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Abstract—Reconfigurable intelligent surface (RIS) has emerged
as a cost- and energy-efficient solution to enhance the wireless
communications capacity. However, recent studies show that a very
large surface is required for a RIS-assisted communications system;
otherwise, they may be outperformed by the conventional relay.
Furthermore, the performance gain of a RIS can be considerably
degraded by hardware impairments such as limited-resolution
phase shifters. To overcome those challenges, we propose a hybrid
relay-reflecting intelligent surface (HR-RIS) architecture, in which
a single or few elements serve as active relays, while the remaining
only reflect the incident signals. We propose two HR-RIS architec-
tures, namely, the fixed and dynamic HR-RIS. The joint transmit
beamforming at the base station and hybrid relay-reflecting at
the HR-RIS are designed based on alternating optimization and
successive convex approximation methods. The simulation results
for a 4 × 2 multiple-input multiple-output system show that the
proposed HR-RIS with only a single active element can achieve
about 40% and 25% improvement in spectral efficiency and energy
efficiency, respectively, with respect to the conventional RIS-aided
system. The results also show that the HR-RIS can outperform the
conventional relaying scheme in most of the considered scenarios.

Index Terms—MIMO systems, hybrid relay-reflecting intelligent
surface, spectral efficiency.

I. INTRODUCTION

THE reconfigurable intelligent surface (RIS), also known
as intelligent reflecting surface (IRS) [1] or large intel-

ligent surface (LIS) [2], has recently emerged as a cost- and
energy-efficient technology that can customize and program
the physical propagation environment by reflecting radio waves
in preferred directions [3]–[6]. RIS is a planar meta-surface
consisting of a large number of passive reflecting elements,
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which are connected to a controller, allowing adjusting the
phases of the incident signals. As a result, its phase shifts can be
optimized to make the wireless channel between the transmitter
and receiver more favorable for communications [1], [4], [5], [7].
Several potential technologies for RIS implementation exist. It
can be constructed as an array of discrete phase shifters, which
control the impedance values of the elements. Thereby the phase
shifts can steer the reflected signal to the desired direction of the
receiver. Such RIS is called the discrete RIS with no baseband
processing capability [4]–[6]. The phase shift control is typically
assumed to be designed in some active network element such as
a base station (BS) or access point (AP). The phase shift values
are then transferred via some control link from the BS/AP to the
RIS. Furthermore, a RIS with active receive elements introduced
by Taha et al. in [8], [9] has also been considered to enable the
channel estimation at the RIS.

A. Related Works

RIS has attracted great interest in the literature with a partic-
ular focus on investigating its performance and design aspects.
Specifically, Hu et al. in [10], [11] show that the capacity per
RIS area-unit converges to P̄

2σ2 as the wavelength goes to zero,
where P̄ is the transmit power per area-unit, andσ2 is the additive
white Gaussian noise (AWGN) power spectral density. In [12],
an adaptive phase shifter design based on hierarchical codebooks
and limited feedback from the mobile station (MS) is proposed
for a RIS-aided millimeter wave (mmWave) multiple-input
multiple-output (MIMO) system for both accurate positioning
and high data rate transmission. In [13], the asymptotic achiev-
able rate of a RIS-aided downlink system is examined under
practical reflection coefficients, and a passive beamformer and a
modulation scheme that can be used in a RIS without interfering
with existing users are proposed to increase the achievable
system sum-rate. Furthermore, in [14], the propagation channel
of point-to-point MIMO systems is enriched by using the RIS
so that more paths with different spatial angles are added. As
a result, the rank of the channel matrix is enhanced, and the
multiplexing gain is achieved even when the direct path has low
rank. In [15] and [16], the sub-6 GHz and mmWave multiple-
input-single-output (MISO) downlink systems aided by RISs are
investigated, respectively. These works show that a RIS equipped
with N reflecting elements can offer a total beamforming gain
of N 2 [15] and allows the received signal power to increase
quadratically with N [16]. Moreover, the works in [17]–[22]
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characterize the performance gains of practical RIS with limited
resolution phase shifts and/or hardware impairments.

Another important line of studies on RIS focuses on the
capacity/data rate maximization of RIS-aided communication
systems [23]. In [24], a RIS-aided single-input-single-output
(SISO) orthogonal frequency division multiplexing (OFDM)
system is considered. Specifically, the achievable rate maxi-
mization problem has been solved by jointly optimizing the
transmit power allocation and the RIS passive coefficients. In
contrast, the MISO systems have been considered in [19], [25]–
[28]. In particular, [25]–[27] consider the joint optimization of
transmit beamforming and passive reflecting of RISs with ideal
phase shifts to attain remarkable performance improvement. In
contrast, Han et al. in [19] show that only two-bit-resolution
phase shifts are sufficient for the RIS to provide a satisfactory
capacity, which is similar to the finding in [28]. The capacity/rate
optimization of RIS-assisted MIMO systems has been recently
considered in [7], [21], [29]. In [7], an alternating optimization
(AO) method has been proposed to efficiently find the locally op-
timal phase shifts of the RIS for both the narrowband frequency-
flat and broadband frequency-selective MIMO OFDM systems.
It is shown that with the proposed AO-based RIS design, the
channel total power, rank, and condition number can be signifi-
cantly improved for capacity enhancement [7]. Furthermore, the
projected gradient method proposed in [30] can perform com-
parable with the AO scheme but requires lower computational
cost. In [21], a RIS-enhanced full-duplex (FD) MIMO two-way
communication system is considered. The system sum-rate is
maximized through jointly optimizing the transmit beamform-
ing and the RIS coefficient matrix. The same design is conducted
in [31] but for simultaneous wireless information and power
transfer (SWIPT). It is shown that with the aid of RISs, both the
weighted sum-rate and harvested power significantly increase
with the number of RIS elements [31]. The secure transmission
is considered in [32] for an artificial noise (AN)-aided MIMO
system with the presence of a multi-antenna eavesdropper. In
this work, the transmit precoding matrix at the BS, covariance
matrix of AN, and the RIS phase shifts are jointly optimized,
resulting to a remarkable improvement in the secrecy rate. To
realize the practical deployment of RISs, Wang et al. in [33]
propose a novel three-phase channel estimation framework for
RIS-assisted multiuser communication systems. Whereas, Liu
et al. [34] leverage the learning ability of convolutional neural
network for this purpose.

B. Motivations and Contributions

In this paper, we propose a novel semi-passive RIS-aided
beamforming concept in which active beamforming (relaying)
can be applied together with passive beamforming (reflecting).
The idea is to activate a few elements of the RIS by connecting
them with radio frequency (RF) chains and power amplifiers
(PAs) or by deploying the reflection amplifiers (RAs) [35],
[36], allowing them to not only modify the phases but also
amplify the power of the incident signals. In this respect, these
few elements become active FD amplify-and-forward (AF) re-
laying elements, and the conventional RIS becomes a hybrid

relay-reflecting intelligent surface (HR-RIS). We use this term
throughout the paper to refer to the proposed architecture. We
note that the proposed HR-RIS herein is similar to the hybrid
active/passive RIS architectures introduced in [8] and [37] in
the sense that a subset of elements in the surface is capable
of performing active processing. However, they have different
purposes and operations. Specifically, the introduction of active
elements in [8] and [37] enables efficient channel sensing and/or
passive beamforming of the RIS. In contrast, those in the HR-RIS
offer the capability of signal amplification as relay elements
to significantly improve the system performance. The proposal
of HR-RIS is motivated by recent comparisons between the
conventional relay and RIS and the practical deployment of
RIS with hardware impairments. First, a main limitation of
the RIS compared to the active relays is the fact that its pure
reflection limits the degrees of freedom in the beamforming.
Second, based on the performance comparisons of relay and
RIS in [15] and [38], we found that the HR-RIS is promising to
provide a remarkable performance improvement. Specifically,
it is shown in both [38] and [15] that a very large-sized RIS
is required to outperform decode-and-forward (DF) relaying.
Unless, it can be easily surpassed by a small-sized half-duplex
relay. Furthermore, for a sufficiently large RIS, a small increase
in the number of elements does not result in a significant perfor-
mance improvement. These observations imply that replacing
a few passive elements of the RIS by active ones can provide
a remarkable active relaying gain to the system. In this regard,
HR-RIS with only a few active elements can leverage the ad-
vantages of both RIS and relay, i.e., the passive reflecting and
active relaying capabilities, with the requirement of low power
consumption. Furthermore, the relaying coefficients of the active
elements can be optimized to compensate for the considerable
performance loss due to the limited-resolution phase shifts of
practical RISs [18]–[21].

We recognize that there are several practical open problems
related to the practical and efficient implementation of HR-
RIS. Furthermore, we assume perfect channel state information
(CSI) [7], [15], [18], [39] for the beamforming design. However,
with the proposed HR-RIS architecture, the assumption is less
restrictive than with a passive RIS, because the active processing
chains can be readily used for channel estimation using their
built-in active elements. Specifically, the CSI acquisition for
the HR-RIS-aided systems can be conducted by the approaches
proposed in [8], [40]. Thereby, our paper focuses on proposing
the concept and demonstrates its significant system-level poten-
tial. This gives more understanding on the fundamental tradeoffs
between RIS and relaying as part of a MIMO communication
link. The main contributions of the paper are as follows:
� We propose the novel HR-RIS architecture, which enables

a hybrid active-passive beamforming scheme rather than
fully-passive beamforming as in the conventional RIS.
It requires only a single or few active elements which
serve as active relays to achieve significant performance
gain. Particularly, HR-RIS exploits the benefits of both the
relaying and passive reflecting schemes.

� We propose two HR-RIS architectures, namely, fixed and
dynamic HR-RIS. In the former, the active elements are
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fixed in manufacture; in contrast, those in the latter can be
adaptively configured to improve the performance and save
power consumption. The coefficient matrix of the HR-RIS
and that of the active transmit beamforming matrix are
optimized in the formulated SE maximization problem,
which is solved by the AO and successive convex ap-
proximation (SCA) schemes. Furthermore, the favorable
deployment and performance gains of the HR-RIS are
derived analytically and numerically verified by computer
simulations.

� The total power consumption and energy efficiency (EE)
of the system with the proposed HR-RIS is analyzed and
compared to that with the conventional RIS. It is shown
that the former requires higher power consumption than
the latter because additional power is consumed for the
active processing. However, with a small number of active
elements in the proposed HR-RIS, the improvement in both
the SE and EE is guaranteed, as numerically demonstrated
by the simulation results.

� Furthermore, we numerically show that the proposed HR-
RIS generally outperforms the conventional FD-AF re-
laying scheme. The reverse only occurs when the relay
is equipped with numerous relaying antennas and has a
sufficiently large power budget. The paper bridges the
theoretical gap between a passive RIS and active AF relay
aiding a MIMO communication link. This gives more
insight into the fundamental performance of each of the
approaches and attainable SE and EE.

We note that a part of this work has been presented in [41].
Specifically, in [41], we introduce the fixed HR-RIS architecture
and show its potential in improving the SE performance of the
MIMO system. In this work, we further introduce the dynamic
HR-RIS. Moreover, we consider a more general system model
where the direct BS-MS channel is taken into consideration, and
both the transmit beamforming at the BS and the semi-passive
beamforming at the HR-RIS are optimized. We also investigate
the power consumption and EE of the proposed HR-RIS archi-
tectures.

Structure: The rest of the paper is organized as follows. In
Section II, we introduce the concept of the HR-RIS and the
system model of the HR-RIS-aided MIMO system, and the
problem of SE maximization is formulated. Its efficient solution
is found in Section III. Based on that, the beamforming matrices
of the fixed and dynamic HR-RIS-aided MIMO systems are
derived in Section IV. Their power consumption is investigated
in Section V. Simulation results are shown in Section VI, and
finally, conclusions are drawn in Section VII.

Notations: Throughout this paper, numbers, vectors, and
matrices are denoted by lower-case, bold-face lower-case, and
bold-face upper-case letters, respectively. (·)∗ and (·)H denote
the conjugate of a complex number and the conjugate trans-
pose of a matrix or vector, respectively, and (·)H

2 represents
[(·) 1

2 ]H . IN denotes the identity matrix of size N ×N , and
diag{a1, . . . , aN} represents a diagonal matrix with diagonal
entries a1, . . . , aN . Furthermore, | · | denotes either the absolute
value of a scalar or determinant of a matrix, and the expectation
operator is denoted by E{·}.

II. PROPOSED HR-RIS ARCHITECTURE, SYSTEM MODEL, AND

SE PROBLEM FORMULATION

A. HR-RIS Beamforming Architecture

The HR-RIS is equipped withN elements, includingK active
relaying andM passive reflecting elements, withM +K = N .
We consider the case that the amplitude of a passive element
is fixed to unity to maximize the received signal power and
to enhance the channel capacity, as widely considered in the
literature [42]. In contrast, the active elements of HR-RISs can
be optimized to not only adjust the phase but also amplify the
incident signal for effective relaying. For K = 0, the HR-RIS
serves as the conventional RIS. We note that an active element
would require more power consumption for processing than the
passive one. Therefore, we are interested in the case 1 ≤ K �
M for practical deployment. We now introduce notations to
mathematically model the HR-RIS. In particular, let A denote
the index set of the K active elements, A ⊂ {1, 2, . . . , N}, and
let αn denote the coefficient of the nth element, which is given
as

αn =

{
|αn| ejθn , if n ∈ A
ejθn , otherwise

, (1)

where θn ∈ [0, 2π) is the phase shift and |αn| = 1 if n /∈ A.
Let Υ = diag{α1, . . . , αN} ∈ CN×N be the diagonal matrix
of the coefficients. We define an additive decomposition for it
as Υ = Φ+Ψ, where Ψ = 1AN ◦Υ and Φ = (IN − 1AN ) ◦Υ
contain the active relaying and passive reflecting coefficients,
respectively. Here, 1AN is an N ×N diagonal matrix whose
non-zero diagonal elements are all unity and have positions
determined by A, and ◦ represents a Hadamard product.

We consider two HR-RIS architectures, including the fixed
and dynamic HR-RIS. In the fixed one, the number of active
elements and their positions, i.e., set A, are predefined and fixed
as illustrated in Fig. 1(a). In contrast, in the dynamic HR-RIS
architecture, the number and positions of active elements can be
dynamically changed according to the propagation condition. In
other words, setA can be a design parameter in this architecture.
More specifically, there are a number of RF-PA chains each
can be turned on/off. An element of HR-RIS is active if it
connects to an “ON” RF-PA chain; otherwise, it serves as a
passive reflecting element [8], [9], [43]. Such connection can be
done via a switching (SW) network as illustrated in Fig. 1(b).
Furthermore, the signal processing of the active elements is
controlled by an HR-RIS controller and baseband unit [8], [9].
In this paper, both the fixed and dynamic HR-RIS architectures
are considered for the SE maximization problem.

The HR-RIS may potentially be realized by recently in-
troduced low-power complementary metal-oxide semiconduc-
tor (CMOS)-based technologies, such as the reflection ampli-
fier [35], [36], which is capable of not only turning the phases but
also amplifying the amplitudes of the incident signals. Thereby
a possible implementation of the proposed architecture could
produce a meta-surface with reflection amplifier elements. How-
ever, this method can be cost-inefficient because the number
of elements in the HR-RIS is large, while only a few active
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Fig. 1. Illustration of the fixed and dynamic HR-RIS architectures. (a) Fixed HR-RIS architecture. All K RF-PA chains are ON. (b) Dynamic HR-RIS architecture.
A

�
out of K RF-PA chains are ON.

elements are required, as will be proven in the sequel. There-
fore, a more practical solution appears to be upgrading the
conventional RIS by replacing some elements with the reflection
amplifiers. Compared to the RIS, HR-RIS requires additional
complexity for hardware implementation and signal processing
of the active elements. However, those are only required for a
single or few active elements. Considering that the total number
of elements in the conventional RIS is very large, the hardware
and computational costs increase only moderately. However, the
detailed HR-RIS implementation is out of the scope of this paper.
We focus on proposing it and analyzing its potential for system
performance improvement.

B. System Model

We consider a downlink transmission between a BS and an MS
which is aided by the HR-RIS. Let us denote by Nt and Nr the
numbers of antennas equipped at the BS and MS, respectively,
where Nt ≥ 1 and Nr ≥ 1. Let Ht ∈ CN×Nt , Hr ∈ CNr×N ,
and Hd ∈ CNr×Nt denote the channel between the BS and the
HR-RIS, between the HR-RIS and the MS, and the direct BS-MS
channel, respectively. The transmitted signal vector at the BS
can be written as s = Fx (s ∈ CNt×1), where x ∈ CNs×1

is the vector of Ns symbols such that E{xxH} = INs
, and

F ∈ CNt×Ns be the transmit beamforming matrix. Without
loss of generality, we assume that Ns = min{Nr, Nt}, i.e., the
number of data streams is equal to the rank of the channel
matrix. The average transmit power at the BS is constrained
by E{‖s‖2} ≤ PBS, which is equivalent to ‖F ‖2 ≤ PBS, where
PBS is the maximum transmit power at the BS. As a result, the
received signals at the MS can be written as

y = (Hd +HrΥHt)Fx+ n, (2)

where

n � HrΨ (nH + nSI) + nMS (3)

is the total effective noise vector at the MS, n ∈
CNr×1. Here, nH = [nH,1, nH,2, . . . , nH,N ]T ∈ CN×1 and
nSI = [nSI,1, nSI,2, . . . , nSI,N ]T ∈ CN×1 represent the AWGN
vector and possible residual self-interference caused by the
HR-RIS, respectively. Here, the self-interference is generated

due to the full-duplex amplify-and-forward operation of the
active elements at the HR-RIS. We note that at the HR-RIS,
only active elements cause noise and self-interference. There-
fore, we have nH,i ∼ CN (0, σ2

H) if i ∈ A; otherwise, nH,i = 0,
i /∈ A. Furthermore, we adopt the residual self-interference
model in [44], where the residual self-interference components
are modeled as zero-mean additive Gaussian noise samples
1, i.e., nSI,i ∼ CN (0, σ2

SI) if i ∈ A; otherwise, nSI,i = 0, i /∈ A.
Consequently, HrΨ(nH + nSI) ∈ CNr×1 represents the effec-
tive noise vector at the MS received from the HR-RIS. Further-
more, in (3),nMS ∼ CN (0, σ2

MSINr
) is the AWGN vector at the

MS. For notational simplicity, we assume that σ2
H = σ2

MS = σ2,
and σ2

SI = ησ2. Thus, we have n ∼ CN (0, R̃), where

R̃ � σ2
MSINr

+HrΨ
(
σ2
HIN + σ2

SIIN

)
ΨHHH

r = σ2R
(4)

is the aggregate noise covariance matrix, with R � INr
+ (η +

1)HrΨΨHHH
r .

We note that in an active element, the incident signal is
only amplified without decoding. Therefore, the delay when the
signals go through active elements is much smaller than the
coherence interval and has a negligible impact on the channel
estimation and signal combining at the receiver as in [46]–[50].
Similarly, the reflection amplifier-based AF relay does not cause
significant residual self-interference levels [47], but we still
include it in our analysis for completeness.

C. Problem Formulation

Based on (2) and (4), the SE of an HR-RIS-aided MIMO
system can be expressed as

f0(F , {αn}) = log2

∣∣∣INr
+ ρ(Hd +HrΥHt)FFH

× (Hd +HrΥHt)
HR−1

∣∣∣, (5)

where {αn} � {α1, α2, . . . , αN} represents the set of all the
HR-RIS relay/reflecting coefficients, andρ = 1

σ2 . Let σ̃2 � (η +

1This residual self-interference model is based on the fact that there are
numerous sources of imperfections in the RF chain [44], and the experiment
in [45] shows that the residual self-interference can be eliminated to be as low
as 1 dB independent of the transmit power and the number of transmit antennas.
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1)σ2. Then, the transmit power of the HR-RIS active elements
is given as

Pa(F , {αn}) � traceΨ
(
HtE

{
ssH

}
HH

t + σ̃2IN

)
ΨH

= traceΨ
(
HtFFHHH

t + σ̃2IN

)
ΨH. (6)

We aim at investigating the potential performance of the
HR-RIS in terms of SE (compared with the conventional passive
RIS). Therefore, we focus on the the problem of jointly designing
the transmit beamformer at the BS and the relay/reflection
coefficients of the HR-RIS to maximize the SE, i.e.,

(P0) maximize
F ,{αn}

f0(F , {αn}) (7a)

subject to ‖F ‖2 ≤ PBS (7b)

|αn| = 1 for n /∈ A (7c)

Pa(F , {αn}) ≤ Pmax
a , (7d)

where Pmax
a is the power budget of the HR-RIS active elements.

Function f0(F , {αn}) is nonconvex with respect to (F , {αn}).
In addition, the feasible set of (P0) is nonconvex due to the
unit-modulus constraint (7c). Thus, problem (P0) is intractable,
and it is challenging to find an optimal solution.

III. EFFICIENT SOLUTION TO (P0)

To overcome the challenges in the problem of joint active
and semi-passive beamforming design, i.e., jointly optimizing
F and {αn} in (P0), we adopt an AO framework and decouple
the optimization of these two variables. Specifically, we will
alternately solve for F and {αn} while fixing the other, as
presented in the subsequent subsections.

A. Active Transmit Beamforming Design With Given HR-RIS
Coefficients

In this section, we first aim at solving the active transmit
beamforming problem associated with the variable F with the
given HR-RIS relay/reflecting coefficients {αn}. For ease of
exposition, we denote by G the effective channel between the
BS and MS, i.e., G � Hd +HrΥHt. Then, given {αn}, the
problem (P0) can be rewritten as

(Ptx) maximize
F

f0(F ) = log2

∣∣INr
+ ρGFFHGHR−1

∣∣
subject to (7b), (7d).

Because R is semi-definite, we can express R = R
H
2 R

1
2 , and

thus, the objective function of (Ptx) can be rewritten as

f0(F ) = log2

∣∣∣INr
+ ρGFFHGHR−H

2 R− 1
2

∣∣∣
= log2

∣∣∣INr
+ ρG̃FFHG̃

H
∣∣∣ ,

where G̃ � R− 1
2 G. Given {αn}, bothΥ andΨ are determined,

and so is G̃. Problem (Ptx) is convex with respect to F , and its
optimal solution can be obtained based on the eigenmode trans-
mission. Specifically, letV ∈ CNt×Ns consist ofNs columns as
Ns right-singular vectors associated with theNs largest singular

values of G̃. Then, the optimal solution to F is given by

F � = V Σ1/2, (8)

where Σ1/2 =
√
p1,

√
p2, . . . ,

√
pNs

; here, pi represents the
power amount allocated to the ith data stream satisfying (7b) and
(7d). With the solution in (8), we have f0(F

�) =
∑Ns

i=1 log2(1 +

ρκ2
i pi), where κi is the ith largest singular value of G̃ [7].

Furthermore, because Σ is diagonal, it follows that ‖F �‖2 =∑Ns

i=1 pi and

Pa(F
�, {αn}) = traceΣṼ + traceσ̃2ΨΨH

=

Ns∑
i=1

piṽi + σ̃2
∑
n∈A

|αn|2 ,

where Ṽ = V HHH
t ΨHΨHtV , and ṽi is the ith diagonal

element of Ṽ . As a result, {pi} can be obtained by solving
problem

(Pp) maximize
{pi}

Ns∑
i=1

log2(1 + ρκ2
i pi) (9a)

subject to
Ns∑
i=1

pi ≤ PBS (9b)

Ns∑
i=1

piṽi ≤ Pmax
a − σ̃2

∑
n∈A

|αn|2 , (9c)

which is convex and can be solved with existing optimization
tools such as CVX or YALMIP-MOSEK.2

B. Semi-Passive Beamforming Design With Given Active
Transmit Beamformer

Here, we find efficient solution to the reflecting/relay coef-
ficients of the HR-RIS, i.e., {αn}, with given transmit beam-
former F �. Specifically, we consider the problem

(PH) maximize
{αn}

f0({αn})

subject to (7c), (7d).

This problem is intractable because f0({αn}) is nonconvex with
respect to {αn}, and the constraint (7c) leads to a nonconvex
feasible set. As the first step of developing an efficient solution
to (PH), we approximate the problem into a more tractable one.
Specifically,f0({αn}) is upper bounded byf({αn}), as follows:

f0({αn}) = log2

∣∣(R+ ρGF �F �HGH
)
R−1

∣∣
= log2

∣∣R+ ρGF �F �HGH
∣∣− log2 |R| (10)

≤ log2

∣∣INr
+ (η + 1)HrΨΨHHH

r + ρGF �F �HGH
∣∣

(11)

� f({αn}),

2We note that for the conventional passive RIS, we have A = ∅ and Ψ = 0,
leading to ṽi = 0, ∀i. Thus, in this case, constraint (9c) always satisfies and the

optimal power allocation at the BS is given as p�i = max{ 1
p̄ − σ2

κ
2
i

, 0}, where

p̄ satisfies
∑Ns

i=1 pi = PBS [7].
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where the inequality in (11) follows by substituting the expres-
sion of R to (10). Clearly, the equality occurs when A = ∅.
In addition, the smaller the term log2 |R| is, the tighter the
bound is. We can also observe that log2 |R| is small when
the path loss is large and the number of active elements is
small (since Ψ becomes very sparse when only a single or
few active elements are employed at the HR-RIS). These ob-
servations motivate us to arrive at the following approximation
of (PH):

(P′
H) maximize

{αn}
f({αn})

subject to (7c), (7d).

Although f({αn}) is still nonconvex with respect to {αn},
its structure allows the development of an efficient solution
via the AO method. It results in closed-form solutions not
only to the HR-RIS phase shifts but also to the power am-
plification coefficients of the active relay elements, providing
important insights into the design and deployment of the HR-
RIS. Therefore, we utilize the AO method in [7] to solve the
problem (P′

H). Here, it should be mentioned that the deriva-
tions in [7] cannot be directly applied, because the objective
function and constraints in (P′

H) are different from those in [7].
Specifically, the term HrΨΨHHH

r in f({αn}), variables αn

with |αn| �= 1 for n ∈ A, as well as power constraint (7d)
do not appear in [7]. Therefore, we find the solutions {α�

n}
below.

The proposed solution is a sequential procedure: In each
iteration, a specific coefficient of HR-RIS is updated when the
others are fixed. We first further expand f({αn}) in (11) to
extract the role of variable αn, for any n ∈ {1, . . ., N}. Specif-
ically, by recalling that G = Hd +HrΥHt and by denoting
H̃d � HdF

� and H̃t � HtF
�, we can write

f({αn}) = log2

∣∣INr
+ (η + 1)HrΨΨHHH

r

+ ρ(H̃d +HrΥH̃t)(H̃d +HrΥH̃t)
H
∣∣∣ .
(12)

Furthermore, let tHn ∈ C1×Nt be the nth row of H̃t and rn ∈
CNr×1 be the nth column of Hr, i.e., H̃t = [t1, . . . , tN ]H

and Hr = [r1, . . . , rN ]. Since Υ and Ψ are diagonal ma-
trices, we have HrΥH̃t =

∑N
n=1 αnrnt

H
n and HrΨ =

[ψ1r1, . . . , ψNrN ], where ψn is the nth diagonal element of
Ψ, and we have

ψn =

{
αn, if n ∈ A
0, otherwise

,

based on the definition of Ψ. Consequently, we can express
f({αn}) as

f({αn}) = log2

∣∣∣An + |αn|2 Bn + αnCn + α∗
nC

H
n

∣∣∣ , (13)

where matrices An, Bn, and Cn are given by

An �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

INr
+ ρ
(
H̃d +

N∑
i �=n

αirit
H
i

)(
H̃

H

d +
N∑
i�=n

α∗
itir

H
i

)
+ (η + 1)

( ∑
i∈A\n

|αi|2 rirHi
)
, n ∈ A

INr
+ ρ
(
H̃d +

N∑
i �=n

αirit
H
i

)(
H̃

H

d +
N∑
i�=n

α∗
itir

H
i

)
+(η + 1)

(∑
i∈A

|αi|2 rirHi
)
, n /∈ A

(14)

with A\n = {i : i ∈ A, i �= n}, and

Bn �
{
(η + 1)rnrHn + ρrnt

H
n tnr

H
n , n ∈ A

ρrnt
H
n tnr

H
n , n /∈ A (15)

Cn � ρrnt
H
n

(
H̃

H

d +

N∑
i �=n

α∗
itir

H
i

)
, ∀n. (16)

We note that matrices An,Bn, and Cn do not contain variable
αn. This means that if all variables {αi}Ni=1,i�=n are fixed, the
three matrices are determined. Similarly, we also extract the
role of variable αn in Pa(F

�, {αn}). Specifically, recalling that
H̃t = HtF

�, we can write

Pa({αn}) = traceΨ
(
HtF

�F �HHH
t + σ̃2IN

)
ΨH

= σ̃2traceΨΨH + traceΨH̃tH̃
H

t Ψ
H

= σ̃2
∑
n∈A

|αn|2 +
∑
n∈A

|αn|2 ‖tn‖2 =
∑
n∈A

|αn|2 ϑn,

(17)

where

ϑn � σ̃2 + ‖tn‖2 . (18)

Let P̃a,n �
∑

i∈A,i�=n |αi|2ϑi, n ∈ A. We can see that P̃a,n is
a constant if all variables {αi}Ni=1,i�=n are fixed. Therefore, the
role of αn in Pa({αn}) can be seen in the following expression
of Pa({αn}):

Pa(αn) = |αn|2 ϑn + P̃a,n. (19)

1) Problem of Updating αn: In the AO approach, in an
iteration of updating αn, {αi}Ni=1,i�=n are fixed. Therefore, the
objective function f({αn}) in (13) can be rewritten in the
explicit form

fn(αn) = log2

∣∣∣An + |αn|2 Bn + αnCn + α∗
nC

H
n

∣∣∣ , (20)

which has only one variable, i.e., αn. Noting that rank(An) =
Nr, i.e., An is of full-rank and invertible, fn(αn) can be rewrite
as

fn(αn) = log2 |An|+ gn(αn), (21)

where

gn(αn) � log2

∣∣∣INr
+ |αn|2 A−1

n Bn

+ αnA
−1
n Cn + α∗

nA
−1
n CH

n

∣∣ . (22)



6234 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 71, NO. 6, JUNE 2022

In (21), log2 |An| is a constant with αn. Therefore, the problem
of updating αn, denoted by (Pα), is given by

(Pα)

⎧⎨
⎩

max
αn

gn(αn) s.t. |αn| = 1, for n /∈ A
max
αn

gn(αn) s.t. |αn|2 ≤ Pmax
a −P̃a,n

ϑn
, for n ∈ A

(23)

2) Solution to (Pα): (Pα) in (23) admits a closed-form so-
lution, and, thus, it is efficient for practical implementation. To
derive the solution, we rewrite gn(αn) as

gn(αn) = log2

∣∣Dn + αnA
−1
n Cn + α∗

nA
−1
n CH

n

∣∣
= log2 |Dn|+ log2

∣∣INr
+ αnE

−1
n Cn + α∗

nE
−1
n CH

n

∣∣︸ ︷︷ ︸
�g′

n(αn)

,

(24)

where Dn = INr
+ |αn|2A−1

n Bn, and En = AnDn. We start
investigating the objective function gn(αn) by considering the
first term in (24), i.e., log2 |Dn|. Specifically, we note that
in Dn, rank(A−1

n Bn) ≤ rank(Bn) = 1. In addition, the prob-
ability that rank(A−1

n Bn) = 0 is almost zero (it only hap-
pens when A−1

n Bn = 0). Consequently, we generally have
rank(A−1

n Bn) = 1. Also, we observe that A−1
n Bn is non-

diagonalizable iff trace(A−1
n Bn) = 0 [7], which rarely happens

in general. Thus, we almost surely have trace(A−1
n Bn) �= 0 and

A−1
n Bn is diagonalizable. As a result, it can be factorized as

A−1
n Bn = T nΓnT

−1
n based on the eigenvalue decomposition

(EVD) [51], where T n ∈ CNr×Nr and Γn = γn, 0, . . . , 0 with
γn being the sole non-zero eigenvalue of A−1

n Bn. Finally,
because both An and Bn are positive semi-definite, γn has
non-negative and real value. Thus, we can write

log2 |Dn| = log2

∣∣∣INr
+ |αn|2 T nΓnT

−1
n

∣∣∣
= log2

∣∣∣T n

(
INr

+ |αn|2 Γn

)
T−1

n

∣∣∣
= log2

∣∣∣INr
+ |αn|2 Γn

∣∣∣ = log2

(
1 + |αn|2 γn

)
. (25)

We now focus on the second term in (24). Following the
similar arguments for the first term, we also almost surely have
E−1

n Cn diagonalizable. Thus, we have E−1
n Cn = UnΛnU

−1
n

based on the EVD [51], where Un ∈ CNr×Nr and Λn =
λn, 0, . . . , 0 with λn being the sole non-zero eigenvalue of
E−1

n Cn. With the note that En = AnDn = An + |αn|2Bn is
symmetric, we can express g′n(αn) in (24) as

g′n(αn) = log2

∣∣INr
+ αnE

−1
n Cn + α∗

nE
−1
n (E−1

n Cn)
HEn

∣∣
= log2

∣∣INr
+αnUnΛnU

−1
n +α∗

nE
−1
n U−H

n ΛH
n UH

n En

∣∣
= log2

∣∣∣UnU
−1
n + αnUnΛnU

−1
n

+ α∗
nUnU

−1
n E−1

n U−H
n ΛH

n UH
n EnUnU

−1
n

∣∣∣
= log2

(
|Un|

∣∣∣INr
+ αnΛn

+ α∗
nU

−1
n E−1

n U−H
n ΛH

n UH
n EnUn

∣∣∣ ∣∣U−1
n

∣∣ )
(a)= log2

∣∣INr
+αnΛn+α

∗
nU

−1
n E−1

n U−H
n ΛH

n UH
n EnUn

∣∣
= log2

∣∣INr
+ αnΛn + α∗

nZ
−1
n ΛH

n Zn

∣∣ ,
where equality

(a)
= follows |A||B||A−1| = |A||A|−1|B| = |B|,

and Zn � UH
n EnUn. Let z̄T

n be the first row of Zn, and z̄′
n be

the first column of Z−1
n . Recalling that Λn = λn, 0, . . . , 0, we

can further expand g′n(αn) as

g′n(αn) = log2

∣∣INr
+ αnΛn + α∗

nz̄
′
nλ∗

nz̄
T
n

∣∣
(b)
= log2

(
(1 + α∗

nλ∗
nz̄

T
n (INr

+ αnΛn)
−1z̄′

n) |INr
+ αnΛn|

)
= log2

[
(1 + αnλn)

(
1 + α∗

nλ∗
nz̄

T
n

×
(
INr

− αnλn

1 + αnλn
, 0, . . . , 0

)
z̄′
n

)]
(c)
= log2

[
(1 + αnλn)

(
1 + α∗

nλ∗
n − α∗

nλ∗
nznαnλnz

′
n

1 + αnλn

)]
= log2 [(1 + αnλn)(1 + α∗

nλ∗
n)− α∗

nλ∗
nznαnλnz

′
n]

= log2

(
1 + |αn|2 |λn|2 + 2R(αnλn)− |αn|2 |λn|2 znz′n

)
= log2

(
1 + |αn|2 |λn|2 (1 − znz

′
n) + 2R(αnλn)

)
, (26)

where equality
(b)
= follows the fact that |I + abT | = 1 + bTa;

in equality
(c)
= , zn and z′n are the first elements of z̄n and z̄′

n,
respectively; R(·) represents the real part of a complex number.

In summary, based on (25) and (26), we obtain

gn(αn) = log2

(
1 + |αn|2 γn

)
+ log2

(
1 + |αn|2 |λn|2 (1 − znz

′
n) + 2R(αnλn)

)
. (27)

As a result, an optimal solution to (Pα), denoted by α�
n, admits

the form

α�
n =

{
|α�

n| e−j arg{λn}, n ∈ A
e−j arg{λn}, otherwise

. (28)

It is observed that the amplitude |α�
n| is not available at this

stage because it requires a determined A. To this end, it is
natural to consider two scenarios: A is predetermined and fixed
in the manufacture, and A is dynamic and optimized based
on the propagation condition, associated with the fixed and
dynamic HR-RIS architectures illustrated in Fig. 1(a) and (b),
respectively. The solution {α�

n} dedicated to these architectures
will be derived in the next section.

IV. JOINT BEAMFORMING IN FIXED/DYNAMIC

HR-RIS-ASSISTED MIMO SYSTEM

In this section, we propose two algorithms to obtain the
active transmit beamforming matrix at the BS and the hybrid
relay/reflecting coefficients at the fixed and dynamic HR-RISs
aiding the MIMO system.
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A. Fixed HR-RIS-Aided MIMO System

In the fixed HR-RIS, A is available to determine {|α�
n|}n∈A.

Specifically, |α�
n|, n ∈ A, can be determined based on the fact

that, given the optimal form in (28), gn(α�
n) monotonically

increases with |α�
n|. Therefore, from (23), we obtain

|α�
n| =

√
Pmax
a − P̃a,n

ϑn
, n ∈ A. (29)

As a result, the optimal solution to (Pα) is given as

α�
n =

{√
Pmax

a −P̃a,n

ϑn
e−j arg{λn}, n ∈ A

e−j arg{λn}, otherwise
. (30)

The solutions in (8), (30), and the given A are readily used to
obtain F � and {α�

n}, as outlined in Algorithm 1. Specifically,
at the initial stage, coefficients {αn} are randomly generated to
have arbitrary phases and amplitudes satisfying |αn| = 1, n /∈
A and

∑
n∈A |αn|2ϑn = Pmax

a , based on (7d), (17), and (29).
During steps 2–15, the transmit beamforming matrix F � and
the coefficients α�

n are alternatively updated based on (8) and
(30), respectively. It terminates when a convergence criterion on
the objective f(F , {αn}) is reached. The iteration procedure in
Algorithm 1 guarantees the convergence. To see this, we note that
objective function f0(F , {αn}) is upper bounded. In addition,
(Ptx) and (Pα) are solved optimally by (8) and (30), respectively.
Thus, the resultant sequences of f0(F ) and f({αn}) are non-
decreasing over iterations [7]. Although f({αn}) converges, the
convergence of f0({αn}) is not guaranteed. However, we note
that f0({αn}) is a upper bound of f({αn}), and the bound is
tight when the number of active elements is small and when the
HR-RIS has low power budget. Therefore, it is expected that
f0({αn}) also converges well considering that K and Pmax

a are
small in the proposed HR-RIS. We will further verify this by
numerically results in Section VI. In the following, we make
two remarks on the design of the fixed HR-RIS.

Remark 1: Inserting P̃a,n �
∑K

i=1,i�=n |αi|2ϑi, n ∈ A to
(29), it is observed that a larger K results in a smaller |α�

n|.
Therefore, increasing K does not always guarantee the SE
improvement of the fixed HR-RIS compared to the conventional
RIS. In particular, with a limited power budget Pmax

a , the HR-
RIS can have |α�

n| < 1, causing signal attenuation, and hence
degrades the SE. In this case, the fixed HR-RIS with a few active
elements, i.e., smallK, is easier to attain SE gains than that with
large K.

Remark 2: In (29), both P̃a,n and ϑn increase with PBS.
Therefore, for a fixed Pmax

a , a lower transmit power PBS and/or
a smaller channel power gain, i.e., ‖tn‖2, from the transmitter
results in a larger |α�

n|, and equivalently, a more significant
performance improvement can be achieved.

B. Dynamic HR-RIS-Aided MIMO System

Unlike the fixed HR-RIS architecture, in the dynamic HR-RIS
illustrated in Fig. 1(b), the number and positions of the active
elements can be cast as design parameters. In particular, given
F �, the problem of SE maximization for the dynamic HR-RIS

Algorithm 1: Find F � and {α�
n} for the Fixed HR-RIS-

Aided MIMO System.
Input: Hd,Ht,Hr,A.
Output: F � and {α�

1 , . . . , α
�
N}.

1: Randomly generate {αn} with |αn| = 1, n /∈ A, and∑
n∈A |αn|2ϑn = Pmax

a . Set {α�
n} to {αn}.

2: while objective value does not converge do
3: Obtain F � by solving (9) with αn = α�

n, ∀n.
4: for n = 1 → N do
5: Obtain An,Bn, Cn based on (14)-(16) with

F = F �.
6: if n ∈ A then
7: Dn = INr

+ |αn|2A−1
n Bn

8: else
9: Dn = INr

+A−1
n Bn

10: end if
11: En = AnDn

12: Obtain λn as the sole non-zero eigenvalue of
E−1

n Cn.
13: Update α�

n as (30).
14: end for
15: end while

scheme can be formulated as

(P1) maximize
{αn},A

f0({αn}) (31b)

subject to (7c), (7d), (31c)

|A| ≤ K,A ⊂ {1, 2, . . . , N}, (31d)

where the constraint (31c) means that the number of active
elements in the HR-RIS does not exceed the number of RF-
PA chains. Problem (P1) does not only inherit the numerical
challenge of (PH) but also includes the difficulty from cardi-
nality constraint (31c). In the following, we develop an efficient
solution to (P1) for practical employment.

Similar to problem (PH), we first employ the upper bound of
f0({αn}) (see (11)) to obtain an approximate but more tractable
problem of (P1), which is given as

(Pdyn) maximize
{αn},A

f({αn}) (32b)

subject to (7c), (7d), (32c)

|A| ≤ K,A ⊂ {1, 2, . . . , N}. (32d)

At this point, (Pdyn) can be solved based on an exhaustive
search, i.e., using the result presented in Section III to determine
the coefficients {αn} corresponding to each valid set A, then
choosing the one providing the best performance as the final
solution. Such an approach requires high complexity due to an
excessively large number of combinations of A.

We now propose a computationally reasonable scheme for
(Pdyn). Recall that we can write αn = |αn|ejθn . Based on
this, we introduce two matrices as Θ = ej{θ1}, . . . , ej{θN } and
Υ̂ = |α1|, . . . , |αN | with |αn| = 1, n /∈ A. Then we can write
Υ = ΘΥ̂. This motivates us develop an alternating procedure
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applied on three sets of variables {Θ, Υ̂,A}. Specifically, each
of {Θ, Υ̂,A} is determined when the others are fixed, which
are the key steps in our proposed solution.

1) Determine {θn} (Or Equivalently Θ): For this step, we
suppose that |αn| = 1, ∀n, which corresponds to the conven-
tional RIS where all elements are passive. Then, we determine
{θn} via solving the following problem extracted from (Pdyn)(

P′
dyn

) {αn}maximize f({αn})
subject to |αn| = 1, ∀n.

A solution to (P′
dyn) can be obtained by using the same approach

presented in Section IV-A (i.e., see (28)) for the case n /∈ A.
2) Determine A and {|αn|} (Or Equivalently Υ̂): We recall

that the passive reflecting elements have unit modulus, i.e.,
|αn| = 1, ∀n /∈ A. Thus, we only need to determine |αn|, for
n ∈ A. Furthermore, an active element only results in per-
formance gain with respect to a passive element if |αn| > 1;
otherwise, it causes performance loss due to signal attenuation.
Therefore, to minimize the loss, in the dynamic HR-RIS archi-
tecture, the RF-PA chain connected to the nth element should
be turned off if |αn| < 1. As a result, in the dynamic HR-RIS
scheme, we have |αn| > 1, ∀n ∈ A, and the solution in (28)
becomes

α�
n =

{
|α�

n| e−j arg{λn}, |α�
n| > 1, n ∈ A

e−j arg{λn}, otherwise
, (33)

with {arg{λn}} being determined in the previous step. With
this solution, it is obvious that R(α�

nλn) = |α�
n||λn|. For ease

of exposition, let ān = |α�
n| > 1, and (27) can be rewritten as

gn(ān) = log2(1 + γnā
2
n) + log2(1 + |λn|2 (1 − znz

′
n)ā

2
n

+ 2 |λn| ān). (34)

The problem of choosing optimal active elements and optimizing
their coefficients can be formulated as

maximize
A,{ān}

∑
n∈A

gn(ān) (35a)

subject to
∑
n∈A

ā2
nϑn ≤ Pmax

a and (32c). (35b)

We note that in the second term of (34), the factor |λn|2(1 −
znz

′
n) can be either positive or negative depending on 1 − znz

′
n.

Therefore, based on the first term of (34) and the objective
function in (35a), the optimal set of active elements, i.e., A�,
can be determined as the set of indices of theK largest elements
in {γ1, . . . , γN}.

With the determined A�, we aim at solving {ān} below. To
tackle the nonconvexity of gn(ān), we introduce slack variables
{xn} and {yn} (as the lower bounds of γnā2

n and |λn|2(1 −
znz

′
n)ā

2
n + 2|λn|ān in (34), respectively). Then, problem (35)

is equivalent to

maximize
{ān,xn,yn}

∑
n∈A�

log2(1 + xn) + log2(1 + yn) (36a)

subject to γnā
2
n ≥ xn, ∀n ∈ A� (36b)

|λn|2 (1 − znz
′
n)ā

2
n + 2 |λn| ān ≥ yn, ∀n ∈ A�

(36c)∑
n∈A�

ā2
nϑn ≤ Pmax

a , (36d)

where constraint (36b) is concave, and (36c) is convex only
for znz′n > 1. To tackle the nonconvexity of (36), we apply
the SCA approach. Specifically, in each iteration of this iter-
ative procedure, problem (36) is successively approximated to a
convex one and solved via convex optimization solver. For the
ease of exposition, let us denote functions h1(ān) � γnā

2
n and

h2(ān) � |λn|2(1 − znz
′
n)ā

2
n. Convex lower bounds of h1(ān)

and h2(ān) can be found based on the first-order Taylor approx-
imations around ā(i)n as follows:

h1(ān) ≥ hlb
1 (ān; ā

(i)
n ) � γn(ā

(i)
n )2 + 2γnā

(i)
n (ān − ā(i)n ),

(37)

h2(ān) ≥ hlb
2 (ān; ā

(i)
n ) � |λn|2 (1 − znz

′
n)(ā

(i)
n )2

+ 2 |λn|2 (1 − znz
′
n)ā

(i)
n (ān − ā(i)n ), forznz

′
n > 1, (38)

respectively. Denote

h̃lb
2 (ān; ā

(i)
n ) =

{
hlb

2 (ān; ā
(i)
n ), if˜znz′n > 1

h2(ān), otherwise.

As a result, problem (35) can be approximated to the following
program at iteration i:

maximize
{ān,xn,yn}

∑
n∈A�

log2(1 + xn) + log2(1 + yn) (39a)

subject to hlb
1 (ān; ā

(i)
n ) ≥ xn, ∀n ∈ A� (39b)

h̃lb
2 (ān; ā

(i)
n ) + 2 |λn| ān ≥ yn, ∀n ∈ A� (39c)∑

n∈A�

ā2
nϑn ≤ Pmax

a , (39d)

which is convex and can be solved with existing optimization
tools such as CVX or YALMIP-MOSEK.

The proposed procedure for finding an efficient solution to
the problem of SE maximization in the dynamic HR-RIS-aided
MIMO system is outlined in Algorithm 2. It starts with randomly
generating {αn} with unit modules. Then steps 2–11 are exe-
cuted to determine F � and {θ�n}. After that, A� is determined in
steps 12, and amplitudes {a�n} are iteratively solved in steps 13–
17. Specifically, we first initialize ā(0)

n = |α�
n| = 1, ∀n because

α�
n obtained in step 9 has unit modulus. Then, in each iteration,

{ā�n} is solved and ā(0)
n are updated as in step 16. This iterative

process terminates once the objective function of problem (39)
converges. At this point, the solution to {|α�

n|} is obtained in
step 18. Here, a scalar ς > 0 is employed to avoid the activation
of elements with amplitudes being close to unity, whose active
relaying gains may be insignificant. Furthermore, it is clear that
|α�

n| > 1, ∀n ∈ A�, and the number of active elements in the
dynamic HR-RIS is not larger than that in the fixed one. Finally,
the coefficients of the dynamic HR-RIS are derived in step 19
based on (28).
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Algorithm 2 Find F � and {α�
n} for the Dynamic HR-RIS-

Aided MIMO System
Require: Hd,Ht,Hr, ς .
Ensure: F �, A�, {α�

n}.
1: Randomly generate Θ = ejθ1 , . . . , ejθN and assign

Υ = Θ. Set {α�
n} to {ejθN }.

2: while objective value does not converge do
3: Obtain F � by solving (9) with αn = α�

n, ∀n.
4: for n = 1 → N do
5: Obtain An,Bn, and Cn based on (14)-(16) for

the case n /∈ A, with F = F �.
6: Dn = INr

+A−1
n Bn, En = AnDn.

7: Set Zn = UH
n EnUn, where Un satisfies

E−1
n Cn = UnΛnU

−1
n . Obtain zn and z′n as the

first entries of Zn and Z−1
n , respectively

8: Obtain λn and γn as the sole non-zero eigenvalue
of E−1

n Cn and A−1
n Bn, respectively.

9: θ�n = − arg{λn}, α�
n = e−jθ�

n .
10: end for
11: end while
12: Set A� to the indices of the K largest positive values

in {γ1, . . . , γN}.
13: Set ā(0)

n = 1, ∀n ∈ A�, and set i = 0.
14: while objective value of problem (39) does not

converge do
15: i = i+ 1.
16: Solve problem (39) to obtain {ā�n}. Set

ā
(i)
n = ā�n, ∀n ∈ A�.

17: end while

18: Set |α�
n| =

{
ā�n, if ā

�
n > 1 + ς

1, otherwise
, ∀n ∈ A�.

19: Obtain {α�
n} based on (28).

C. Complexity Analysis

It is observed that most of the complex operations in Algo-
rithms 1 and 2 are to obtain F � and {α�

n}, which are required in
both algorithms. Therefore, they approximately have the same
complexity. First, to obtain F � in (8), G̃ is computed and its
singular value decomposition (SVD) is performed, requiring
the complexity of O(N 3

r +N 2
rNt +NrNt min(Nr, Nt)). To

update each coefficient α�
n through steps 5–13 in Algorithm

1 and to update each phase shift θ�n through steps 3–9 in Al-
gorithm 2, matrix inversions/multiplications, eigenvalues, and
{An,Bn,Cn} are computed. Here, we note that rirHi , ritHi
(i = 1, . . . , N), and Bn in (14)–(16) are only computed once
because they do not change over iterations. Therefore, the com-
plexities required for updating {α�

n} and {θ�n}, n = 1, . . . , N
in Algorithms 1 and 2, respectively, are the same in terms of
O-complexity, given asO(N(5N 3

r + 2N 2
rNt)). The complexity

of the iterative procedure in steps 14–17 of Algorithm 2 is Cā =
O(Iā(2K + 1)0.5(3˜K)3), where Iā is the number of iterations
to solve {ā�n}. In conclusion, the complexities of Algorithms 1
and 2 are Cfix. HR-RIS = O(IC) and Cdyn. HR-RIS = O(IC + Cā),
respectively, where C = N 3

r +N 2
rNt +NrNt min(Nr, Nt) +

N(5N 3
r + 2N 2

rNt), and I is the number of outer iterations
required in Algorithm 1 and steps 2–11 of Algorithm 2. Here,
we note that Cā � IC because K � N . In other words, Al-
gorithms 1 and 2 approximately have the same complexity of
CHR-RIS = O(IC).

To show the complexity difference between the HR-RIS
and the passive RIS schemes, we note that the latter also
requires obtaining F � and {θ�n}. With the same AO ap-
proach, the complexity of updating {θ�n} is still O(5N 3

r +
2N 2

rNt). However, with the passive RIS, R = INr
, yielding

G̃ = G. In this case, only the SVD is performed to obtain
F � with the complexity of O(NrNt min(Nr, Nt)). As a re-
sult, the complexity of the conventional passive RIS-aided
MIMO system is CRIS = O(I(NrNt min(Nr, Nt) +N(5N 3

r +
2N 2

rNt))), which is lower than CHR-RIS an amount of ΔC =
O(I(N 3

r +N 2
rNt)). Noting that Nr, Nt � N , we have ΔC �

CHR−RIS, CRIS, i.e., the increase in the complexity of the HR-RIS
schemes with respect to the passive RIS scheme is just marginal.

V. POWER CONSUMPTION ANALYSIS

A. Fixed HR-RIS Scheme

In the fixed HR-RIS, the number of active and passive ele-
ments are fixed to K and M , respectively. Therefore, the total
power consumption of the whole MIMO system aided by the
fixed HR-RIS can be modeled as [38], [52], [53]

P fix.
H =

PBS

τBS
+
Pa

τa
+ P fix.

c,H +MPp, (40)

where τBS, τa ∈ (0, 1] are the power amplifier efficiencies of
the BS and active elements at the HR-RIS, respectively, Pa is
given in (19), and Pp is the power required for a passive reflect-
ing element [38]. Furthermore, P fix.

c,H is the total circuit power
consumption of the fixed HR-RIS-aided MIMO system and
can be computed as P fix.

c,H = NtPBS,dynamic +KPa,dynamic +
PBS,static + Pa,static, with PBS,dynamic denoting the dynamic
power consumption of each RF chain of the BS, and PBS,static

denoting the static power overhead of the BS, including base-
band processing, power suply, and cooling power consump-
tion [52]. Similarly, Pa,dynamic and Pa,static are the dynamic
and static power consumption of the active relay elements in the
HR-RIS.

B. Dynamic HR-RIS Scheme

In the dynamic HR-RIS architecture, the number of active
and passive elements vary depending on Pmax

a and ϑn. Let
|A�| denote the number of actual active elements obtained in
Algorithm 2. As a result, the number of passive elements is given
as N − |A�|, and the total power consumption of a dynamic
HR-RIS system is given by

P dyn.
H =

PBS

τBS
+
Pa

τa
+ P dyn.

c,H + (N − |A�|)Pp +NPSW, (41)

where the last term accounts for the total power consumed by
the N switches in Fig. 1(b), each requires a power of PSW, and
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Fig. 2. Horizontal locations of the HR-RIS, BS, and MS.

P dyn.
c,H is the total circuit power consumption of the dynamic HR-

RIS-aided MIMO system, given as P dyn.
c,H = NtPBS,dynamic +

|A�|Pa,dynamic + PBS,static + Pa,static [52].

C. Conventional RIS Scheme

We compare the total power consumption of the proposed
HR-RIS-assisted system to that of the conventional RIS-assisted
system. We note that in the latter, there is no active relay element,
butN =M +K passive reflecting elements are used at the RIS.
Therefore, the total power consumption of the RIS-aided system
can be expressed as

PRIS =
PBS

τBS
+ Pc,RIS +NPp, (42)

where Pc,RIS = NtPBS,dynamic + PBS,static is the total circuit
power of the dynamic HR-RIS-aided MIMO system

By comparing (40) and (41) to (42), the increased to-
tal power consumption of the fixed and dynamic HR-
RIS-aided systems with respect to the RIS-assisted system
can be respectively given as ΔP fix.

H = Pa

τa
+K(Pa,dynamic −

Pp) + Pa,static and ΔP dyn.
H = Pa

τa
+ |A�|(Pa,dynamic − Pp) +

Pa,static +NPp +NPSW, respectively, which linearly in-
creases with the number of active elements, i.e., K in the
fixed HR-RIS and |A�| in the dynamic HR-RIS. The numerical
comparison of these architectures will be presented in the next
section.

VI. SIMULATION RESULTS

In this section, numerical results are provided to validate the
proposed HR-RIS schemes. We assume that uniform linear ar-
rays (ULAs) are deployed at the BS and MS, respectively. In con-
trast, an uniform planar array (UPA) ofN elements is employed
for the HR-RIS. Furthermore, half-wavelength distancing be-
tween array elements are assumed for the BS, MS, and HR-RIS.
As shown in Fig. 2, in a two-dimensional coordinate, we assume
that the BS is deployed at a fixed location (0,0). In contrast,
the HR-RIS and MS are located at (xH, 0) and (xMS, yMS),
respectively, where xH and xMS can vary. Thus, the BS-MS
distance is d0 =

√
x2

MS + y2
MS, while those between the BS and

the HR-RIS and between the HR-RIS and the MS are dt = xH
and dr =

√
(xH − xMS)2 + y2

MS, respectively. The path loss of
a link distance d is given by [7], [15] β(d) = β0(

d
1m )−ε, where

β0 is the path loss at the reference distance of 1 m (m), and ε is
the path loss exponent.

For small-scale fading, we assume the Rician fading channel
model [7], [15]. As a result, the small-scale fading channel from
the BS to the HR-RIS can be modeled as [7], [15]

H̄t =

(√
κt

1 + κt
HLoS

t +

√
1

1 + κt
HNLoS

t

)
, (43)

where HLoS
t and HNLoS

t represent the deterministic LoS
and non-LoS (NLoS) components, respectively. The NLoS
channel is modeled by the Rayleigh fading, with the entry
on the ith row and jth column of HNLoS

t being given as
hNLoS
t,ij ∼ CN (0, 1). The LoS component for each channel

is modeled as a deterministic component, i.e., HLoS
t =

aH(θH, φH)a
H
BS(θBS), where aBS(θBS) and aH(θH, φH) are the

array response vectors at the BS and HR-RIS, respectively.
Here, the nth element of aBS(θBS) and aH(θH, φH) are
given as aBS,n(θBS) = ejπ(n−1) sin θBS , n = 1, . . . , Nt and
aH,n(θH, φH) = ejπ(�

n
Nx

� sin θH sinφH+(n−� n
Nx

�Nx) sin θH cosφH),
n = 1, . . . , N [7]. θBS, θH ∈ [0, 2π) denote the angle-of-
departure (AoD) at the BS and the azimuth angle-of-arrival
(AoA) at the HR-RIS, respectively, and φH ∈ [−π/2, π/2)
denotes the elevation AoA at the HR-RIS. Furthermore, in
(43), κt is the Rician factor. With κt → 0, H̄t approaches
the Rayleigh fading channel, and with κt → ∞, H̄t becomes
the LoS channel. The channel matrix between the BS and the
HR-RIS is obtained by Ht =

√
β(dt)H̄t. Those between the

HR-RIS and MS and between the BS and MS are modeled
similarly.

In this work, we set β0 = −30 dB, and the noise power is
computed as σ2 = −169 dBm/Hz + 10 log10 BW + NF, where
BW = 20 MHz and NF = 10 dB are set for the system band-
width and noise figure, respectively, based on [7]. In the sim-
ulations, the normalized residual self-interference power is set
to 1 dB, i.e., η = 1 dB [44], [45]. Unless otherwise stated, we
assume that the MS and HR-RIS are deployed at (xMS, yMS) =
(45, 2) m and (xH, yH) = (50, 0), respectively. Note that the BS
is placed at (0,0) m. Therefore, we set the Rician factors of the
channels between the BS and MS, between the BS and HR-RIS,
and between the HR-RIS and MS to {κd, κt, κr} = {0, 1,∞},
respectively [7], [15]. This implies that the channel between the
HR-RIS and the MS is dominated by the LoS link, while the other
channels are dominated by the NLoS components. Furthermore,
the path loss of the channels between the BS and MS, between
the BS and HR-RIS, and between the HR-RIS and MS are set to
{εd, εt, εr} = {3.5, 2.2, 2.0}, respectively [7]. The component
power consumption is assumed as follows: PBS,dynamic = 40
dBm, Pa,dynamic = 35 dBm, PBS,static = 35 dBm, Pa,static =
30 dBm, Pp = PSW = 5 mW, and τa = τBS = 0.5 [38], [53],
[54]. Then, the EE of a scheme is given as EE = BW×SE

P [bps/W],
where P is the total power consumption. In all the simulation
results for the fixed HR-RIS scheme, A is fixed to {1, . . . ,K},
while to obtain the results of the dynamic HR-RIS, we set
ς = 0.1 in Algorithm 2 and use modeling tool YALMIP with
MOSEK solver. We note that the HR-RIS requires an additional
power of Pa(F , {αn}). Therefore, for fair comparisons, the
transmit power at the BS of the system without the HR-RIS
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Fig. 3. Convergence of Algorithms 1 and 2 in a 4 × 2 and 4 × 4 MIMO systems
with N = {50, 100}, K = {2, 4}, PBS = 20 dBm, and Pmax

a = 5 dBm.

is allocated an additional amount of Pa(F , {αn}) so that all the
compared schemes have the same total transmit power.

We first show in Fig. 3 the convergence of Algorithms 1
and 2 with Nt = 4, Nr = {2, 4}, N = {50, 100}, K = {2, 8},
PBS = 20 dBm, and Pmax

a = 5 dBm. The SE is computed as
f0(F , {αn}) in (5). Note that in Algorithm 1, both the phases
{θn} and amplitudes {|αn|} of {αn} are iteratively updated
simultaneously. Unlike that, in Algorithm 2, {θn} are obtained
first via the AO approach (steps 2–11) with given |αn| = 1, ∀n,
which is the same as the passive RIS scheme. Then, with given
{θ�n}, {|αn|}, n ∈ A� are solved based on the SCA approach
(steps 13–18). Thus, for the dynamic HR-RIS scheme in Algo-
rithm 2, we show the convergence of the solutions to both {θn}
and {|αn|}. It is observed that the passive RIS and dynamic
HR-RIS schemes converge fast to reach the convergence after
only several iterations. In contrast, the fixed HR-RIS scheme
in Algorithm 1 converges slower due to the joint optimization
of the transmit beamforming matrix F , phases {θn}, ∀n, and
amplitude {|αn|}, ∀n ∈ A.

A. Performance Improvement of the Proposed HR-RIS

In Fig. 4, we show the SE and EE performance improvement
of the proposed HR-RIS architectures for a 4 × 2 MIMO system.
Both the HR-RIS and RIS are equipped with N = 50 elements,
but in the former, only a single active element is deployed, i.e.,
K = 1, M = N −K = 49. The simulation results are shown
for Pmax

a = {−5, 5} dBm, and PBS = [10, 40] dBm. For com-
parisons, we consider the conventional passive RIS with phases
being randomly generated or optimized via the AO approach [7],
which are referred to as the “RIS, random phase” and “RIS,
AO”, respectively, in the figures. It is shown that the HR-RIS
schemes achieve significant improvement in both the SE and
EE compared to the conventional RIS, especially at low and
moderate PBS. This numerically justifies the observation in
Remark 2, which states that a higher performance gain can
be obtained by the HR-RIS for limited PBS. Furthermore, the

HR-RIS only requires a small power budget to achieve remark-
able improvement in SE and EE for almost all the considered
range of PBS. For example, with PBS = 20 dBm, the dynamic
HR-RIS only requires Pmax

a = 5 dBm to attain 40% and 25%
improvement in SE and EE, respectively, compared with the
passive RIS. However, with a small power budget at the HR-RIS
but a large transmit power at the BS, e.g., with Pmax

a = −5
dBm and PBS > 35 dBm, the performance gain of the HR-RIS
becomes less significant, and it performs comparably with the
conventional RIS in both SE and EE. This agrees with the
discussion in Remark 2.

In Fig. 5, we investigate the SEs of the HR-RIS for different
locations of the RIS/HR-RIS by varying xH. We note that for
a fair comparison, the RIS and HR-RIS are set to be placed at
the same position, i.e., (0, xH), with xH ∈ [10, 100] m. In this
simulation, we set Nt = 4, Nr = 2, N = 50, K = 2, PBS =
30 dBm, and Pmax

a = 5 dBm. The BS and MS are placed at the
coordinate (0,0) and (45,2) m, respectively. It is observed that
the highest SE is attained when the HR-RIS is closest to the MS,
i.e., at xH = xMS = 45 m, which is similar to the conventional
RIS [38]. In particular, when the RIS moves far away from both
the BS and MS, e.g., for xH ≥ 80 m, the RIS loses the reflecting
gains and performs close to the system without RIS. In contrast,
the proposed HR-RIS still exhibits considerable performance
gains in this harsh scenario.

In Fig. 6, the SEs and EEs are shown for different physical
sizes of the RIS/HR-RIS. Specifically, we setK = 2, PBS = 30
dBm, Pmax

a = 5 dBm, and N = [20, 200] for a 4 × 2 MIMO
system. It is seen that the HR-RIS schemes attain a significant
improvement in SE for all the considered values ofN compared
to the conventional RIS. Although this improvement becomes
less significant asN increases, the gains of the proposed HR-RIS
are still considerable in terms of SE and comparable in terms of
EE compared to the RIS. The degradation in the performance
gains of the HR-RIS is because at large N , its relaying gain
offered by only K = 2 active elements is dominated by the
reflecting gain of M (� K) passive elements.

B. SE-EE Tradeoff of the Proposed HR-RIS

In this section, we focus on exploring the SE-EE tradeoff
of the proposed HR-RIS by varying the number of active el-
ements, i.e., K. Furthermore, we also consider the RIS with
N −K elements and the FD-AF relaying schemes with K
relay elements for comparison. The relay precoder is obtained
based on the well-known singular value decomposition [55]. We
consider a 4 × 2 MIMO system with N = 50 and K = [0, 20].
It is obvious that for K = 0, the HR-RIS performs the same
as the conventional passive RIS. Based on Remarks 1 and 2,
we consider (PBS, P

max
a ) = {(45,−10), (30, 5), (20, 5)} dBm

to show the SE-EE tradeoff of the proposed HR-RIS and to
compare the HR-RIS with the relay.

We first investigate the SE performance of the HR-RIS as K
increases, as shown in Fig. 7. The SEs of the systems without
RIS or withN−element RIS are constant withK. Furthermore,
the following observations are noted:
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Fig. 4. SEs and EEs of the HR-RIS schemes for a 4 × 2 MIMO system withN = 50,K = 1,M = N −K = 49, andPmax
a = {−5, 5} dBm. (a) SE performance.

(b) EE performance.

Fig. 5. SE improvement for different positions of the HR-RIS aided a 4 × 2
MIMO system with N = 50, K = 2, M = 48, PBS = 30 dBm, and Pmax

a =
5 dBm.

� First, we compare the performances of RIS with N −K
passive elements and the HR-RIS with K active elements.
Obviously, asK increases, both these two offer less passive
reflecting gains, but at the same time, the latter provides
more active relaying gains. It can be observed for small K
in Fig. 7(b)–(c) that the SE gains of the latter are much more
significant than the SE loss of the former. This verifies the
motivation of the HR-RIS discussed earlier, i.e., when a few
elements are activated, the active relaying gains attained
by the HR-RIS are remarkable while the losses in passive
reflecting gains are just marginal.

� In Fig. 7(b) and (c), the HR-RIS achieves a great perfor-
mance improvement compared to the conventional RIS.
However, with low Pmax

a as in Fig. 7(a), the fixed HR-RIS

Fig. 6. SEs and EEs of the HR-RIS schemes for a 4 × 2 MIMO system with
K = 2, PBS = 30 dBm, Pmax

a = 5 dBm, and N = [20, 200].

has performance loss, especially at large K. This agrees
with the finding in Remark 1, i.e., increasing K does not
always guarantee the SE improvement, especially for low
Pmax
a . Therefore, in this case, HR-RISs with a few active

elements should be used, which is also sufficient to achieve
significant improvement with respect to the conventional
RIS for the other cases in Fig. 7(b) and (c). The advantage of
the dynamic HR-RIS in terms of SE compared to the fixed
HR-RIS can be clearly seen in Fig. 7(a)–(c). In particular,
a large number of active elements causes no performance
loss for the dynamic HR-RIS because the active elements
can be deactivated to serve as passive reflecting ones, as
seen in Fig. 7(a).

� For all the considered scenarios, the HR-RIS generally
outperforms the relay. The reason is that the HR-RIS can
offer not only the relaying gains but also the reflecting
gains as a passive RIS. The relay only outperforms the
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Fig. 7. SEs of the HR-RIS, passive RIS, and relay schemes with K active elements, Nt = 4, Nr = 2, N = 50 and K = [0, 20]. (a) (PBS, P
max
a ) = (45, −10)

dBm. (b) (PBS, P
max
a ) = (30, 5) dBm. (c) (PBS, P

max
a ) = (20, 5) dBm.

Fig. 8. EEs of the HR-RIS, passive RIS, and relay schemes with K active elements, Nt = 4, Nr = 2, N = 50 and K = [0, 20]. (a) (PBS, P
max
a ) = (45, −10)

dBm. (b) (PBS, P
max
a ) = (30, 5) dBm. (c) (PBS, P

max
a ) = (20, 5) dBm.

fixed HR-RIS for K ≥ 16 in Fig. 7(c). However, such a
large number of active elements is not suggested for the
HR-RIS, because it can attain a satisfactory performance
improvement with a small K. For example, in the case
of moderate PBS and Pmax

a as in Fig. 7(b), the HR-RIS
requires onlyK = 2 active elements to outperform a relay
with K = 20 antennas.

We further investigate the EEs of the HR-RIS versus the
numbers of active elements in Fig. 8. We assume the same
simulation results as those in Fig. 7. It is observed for K > 0
that, the EE of the HR-RIS rapidly decreases asK increases due
to the increased power consumption. For smallK, the proposed
HR-RIS schemes achieves much higher or comparable EEs than
the conventional AO-based RIS and the relay. At large K, both
the HR-RIS and relay schemes can be outperformed by the con-
ventional passive RIS in terms of EE. This is reasonable because
while the passive RIS has relatively low power consumption,
that of the HR-RIS and relay almost linearly increases with K.
We note an observation from Fig. 8(a), that is, at moderate and
large K, the EE of the dynamic HR-RIS is nondecreasing with

K. This is because with a small power budget, the dynamic
HR-RIS only selected the best elements to serve as active ones.
Thus, significant power can be saved.

C. Power Consumption of the Proposed HR-RISs

We compare the HR-RIS, RIS, and relay schemes in terms
of total power consumption in Fig. 9. We assume the same
simulation parameters as those in Figs. 7 and 8. The total power
consumption of the MIMO system aided by the HR-RIS schemes
and RIS, i.e.,P fix.

H ,P dyn.
H , andPRIS, are computed based on (40),

(41) and (42), respectively. As analyzed in Section V, it is clear
that forK > 0, the proposed HR-RIS architectures and the relay
require higher power consumption than the RIS. Furthermore, in
the HR-RIS, the overall power consumption is dominated by that
of the active elements. Therefore, with the same number of active
elements, the HR-RIS architectures and the relay approximately
have the same total power consumption, which almost linearly
increases withK. In Fig. 9(a),P dyn.

H increases at first, then starts
to decrease. The reason is that, with numerous active elements,
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Fig. 9. Total power consumption of the HR-RIS, passive RIS, and relay schemes with K active elements, Nt = 4, Nr = 2, N = 50 and K = [0, 20].
(a) (PBS, P

max
a ) = (45, −10) dBm. (b) (PBS, P

max
a ) = (30, 5) dBm. (c) (PBS, P

max
a ) = (20, 5) dBm.

Pmax
a = −5 dBm is not sufficient to share among all the active

elements such that |αn| > 1, ∀n ∈ A�. Therefore, the dynamic
HR-RIS deactivates a subset of the elements inA� to save power
and improve the SE-EE tradeoff, as justified in Figs. 7(a) and
8(a). In contrast, when the power budget Pmax

a is sufficiently
large, as in Fig. 9(b) and (c), all the active elements are employed
in the dynamic HR-RIS. In this case, the dynamic HR-RIS has
a slightly higher power consumption than its fixed counterpart
due to the employment of the switches, as observed in (41).

D. Effects of Self-Interference and CSI Errors

In this subsection, we investigate the SE of the proposed
HR-RIS in the presence of CSI errors and when the residual
self-interference power is proportional to the HR-RIS transmit
power, i.e., σ2

SI = ηaPa [44]. We consider ηa = {10−4, 10−5},
corresponding to 40 dB and 50 dB self-interference cancella-
tion [44], [56]. The imperfect channel estimate between the BS
and the HR-RIS is modeled as [18] Ht =

√
β(dt)(H̄t − H̃t),

where H̄t is given in (43), and H̃t represents the channel
estimation errors, whose entries have distribution CN (0, ε2).
The CSI errors for Hd and Hr are modeled similarly.

In Fig. 10, we show the SE versus the HR-RIS maximum
transmit power, i.e., Pmax

a with perfect CSI (in Fig. 10(a)) and
imperfect CSI (ε2 = 0.2 is assumed in Fig. 10(b)). In both sce-
narios, it is seen for the case σ2

SI = ησ2 that the SE significantly
increases with Pmax

a . In contrast, with σ2
SI = ηaPa, the SE gain

with respect to the conventional RIS is only achieved for small
and moderate Pmax

a . At high Pmax
a , the interference power be-

comes significantly large and causes performance degradation.
However, considerable SE improvement is achieved for small
or moderate Pmax

a , especially with a smaller ηa (i.e., better
self-interference cancellation). Here, we note an observation
on the conventional RIS that its SE increases with Pmax

a . This
is because an additional amount of Pmax

a is allocated to its
BS for fair comparison, as mentioned earlier. By comparing
Fig. 10(a) and (b), it is seen that the performance is degraded in
the presence of imperfect CSI. However, it is interesting to see
that the performance gain of the dynamic HR-RIS compared to
the fixed one is more significant when there are CSI errors.

Fig. 10. SE improvement for different residual self-interference models of the
HR-RIS aided a 4 × 2 MIMO system with N = 50, K = 4, M = 46, PBS =
20 dBm, and Pmax

a = [−20, 20] dBm. (a) Perfect CSI. (b) Imperfect CSI.

VII. CONCLUSION

We proposed a novel HR-RIS architecture to aided MIMO
communication systems with substantially improved SE and
EE compared to that aided by the conventional passive RIS.
The HR-RIS is equipped with a few active elements, which
are capable of adjusting the power of the incident signals, and
numerous passive reflecting elements. The SE maximization
problem in the HR-RIS-aided MIMO system is solved via the
AO and power allocation strategies, resulting in two different
architectures, namely, the fixed and dynamic HR-RIS. The ana-
lytical results show that the HR-RIS should be equipped with a
small number of active elements because employing numerous
active elements does not always guarantee the improvement in
SE or EE, while consuming high power. In addition, the HR-RIS
can achieve considerable SE/EE improvement in harsh scenarios
such as when the transmit power is low and/or when the HR-RIS
is located far away from the transmitter. The performance gain
of the HR-RIS has been numerically justified via intensive sim-
ulations. The results show that the HR-RIS potentially performs
better than both the passive RIS and relaying schemes in certain
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scenarios. For future works, the CSI acquisition and HR-RIS
performance under imperfect CSI and hardware imperfections
need further investigation.
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