28)

s.t. c1 : ΦHu†Φ ≤ Pmax
A,P (29)

The problem described in Equation (28) also conforms to the standard quadratic
constrained quadratic programming (QCQP) form. Therefore, the problem (28) is solved
using the Lagrange dual multiplier method, and its optimal solution Ψopt can be expressed
as follows:

Ψopt =
(

o† + λu†
)−1

c† (30)

where λ is the optimal multiplier obtained through a two-dimensional grid search that
satisfies the constraint conditions. In this work, we adopt a total power constraint for
the active elements of the hybrid RIS, which reflects a practical scenario where the active
elements share a common power budget provided by a centralized power supply.

6. Fixed variables b, Ψ, β, χ, τ, optimize the reflection phase matrix Θ of the passive
RIS. Unlike the optimization of active elements, the focus of element optimization
in passive RIS lies in the phase of reflection beamforming. After fixing the base
station beamforming vector b, the reflection coefficient matrix Ψ of the active RIS, and
auxiliary variables β, χ, τ, the optimal reflection phase matrix Θopt of the passive RIS
is obtained through iterative optimization.

Redefine the variable Θ. Let φ ≜
[
ejθ1

pas , · · · , ejθN
pas
]H

, then Θ ≜ diag
(
φH). Thus, the

equivalent channel h̃
H
pas of the original passive RIS can be rewritten as follows:

h̃
H
pas = hH +φHdiag

(
fH

pas

)
Gpas (31)
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C† =
K

∑
j=1

√
1 + β jdiag

(
τ∗j fH

pas,j

)
Gpasbj −

K

∑
j=1

∣∣τj
∣∣2diag

(
fH

pas,j

)
Gpas

(
K

∑
j=1

bjb
H
j hj

)
(32)

O† =
K

∑
j=1

∣∣τj
∣∣2 K

∑
j=1

diag
(

fH
pas

)
Gpasbjb

H
j diag

(
fpas
)

(33)

U† =
K

∑
j=1

diag
(
Gpasbj

)(
diag

(
Gpasbj

))H (34)

After fixing the variables b, Ψ, β, χ, τ, the problem (7) can be equivalently expressed
as [8]:

P5 : max
φ,θpas

Re
{

2φHC†
}
−φHO†φ (35)

s.t. c1 : φHU†φ ≤ Pmax
L (36)

c2 : 0 < θ ≤ 2π (37)

Equivalent problem (35) also conforms to the typical quadratic constrained quadratic
programming (QCQP) form, and thus can be solved using the Lagrange dual multiplier
method. Its optimal solution can be expressed as follows:

Θopt =
(

O† + λU†
)−1

C†, (38)

where λ is the optimal multiplier obtained through a two-dimensional grid search that
satisfies the constraint conditions.

Algorithm 1 summarizes the FAL algorithm for solving problem (10). The BS beam-
forming vector and the hybrid RIS reflection matrices are randomly initialized with fea-
sible values. Each subproblem is approximately solved under the associated constraints.

Algorithm 1 FAL optimization scheme for beamforming and reflection matrix of hybrid RIS

Input: Channels Ga,p; hH; fH
act; fH

pas.
Output: Optimized BS beamforming bopt; optimized active RIS matrix Ψopt; optimized
passive RIS matrix Θopt and optimized sum-rate Rsum.
1: Randomly initialize variables b, Ψ and Θ with feasible values

2: while
∣∣∣Rsum

t − Rsum
t−1
∣∣∣/Rsum

t−1 > ε do

3: Use variables b and hH to update variable β by (17)
4: Use variables Ψ, b, Ga,p, and hH to update χ by (18)
5: Use variables Ψ, b, Ga,p, and hH to update τ by (19)
6: Use variables Ψ, Θ, Ga,p, and hH, to update b by solving (23) under the BS power constraint
7: Use variables χ, τ, β, b, Ga,p, and hH to update Ψ by solving (30) under the hybrid RIS power
constraint
8: Use variables χ, τ, β, b, Ga,p, and hH to update Θ by solving (38)
9: After updating the variable β, χ, τ, b, Ψ, and Θ, update Rsum by (10)
10: end while
11: return optimized bopt, Ψopt, Θopt and Rsum

The proposed algorithm follows an alternating optimization framework in which
each variable block is updated while keeping the others fixed. Each update step does not
decrease the objective value under the given constraints. Since the objective function is
upper-bounded by the transmit power and hybrid RIS power constraints, the objective
sequence is bounded and non-decreasing, which guarantees convergence of the objective
value. The algorithm terminates when the relative improvement of the objective value
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between two consecutive iterations is smaller than a predefined tolerance ε or when the
maximum number of iterations is reached. The maximum number of iterations is 500.

3.2.3. Complexity Analysis and Convergence

The complexity of the algorithm is primarily determined by the updates to six vari-
ables: β, χ, τ, b, Ψ, and Θ. The specific complexity of each variable is shown in Table 4.

Table 4. Complexity analysis of variables.

Variables Complexity

β O(KM)
χ, τ O

(
K2 M + KN

)
b O

(
log2(1/ε)

√
MK + 2(1 + MK)M3K3)

Ψ O
(
log2(1/ε)

√
N + 2(1 + 2N)N3)

Θ O
(
log2(1/ε)

√
N + 2(1 + 2N)N3)

Therefore, the complexity of algorithm FAL is O
(
log2(1/ε)I′o

(
M4.5K4.5 + N4.5)). Here,

I′o represents the number of iterations required for the algorithm to end.
It is worth noting that the overall computational complexity is mainly dominated

by the updates of the variables b, Ψ, and Θ, which are solved via convex optimization
techniques. In contrast, the updates of auxiliary variables such as β, χ, and τ admit
low-complexity solutions and thus incur significantly lower computational complexity
compared with the dominant subproblems.

Compared with conventional passive/active RIS-assisted MISO systems [21,34], the
proposed hybrid RIS framework introduces additional optimization variables associated
with the active elements. However, this additional complexity does not lead to an expo-
nential increase in computational burden. Moreover, the proposed algorithm follows a
standard alternating optimization structure, whose per-iteration complexity is comparable
to existing active RIS or hybrid RIS optimization schemes reported in the literature.

4. Results
This section will conduct experimental verification of the system model, introduce

simulation parameters, and validate the feasibility and effectiveness of the proposed hybrid
RIS-assisted wireless system through simulation results. All power-related parameters are
specified in “dBm” for reporting convenience, while all numerical evaluations, including
SINR and achievable rate computations, are performed using the corresponding linear
scale (Watts) values.

In the system model, this paper considers a two-dimensional Cartesian coordinate sys-
tem, placing the BS and hybrid RIS at positions (0 m, 0 m) and (240 m, 220 m), respectively.
The experiment examines a hybrid RIS-assisted MU-MISO system operating at 5 GHz,
employing a Rician fading channel model [35] for enhanced realism. The channel can be
expressed as follows:

G =
√

PF

(√
KF

KF + 1
GLoS +

√
1

KF + 1
GNLoS

)
, (39)

h =
√

PF

(√
KF

KF + 1
hLoS +

√
1

KF + 1
hNLoS

)
, (40)

where KF denotes the Rician fading factor. GLoS and GNLoS represent the deterministic LoS
and Rayleigh fading components, respectively. Similarly, hLoS and hNLoS also represent the
deterministic LoS and Rayleigh fading components, respectively. To better align with the

https://doi.org/10.3390/telecom7020026

https://doi.org/10.3390/telecom7020026


Telecom 2026, 7, 26 14 of 20

model proposed in this paper, we set KF = 2.2.
√

PF represents the path loss corresponding
to the channel. The value of

√
PF is referenced from two different path loss models

compliant with the 3GPP standard [21]:

PF1 = 37.3 + 22.0 log d, (41)

PF2 = 41.2 + 28.7 log d, (42)

where d denotes the Euclidean distance between two communication devices. The ex-
periments consider two practical channel scenarios that differ in the quality of the direct
BS–user link. Scenario 1 corresponds to a weak direct link caused by severe obstruction,
representative of dense urban environments. Scenario 2 corresponds to an unobstructed
and strong direct link, representative of suburban or open areas. The performance of the
hybrid RIS is evaluated and compared under these two scenarios. The two scenarios are
shown in Figure 5. The fading loss model PF1 applies to scenarios where the direct link
between the BS and users is strong, as well as the links between the BS and the hybrid RIS
and between the hybrid RIS and users. The fading loss model PF2 applies to scenarios
where the direct link between the BS and users is weak.

  
(a) (b) 

Figure 5. Simulation scenarios under two different channel conditions. (a): A weak direct link
between the BS and the user. (b): A strong direct link between the BS and the user.

Set the number of users in the experiment K = 6, number of BS antennas M = 8,
σ2

v = −110 dbm, power of Additive Gaussian White Noise (AWGN) received at the
user’s σ2 = −100 dbm. The total power consumption of the system is PMAX then
PMAX = Pmax

BS + Pmax
A,P (Pmax

BS and Pmax
A,P represent the maximum transmit power of the BS

and the maximum reflect power of the hybrid RIS, respectively). Let PMAX = 12 dbm; to en-
sure fairness in energy distribution, the BS allocates energy as follows: Pmax

BS = 0.9 × PMAX ,
and the maximum reflected power of the hybrid RIS is Pmax

A,P = 0.1 × PMAX .
To evaluate the effectiveness of the proposed hybrid RIS architecture, we compare

it with the following four approaches: active RIS-assisted MISO under ideal conditions
without self-interference [21]; passive RIS-assisted MISO; passive RIS with random phase
shifts and BS beamforming optimized using the minimum mean square error (MMSE)
scheme; and not deploying the RIS at all. In the simulation results, for easy distinction, the
proposed method is denoted as “FAL-Hybrid RIS” in the figure.

4.1. Coverage Performance of Hybrid RIS

Assume the user group is randomly distributed within a circular area centered at
point L(L > 240) on the horizontal axis of the coordinate system, with a radius of 10 m
and located at a distance L m from the origin. For fair comparison, the total number of
hybrid RIS deployments in the experiment is kept consistent with the combined total of
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standalone active or passive RIS deployments. In this section, the number of passive or
active RIS elements deployed alone is denoted as N = 500. Therefore, in the hybrid RIS
architecture, the total deployment count is N = 500, with active and passive RIS deployed
in an optimal ratio [24]. When KF = 2.2, the optimal deployment quantities for active and
passive RIS are approximately Nact = 350 and Npas = 150, respectively.

Based on the above system configuration, experiments produced the graphs shown
in Figure 6a,b. These illustrate the relationship between transmission rate and distance L
from the BS to the user.

  

Figure 6. Simulation results for sum-rate versus coverage distance L in a hybrid RIS-assisted MU-
MISO system. (a): A weak direct link between the BS and the user. (b): A strong direct link between
the BS and the user.

As shown in Figure 6a, when the direct link between the BS and the user is weak,
the sum-rate improvement is greater with hybrid RIS assistance. In the strong direct link
scenario shown in Figure 6b, deploying hybrid RIS still enables the system to achieve sig-
nificant power and rate gains compared to deploying either passive RIS or active RIS alone.
Furthermore, as L increases, the system exhibits lower attenuation and higher stability.

Taking point L = 500 m as an example, when the link between the BS and the user is a
weak direct link, the system rates for passive RIS deployment, active RIS deployment and
hybrid RIS deployment are 5 bps/Hz, 23.2 bps/Hz, and 34.6 bps/Hz, respectively. When
a direct link exists between the BS and users, the system’s aggregate rates are 22 bps/Hz,
35 bps/Hz, and 49 bps/Hz, respectively. Therefore, at point L = 500 m, for weak direct
links, passive RIS provides a 150% aggregate rate gain over no RIS deployment, while
active RIS offers a 1060% gain. For strong direct links, passive RIS delivers a 4.76% gain
and active RIS achieves a 66.67% gain. In contrast, hybrid RIS achieves 1630% and 133.33%
aggregate rate gains under these two conditions. Deploying hybrid RIS improves efficiency
by 49.1% and 40% compared to deploying only active RISs, demonstrating significantly
better performance than the two aforementioned schemes.

4.2. Effect of System Total Power Consumption on Sum-Rate

To more intuitively demonstrate the performance comparison of hybrid RIS versus
active RIS and passive RIS in coverage range, we conduct experimental tests assuming
the center of user distribution is located at point L = 500 m on the horizontal axis. The
user distribution range is expanded by increasing the distribution radius from 10 m to
30 m. At the same time, the number of components deployed for both active RIS and
passive RIS is N = 500. In the hybrid RIS, Nact = 350 and Npas = 150. While maintaining
the aforementioned baseline settings, increase the system’s total power consumption PMax

and observe the relationship between system performance and rate versus total power
consumption PMax.
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As observed in Figure 7, passive RIS achieves only limited sum-rate gains under two
different scenarios. While active RIS achieves higher gains, the sum-rate of gains obtained
by deploying hybrid RIS is comparatively higher than those of active RIS. As shown
in Figure 7a under the weak direct link scenario, hybrid RIS achieves higher sum-rate
gains at the same total power loss. Similarly, in the strong direct link scenario depicted
in Figure 7b, at total power loss PMax ≤ 25 dbm, deploying hybrid RIS achieves a higher
rate gain of 4–14 bps/Hz than deploying active RIS at the same power loss. This occurs
because allocating more energy to active RIS enables more active elements to be activated
in amplification mode, achieving higher performance gains through optimization.

  

Figure 7. Simulation results for sum-rate and total power consumption PMax for hybrid RIS-assisted
MU-MISO systems. (a): A weak direct link between the BS and the user. (b): A strong direct link
between the BS and the user.

4.3. Impact of the Number N of Mixed RIS Deployments on Sum-Rate

Maintaining the same system power settings and allocation strategy as in Figure 6, and
assuming users are randomly distributed within a circular area centered at point L = 500 m
on the horizontal axis with a radius of 30 m, this experiment fixes the total system power
loss PMax. The number of deployed elements for each type of RIS is increased, with active
RIS or passive RIS deployed in increments of 100 each time. For hybrid RIS, the number
of active/the allocation of active and passive elements in hybrid RIS follows the optimal
quantity distribution outlined in [24]. When the total deployment budget is 200, 300, 400,
500, or 600, the allocated quantities of active and passive RIS (Nact, Npas) are (50, 150), (75,
225), and (100, 300). When the total deployment quantity is 500 ≤ N ≤ 1000, the optimal
deployment quantities for Nact is Nact = 350, Npas = N − Npas, respectively.

Figure 8 illustrates the relationship between the sum-rate and the number of deployed
RIS N elements. It is evident that passive RIS, active RIS, and hybrid RIS all yield significant
sum-rate gains as the number of elements increase. The system achieves higher sum-rate
gains with hybrid RIS assistance than with active RIS alone. In Figure 8a, under weak direct
link conditions, when the number of deployed elements N varies from 200 to 1000, the
system achieves a sum-rate gain increase of 9 bps/Hz to 17 bps/Hz compared to no RIS
deployment when assisted by active RIS. When assisted by hybrid RIS, the gain increase
ranges from 12 bps/Hz to 22 bps/Hz. In Figure 8b with direct links, the system achieves a
gain increase of 11 bps/Hz to 19 bps/Hz when assisted by active RIS, while hybrid RIS
assistance yields a gain increase of 13 bps/Hz to 25 bps/Hz.
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Figure 8. Simulation results of the sum-rate and the number N of hybrid RIS elements in a hybrid
RIS-assisted MU-MISO system. (a): A weak direct link between the BS and the user. (b): A strong
direct link between the BS and the user.

5. Discussion
In this section, we shall discuss the simulation results for a typical communication

system employing hybrid RIS-assisted MU-MISO.
The results in Section 4.1 demonstrate that, under the two scenarios illustrated in

Figure 6, the hybrid RIS-assisted MISO system consistently provides enhanced signal cov-
erage. Moreover, when the distance between the BS and users increased, it exhibited lower
attenuation levels, thereby enabling the system to achieve higher sum-rate performance.
These results indicate that the hybrid RIS is more effective than active RIS in extending the
BS transmission range.

The results in Section 4.2 show that, under the two scenarios illustrated in Figure 7,
the hybrid RIS-assisted MISO system consistently achieves higher sum-rate performance
for the same level of power loss. Consequently, the hybrid RIS enables communication
systems to achieve higher transmission rates at lower system power consumption, thereby
reducing both power expenditure and cost implications.

The results in Section 4.3 show that, under the two scenarios illustrated in Figure 8,
the hybrid RIS-assisted MISO system achieves superior sum-rate performance by optimally
allocating the ratio of active and passive elements under a fixed total number of RIS
elements. This approach not only achieves lower deployment costs compared to deploying
active RIS alone, but also compensates for the insufficient gain observed when deploying
passive RIS exclusively.

In summary, the hybrid RIS demonstrates greater performance than active RIS and pas-
sive RIS. It enables systems to achieve higher transmission ranges and rates alongside lower
power consumption during medium-scale or large-scale deployments. It effectively com-
bines the strengths of active and passive RIS and alleviates the multiplicative fading effect.

6. Conclusions
This paper proposes a hybrid RIS structure that fixes the number of active/passive

elements based on the optimal allocation of active/passive components in active–passive
RIS. A fundamental signal model for the hybrid RIS is established. Based on this model,
the hybrid RIS is employed to assist a MU-MISO communication system, evaluating its
capability to enhance communication system transmission rates. Unlike existing research,
this study simultaneously considers two scenarios: direct links between the BS and users ex-
periencing blockage or severe fading, and unobstructed direct links. This approach enriches
the application scenarios by increasing both the number of BS antennas and the number
of served users. Subsequently, an optimization problem for maximizing the sum-rate was
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formulated under instantaneous CSI. This problem aimed to maximize the sum-rate of
the hybrid RIS-assisted MU-MISO system. It was solved using fractional programming
(FP) decoupling, alternating optimization (AO) variables, and the Lagrange multiplier
method, yielding the optimal BS beamforming vectors and the reflection coefficient matrix
of the hybrid RIS. Simulation results demonstrate that, under both scenarios, the hybrid
RIS achieves superior rate gains at lower total power loss PMax.
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