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Abstract—We propose a novel concept of hybrid relay-
reflecting intelligent surface (HR-RIS), in which a single or few
elements are deployed with power amplifiers (PAs) to serve as ac-
tive relays, while the remaining elements only reflect the incident
signals. The design and optimization of the HR-RIS is formulated
in a spectral efficiency (SE) maximization problem, which is
efficiently solved by the alternating optimization (AO) method.
The simulation results show that a significant improvement in the
SE can be attained by the proposed HR-RIS, even with a limited
power budget, with respect to the conventional reconfigurable
intelligent surface (RIS). In particular, the favorable design
and deployment of the HR-RIS are analytically derived and
numerically justified.

Index Terms—Hybrid relay-reflecting intelligent surface (HR-
RIS), Reconfigurable intelligent surface (RIS), MIMO

I. INTRODUCTION

A new technology called reconfigurable intelligent surface

(RIS) has recently emerged as a promising solution to signif-

icantly enhance the performance of wireless communication

systems [1]. RIS is often assumed to be designed as a planar

meta-surface or realized as a planar array of numerous passive

reflecting elements, which are connected to a controller, allow-

ing modifying the phases of the incident signals independently

in real-time.

The initial studies on RIS in the literature mainly focus

on the performance and design aspects of the RIS-assisted

communication systems. Specifically, in [2], the asymptotic

achievable rate in a RIS-assisted downlink system is analyzed,

and a passive beamformer is proposed to increase the achiev-

able system sum-rate. The gain of RIS is further investigated in

[3] and [4] for multiple-input-single-output (MISO) downlink

channels operated at sub-6 GHz and mmWave frequencies,

respectively. It is shown that the RIS of N elements can

achieve a total beamforming gain of N2 [3] and allows the

received signal power to increase quadratically with N [4].

Moreover, the achievable data rate of communication systems

assisted by a practical RIS with limited phase shifts and

hardware impairments are characterized in [5], [6].

Another important line of studies on RIS focuses on the

capacity/data rate maximization of various RIS-assisted com-

munication systems [7]. Specifically, in [8], the problem of

maximizing the achievable rate of a RIS-enhanced single-

input-single-output (SISO) orthogonal frequency division mul-

tiplexing (OFDM) system is solved by jointly optimizing the

transmit power allocation and the RIS passive array reflection

coefficients. By contrast, the MISO systems are considered

in [9]–[12]. While [9], [10] focus on the joint transmit and

passive beamforming problem of RISs with continuous phase

shifts to attain substantially increased capacity/data rate, Han

et. al in [11] consider the discrete phase shifts and justify

that only two-bit quantizer is sufficient to guarantee a high

capacity, which agrees with the finding in [12]. Unlike the

aforementioned works, the studies in [13]–[15] considered

RIS-aided MIMO systems. Specifically, Zhang et. al in [13]

develop an efficient alternating optimization (AO) method to

find the locally optimal phase shifts of the RIS, providing

a significant improvement in the channel total power, rank,

condition number, and capacity. Furthermore, Perović et. al in

[14] propose the projected gradient method (PGM), which can

achieve the same achievable rate as the AO scheme, but with a

lower computational complexity. In both [13], [14], the perfect

channel state information (CSI) is assumed. In contrast, only

partial CSI is required in the investigation in [15].

A main limitation of the RIS compared to the relays is

the fact that the reflection limits the degrees of freedom

in the beamforming. Both Björnson et. al [16] and Wu et.

al [3] show that a very large RIS is needed to outperform

decode-and-forward (DF) relaying; otherwise, it can be easily

outperformed even by a half-duplex (HD) relay with few

elements. Furthermore, as the RIS becomes sufficiently large,

the performance improvement is not significant if the number

of elements in the RIS increases. This implies that if a few

passive elements of the RIS are replaced by active ones, the

reduction in the passive beamforming gain is just marginal,

while the gain from active relaying can be significant. Fur-

thermore, the introduction of active elements with RF chains

and baseband signal processing facilitates efficient channel

estimation, as proposed in [17], [18]. The aforementioned

aspects motivate a new architecture of the intelligent meta-

surface, allowing it to leverage the benefits of both the RIS

and relay, as the HR-RIS proposed in this paper.

The major contributions of the paper are summarized as

follows: We propose the novel HR-RIS architecture, which

enables a hybrid active-passive beamforming scheme rather

than fully-passive beamforming of the conventional RIS. In

particular, HR-RIS exploits the benefits of relaying while

mitigating the limitation of passive reflecting. The design and
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Fig. 1. Illustration of the HR-RIS-aided communication system.

optimization of the HR-RIS is formulated in the SE maximiza-

tion problem, whose solution is efficiently solved by the AO

method. Our analytical results show that this proposed HR-RIS

requires activating only a single or few elements of the RIS to

serve as active relays to attain remarkable SE improvement.

The findings are numerically justified by simulations. The

results provide further insights on the fundamental trade-off

between RIS and relaying.

II. HR-RIS ARCHITECTURE, SYSTEM MODEL AND SE

PROBLEM FORMULATION

A. Proposed HR-RIS Beamforming Architecture

The HR-RIS is equipped with N elements, including M
passive reflecting and K active relay elements (M+K = N).
Here, the passive elements can only shift the phase while the

active ones can tune both the phase and amplitude of the inci-

dent signal. It is noted that an active element would consume

more power for processing compared to the passive one due to

the operation of the RF chain. Thus, for practical deployment,

we are interested in the case that 1 ≤ K ≪M . Furthermore,

we consider the case that the number and positions of the

active elements are predefined and fixed in manufacture. The

extension to optimize a HR-RIS with dynamic active elements

will be considered in our future work.

Let us denote by A, A ⊂ {1, 2, . . . , N}, the set of

the positions of the K active elements. Let αn denote the

relay/reflection-coefficient used at the nth element,

αn =

{

|αn| ejθn , if n ∈ A

ejθn , otherwise
, (1)

where θn ∈ [0, 2π) represent the phase shift. We note

that |αn| = 1 for n /∈ A. We also define three diagonal

matrices based on {αn} as Υ = diag{α1, . . . , αN}, Φ =
diag{φ1, . . . , φN}, and Ψ = diag{ψ1, . . . , ψN} where

φn =

{

0, if n ∈ A

αn, otherwise
, and ψn =

{

αn, if n ∈ A

0, otherwise
.

In words, Φ and Ψ contain only the passive reflecting and

active relaying coefficients, respectively, while Υ contains the

coefficient of all elements of HR-RIS. Clearly, Υ = Φ+Ψ.

B. System Model

We consider downlink transmission where the base station

(BS) and mobile station (MS) are equipped with Nt and Nr

antennas, respectively, with Nt, Nr ≥ 1. The communications

is aided by the HR-RIS, as illustrated in Fig. 1. Specifically, the

signals reflected more than once on the HR-RIS are assumed

to be of negligible power due to the severe pathloss, and,

thus, can be ignored [19]. In this work, to focus on the

optimization of the semi-passive beamforming at the HR-RIS

and to simplify the system model and algorithm design, we

assume that the signals propagated on the direct link from

the BS to the MS are blocked by obstacles (e.g., buildings,

trees) [20], [21]. Furthermore, we assume the uniform power

allocation at the BS. Specifically, let x ∈ CNt×1 be the

transmitted signal vector. Then, we have E
{

xxH
}

= PBSINt
,

where PBS is the transmit power at the BS. The signals

received by the MS can be given as

y = HrΦHtx + HrΨHtx + HrΨnH + nMS

= (HrΦHt + HrΨHt) x + n

= HrΥHtx + n, (2)

where Ht ∈ C
N×Nt and Hr ∈ C

Nr×N represents the

channels from the BS to the HR-RIS and that from the HR-

RIS to the MS, respectively. Furthermore, nH ∼ CN (0, σ2
HIK)

and nMS ∼ CN (0, σ2
MSINr

) are the complex additive white

Gaussian noise (AWGN) vectors caused by the K active

relay elements at the HR-RIS and Nr receive antennas at the

MS, respectively, with σ2
H and σ2

MS being the corresponding

average noise variances, and n = HrΨnH + nMS represents

the total effective noise vector at the MS. For simplicity, we

assume the same noise power spectrum density and noise

figure at the HR-RIS and the MS, yielding σ2
H = σ2

MS , σ2

and n ∼ CN
(

0, σ2
(

INr
+ HrΨΨ

HHH
r

))

.

C. Problem Formulation

In this work, the HR-RIS is designed and optimized in terms

of SE. Based on (2), the SE can be expressed as

f0({αn}) = log2

∣

∣

∣INr
+ ρHrΥHtH

H
t Υ

HHH
r R−1

∣

∣

∣ ,

where |·| denotes the determinant of a matrix or the absolute

value of a scalar. R = INr
+ HrΨΨ

HHH
r ∈ CNr×Nr is the

aggregate noise covariance matrix, and ρ = PBS

σ2 . The transmit

power of the active elements of the HR-RIS is

Pa , trace
(

Ψ
(

HtE
{

xxH
}

HH
t + σ2IN

)

Ψ
H
)

= trace
(

Ψ
(

PBSHtH
H
t + σ2IN

)

Ψ
H
)

. (3)

The problem of designing coefficients of the HR-RIS for

maximizing spectral efficiency can be formulated as

(P0) max
{αn}

f0({αn}) (4a)

s.t. |αn| = 1 for n /∈ A (4b)

Pa ≤ Pmax
a (4c)



where Pmax
a is the power budget of the active elements.

Function f0({αn}) is nonconvex with respects to {αn}. In

addition, the feasible set of (P0) is nonconvex due to the

unit-modulus constraint (4b). Consequently, problem (P0) is

intractable, and it is difficult to find an optimal solution. In the

following section, we develop an efficient solution to (P0).

III. OPTIMIZATION OF THE HR-RIS

To make (P0) tractable, we consider the upper bound of its

objective function. Specifically, we have

f0({αn}) = log2

∣

∣

∣INr
+ ρHrΥHtH

H
t Υ

HHH
t R−1

∣

∣

∣ (5)

= log2

∣

∣

∣R + ρHrΥHtH
H
t Υ

HHH
t

∣

∣

∣− log2 |R| (6)

≤ f({αn}), (7)

where in (7), f({αn}) , log2 |INr
+ HrΨΨ

HHH
r +

ρHrΥHtH
H
t Υ

HHH
t | is obtained by substituting the expres-

sion of R to the first term in (6). The equality occurs when

A = ∅. We note that log2 |R| = log2

∣

∣

∣IN +Ψ
HHH

r HrΨ

∣

∣

∣

is negligible. The reason is that the path loss is large, and

Ψ is very sparse because HR-RISs are equipped with small

numbers of active elements (i.e., small K) to ensure a low

hardware cost and power consumption for active processing.

Thus, f({αn}) is a tight upper bound of f0({αn}). Therefore,

we consider in the sequel the problem of maximizing f({αn}):

(P) max
{αn}

f({αn}), s.t. (4b), (4c).

Let rn ∈ CNr×1 be the nth column of Hr, and let tHn ∈
C1×Nt be the nth row of Ht. Then, we have Hr = [r1, . . . , rN ]
and Ht = [t1, . . . , tN ]H . Because of the diagonal structure of

Υ and Ψ, we have HrΥHt =
∑N

n=1 αnrntHn and HrΨ =
∑

n∈A
αnrn, which leads to

INr
+ (HrΨ)(HrΨ)H + ρ(HrΥHt)(HrΥHt)

H

= An + |αn|
2

Bn + αnCn + α∗
nCH

n , (8)

where An, Bn, and Cn are defined as follows:

An , INr
+





∑

i∈A,i6=n

αiri









∑

i∈A,i6=n

α∗
i rHi





+ ρ





N
∑

i=1,i6=n

αirit
H
i









N
∑

i=1,i6=n

α∗
i tir

H
i



 , (9)

Bn , rnrHn + ρrntHn tnrHn , (10)

Cn , rn





∑

i∈A,i6=n

α∗
i rHi



+ ρrntHn





N
∑

i=1,i6=n

α∗
i tir

H
i



 (11)

for n ∈ A, and

An , INr
+ ρ





N
∑

i=1,i6=n

αirit
H
i









N
∑

i=1,i6=n

α∗
i tir

H
i



 , (12)

Bn , ρrntHn tnrHn , (13)

Cn , ρrntHn





N
∑

i=1,i6=n

α∗
i tir

H
i



 (14)

for n /∈ A. From (8), the objective function of (P) can be

rewritten in the form

f(αn) , log2

∣

∣

∣An + |αn|
2

Bn + αnCn + α∗
nCH

n

∣

∣

∣ , (15)

where matrices An,Bn, and Cn are all independent of one

particular αn, although they depend on other coefficients

αi, i 6= n. It is observed that the new objective function

f(αn) of (P) is in an explicit form of an individual reflect-

ing/relaying coefficient αn, n = 1, . . . , N . This motivates an

AO method [13] to solve (P) by optimizing each values of

αn, n = 1, . . . , N 1. Furthermore, because of the diagonal

structure of Ψ, we have trace
(

ΨΨ
H
)

=
∑

n∈A
|αn|

2
and

trace
(

ΨHtH
H
t Ψ

H
)

=
∑

n∈A
|αn|

2 ‖tn‖
2
. Therefore, after

some manipulations, Pa in (3) can be further expanded as

Pa =
∑

n∈A

|αn|
2
ξn, (16)

where ξn , σ2 + PBS ‖tn‖
2
. From (15) and (16), αn is the

solution to the problem

(Pn) max
αn

f(αn) (17a)

s.t. |αn| = 1, n /∈ A (17b)

|αn|
2 ≤

Pmax
a − P̃a

ξn
, n ∈ A. (17c)

where P̃a ,
∑

i∈A,i6=n |αi|
2 ξi represents the total power

allocated to the other active elements, which is a constant

because {αi}i∈A,i6=n are fixed in the considered AO method.

This optimization problem can be further simplified by noting

that An is a full rank matrix (rank(An) = Nr) and invertible

based on its definition. Therefore, f(αn) can be expressed as

f(αn) = log2 |An|+ g(αn), (18)

where g(αn) , log2 |INr
+ |αn|

2
A−1
n Bn + αnA−1

n Cn +
α∗
nA−1

n CH
n |. Because log2 |An| is independent of αn, the prob-

lem in (17a) is equivalent to maxαn
g(αn), s.t.(17b), (17c).

Therefore, we focus on investigating g(αn) in the sequel.

Let Dn = INr
+ |αn|

2
A−1
n Bn. Then, we have

g(αn) = log2
∣

∣Dn + αnA−1
n Cn + α∗

nA−1
n CH

n

∣

∣

= log2 |Dn|+ h(αn), (19)

1We note that the coefficients {αn} can also be obtained by employing the
PGM scheme [14]. However, we adopt the AO method because it can provide
closed-form solutions to {αn}, which facilitates the optimal structure design
of the HR-RIS.



where h(αn) , log2
∣

∣INr
+ αnE−1

n Cn + α∗
nE−1

n CH
n

∣

∣ with

En , AnDn. We at first investigate the first term in (19),

i.e., log2 |Dn| = log2

∣

∣

∣INr
+ |αn|

2
A−1
n Bn

∣

∣

∣. We note that

rank(A−1
n Bn) ≤ rank(Bn) = 1. Therefore, A−1

n Bn has rank

of either zero or one. Because rank(A−1
n Bn) = 0 only when

A−1
n Bn = 0, we focus on the case rank(A−1

n Bn) = 1.

Furthermore, A−1
n Bn is non-diagonalizable if and only if

trace(A−1
n Bn) = 0 [13], which rarely happens in general.

Therefore, we focus on the case that trace(A−1
n Bn) 6= 0

and A−1
n Bn is diagonalizable. As a result, A−1

n Bn can be

expressed as A−1
n Bn = QnΓnQ−1

n based on the eigenvalue

decomposition (EVD), with Qn ∈ CNr×Nr and Γn =
diag {γn, 0, . . . , 0}. Here, γn is the sole non-zero eigenvalue

of A−1
n Bn. Furthermore, because An and Bn are both positive

semi-definite, γn is non-negative and real, and we obtain

log2 |Dn| = log2

∣

∣

∣INr
+ |αn|

2
QnΓnQ−1

n

∣

∣

∣

= log2

(

1 + |αn|
2
γn

)

. (20)

Considering the second term in (19), i.e., h(αn), we also

focus on the case that E−1
n Cn is diagonalizable, which allows

it to be decomposed as E−1
n Cn = UnΛnU−1

n based on the

EVD, with Un ∈ CNr×Nr , Λn = diag {λn, 0, . . . , 0}, and λn
is the sole non-zero eigenvalue of E−1

n Cn. Furthermore, let

Vn , UH
n EnUn, vn be the first element of the first column of

V−1
n , and v′n be the first element of the first row of Vn. Then,

h(αn) can be expressed as [13]:

h(αn) = log2

(

1 + |αn|
2 |λn|

2
+ 2R(αnλn)− v′nvn |λn|

2
)

,

(21)

where R(·) denotes the real part of a complex number. The

detailed derivation of (21) can be found in [13]. We note that,

compared to [13], the additional coefficient |αn|
2

is due to

the active relaying coefficient in the HR-RIS, which does not

exist for the conventional RIS [13].

From (18)–(21), we obtain

f(αn) = log2 |An|+ log2

(

1 + |αn|
2 γn

)

+ log2

(

1 + |αn|
2 |λn|

2
+ 2R(αnλn)− v′nvn |λn|

2
)

. (22)

It is observed from (22) that the phase of the optimal solution

α⋆
n to (Pn) is − arg{λn}, and f(αn) is a monotonically

increasing function of |α⋆
n|. Therefore, the optimal value of

|α⋆
n| is given as |α⋆

n| =
Pmax

a
−P̃a

ξn
, ∀n ∈ A based on (17c).

Hence, the optimal coefficients of the HR-RIS is given by

α⋆
n =

{
√

Pmax
a

−P̃a

ξn
e−j arg{λn}, n ∈ A

e−j arg{λn}. otherwise
, (23)

allowing Υ
⋆ to be solved as in Algorithm 1. Specifically, in

step 1, the coefficient matrix Υ is initialized with random

phases, and random power fractions are allocated to the

active elements. As a result, in steps 2–10, the coefficients

of the HR-RIS are updated based on (23) until the objective

value is converged. Finally, Υ⋆ is obtained in step 11. The

Algorithm 1 Find Υ
⋆ for HR-RIS

Input: Ht,Hr,A.

Output: Υ
⋆.

1: Randomly generate {αn} with |αn| = 1 for n /∈ A and
∑

n∈A
|αn|

2 ξn = Pmax
a for n ∈ A.

2: while not converge do

3: for n = 1 → N do

4: Compute An,Bn, and Cn based on (9)-(14).

5: Dn = INr
+ |αn|

2
A−1
n Bn, En = AnDn.

6: Find λn as the sole non-zero eigenvalue of E−1
n Cn.

7: Compute α⋆
n based on (23).

8: end for

9: Check convergence.

10: end while

11: Υ
⋆ = diag {α⋆

1, . . . , α
⋆
N}.

BS HR-RIS

MS

� = �

�

�
�

�

�

Fig. 2. Horizontal locations of the BS, MS, and HR-RIS.

monotonic convergence of Algorithm 1 is guaranteed because

the objective value of (Pn) is non-decreasing over iterations

[13].

Remark 1: The result in (23) suggests the favorable de-

ployment of the HR-RIS. Specifically, the power amplifier

coefficient |αn| of an active element decreases with P̃a and

ξn. Therefore, with a limited power budget Pmax
a , the HR-

RIS with a small number of elements, i.e., small K , is easier

to attain SE gains than that with numerous active elements.

Furthermore, with a fixed Pmax
a , a lower PBS and/or smaller

channel gain ‖tn‖
2

from the BS, which can be caused by

a more severe pathloss, results in a higher power amplifier

coefficients |α⋆
n|, and thus, more significant performance im-

provement.

IV. SIMULATION RESULTS

In this section, numerical results are provided to validate

the proposed HR-RIS scheme. We assume that in a two-

dimensional coordinate, the BS, HR-RIS, and MS are de-

ployed at (0, 0), (xH, 0), and (xMS, yMS), respectively, as

illustrated in Fig. 2. As a result, the distance between the

BS and MS is dt = xH, and the corresponding path loss

is given by β(dt) = β0
(

dt

1m

)ǫt
, where β0 = −30 dB is

assumed [3], [13], and ǫt is the path loss exponent. The

small scale-fading channel between the BS and the HR-RIS is

modeled by H̃t =
(
√

κt

1+κt

HLoS
t +

√

1
1+κt

HNLoS
t

)

following

the Rician fading channel model [3], [13], where HLoS
t and

HNLoS
t represent the deterministic LoS and NLoS components,
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Fig. 3. SEs of the proposed HR-RIS scheme compared to those of the conventional RIS schemes for Nt = 32, Nr = 2, N = 50. The other parameters
are set as follows: K = 4 in Fig. 3(a); PBS = 30 dBm in Fig. 3(b); K = 4, Pmax

a = 0 dBm, and PBS = 30 dBm in Fig. 3(c).

respectively. The channel matrix between the BS and the HR-

RIS, i.e., Ht, is obtained by multiplying H̃t by the square root

of the corresponding path loss β(dt), i.e., Ht =
√

β(dt)H̃t.

The channel matrix between the HR-RIS and MS is modeled

similarly. For the detailed generation of HLoS
t and HNLoS

t ,

please refer to [3], [13].

In simulations, we set {ǫt, ǫr} = {2.2, 2.8} and {κt, κr} =
{∞, 0} [3], where the subscripts (·)t and (·)r imply the param-

eters associated with Ht and Hr, respectively. Furthermore,

σ2 = −80 dBm, {xMS, yMS, xH} = {40, 2, 51} m, and two-

bit resolution phase shifts of the RIS/HR-RIS are assumed

unless otherwise stated. For comparison, we consider the

conventional RIS with N fully passive reflecting elements,

whose phases are either randomly generated or optimized

using the AO method in [13].

In Fig. 3(a), the SEs of a 32×2 MIMO system with N = 50,

K = 4, M = N −K = 46, and Pmax
a = {−10, 0, 10} dBm

is shown. It is observed that the RIS with random phases has

poor performance compared to the optimized RIS. By contrast,

the HR-RIS scheme achieves significant improvement in the

SE with respect to the conventional RIS, especially at low

PBS, agreeing with Remark 1. The HR-RIS only requires a

small Pmax
a to achieves remarkable SE improvement at low

PBS, and with Pmax
a = {0, 10} dBm, sustainable SE gains of

the HR-RIS are seen for the whole considered range of PBS.

The SE improvements of the HR-RIS for various K are

shown in Fig. 3(b) with Pmax
a = {−10, 0, 10} dBm and PBS =

30 dBm. It is seen that deploying more active elements does

not always guarantee a higher SE. Specifically, increasing K
improves the SE for Pmax

a = {0, 10} dBm, which, however,

degrades the SE for Pmax
a = −10 dBm. In general, a satisfying

SE performance gain with respect to the RIS can be attained

even with small K , or even with K = 1.

In Fig. 3(c), we present the SEs of the HR-RIS for different

geographical deployment: the MS is at {(40, 2), (100, 2)},

while the HR-RIS/RIS is located at (0, xH), where xH ∈

[10, 100] m. Increasing xH, i.e., the RIS/HR-RIS moves far

away from the BS, causing more severe pathloss between the

BS and HR-RIS, and hence, more significant active beamform-

ing gains are attained, as discussed in Remark 1. It can be

concluded from Fig. 3(c) that the proposed HR-RIS is robust

over geographical deployment.

V. CONCLUSION

We proposed a novel HR-RIS to assist MIMO communi-

cation systems with significantly improved SE compared to

that assisted by the conventional RIS. The HR-RIS is a semi-

passive beamforming architecture, in which a few elements are

capable of adjusting the incident signals’ power. It has been

designed and optimized by the AO scheme. The analytical

results suggest the favorable design and deployment of the

HR-RIS. Specifically, a small number of active elements is

sufficient for a satisfying SE gain with respect to the con-

ventional RIS. Furthermore, the HR-RIS can attain significant

SE improvement when the transmit power at the transmitter

is small or moderate, and the improvement is more significant

when the distance between the transmitter and the HR-RIS

is large. Finally, intensive simulations have been performed

to numerically justify the findings. The results reveal that the

HR-RIS has the potential to outperform both the passive RIS

and active AF relaying in certain communications channels.

Further investigation and optimization of the proposed HR-

RIS architecture in terms of energy efficiency as well as

the consideration of transmit beamforming at the BS can be

considered for future research.
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