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∗Centre for Wireless Communications, University of Oulu, P.O.Box 4500, FI-90014, Finland

†Interdisciplinary Centre for Security, Reliability and Trust (SnT), University of Luxembourg, L-1855 Luxembourg
‡State Key Laboratory of Internet of Things for Smart City, University of Macau, Macau 999078, China

{nhan.nguyen, antti.tolli, markku.juntti}@oulu.fi; {dinh.nguyen, symeon.chatzinotas}@uni.lu; qingqingwu@um.edu.mo

Abstract—We consider a multi-user multiple-input single-
output (MISO) communications system which is assisted by a
hybrid active-passive reconfigurable intelligent surface (RIS).
Unlike conventional passive RISs, hybrid RIS is equipped with a
few active elements with the ability to reflect and amplify incident
signals to significantly improve the system performance. Towards
a fairness design, we maximize the minimum rate among all users
through jointly optimizing the transmit beamforming vectors
and RIS reflecting/amplifying coefficients. Combining tools from
block coordinate ascend and successive convex approximation,
the challenging nonconvex problem is efficiently solved by a low-
complexity iterative algorithm. The numerical results show that
a hybrid RIS with 4 active elements out of a total of 50 elements
with a power budget of −1 dBm offers an improvement of up
to 80% to the considered system, while that achieved by a fully
passive RIS is only 27%.

Index Terms—Hybrid active-passive RIS, multi-user MISO,
beamforming, RIS semi-passive beamforming, successive convex
approximation.

I. INTRODUCTION

Reconfigurable intelligent reflecting surfaces (RISs) have
been advocated as a cost and energy-efficient solution to
improve the performance of wireless communications systems
[1], [2]. The reflecting elements of RISs can be configured
to not only improve the received signal power but also
mitigate interference in multi-user wireless systems [3]. The
performance improvement of RISs in multi-user multiple-
input multiple-output (MISO) systems are investigated in [4]–
[13]. Through the joint optimization of the transmit beam-
forming/power at the base station (BS) and the reflecting
coefficients of the RIS, it is shown in [4], [6], [9]–[12] that the
system achievable sum-rate and/or fairness can be significantly
improved thanks to the deployment of RISs. In [8], Li et
al. exploited the concept of constructive interference and
proposed an efficient design of RIS coefficients to minimize
the symbol error rate. Whereas, the works in [9] and [10]
focused on practical scenarios, where only statistical channel
information and/or low-resolution phase shifts at the RIS are
available for the joint design. To overcome the challenging
nonconvexity and strongly coupled variables in the design,
Huang et al. [11] developed a deep reinforcement learning-
based algorithm to simultaneously obtain the transmit beam-
formers and RIS phase shifts. In particular, Zhang et al. [7]
derived an expression of the system asymptotic capacity and
determined the required number of RIS elements to meet a
predefined quality of service (QoS).

All the above works considered the passive RIS, in which
reflecting elements are unable to amplify incident signals, and
thus, a large number of elements are required to compensate
for the severe cascaded path loss [2]. Recently, hybrid active-
passive RIS architectures have been introduced [14]–[18] to
overcome the inherent limitation of passive RISs, especially
in harsh transmission scenarios such as in low signal-to-noise
ratio (SNR) regime and/or severe path loss. The key idea
of the hybrid RIS is to add a few active elements to the
conventional passive RIS, allowing them to reflect and amplify
incident signals simultaneously. As a result, the hybrid RIS
can reduce effects of the double path loss and significantly
improve the system performance in terms of spectral efficiency
[16], [19], [20], secrecy rate [21], harvested energy [22], and
reliability [23]. These advantages are also reaped by fully
active RISs [24]–[26], which, however, come at high cost
of power consumption and hardware design, compared to the
hybrid RIS with only a few active elements. Moreover, active
elements with RF chains for processing of incident signals and
channel estimation at the RIS are presented in [14], [15], [27].

In this work, we deploy the hybrid active-passive RIS
to assist the multi-user MISO system. Thanks to the sig-
nal amplification, the hybrid RIS with a small-to-moderate
size can efficiently compensate for the severe path loss and
blockage in the communication links, especially in complex
urban scenarios. Focusing on the fairness design, our goal
is to maximize the minimum rate among all user equip-
ments (UEs) by jointly optimizing the transmit beamformers
and RIS amplifying/reflecting coefficients. To the best of
the authors’ knowledge, it has not been investigated in the
literature. The problem is practically appealing but particularly
more challenging, compared to those with conventional pas-
sive RISs, due to additional power constraints and amplified
noise/interference caused by RIS active elements. To effec-
tively solve the challenging optimization problem, we propose
an efficient algorithm based on the block coordinate ascent
(BCA) and successive approximation (SCA). Specifically, the
original problem is first decomposed into two subproblems,
which are then alternately solved by the SCA technique.
Finally, the proposed design is evaluated by numerical results,
which show that with the same total power budget, the hybrid
RIS offers remarkable performance improvement compared to
the systems without RIS and that with the conventional passive
RIS, especially when the transmit power at the BS is limited.



II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider a downlink wireless network where a multiple-
antenna BS serves K single-antenna UEs. The communication
between BS and UEs is assisted by a hybrid active-passive
RIS installed on the building facade. RIS is equipped with
N elements, out of which, Na (Na ≪ N ) elements are
activated. The positions of active elements are predetermined
in A ⊂ {1, 2, . . . , N} with |A| = Na. The RIS’s active
elements can potentially be realized by low-power reflection
amplifiers [28]. We refer readers to [17], [24], [28] for more
details on the reflection amplifier-based active RIS. It is seen
that the fully passive RIS (i.e., with Na = 0) is just a special
case of the hybrid RIS. Therefore, in this work, we will use
the general term “RIS” for the discussion in the system model,
while specific terms “passive RIS” or “hybrid RIS” are used
in comparisons.

Let αn denote the coefficient associated with the nth
element of the RIS. We can express αn as αn = |αn| ejθn ,
where θn ∈ [0, 2π) represents the phase shift, |αn| ∈ [0, 1]
for n /∈ A, and |αn| ≤ amax for n ∈ A. Here, amax is the
maximum power amplification gain that the active load can
provide, which is up to 40 dB if active elements are realized by
reflection amplifiers [24], [28]. We note here that to mitigate
interference in multi-user systems, the reflection amplitude of
passive RIS elements may not necessarily be unity [3]. Let
Υ ≜ diag{α1, . . . , αN} ∈ CN×N be the diagonal matrix of
the RIS coefficients. For ease of exposition in the following
analysis, we define an additive decomposition Υ = Φ + Ψ,
where Ψ = 1

A
N ◦Υ and Φ =

(
IN − 1

A
N

)
◦Υ contain the active

and passive coefficients, respectively. Here, 1A
N is an N ×N

diagonal matrix whose non-zero elements are all unity and
have positions determined by A, and ◦ represents a Hadamard
product.

Let hH
0,k ∈ C1×Nt , H1 ∈ CN×Nt , and hH

2,k ∈ C1×N denote
the channels between BS and UE k, between BS and RIS, and
between RIS and UE k, respectively. The effective channel
between BS and UE k can be expressed as hH

k = hH
0,k +

hH
2,kΥH1. Denote by sk with E{|sk|2} = 1 and wk ∈ CNt×1

the transmitted symbol and the beamforming vector intended
for UE k, respectively. The transmitted signal from the BS can
be given as x =

∑K
k=1 wksk ∈ CNt×1. Thus, the total transmit

power at the BS is pBS =
∑K

k=1 ∥wk∥2 ≤ pmax
BS , where pmax

BS

is the maximum transmit power of the BS. The received signal
at UE k can be given as

yk = hH
k wksk +

∑
j ̸=k

hH
k wjsj + nk, (1)

where nk = hH
2,kΨnr + nu is the aggregated noise at UE k,

with nu ∼ CN (0, σ2
u) being the additive white Gaussian noise

(AWGN) at UE k; and nr ∼ CN (0,1A
N ◦ σ2

r IN ) is the total
effective noise including self-interference and AWGN noise
caused by RIS active elements operating in full-duplex mode
[17].

B. Problem Formulation

From (1), the achievable rate of UE k (in nats/s/Hz) can be
expressed as

Rk = log

(
1 +

|hH
k wk|2∑

j ̸=k|h
H
k wj |2 + σ2

r ∥hH
2,kΨ∥2 + σ2

u

)
. (2)

Let pRIS denote the transmit power of active elements of the
RIS. It can be expressed as pRIS = E{∥Ψ (H1x + nr)∥2}

(a)
=∑

n∈A |αn|2 ξn, where ξn ≜ σ2
r + ∥h1,n∥2

∑K
k=1 ∥wk∥2; h1,n

denotes the nth row of H1, and equality (a) follows the
diagonal structure of Ψ whose non-zero elements are in
A. The total transmit power at the RIS is constrained as
pRIS ≤ pmax

RIS , where pmax
RIS is the power budget.

We aim to maximize the minimum rate among all UEs
through jointly optimizing the transmit beamformers and RIS
coefficients, which can be mathematically formulated as

maximize
{wk},{αn}

min
k
{Rk} (3a)

subject to 0 ≤
∑K

k=1
∥wk∥2 ≤ pmax

BS , (3b)

0 ≤ θn ≤ 2π, ∀n, (3c)
|αn| ≤ 1, ∀n /∈ A, (3d)
|αn| ≤ amax, ∀n ∈ A, (3e)∑

n∈A
|αn|2 ξn ≤ pmax

RIS , (3f)

where (3c)–(3f) are constrains of the hybrid RIS. Note in (3e)
that is only active elements (n ∈ A) can amplify the signals
with amplification gains restricted by amax [24]. It is clear
that the objective function is non-concave and non-smooth,
resulting in a non-convexity of problem (3).

III. PROPOSED DESIGN

The strong coupling between {wk} and {αn} in the rate
function makes problem (3) more difficult to solve. A direct
application of SCA comes at a cost of high computational
complexity. In what follows, we first transform problem (3)
into a more tractable form as (3) as

maximize
τ,{wk},{αn}

τ (4a)

subject to Rk ≥ τ, ∀k, (4b)
(3b) − (3f), (4c)

where τ is a newly introduced variable. By utilizing the BCA
approach, we decouple (4) into two sub-problems with respect
to {wk} and {αn}, each of which is efficiently solved by the
SCA method.

A. Transmit Beamforming Design

For given {αn}, the optimal beamformers {wk} at the BS
can be found by solving the following problem:

maximize
τ,{wk}

τ, subject to (4b), (3b), (3f). (5)



where (3b) and (3f) are convex. To convexify constraint (4b),
we introduce slack variables {γk} to express it equivalently
as

log(1 + γk) ≥ τ, ∀k, (6a)

|hH
k wk|2∑

j ̸=k|h
H
k wj |2 + σ2

k

≥ γk, ∀k, (6b)

where σ2
k ≜ σ2

r ∥hH
2,kΨ∥2 + σ2

u is a constant with respect to
{wk}. Let us define w ≜ [wT

1 , . . . ,wT
K ]T ∈ CKNt×1, H̃k ≜

hkhH
k ∈ CNt×Nt , and

Ĥk ≜ blockdiag{0, . . . ,0, H̃k, 0, . . . ,0} ∈ CKNt×KNt ,

H̄k ≜ blockdiag{H̃k, . . . , H̃k, 0, H̃k, . . . , H̃k} ∈ CKNt×KNt .

As a result, we can further rewrite constraint (6b) as
(wHĤkw)/(wHH̄kw + σ2

k) ≥ γk,∀k, which is equivalent to

wHH̄kw + σ2
k − wHĤkw

γk
≤ 0, ∀k. (7)

By applying the first-order Taylor approximation around the
point [w(i), γ

(i)
k ] found at iteration i, the concave function

fqol(w, γk) ≜ −wHĤkw/γk is linearized as

fqol(w, γk) ≤ Fqol(w, γk;w(i), γ
(i)
k )

≜
w(i)HĤkw(i)

γ
(i)2
k

γk −
2R
(

w(i)HĤkw
)

γ
(i)
k

. (8)

As a result, (7) can be iteratively replaced by the convex
constraint

wHH̄kw + σ2
k + Fqol(w, γk;w(i), γ

(i)
k ) ≤ 0, ∀k. (9)

Given
∑K

k=1 ∥wk∥2 = ∥w∥2, (3f) becomes∑
n∈A

|αn|2
(
σ2
r + ∥h1,n∥2 ∥w∥2

)
≤ pmax

RIS . (10)

Summary, we solve the following convex program of (5) at
iteration i:

maximize
τ,w

τ, subject to (3b), (6a), (9), (10). (11)

B. Optimization of RIS Coefficients

Given {wk}, the RIS coefficients ({αn}) can be optimized
by solving the following problem

maximize
τ,{αn}

τ, subject to (4b), (3c) − (3f), (12)

where constraints (3c)-(3f) are convex with respect to {αn}.
The optimization variables {αn} have not been exposed in
the current form of the nonconvex constraint (4b). To address
this issue, we denote h̄0,kj ≜ hH

0,kwj and h̄1,k ≜ H1wk,∀k, j,
yielding hH

k wk = h̄0,kk + hH
2,kΥh̄1,k and hH

k wj = h̄0,kj +

hH
2,kΥh̄1,j . Then, we can write the SINR term in (2) as

SINR =
|h̄0,kk + hH

2,kΥh̄1,k|2∑
j ̸=k|h̄0,kj + hH

2,kΥh̄1,j |2 + σ2
r ∥hH

2,kΨ∥2 + σ2
u

.

By defining α ≜ [α1, . . . , αN ]T ∈ CN×1, H̃2,k ≜
diag{hH

2,k} ∈ CN×N , and h̃12,kj ≜ H̃2,kh̄1,j ∈ CN×1,
we have h̄0,kj + hH

2,kΥh̄1,j = h̄0,kj + αT h̃12,kj and
hH
2,kΨ = αT

1
A
N H̃2,k,∀k, j. After straightforward alge-

braic manipulations, the numerator and denominator of the
SINR can be expressed as αHQkα + 2R

(
αH tk

)
+ ek

and αHQ̃kα + 2R
(
αH t̃k

)
+ ẽk, respectively; Here, Qk =

h̃
∗
12,kkh̃

T

12,kk, tk = h̃
∗
12,kkh̄0,kk, and ek =

∣∣h̄0,kk

∣∣2; fur-

thermore, Q̃k = σ2
r1

A
N H̃

∗
2,kH̃

T

2,k1
A
N +

∑
j ̸=k h̃

∗
12,kj h̃

T

12,kj ,
t̃k =

∑
j ̸=k h̃

∗
12,kj h̄0,kj , ẽk = σ2

u +
∑

j ̸=k

∣∣h̄0,kj

∣∣2, and R(·)
denotes the real part of a complex number. Thus, the rate
function of UE k is rewritten as

Rk = log

(
1 +

αHQkα+ 2R
(
αH tk

)
+ ek

αHQ̃kα+ 2R
(
αH t̃k

)
+ ẽk

)
, (13)

where α is clearly exposed. By introducing new variables
{Ñk, γ̃k}, constraint (4b) is equivalently rewritten as

log(1 + γ̃k) ≥ τ, ∀k, (14a)

Ñ2
k

αHQ̃kα+ 2R
(
αH t̃k

)
+ ẽk

≥ γ̃k, ∀k, (14b)

αHQkα+ 2R
(
αH tk

)
+ ek ≥ Ñ2

k , ∀k. (14c)

The nonconvex constraints include (14b) and (14c), which are
expressed as

αHQ̃kα+ 2R
(
αH t̃k

)
+ ẽk − Ñ2

k

γ̃k
≤ 0, ∀k, (15a)

Ñ2
k − ∥Q̄kα∥2 − 2R

(
αH tk

)
− ek ≤ 0, ∀k, (15b)

where Q̄ = Q1/2
k . To address the nonconvexity of (15a) and

(15b), we use the following approximations

−Ñ2
k

γ̃k
≤ Fqol(Ñk, γ̃k; Ñ

(i)
k , γ̃

(i)
k )

−∥Q̄kα∥2 ≤ Fqua(Q̄kα; Q̄kα
(i)), ∀k, (16)

where Fqol(·; ·) is defined in (8), and Fqua(x; x0) ≜ 2xH0 (x0−
x)−∥x0∥2 is a convex approximation of the concave function
−∥x∥2 around x0. As a result, (15a) and (15b) are iteratively
replaced by the following convex constraints

αHQ̃kα+ 2R
(
αH t̃k

)
+ ẽk

+ Fqol(Ñk, γ̃k; Ñ
(i)
k , γ̃

(i)
k ) ≤ 0,∀k, (17a)

Ñ2
k + Fqua(Q̄kα; Q̄kα

(i))− 2R
(
αH tk

)
− ek ≤ 0. (17b)

Furthermore, (3f) is transformed to a more compact form as

αHΞα ≤ pmax
RIS , (18)

where Ξ = diag{ξ̃1, . . . , ξ̃N} with ξ̃n = ξn for n ∈ A, and
ξ̃n = 0, otherwise.

Finally, problem (12) can be approximated by the following
convex program at iteration i

maximize
τ,α,{Ñk},{γ̃k}

τ, s. t. (3c) − (3e), (14a), (17a) − (18). (19)



Algorithm 1 Iterative Algorithm to Solve Problem (3)

1: Initialize {w(0)
k , α

(0)
n }. The feasible points for {Ñ (0)

k , γ̃
(0)
k } are

set to hold the equalities in (14b) and (14c). Set i = 0.
2: repeat
3: Solve problem (11) for given {α(i)

n } to obtain the solution
{w⋆

k}. Update {w(i+1)
k } := {w⋆

k}.
4: Solve problem (19) for given {w(i+1)

k } to obtain the solutions
α⋆, {Ñ⋆

k}, {γ̃⋆
k}. Update α

(i+1)
n := α⋆

n,∀n, Ñ (i+1)
k := Ñ⋆

k ,
and γ̃

(i+1)
k := γ̃⋆

k ,∀k.
5: Set i = i+ 1.
6: until convergence.

We summarize the proposed iterative algorithm based on
the BCA and SCA methods for solving (3) in Algorithm
1. In step 1, the initial points for {w(0)

k }, {α(0)
n }, {Ñ (0)

k },
and {γ̃(0)

k } are generated to guarantee that Algorithm
1 is successfully solved in the first iteration. In steps
2–6, subproblems (11) and (19) are alternatively solved
and {w(i)

k }, {α(i)
n }, {Ñ (i)

k }, and {γ̃(i)
k } are updated after

each iteration until the objective value τ converges. Note
that convex problems (11) and (19) can be solved with
standard optimization toolbox, such as CVX or YALMIP-
MOSEK. The computational complexities required to solve
subproblems (11) and (19) are O

(√
2K + 2(KNt + 1)3

)
and O

(√
3K +N + 1(2K +N + 1)3

)
, respectively.

Thus, the overall complexity of Algorithm 1 is
O
(
I(
√
2K + 2(KNt + 1)3 +

√
3K +N + 1(2K +N + 1)3)

)
,

where I is the number of iterations until convergence.

IV. NUMERICAL RESULTS

In this section, numerical results are provided to evaluate the
effectiveness of Algorithm 1. We assume that the BS and RIS
are deployed in a two-dimensional coordinate system at (0, 0)
and (20, 0) m, respectively, while the UEs are randomly and
uniformly distributed in a square area of 200 × 200 m2. The
Rayleigh fading model is considered for the direct BS-UEs
channels, while those for the BS-RIS and RIS-UEs reflecting
channels are Rician fading models with Rician factors of
100 and 10, respectively. The path loss for link distance
d is given by β(d) = β0(d/1m)−ϵ, where β0 is the path
loss at the reference distance of 1 m, and ϵ ∈ {ϵ0, ϵ1, ϵ2}
represents the path loss exponents of BS-UEs, BS-RIS, and
RIS-UEs channels, respectively. We set β0 = −30 dB and
σ2
u = −80 dBm, {ϵ0, ϵ1, ϵ2} = {3.2, 2.2, 2.5}. The total

power of noise and residual self-interference of the RIS is
computed as σ2

r = (η + 1)σ2
u, with η = 1 dB reflecting the

possible residual self-interference caused by active elements
operating in full-duplex mode [17], [29]. The positions of the
RIS active elements are fixed to A = {1, . . . , Na}. Towards
a fair comparison, the power budget at the BS in the hybrid
RIS-aided system is reduced by pmax

RIS , so that all the compared
schemes have the same total power budget as pmax

BS .
We first show in Fig. 1 the convergence of Algorithm 1.

For initialization, we set w(0)
k =

√
pmax
BS

K
hk

∥hk∥ ,∀k, implying
the conjugate beamforming with equal power. Furthermore,

0 5 10 15 20 25 30

0.1

0.2

0.3

0.4

Fig. 1. Convergence of Algorithm 1 with Nt = 2, K = 5, N = 50,
pmax
BS = {20, 30} dBm, Na = 4 and pmax

RIS = 0 dBm.

5 10 15 20 25 30
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0.6

0.8

1

Fig. 2. Minimum rates versus pmax
BS with Nt = {2, 4}, K = 5, N = 50,

Na = {4, 8}, pmax
BS = [0, 30] dBm, and pmax

RIS = −1 dBm.

{α(0)
n } are initialized as {ejθ(0)

n } with initial phase shifts
{θ(0)n } being randomly generated on [0, 2π). These initial
values belong to the feasible region of problem (3). For both
cases pmax

BS = {20, 30} dBm, it is observed that Algorithm
1 converges after only a few iterations. With pmax

BS = 20
dBm, the algorithm converges slightly faster, but obviously
to a lower rate, compared with the case pmax

BS = 30 dBm.
In Fig. 2, we plot the minimum rate versus the maximum

transmit power of the BS with various deployments of RISs.
As expected, the minimum rate performance of both passive
and hybrid RISs increases significantly when pmax

BS increases
for both Nt = {2, 4}. However, the performance gain of the
former is marginal, especially at low SNRs. In contrast, the
hybrid RIS with only Na = 4 active elements can provide
significant performance improvement to the system, and the
gain is more remarkable at a low SNR regime. For example,
with Nt = 4 and pmax

BS = 20 dBm, the passive RIS achieves
27% improvement, while that attained by the hybrid RIS is up
to 80% with the requirement of only Na = 4 active elements
and a power budget of pmax

RIS = −1 dBm. Furthermore,
the hybrid RIS with Na = 8 provides only slightly better
performance compared to the case Na = 4, as will be further
discussed below.

In Fig. 3, we show the minimum rate versus the transmit
power budget at RISs, i.e., pmax

RIS . Unsurprisingly, the perfor-
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Fig. 3. Minimum rates versus pmax
RIS with Nt = 2, K = 5, N = 50,

Na = {4, 8, N}, pmax
BS = 20 dBm, and pmax

RIS = [−10, 15] dBm.

mance improvement attained by the hybrid RIS significantly
increases with pmax

RIS . Furthermore, as pmax
RIS increases, the

hybrid RIS with more active elements provides significantly
larger performance gains. However, this is not valid for a low
pmax
RIS . It is observed that hybrid RISs with Na = 4 and Na = 8

offer almost the same performance for pmax
RIS ≤ −5 dBm, while

the fully active RIS (with Na = N = 50) performs even worse
than the passive RIS. This is because when a limited power
budget needs to be shared among a large number of active
elements, the amplitudes of these elements become very small,
causing signal attenuation on reflecting channels. Note that a
RIS with a larger number of active elements also requires
a higher power consumption [24]. These further explain the
motivations of hybrid RISs, especially when the power budget
allocated to RISs is limited.

V. CONCLUSION

We proposed the deployment of the hybrid active-passive
RIS architecture to enhance the performance of multi-user
MISO systems. In this hybrid RIS, a very few active elements
are employed to enhance reflecting and amplifying gains
of the RISs’ elements. We proposed an iterative algorithm
based on the BCA and SCA approaches to effectively solve
the formulated max-min rate problem. Extensive numerical
results were provided to verify the merits of the proposed
algorithm. They revealed that the hybrid RIS offers remarkable
performance improvement compared to existing schemes (i.e.
without RIS and conventional passive RISs).
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