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ABSTRACT In recent years, research on reconfigurable intelligent surface (RIS) has received exten-
sive attention due to its capability to manipulate the propagation of incident electromagnetic waves in a
programmable manner to smartly configure the channel environment, thereby optimizing the overall perfor-
mance of the system. Several RIS architectures have been proposed, including simultaneous transmitting and
reflecting RIS (STAR-RIS) and beyond diagonal RIS (BD RIS) architectures. Compared to the conventional
RIS architecture, these structures offer broader service ranges and enhanced performance, albeit accompanied
by more complex circuit design and higher computational overhead. In this paper, we design a multi-sector
RIS joint service model based on the BD RIS architecture and we compare the corresponding system rates,
circuit complexity, and gains provided by different architectures. Additionally, we derive the theoretical
receive power for the proposed model based on non-diagonal and diagonal phase shift optimization methods,
demonstrating that the total rate of the non-diagonal group connected architecture approaches the theoretical
values of a fully connected architecture. Theoretical analysis based on the gains between different models un-
der various user-RIS positions confirm that the multi-sector RIS joint service model can achieve 30% − 100%
gains as the users’ positions change, while also saving on the overall hardware costs of the RIS system
design. Furthermore, we explore the optimal trade-off between the performance and circuit complexity
among different architectures. Simulation results show that performance versus complexity trade-off of the
different considered architectures.

INDEX TERMS Reconfigurable intelligent surface (RIS), beamforming, beyond diagonal RIS, group-
connected RIS, non-diagonal RIS.

I. INTRODUCTION
RIS is an artificial two-dimensional (2D) surface equipped
with a large number of low-cost passive components, enabling
large-scale communications at lower hardware cost and power
consumption [2]. The propagation of the wireless signal in-
cident on the RIS can be adjusted by customizing the phase
response of each component and hence, RIS can facilitate
“Smart Radio Environments (SREs)” [3], [4].

In the state-of-the-art RIS beamforming designs [5], [6],
[7], [8], [9], [10], [10], [11], the design goals mainly fo-
cused on minimizing the transmit power, maximizing the
channel capacity, or maximizing the signal to interference

plus noise ratio (SINR), when the channel state information
(CSI) is perfectly known at the transmitter side. Explicitly,
Wu and Zhang [5] proposed a centralized algorithm based on
the semi-definite relaxation (SDR) technique, where the base
station (BS) and the RIS independently adjust the transmit
beamforming and the RIS phase shift in an alternating man-
ner to minimize the downlink transmit power in RIS-assisted
MIMO systems. Additionally, [6] and [7] used the low-
complexity alternating direction method alternating direction
method of multipliers (ADMM) to replace the SDR, and re-
alize the joint optimization of the RIS phase shift matrix and
the active beamforming at the base station. Furthermore, an
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optimization algorithm suitable for both discrete phase-shift
RIS and continuous phase-shift RIS has been proposed in [6],
which realizes multi-user weighting and rate maximization
in multiple input multiple output (MIMO) scenarios. Specif-
ically, the authors of [7] decomposed the effective channel
between the source and the destination using the classical
singular value decomposition (SVD) after the ADMM opti-
mization to obtain the precoding matrix at the source, and
hence realize the maximum sum-path gain of the RIS-assisted
MIMO system.

Under the constraint of a user’s signal-to-noise ratio (SNR),
the authors in [8] solved the problem of minimizing the total
transmit power at the transmitter end by jointly optimizing
the transmit beamforming of the active antenna array at the
BS and the continuous phase shift optimization of the RIS.
If the phase shift is discrete, the quantized continuous so-
lution is near-optimal, or a greedy iterative search can be
used. Additionally, in [9], an efficient algorithm was proposed
to alternately optimize the power allocation at the BS and
the passive beamforming at the RIS in an iterative manner,
which improves the orthogonal frequency-division multiplex-
ing (OFDM) link rate performance.

However, the RIS structure in [5], [6], [7], [8], [9], [10],
[10], [11] has only one reflective surface, which means that the
RIS can only serve users roaming within 180◦ in front of the
RIS plane. Specifically, to receive signals from reflective-only
RIS, the user must be on the same side as the BS. To alleviate
this shortcoming and facilitate a more flexible system design
of RIS-assisted networks, authors in [12] and [13] proposed
a new concept of simultaneous transmitting and reflecting
RIS (STAR-RIS). In [12], the wireless signal incident on
the STAR-RIS element from both sides of the surface are
divided into two parts: one part (reflection signals) is reflected
onto the same space as the incident signals, which is the
reflection space and the other part (transmission signals) is
transmitted to the opposite space as the incident signal. By
controlling the current and magnetic currents of the STAR-
RIS elements [12], the transmitted and reflected signals can
be reconfigured by two usually independent coefficients: the
transmission coefficient and the reflection coefficient. There-
fore, a highly flexible full-space smart radio environment
(SRE) can be realized. In [13] three practical STAR-RIS
operation protocols were proposed, namely energy splitting,
mode switching, and time switching. Based on the proposed
protocols, a series of promising application scenarios for in-
tegrating STAR-RIS into next-generation wireless networks
have been proposed [14]. Moreover, some other RIS archi-
tectures such hybrid RIS and omni-RIS are also proposed
to support multiple scenarios. Guo et al. [15] propose a
novel hybrid RIS architecture that integrates a wireless bea-
con to enhance channel estimation accuracy by proactively
detecting partial channel state information. This design ad-
dresses the challenge of angular distortion typically found
in fully-passive RIS systems and significantly reduces the
pilot overhead through a tailored three-phase frame structure
involving broadcasting, estimation, and calibration phases.

Besides, Chen et al. [16] introduce an advanced beamforming
strategy for omni-RIS for vehicular communications vehicular
communications. The work leverages a robust beamform-
ing framework to optimize the system performance under
non-ideal conditions such as non-convex outage probabilities,
significantly enhancing the reliability and effectiveness of ve-
hicular communication systems through the active RIS design.

Currently, as research on RIS continues to advance, there is
a growing awareness of the significant impact that the angles
of incidence and reflection of signals on RIS elements have
on the signal pathloss [3], [18]. The pathloss of the reflected
signals by the RIS is primarily determined by the angle be-
tween the signal and the normal of the RIS plane, which is
known as the elevation angle. [17] showed that the pathloss
is minimized when the incident signal is perpendicular to the
RIS surface, and it becomes nearly infinite when the incident
signal is close to a 90-degree angle relative to the normal
of the RIS plane. Therefore, based on these pathloss mod-
els, when the angle between the user position of STAR-RIS
surface and the line connecting the reflecting surface is very
small, the reflecting surface can hardly play a communication
role, which can cause a series of problems such as signal
interruption and reduced degrees of freedom.

Additionally, in conventional RIS structures, it is assumed
that an incident signal that hits a particular element can only
be reflected from that element after being adjusted for phase
shift. In other words, there is no cooperation among RIS ele-
ments. Therefore, the phase-shift matrix in these designs has
a diagonal structure, which cannot fully utilize the potential
of RIS to improve the system performance. Shen et al. [19]
studied the cooperation among RIS elements and proposed
a fully-connected and group-connected RIS architecture. The
related theoretical analysis and simulation results showed that
when considering SISO systems, these architectures can sig-
nificantly increase the received signal power compared with
the conventional RIS structure. Li et al. [20] proposed a
novel RIS architecture based on non-reciprocal connections,
in which a signal impinging on a specific element can be
reflected from another element after phase-shift adjustment.
As a result, the phase-shift matrix can have an asymmet-
ric and non-diagonal property. The non-diagonal architecture
provides flexibility in configuring the RIS structure to enhance
the system’s performance [25]. Moreover, Li et al. considered
a stereoscopic structure of RIS [27], called beyond diagonal
RIS. In [27], the user can communicate with one sector in the
corresponding direction. With the fixed total number of RIS
elements, more sectors will reduce the number of elements in
each sector. Hence, when a RIS is divided into more sectors,
the number of RIS elements serving each user decreases. In
this case, the pathloss brought by the smaller reflection angle
will be greatly offset by the reduced number of RIS ele-
ments. Hence, in our proposed model, the group connection
and non-diagonal connection are combined in a multi-sector
RIS architecture, so that the signals in different sectors can
be transmitted to other sectors. Then, an asymmetric, non-
diagonal phase shift matrix is realized, which can enable an
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improved performance compared to the conventional connec-
tion method and group connection method.

The model proposed in this paper can be widely ap-
plied to numerous indoor and outdoor environments such
as shopping malls, stations, and public squares, enabling a
single-side deployment of the BS that can serve multiple
users omni-directionally, with the support of multi-sector RIS.
Furthermore, deploying multi-sector RIS at busy central lo-
cations can facilitate vehicular communications and enhance
the connectivity of user equipment. This approach suits any
scenario requiring omnidirectional communication where the
BS cannot be deployed on multiple sides. Depending on the
trade-offs between hardware complexity and channel rates,
different models presented in this study can be flexibly se-
lected to meet specific needs.

In this paper, we propose a novel multi-sector RIS structure
based on the beyond diagonal RIS architecture, where the
user always communicates with half of the sectors of the RIS
regardless of the number of elements in each sector. This can
provide flexibility in terms of configuring the RIS structure
for enhancing the achievable performance. We also propose
the joint beamforming and phase shift design by employing
an alternative optimization and singular value decomposition
(SVD) for single-user multiple input single output (MISO)
systems and multi-user MIMO systems, respectively. The
theoretical analysis and simulation results demonstrate that
our proposed RIS architecture achieves a better sum rate
performance than the conventional RIS architecture and the
STAR-RIS. Against this background, the novel contributions
of this paper are summarized as follows:
� We propose novel RIS architectures based on the beyond

diagonal RIS concept. We design a multi-sector joint
service method for a single user based on the beyond
diagonal RIS structure, and propose the corresponding
circuit design and beamforming techniques. Simulation
results show that, compared to the single-sector service
for a user with the beyond diagonal RIS design [27], our
proposed multi-sector joint service structure can achieve
a gain improvement ranging from 30% to 100%, depend-
ing on the roaming location of the user, relative to the
structures described in [27].

� We propose two types of connections in the multi-
sector RIS architecture. The full-link and opposite-link
structures are considered in the horizontal connection
design of the beyond diagonal RIS structure. Addition-
ally, in the vertical connection design, we apply the
non-diagonal RIS architecture based on [20]. We de-
sign the group-connected scheme within each sector,
employing the non-diagonal architecture in each group.
Our proposed non-diagonal RIS structure is designed for
finding a trade-off between the hardware complexity and
the achievable performance. Based on our theoretical
analysis and simulation results, we conclude that our
proposed structure achieves a performance comparable
to the fully connected structure in [27] albeit with signif-
icantly lower overall complexity.

� We jointly design the beamforming and phase shift ma-
trix by alternating optimization and SDR methods of the
proposed architecture for maximizing the achievable rate
in both MISO and MIMO systems.

� We provide both theoretical and simulation results for
characterizing the performance of our proposed RIS ar-
chitecture, which has improved performance and lower
complexity compared to the conventional RIS architec-
ture, the STAR RIS and the beyond diagonal RIS.

Table 1 compares and contrasts the novelty of this paper
with the state-of-the-art literature. The rest of this paper is
organized as follows. In Section II, we present the system
model. The RIS architecture and beamforming design meth-
ods are formulated in Section III and Section IV, respectively.
The theoretical analysis is presented in Section V and the sim-
ulation results are shown in Section VI. Finally, we conclude
in Section VII.

Notations: Vectors and matrices are denoted by boldface
lower and upper case letters, respectively, (·)T and (·)H rep-
resent the operation of transpose and Hermitian transpose,
respectively. ∠a represent the angle of the complex scalar
a, 1n×m represent the n × m all-one matrix and 0n×m rep-
resent the n × m all-zero matrix. 1n represents the n × 1
all-one vector and 0n represents the n × 1 all-zero vector.
R

m×n and C
m×n denotes the space of m × n real-valued

and complex-valued matrices, respectively. E{x} represent the
expectation of variable x. Diag{a1, a2, . . . , aN } denotes a di-
agonal matrix with the diagonal elements being the elements
of [a1, a2, . . . , aN ] in order. CN (μ,�) is a circularly symmet-
ric complex Gaussian random vector with the mean μ and the
covariance matrix �. A � 0 means A is a semi-definite ma-
trix, In represents the n × n identical matrix. mod(·, ·) denotes
the modulus and �·� denotes round up of the value, respec-
tively. M represent the mapping sequence between two sets.
R(p,q) represent the (p, q)th element of the matrix R. V(1:K )

represent the first K columns of matrix V. Tr(x), Rank(x)
and |x| represent the trace, rank and determinant of matrix x,
respectively.

II. SYSTEM MODEL
In this section, we introduce the system model, which is
a three-dimensional reflective surface composed of multiple
parts of conventional planar RIS connected by a certain angle.
In Fig. 1, we show a three-dimensional structure composed
of six planar RIS in the shape of a hexagon.1 Compared
with the conventional RIS, it can cover the surrounding 360-
degree environment, ensuring greater coverage. Fig. 2 shows
the STAR-RIS system model, which can be considered as a
special case of the proposed model using two sectors and is
capable of providing wider coverage than the reflective RIS
architecture and is considered as a benchmark scheme for our
proposed work.

1The six sectors is an example and any number of sectors can be applied in
our proposed structure.

1108 VOLUME 5, 2024



TABLE 1 Novelty Comparison With the Literature

FIGURE 1. RIS structure with L = 6 sectors employing N = 18 elements.

As shown in Fig. 1, we consider the BS and the users
communicate in the far field, where both the BS and the
users can communicate with multiple sectors in our proposed
architecture. This ensures that the system can provide better
services to users with the same number of RIS elements, and
ensures that the number of elements serving each user does
not change with the variation of the number of sectors L .
When the user roams, each sector is responsible for the sector
area corresponding to an angle of 2π/L directly in front of
it. This sector serves as the central sector for the user, with
L/2 − 1 sectors on both side acting as side sectors. These side
sectors cooperate with the central sector to provide service to
the user.

FIGURE 2. STAR RIS with L = 2 sectors employing N = 18 elements.

In this paper, we consider the RIS-aided downlink MISO
and MIMO communications in a single-cell network. The
BS is located in a fixed position that is always capable of
communicating with 3 sectors in the proposed RIS model in
Fig. 1. The RIS is deployed to transmit the signal to users,
where each user also communicates with 3 sectors in the RIS.
Note that the RIS sectors communicating with the BS and the
users may overlap totally, partially, or not overlap at all.

In this system, the RIS is employed to assist communication
from a BS with M transmit antennas to K single-antenna
users, where the RIS deploys L (an even number) sectors with
a total of N = Nx × Ny elements. Nx refers to the number of
RIS elements in the horizontal direction and Ny represent the
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number of RIS elements in the vertical direction in each sec-
tor. In this paper, for simplicity we consider Nx = L, although
any number Nx different from L can be employed. The RIS
is equipped with a controller to adjust the group connections
and phase shifts of the RIS elements. To characterize the
theoretical performance of the RIS-aided system, we assume
that all the channel state information (CSI) is perfectly known
at the BS. The CSI can be achieved from channel estimation,
where there are many works related to channel estimation in
RIS-aided systems such as [22], [23], [24].

The baseband equivalent channels from the BS to the RIS
and that from the RIS to K users are denoted as G ∈ C

N×M

and H ∈ C
K×N , respectively. Here, the RIS is a passive re-

flecting device that can configure the phase and amplitude
of the incident signal. Let’s define a diagonal matrix � =
Diag{β1e jθ1 , . . . , βN e jθN } to represent the reflection coeffi-
cients matrix of the RIS, where βn ∈ [0, 1] and θn ∈ [0, 2π )
represent the amplitude and phase shift of the nth elements of
the RIS, respectively. In this paper, we set βn = 1 to realize
full energy transfer.

Additionally, we design a BS precoding scheme where the
kth user is assigned with a beamforming vector wk . Hence,
the total beamforming matrix at the BS is denoted as W =
[w1, w2, . . . wK ] ∈ C

M×K . The beamforming scheme design
is detailed in Section IV.

The system model can be represented as

y = √
Pt H�GW

√
�x + n, (1)

where x ∈ C
K×1 is the transmit signal, n ∼ CN (0K , σ 2

n IK ) ∈
C

K×1 is the additive white Gaussian noise (AWGN) and y ∈
C

K×1 is the received signal. Furthermore, Pt is the transmit
power at the BS, � = Diag{λ1, . . . , λK } is the power alloca-
tion matrix, with λk representing the power allocated to the
kth user, that satisfies λ1 + λ2 + . . . + λK = 1.

A. CHANNEL MODEL
When the direct link between the BS and the users is blocked,
the RIS is used to create a reflective link to connect the
users to the BS. The channel G can be written as G =
[g1, g2, . . . , gM ], where gm ∈ C

N×1(m = 1, 2, . . . , M ) repre-
sents the channel vector from the mth antenna in the BS to
the RIS. The channel matrix from the RIS to the kth user
is denoted as hH

k ∈ C
1×N (k = 1, 2, . . . , K ), resulting in H =

[h1, h2, . . . , hK ]H. Here, we employ Rician fading distribu-
tion for modeling the channel, where we consider spatially
correlated channels [26]. Moreover, we consider the pathloss
associated with the gain of the RIS and the BS antennas [30].

The Rician channel model from the BS to the RIS and that
from the RIS to the kth user is given by

G̃ =
√

κG

1 + κG
GLoS +

√
1

1 + κG
GNLoS, (2)

h̃H
k =
√

κhk

1 + κhk

hH
k LoS +

√
1

1 + κhk

hH
k NLoS, (3)

where κG and κhk are Rician factors, GLoS = 1N,M and hkLoS
= 1N are the LoS parts, GNLoS = [̃g1, g̃2, . . . , g̃M ], g̃M ∼
CN (0N , IN ) ∈ C

N×1 and hkNLoS ∼ CN (0N , R) ∈ C
1×N are

the non-line-of-sight (NLoS) component of the channel. R is
the spatial correlation matrix represented as [26]:

R = E
{
hkNLoShH

kNLoS

} = E
{
a(ϕ, φ)a(ϕ, φ)H} , (4)

where a is the array response vector denoted as

a =
[
e jk(ϕ,φ)T u1 , . . . , e jk(ϕ,φ)T uN

]T
, (5)

with ϕ and φ representing the azimuth and elevation angle
between the RIS surface and the signal, respectively. Further-
more, un is the location of the nth element in the RIS and can
be represented as

un =
⎡⎣i(n)(sx + δ)sin

(
π
L + (n − 1) 2π

L

)
i(n)(sx + δ)cos

(
π
L + (n − 1) 2π

L

)
j(n)(sy + δ)

⎤⎦ , (6)

where i(n) = mod(n − 1, L) and j(n) = �N/Ny�, while sx and
sy are the width and length of each element of the RIS, re-
spectively. Additionally, δ is the distance between the RIS
elements.

Furthermore, k(ϕ, φ) ∈ R
3×1 is the wave vector repre-

sented as [26]:

k(ϕ, φ) = 2π

λ
[cos(φ)cos(ϕ), cos(φ)sin(ϕ), sin(ϕ)]T . (7)

Finally, the (p, q)th element of R can be expressed as [28]

R(p,q) = E

{
e jk(ϕ,φ)T (

up − uq
)

= sinc

(
2||un − um||

λ

)
, n, m = 1, . . . , N (8)

where sinc(x) = sin(πx)/(πx).

B. PATHLOSS MODEL
In this section, we present the pathloss model, where we first
start with a simple narrow-band down-link model, where the
signal is transmitted from the BS to the RIS with only a single
reflective surface, and then reflected to a user. Consider that
all antennas used in the model are directional antennas, whose
radiation pattern can be represented as [29]

F (ϕ, φ) =
{

2(α + 1) cosα ϕ, ϕ ∈ [0, π
2 ],

0, otherwise,
(9)

where 2(α + 1) is the gain of the radiation that controls the
width of the beam. Here, only the main beam is considered as
the direction of the antenna’s radiation.

As the model considered in this paper is in the scenario of
far-field, the distance between the transmitter end to the RIS
and the receiver end to the RIS is much larger than the size of
the surface. In order to simplify the model, let’s assume that
all signals are reflected by the center of the RIS. In this model,
the center point of the RIS is taken as the origin, denoted
as q = [0, 0], and the y-axis is vertical to the surface and
can be regarded as the normal of the reflective surface. The
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coordinate of the BS and the user are denoted as qBS = [X,Y ]
and qu = [x, y], while ϕt and ϕr are the elevation angle of
arrival (AoA) and the elevation angle of departure (AoD), re-
spectively. The distance from the BS to the RIS is represented
as D and the distance from RIS to the user is d . Based on the
pathloss model given in [30], the pathloss from the BS to the
RIS can be represented as

�t = Ft At

4πD2
, (10)

where Ft is the radiation pattern from the BS antennas, and
At is the projected aperture of the RIS toward the direction
of the transmitter side. Furthermore, At can be expressed as
At = (−uy)T (qBS − q)sxsy/D, where uy is the unit vector in
the y-direction, while sx and sy are the width and length of
each element of the RIS, respectively.

The pathloss from the RIS to the user can be expressed as

�r = FrAr

4πd2
, (11)

where Fr is the radiation pattern from the RIS antennas,
and Ar denotes the projected aperture of the RIS toward the
direction of the receiving end, which can be expressed as
Ar = (−uy)T (q−qu)sxsy/d .

Expanding this pathloss model into the proposed system
in this paper, each user can be served by L/2 sectors of
the RIS, as in the example of Fig. 1, where the RIS has
L = 6 sectors, and each user can be served by 3 sectors,
thus having L/2 = 3 different pathloss values in different
reflection paths. Hence, the pathloss of different sectors can
be expressed by �r = [�r1, �r2 , . . . , �r(L/2) ] ∈ C

1×L/2. Addi-
tionally, consider a sector matrix for the channel H, denoted
as Sk = [Sse1,k , Sse2,k , . . . , Sse(L/2),k ]T ∈ C

L/2×N , which repre-
sents the sectors in service for the kth user, in which Ssen,k =
[s1,n,k, s2,n,k, . . . , sL,n,k] ∈ C

1×N , n = 0, 1, . . . , L/2 and

sl,n,k =
{
11×Ny , the nth sector serves the kth user,
01×Ny , the nth sector does not serve the kth user.

(12)
For example, in Fig. 1 the n-th sector serving the user refers to
one of the sector 2, 3, 4 that communicate with user k. More
specifically, the channel between the RIS and the kth user can
be expressed as

hH
k = h̃H

k · Diag
{√

�t Sk
}
. (13)

As the location of the BS is fixed, the radiation pattern gain
from the BS antennas is maximized when the BS is vertical to
the RIS surface. For convenience and without loss of general-
ity, we assume that the BS always communicates with the first
L/2 sectors, i.e. RIS sectors 1, 2, 3 in Fig. 1. As the channel
G is different in different architectures, the channel model is
detailed in Section III.

In the proposed model, the signal is firstly precoded at
the BS, where each user is assigned a beamforming vector,
and then the multi-user precoded signal is transmitted to the
RIS. Each of the RIS elements receives the multi-path signal

TABLE 2 RIS Structures Considered in This Paper

and then combines them with the designed phase shift before
reflecting them to the users.

III. RIS ARCHITECTURE
In the following, we introduce the architecture design of the
different RIS structures used in this paper. We divide the
connection methods into horizontal connections and vertical
connections, which we refer to as AtH and AtV in Table 2.
The horizontal connections refer to the connection between
sectors, and the vertical connections refer to the connec-
tions between elements of each sector. These two connection
schemes can be combined or treated independently. These
different architectures can be applied to the system model of
Section II, but will invoke different circuit complexity and
channel gain. The RIS element connection diagram of these
architectures is shown in Figs. 3 and 5.

A. CONVENTIONAL STRUCTURE - STRUCTURE 1
Conventional (Conv) RIS structures have been proposed
in [31] [32], where the elements in the RIS are not connected
with each other, which means the signal is reflected from the
point where it struck. In this case, when the user roams to
the place that the BS can not always reach, the user cannot
receive any signal. Since all elements are independent, the
signal cannot be transmitted to the sector that serves the user,
if the user is on the opposite side of the BS.

The channel G for this architecture can be expressed by

GConv =
[

(Diag{√�t SG} · G̃)1:L/2

0L/2×N

]
. (14)

B. OPPOSITE-LINK AND FULL-LINK STRUCTURES -
STRUCTURE 2 AND STRUCTURE 4
In Structure 2 and 4 defined in Table 2, the elements at the
corresponding positions in each sector are connected together
as in Fig. 3. For example, as shown in Fig. 2, when L = 2, i.e.
STAR-RIS, the user radius in [0, 2π ] can be covered by sector
1 or sector 2, but the BS is facing sector 1. So in this case,
when the user is not in the same area as the BS, the channel
information from the BS to the RIS can be transmitted to the
sector the user is in.

Our proposed Structures 2 and 4 can ensure that users can
be served no matter where they are within the service range,
even when the user is in the opposite sector of the BS. The
circuit design of Structure 2 (Opposite-link structure) and
Structure 4 (Full-link structure) is shown in Fig. 3, where in
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FIGURE 3. An example of the circuit design in the horizontal direction (structure 2 and 4) for the BD RIS with six sectors.

FIGURE 4. An example of serve sectors under different structures
(structure 2 and 4) for the BD RIS with six sectors.

the full-link design all sectors are connected together while
in the opposite-link design only sectors in opposite positions
are connected together, for example sector 1 is connected to
sector 4, and sector 2 is connected to sector 5 when L = 6.

In the design of Structure 4, since the first L/2 sectors
directly communicate with the BS, each row of the sector
selection matrix corresponds to the mapping of signals from
the respective incident sector to the reflected sector. In the
hexagonal structure, the dimension of the sector selection ma-
trix is 3 × N . For example in Fig. 4, user 1 is roaming within

the service area of sector 5, then the user maintains communi-
cation with sectors 4, 5, and 6, while user 2 roams within the
service area of sector 4, and hence maintains communication
with sectors 3, 4, and 5. The sector selection matrix under the
full link case (structure 4) can be represented as

S(user1) =
⎡⎣0Ny 0Ny 0Ny 1Ny 0Ny 0Ny

0Ny 0Ny 0Ny 0Ny 1Ny 0Ny

0Ny 0Ny 0Ny 0Ny 0Ny 1Ny

⎤⎦ , (15)

and

S(user2) =
⎡⎣0Ny 0Ny 1Ny 0Ny 0Ny 0Ny

0Ny 0Ny 0Ny 1Ny 0Ny 0Ny

0Ny 0Ny 0Ny 0Ny 1Ny 0Ny

⎤⎦ . (16)

In each row of the sector selection matrix, the process rep-
resents the transmission of BS-RIS channel information from
the first, second, and third sectors to the corresponding desti-
nation sectors, respectively.

This selection between sectors is controlled by a switch
array. Let us define the switch controlling the signal on the
nyth element transmitting from the l1th sector to the l2th sector
as SWl1,ny,l2 . The sector selection matrix also describes the
control problem of the switch array. The Ny elements set to
1in the first row correspond to the connected state of the
switches SW1,1∼Ny,3, shown in Fig. 3, comprising these Ny

switches. Similarly, the Ny elements set to 1in the second
row correspond to the switches SW2,1∼Ny,4, and those in the
third row correspond to the switches SW3,1∼Ny,5 being in a
connected state. This configuration of the circuit connections
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FIGURE 5. An example of the circuit design in the vertical direction (non-diagonal architecture in each group) for the BD RIS with six sectors.

ensures that the information transmitted from the BS to the
RIS is transmitted from sectors 1 − 3 to sectors 3 − 5.

In Structure 2, the signal retained information on sectors
1 − 3 will be shared with sectors 4 − 6 correspondingly. This
design enables a user to be served by either sector 1 − 3 or
sector 4 − 6, respectively. Unlike Structure 2, the combination
of sectors in Structure 2 is fixed, where the system can flexibly
combine sectors according to the user’s location. For example
in Fig. 4, when the user is within the service range of sector 4
or 5, the service sector of Structure 2 is configured as sectors
4 − 6, which is different from the case in Structure 4. Al-
though Structure 2 sacrifices flexibility, it achieves a simpler
circuit structure than Structure 4. After information retention
across the sectors, a sector selection matrix is generated based
on the user’s location. The switches then select and activate
the reflective elements on the facet where the user is located
based on this position.

Let us define Sa and Sn to describe the active status of the
combined sectors for Structure 2:

Sa =
⎡⎣1Ny 0Ny 0Ny

0Ny 1Ny 0Ny

0Ny 0Ny 1Ny

⎤⎦ , (17)

and

Sn =
⎡⎣0Ny 0Ny 0Ny

0Ny 0Ny 0Ny

0Ny 0Ny 0Ny

⎤⎦ . (18)

Then, the sector matrix for Structure 2 case can be written as

SOP =
{

[Sa, Sn] , user served by sector 1-3,
[Sn, Sa] , user served by sector 4-6,

(19)

where the SOP ∈ C
L/2×N .

In the example of Fig. 4, the sector selection matrix is
represented as

S(user1)
OP = S(user2)

OP = [Sn, Sa] . (20)

The channel between the BS and the RIS of the Structure 2
and Structure 4 is respectively denoted as

GStru.4 = [Diag{√�t S} · G̃
]
, (21)

GStru.2 = [Diag{√�t SOP} · G̃
]
, (22)

where �t = [�t1, �t2, . . . , �L/2] ∈ C
1×L/2 is the pathloss of

the different transmission paths.

C. GROUP-CONNECTED NON-DIAGONAL STRUCTURE -
STRUCTURE 3 AND STRUCTURE 5
In Structure 2 and Structure 4, we only consider the coopera-
tion between sectors, that is defined as horizontal structures in
this work. In his section, we introduce the vertical connections
as non-diagonal grouping architecture, based on [20], where
we employ the non-diagonal connection scheme in each group
based on the existing horizontal structure to explore fur-
ther performance improvements. Structures 3 and Structure
5 defined in Table 2 are the designs that apply the vertical
non-diagonal connections on the opposite-link (structure 2)
and full-link (structure 4) schemes, respectively.

In the non-diagonal group-connected structure, the RIS el-
ements in each sector are divided into different groups with
group size of Gs, applying non-diagonal architecture in each
group [20], [21]. In the non-diagonal structure, the phase
shift matrix is not diagonal, since the signal impinging on
one RIS element can be reflected from any other RIS element.
A permutation matrix is needed to control the mapping se-
quence between the sub-channels on both ends of the RIS,
corresponding to the control sequence of switches array SW,
shown in Figs. 3 and 5.

The mapping of the element connection is based on the
channels H and G. For example, let us consider a MISO sys-
tem, when the RIS has 6 sectors and 3 elements in each sector,
and the amplitude of the channel vector Gw is {a1, a2, a3}
with a1 > a3 > a2, and the amplitude of the channel vector
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hH is {b1, b2, b3} with b3 > b1 > b2. The mapping relation-
ship M(i) = i′ maps the element with the largest value in g to
the element with largest value in hH , to achieve a higher chan-
nel gain [20]. Similarly, the second largest one is mapped to
the second largest, and so on. Then, the mapping relationship
M in this example becomes M(1) = 3,M(2) = 2,M(3) =
1. Then, the phase shift matrix can be represented as

�(ND) =
⎡⎣ 0 0 e jθ1,3

0 e jθ2,2 0
e jθ3,1 0 0

⎤⎦ . (23)

To realize the non-diagonal phase shift matrix, switches
SW(I/O) are employed to switch between the receive and
transmit modes for each element, enabling the mapping be-
tween elements. For example in (23), the switches SW1,3,1,
SW1,2,2, and SW1,1,3 in Fig. 5 are turned on and other
switches are turned off. In this case, the signal received by
the first element will be transmitted and reflected by the third
element. The switches SW(I/O) are employed to switch be-
tween the receive and transmit modes for each element, where
the transmit/receive mode can be configured as the channels
change.

D. BEYOND DIAGONAL STRUCTURE - STRUCTURE 6
In the works of [27], [34], [35], the authors proposed some
RIS multi-section structures, where connection schemes be-
tween elements in each sector have been considered, which
we refer to as vertical connection in this work. Based on their
theoretical analysis, the connection schemes have similar per-
formance upper bound as the non-diagonal scheme [20], [21],
which can also reach the fully connected RIS performance
upper bound [19]. In Structure 6, although the signal can be
transmitted from the receiving RIS sector to the user location
RIS sector, a user is only served by one sector.

In this paper, we propose Structures 2, 3, 4, 5, which are
based on the cooperation between sectors, where multiple
sectors refers can flexibly cooperate to serve a user.

In the example of hexagonal structure, the sector selection
matrix of Structure 6 can be represented as

SBD = [sBD1 sBD2 sBD3 sBD4 sBD5 sBD6

]
, (24)

where

sBDl =
{

1Ny , user served by sector l,
0Ny , user not served by sector l.

(25)

In the following section, we present the beamforming design
for the above structures.

IV. BEAMFORMING DESIGN
In this section, a joint beamforming design for maximizing the
achievable sum-rate is presented. This is achieved by jointly
optimizing the active beamforming matrix at the BS and phase
shift matrix of the RIS, where we first present the single-user
case, followed by the multi-user case with users in different
locations.

A. BEAMFORMING DESIGN FOR SINGLE-USER
MISO SYSTEM
In single-user MISO systems, the BS is equipped with M
transmit antennas and the single user is equipped with a single
receiver antenna, while the RIS has N elements. The system
model in (1) becomes

y = √
Pt hH�Gwx + n (26)

and the achievable rate is given by

RMISO = log2

(
1 + Pt

σ 2
n

∣∣hH�Gw
∣∣2) . (27)

The problem can be simplified to maximize the channel gain
as

max
�,w

∣∣hH�Gw
∣∣2 ,

s.t. ‖w‖ = 1,

0 ≤ θi < 2π, i = 1, 2, . . . , N. (28)

1) CONVENTIONAL AND FULL/OPPOSITE-LINK STRUCTURE -
STRUCTURE 1, STRUCTURE 2 AND STRUCTURE 4
The conventional, full-link, opposite-link RIS structures, cor-
responding to Structure 1, Structure 2 and Structure 4 defined
in Table 2, share the same beamforming scheme, as the differ-
ence between these structures has already been accounted for
in the channel matrix.

The diagonal phase shift matrix � has the ith diagonal
elements given by

θi = − (∠ [hH]
i + ∠[Gw]i

)
, i = 1, 2, . . . , N (29)

and the beamforming vector w can be designed using Maxi-
mum Ratio Transmission (MRT) beamforming method as an
example2:

w =
(
hH�G

)H∥∥hH�G
∥∥ . (30)

Then, we can apply alternating optimisation between � and
w in order to find their optimal values.

When the optimal phase shift matrix �opt and beamforming
vector wopt are obtained by alternating optimization (AO)
method [8], the achievable rate is given by

RMISO = log2

(
1 + Pt

σ 2
n

∣∣hH�optGwopt
∣∣2) . (31)

2) FULL-LINK AND OPPOSITE-LINK NON-DIAGONAL
STRUCTURE - STRUCTURE 3 AND STRUCTURE 5
In Structure 3 and Structure 5 proposed in Section III based
on [20], let us consider a RIS with L sectors and elements in
each sector are divided into B groups, each with group size of

2Any beamforming method can be applied in practice.
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Algorithm 1: AO algorithm for Structure 3 and Structure
5.

1: Initialize the phase shift matrix �, beamforming
vector w, and the permutation matrix Jr and Jt .

for l = 1 : L do
2: Generate corresponding sector selection matrix

sel,H and sel,G.
for b = 1 : B do

3: Generate the sub-channel Gl,b = Diag{sel,G}Gl

and Hl,b = Diag{sel,H }Hl

end for
4: Design the beamforming vector by (34).
5: Design the elements in phase shift matrix �l,b

according to the (33).
6: Update permutation matrix Jr and Jt .
7: Continue until the maximum number of iterations

is reached or the increase in the objective value is
smaller than threshold ε.
8: Update the optimal value of phase shift matrix

�opt,l,b and wl,b.
end for
9: Update the phase shift matrix for each sector
�l = Diag{�l,1, . . . ,�l,B}.

10: Output the overall phase shift matrix
� = Diag{�1, . . . ,�L}.

Gs. The channel gain in this case can be written as

∣∣∣hH
˜�Gw

∣∣∣2 =
L∑

l=1

B∑
b=1

∣∣HH
l,bJr�l,bJt Gl,bwl,b

∣∣2 , (32)

where Jr ∈ C
N×N is a permutation matrix multiplied by the

left of the column vector, which sorts the amplitude of column
vector of the bth group in the lth sector Gl,bwl,b in ascending
order. Additionally, Jt ∈ C

N×N is a permutation matrix multi-
plied by the right of the row vector, which sorts the amplitude
of the row vector HH

l,b in ascending order. The AO algorithm
is presented in Algorithm 1.

The elements in the phase shift matrix �l,b is designed as
follows

θl,b,i = −
(
∠
[
HH

l,bJr
]

i
+ ∠[Jt Gl,bwl,b]i

)
, i = 1, 2, . . . , N

(33)
and the beamforming vector can be written as

wl,b =
(

HH
l,bJr�l,bJt Gl,b

)H∥∥∥HH
l,bJr�l,bJt Gl,b

∥∥∥ . (34)

B. BEAMFORMING DESIGN FOR MULTI-USER
MIMO SYSTEM
In a multi-user MIMO system, the BS has M antennas com-
municating with K single antenna users. The system’s sum

rate is given by

RMIMO =
K∑

k=1

log2

(
1 + Pt

σ 2
n

∣∣∣hH
k �Gwk

√
λk

∣∣∣2) . (35)

Here, we aim to maximize the sum of the eigen-channel gains
of all users based on the sum-path-gain maximization (SPGM)
criterion [7]. The problem of maximizing the achievable rate
can be written as

max
W,�,�

K∑
k=1

∣∣∣∣∣∣hH
k �Gwk

√
λk

∣∣∣∣∣∣2
s.t. ||wk|| = 1, k = 1, 2, . . . , K

λ1 + . . . + λk = 1, k = 1, 2, . . . , K

� = Diag
{
e jθ1 , e jθ2 , . . . , e jθN

}
0 ≤ θi < 2π, i = 1, 2, . . . , N. (36)

There are three parameters to be optimized in (36), which is a
non-convex problem and the two-stage algorithm can be used
to solve it as in [20].

1) CONVENTIONAL, FULL-LINK AND OPPOSITE-LINK
STRUCTURES - STRUCTURE 1,STRUCTURE 2 AND
STRUCTURE 4
In the first stage, the phase shift matrix of the RIS is optimized
by maximizing the sum of the channel gain of the combined
channel according to (36). This corresponds to aligning the
phase between the channel from the RIS to different users and
the channel from the BS to the RIS. Thus, the problem can be
represented as

max
�

K∑
k=1

∣∣∣∣hH
k �G

∣∣∣∣2
s.t. � = Diag

{
e jθ1 , e jθ2 , . . . , e jθN

}
0 ≤ θi < 2π, i = 1, 2, . . . , N. (37)

We can apply the SDR to solve this problem. By defining a
column vector q = [e jθ1 , e jθ2 , . . . , e jθN ]T, (37) can be written
as

max
�

K∑
k=1

∣∣∣∣hH
k �G

∣∣∣∣2 = max
q

K∑
k=1

∣∣∣∣qH Diag{hH
k }G∣∣∣∣2

= max
q

K∑
k=1

qH�k�
H
k q

= max
q

qH

(
K∑

k=1

�k�
H
k

)
q, (38)

where �k = Diag{hH
k }G.

Then, (38) becomes a non-convex quadratically constrained
program (QCQP), which can be solved by defining Q = qqH

satisfying Q � 0 and Rank(Qopt) = 1. Since the rank-one

VOLUME 5, 2024 1115



DONG ET AL.: RECONFIGURABLE INTELLIGENT SURFACE RELYING ON LOW-COMPLEXITY JOINT SECTOR NON-DIAGONAL STRUCTURE

constraint is non-convex, the SDR can be applied to relax the
constraint, which can be written as

max
Q

Tr

((
K∑

k=1

�k�
H
k

)
Q

)
s.t. Q � 0,∣∣[Q]i,i

∣∣ = 1, i = 1, 2, . . . , N. (39)

The optimal solution of (39) can be represented as Qopt, which
can be found by using some existing tools such as CVX [39].
The optimal vector can be defined from Qopt by eigenvalue
decomposition as qopt = e j∠p1 , and p1 is the eigenvector cor-
responding to the largest eigenvalue.

2) FULL-LINK AND OPPOSITE-LINK NON-DIAGONAL
STRUCTURES - STRUCTURE 3 AND STRUCTURE 5
We also apply the two-stage beamforming optimization in
Structure 3 and Structure 5. However, due to users roaming
randomly within the radius range, there may be cases where
there are no users in service in some sectors. In the out-of-
service cases, using (32) to sort the channels of users and BS
may cause confusion in the multi-sector and multi-user signal
transmission scenarios. As a trade-off, we can optimize the
phase shift matrix of each sector, where the channel and phase
shift matrix of each sector need to be evaluated separately. The
phase shift matrix � can be represented as

� = Diag{ϑ1,ϑ2, . . . ,ϑL}, (40)

where ϑl ∈ C
Ny×Ny , l = 1, 2, . . . , L is the phase shift matrix

of each sector. The channel matrix can be represented as

hH
k =

⎡⎢⎢⎢⎣
hH

1,1,1 hH
1,1,2 . . . hH

1,L,B
hH

2,1,1 hH
2,1,1 hH

2,L,B
...

...
. . .

...
hH

K,1,1 hH
K,1,1 hH

K,L,B

⎤⎥⎥⎥⎦ , (41)

G = [g1,1, g1,2, . . . , gL,B]T , (42)

where hH
k,l,b ∈ C

1×Gs , k = 1, 2, . . . , K , l = 1, 2, . . . , L, b =
1, 2, . . . , B represent the channel from the bth group in the
lth sector of the RIS to the kth user, and gl,b ∈ C

Gs×M is the
channel from the BS to the bth group in the lth sector of the
RIS.

In the first stage, the phase shift matrix is optimized by
maximizing the sum of the channel power gain of each sector.
According to (36), the problem can be formulated as

L∑
l=1

max
ϑl

K∑
k=1

L∑
l=1

B∑
b=1

∣∣∣∣hH
k,l,bϑl,bgl,b

∣∣∣∣2
s.t. ϑl,b = Diag

{
e jϑ1 , e jϑ2 , . . . , e jϑGs

}
0 ≤ θi < 2π, i = 1, 2, . . . , Ny. (43)

Then, the SDR can be applied to solve this problem. By
defining a column vector ql,b = [e jϑ1, e jϑ2 , . . . , e jϑGs ]H , (43)

can be written as

L∑
l=1

max
ϑl

K∑
k=1

B∑
b=1

∣∣∣∣hH
k,l,bϑl,bgl,b

∣∣∣∣2
=

L∑
l=1

K∑
k=1

B∑
b=1

∣∣∣∣hH
k,l,bJr,l,bϑ̃l Jt,l,bgl,b

∣∣∣∣2
=

L∑
l=1

K∑
k=1

B∑
b=1

qH
l,b�k,l,b�

H
k,l,bql,b

=
L∑

l=1

B∑
b=1

qH
l,b

(
K∑

k=1

�k,l,b�
H
k,l,b

)
ql,b, (44)

where �k,l,b = Diag{hH
k,l,bJr,l,b}Jt,l,bgl,b, and �k,l =

Diag{�k,l,1, . . . ,�k,l,B}.
The permutation matrices Jt and Jr cannot be designed as

in (32), where instead of using the exhaustive search method,
a sub-optimal method can be used to sort the channel ampli-
tudes of multiple users in each sector. Explicitly, Jt is sorted
based on the vector g′

l,b = 1
M

∑M
m=1 |gl,b,m| in ascending or-

der and Jr is sorted based on the vector h′
l = 1

K

∑K
k=1 |hk,l,b|

in ascending order. More specifically, the optimization prob-
lem of the phase shift matrix in each sector in (44) becomes
a QCQP, which can be solved by defining Ql,b = ql,bqH

l,b sat-
isfying Ql,b � 0 and Rank(Ql,b,opt) = 1. Since the rank-one
constraint is non-convex, the SDR can be applied to relax the
constraint, which can be written as

max
Ql,b

Tr

((
K∑

k=1

�k,l,b�
H
k,l,b

)
Ql,b

)
s.t. Ql,b � 0,∣∣[Ql,b]i,i

∣∣ = 1, i = 1, 2, . . . , Ny. (45)

The optimal solution of ql,opt can be acquired from the
optimal solution in (45), where Ql,b,opt can be eigenvalue
decomposed as ql,b,opt = e j∠p1 , where p1 is the eigenvector
corresponding to the largest eigenvalue. The phase shift ma-
trix can be represented as ϑl,b,opt = JrDiag{ql,b,opt}Jt .

However, there may also be such situations that certain sec-
tors have no users to serve. In this case, the channels in those
sectors are empty. Then, we can set the phase shift matrix
in these sectors as a diagonal matrix with a value of e j0 on
the diagonal, that is ϑl,b = Diag{e j0, . . . , e j0} ∈ C

1×Gs and
ϑl = Diag{ϑl,1, . . . ,ϑl,B} ∈ C

1×Ny . The phase shift matrix of
the whole system �opt is defined in (40).

In the second stage, the transmit beamforming matrix
and power allocation matrix can be obtained by operating
SVD method on the equivalent channel Hequ = HH�optG =
U�VH. The transmit beamforming matrix W is designed
based in the first K columns of V, that is Wopt = V(1:K ). The
power allocation matrix � can be calculated based on the
water-filling method [33]. Finally, the achievable rate can be
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represented as

RMIMO = log2

(
I + Pt

σ 2
n

HequWopt�WH
optH

H
equ

)
. (46)

V. THEORETICAL ANALYSIS FOR THE RECEIVED
SIGNAL POWER
In this section, we present the theoretical analysis of our pro-
posed RIS structure for performance analysis and hardware
complexity based on SISO systems. In the following, we dis-
cuss the structure where the number of sectors in the RIS is
L ≥ 2 (even number), in which the signal is transmitted by a
single-antenna transmitter, and received by a single-antenna
receiver.

A. PERFORMANCE ANALYSIS
In this section, we explore the enhancements offered by our
newly proposed structure (Structure 5) which utilizes a group
size of Ny, focusing on its performance relative to a bench-
mark structure (Structure 4). We examine how the unique
configuration of Structure 5 amplifies the received signal
power, where we derive the critical mathematical expressions
to quantify this gain. The analysis reveals that Structure 5
can reduce complexity and achieves comparable or enhanced
signal reception capabilities under specific conditions. These
insights set the stage for a deeper dive into the mathematical
underpinnings and potential applications of our findings in
advanced communication systems. The received signal at the
receiving side can be written as

y = √
PT HH�Gs + n

= √PT �t�rH̃H�G̃s + n. (47)

The corresponding received signal power can be derived as

PR =
∣∣∣√PT �t�rH̃H�G̃

∣∣∣2
= PT �t�r |H̃H�G̃|2. (48)

Since ||�|| = 1, (48) can be written as

PR = PT �t�r

(
N∑

i=1

[H̃H ]i[G̃]i

)2

. (49)

In Structure 4, the average value of the received power can be
represented as

P̄R = PT �̄t �̄rE

⎛⎝( N∑
i=1

aibi

)2
⎞⎠

= PT �̄t �̄r

N∑
i=1

E(a2
i )E(b2

i )

+ 2
N−1∑
i=1

N∑
j=i+1

E(ai )E(bi )E(a j )E(b j ), (50)

where ai and bi represent the amplitude of the ith element in
channel H and G, respectively.

If we set the parameter for the Rician channel as κhk =
κG = 0, ai and bi follow the Rayleigh distribution and we can
compute their mean values as

E(ai ) = E(bi ) =
√

π

2
, (51)

E(a2
i ) = E(b2

i ) = 1. (52)

From (50), (51) and (52) we can get

P̄R = PT = �̄t �̄r

(
N + N (N − 1)

π2

16

)
, (53)

where �̄t and �̄r are the average pathloss in H and G, which
can be represented as

�̄t = 1

L/2

L/2∑
l=1

�tl , �̄r = 1

L/2

L/2∑
l=1

�rl . (54)

In Structure 5 with Gs = Ny, the average received power can
be computed as

P̄R = PT �̄t �̄rE

⎛⎝( N∑
i=1

a(i)b(i)

)2
⎞⎠

= PT �̄t �̄r

N∑
i=1

E(a2
(i) )E(b2

(i) )

+ 2
N−1∑
i=1

N∑
j=i+1

E(a(i) )E(b(i) )E(a( j) )E(b( j) ), (55)

where a(i) and b(i) represent the sequence of the sorted value
of the amplitude of channel H and G in ascending order. Ac-
cording to Cauchy-Schwarz inequality, (55) can be expressed
as

P̄R = PT �̄t �̄rE

⎛⎝( N∑
i=1

a(i)b(i)

)2
⎞⎠

≤ PT �̄t �̄rE

((
N∑

i=1

a2
(i)

)(
N∑

i=1

b2
(i)

))
, (56)

where the equality sign in the above inequality is only estab-
lished when a(i) = b(i). When N → ∞ we can get

a(i) = b(i) = F−1
ai

(
i

N

)
= F−1

bi

(
i

N

)
, (57)

where F−1
ai

(·) and F−1
bi

(·) represent the inverse CDF of a(i)

and b(i). When N → ∞, the average received power can be
represented as

P̄R = PT �̄t �̄rE

((
N∑

i=1

a2
(i)

)(
N∑

i=1

b2
(i)

))
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FIGURE 6. Comparison of the achievable average power in SISO system
under Rayleigh channel.

= PT �̄t �̄rE

(
N∑

i=1

a2
i

)
E

(
N∑

i=1

b2
i

)

= PT �̄t �̄rN2. (58)

Hence, when the number of RIS elements approaches infin-
ity, Structure 5 can achieve similar rate value to the fully
connected architecture. From the perspective of circuit de-
sign complexity, the proposed architecture is less intricate
compared to the fully connected structure, yet it can attain a
comparable performance.

In [34], the author also proposed a tree connected architec-
ture that is also available in the BD-RIS structure for enabling
similar performance as that of the fully connected architec-
ture. The tree connected structure achieves the performance
with a large number of tunable impedance components, while
also requiring a lower complexity compared to the fully con-
nected structure of [19]. On the other hand, using switches
in our proposed design require a reduced energy consump-
tion compared to the tunable impedance components [36],
[37]. Relying on using RF micro-electromechanical systems
(MEMS) [38], the switch array turns out to be very attractive
and has been widely used in wireless communication systems
because it offers near-zero power consumption, high isolation,
low insertion loss, low intermodulation products and low cost
solution.

In Fig. 6, we plot the received power of the theoretical value
derived in (58) and the simulation value under the SISO sys-
tem with user roaming distance RD = 25m. We can observe
that the simulation average received power is the same as the
upper bound for the theoretical received power value, which
shows the upper bound of (58) is tight.

B. HARDWARE COMPLEXITY
In this section, we provide a high-level comparison of hard-
ware complexity across different RIS architectures, particu-
larly focusing on the number of phase shifters and switches
each structure requires. This analysis illustrates the signifi-
cant impact of architectural choices on hardware demands,

facilitating an understanding of the trade-offs involved in the
practical deployment of these systems. A detailed examina-
tion of the specific hardware components used in Structures 3
and 5 highlights how varying configurations can influence the
overall system efficiency and power consumption.

The number of phase shifters required by all structures
proposed is N = Nx × Ny. Structures 3 and 5 require different
number of switches, where additional switches are required
for controlling signal routing among RIS elements, which
have considerable low power consumption. The hardware
complexity comparison for various RIS architectures is shown
in Table 3.

In the non-diagonal architecture, data experiences a sorting
process based on the amplitude of the channels on both sides
of the RIS. The computational complexity of sorting is deter-
mined by the number of elements in each non-diagonal group.
The complexity calculation uses the general bubble sorting
method, where one comparison of data is recorded as one unit
of complexity. The sorting complexity in each non-diagonal
group can be expressed as Gs(Gs − 1) × B, where Gs repre-
sents the group size, and B = Ny

Gs
represents the number of

groups divided in each sector.
Comparing the hardware complexity of Structure 3 with

Structure 4, the number of switches required for these two
structures are Nx × Ny + Gs × Ny + Gs(Gs − 1) × Gn and
N2

x × Ny, respectively. In the proposed structure, with Nx =
L = 6, as long as the group size is Gs ≤ 15, the hardware
complexity of Structure 3 is consistently lower than that of
Structure 4.

C. DIRECTIONAL GAINS
In this section, we explore the performance benefits of our
proposed multi-sector-cooperative Reconfigurable Intelligent
Surface (RIS) system compared to traditional single-sector-
per-user RIS configurations. By examining the influence of
signal incident angles on the system pathloss and RIS radi-
ation gain, we quantify the theoretical gains at various user
angles. Our findings demonstrate the superior adaptability
and efficiency of the multi-sector approach in dynamically
enhancing signal quality across different user positions. This
analysis lays the groundwork for understanding how multi-
sector cooperation can significantly enhance system perfor-
mance in realistic communication environments.

In our proposed systems, each user is jointly served by L/2
sectors simultaneously, whereas in [27] each user is served
by only one sector. As the system pathloss and RIS radiation
gain are related to the signal incident and reflection angles,
we analyzed the gains brought by the multi-sector-cooperative
RIS and the single-sector-per-user RIS [27], when the signal
incident angle changes.

We define the x-y-z axes on the RIS structure, as shown
in Fig. 7. To explore the effect of changes in the angle be-
tween the user and the fixed sector’s normal line, we calculate
the theoretical gain difference between our proposed multi-
sector-cooperative RIS and the single-sector-single-user RIS
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TABLE 3 Number of Switches Used in Different Structures (Stru. Refers to Structure Defined in Table 2)

FIGURE 7. User-RIS angular relationships.

proposed in [27], at angles φ1 of 0 degrees, 15 degrees, and
30 degrees. As shown in Fig. 7, in the proposed multi-sector-
cooperative RIS, φ2 and φ3 change correspondingly as the
user moves. The user starts moving from the positive direction
of the y-axis and rotates clockwise. A rotation matrix is used
to calculate the new direction vector after rotation, which is
represented as

R(t ) =
[

cos(t ) sin(t )

− sin(t ) cos(t )

]
. (59)

The user’s initial direction vector at 0◦ denoted as v(0◦) on the
y-axis is expressed as [0,1] here. Upon applying the rotation
matrix, the user’s direction vector v(t ) at t degrees is given by

v(t ) = R(t ) ·
[

0

1

]
=
[

sin(t )

cos(t )

]
(60)

The normal vector of the three sectors can be represented as

n2 = [−
√

3
2 , 1

2 ], n1 = [0, 1] and n3 = [
√

3
2 , 1

2 ], respectively.
As v(t ) and ni are both unit vectors, the angle between the
user and each normal vector can be calculated by

cos φi(t ) = v(t ) · ni

|v(t )||ni| = v(t ) · ni. (61)

Furthermore, the pathloss between the path from the ith sector
to the user can be expressed as

�φi = FrAr

4πd2
= 2(α + 1) cosα φi

(−uy
)T (q−qu) sxsy

4πd3

= 2(α + 1)sxsy

4πd3
cosα φi|qu| cos t

= f (d ) cosα φi cos t, (62)

where f (d ) = 2(α+1)sxsy

4πd3 . Note that the pathloss gain in [27]
can also be represented by �φ1 in (62).

When t = 0◦, the user direction vector is v(0◦) = [0, 1].
The user and each sector normal angle can be represented as

cos(φ2) = [0, 1] · [−
√

3
2 , 1

2 ] = 1
2 , cos(φ1) = [0, 1] · [0, 1] =

1, and cos(φ3) = [0, 1] · [
√

3
2 , 1

2 ] = 1
2 . When α = 2.5, we

have �φ2 = �φ3 = 0.1768�φ1 = 0.1768 f (d ).
When t = 15◦, the user direction vector is v(15◦) = [sin

(15◦), cos(15◦)]. The user and each sector normal angle can

be represented as cos(φ2) = [sin(15◦), cos(15◦)] · [−
√

3
2 , 1

2 ]

= sin(15◦) · −
√

3
2 + cos(15◦) · 1

2 , cos(φ1) = [sin(15◦), cos
(15◦)] · [0, 1] = cos(15◦), and cos(φ3) = [sin(15◦), cos

(15◦)] · [
√

3
2 , 1

2 ]=sin(15◦) ·
√

3
2 +cos(15◦) · 1

2 . When α=2.5,
�φ1 ≈ 0.886 f (d ), �φ3 ≈ 0.389 f (d ) and �φ2 ≈ 0.032 f (d ).

When t = 30◦, the user direction vector is v(30◦) = [sin
(30◦), cos(30◦)]. The user and each sector normal angle
can be represented as cos(φ2) = [sin(30◦), cos(30◦)] ·
[−

√
3

2 , 1
2 ] = 1

2 · −
√

3
2 +

√
3

2 · 1
2 = 0, cos(φ1) = [sin(30◦), cos

(30◦)] · [0, 1] =
√

3
2 , and cos(φ3) = [sin(30◦), cos(30◦)] ·

[
√

3
2 , 1

2 ] = 1
2 ·

√
3

2 +
√

3
2 · 1

2 =
√

3
2 . When α = 2.5, we have

�φ2 = �φ3 ≈ 0.604 f (d ), and �φ1 = 0.
Based on the analysis above, it is evident that when the

user’s position projection aligns precisely with the central
sector’s normal, the bilateral side sectors can provide less
than one-fifth of the performance enhancement relative to the
central sector. However, when the angle between the user’s
position projection and the central sector’s normal is 15◦,
the nearer side sector can contribute up to two-thirds of the
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FIGURE 8. Comparison of the achievable rate in SISO system, when
varying the user angle and in different RIS structures (Stru. refers to
Structure defined in Table 2).

TABLE 4 Parameters Used in Simulation

performance support of the central sector. When the user’s
projection position is at the edge of the central sector’s service
range, i.e., the angle with the central sector’s normal is 30
degrees, the nearer side sector can provide performance sup-
port equivalent to that of the central sector. Therefore, when
users roam randomly in various directions, the multi-sector-
cooperative RIS system can offer a better overall rate than a
RIS system where each user is served by only a single sector.
Fig. 8 presents the simulation results showing how the number
of RIS elements varies as users roam at different angles and
distances, with d = 30 m, when the BS antenna M = 1 and
α = 2.5. Fig. 8 compares the multi-sector cooperative RIS
system with a single-sector-single-user RIS scheme, which
further supports our performance analysis above.

VI. SIMULATION RESULT
In this section, we present the simulation results of the achiev-
able rate of our proposed RIS architecture (L = 6), compared
with the STAR RIS architecture (L = 2) and conventional RIS
architecture for different connection structures. The Monte-
Carlo method is used with 105 iterations. The parameters used
in the simulation are listed in Table 4.

FIGURE 9. Comparison of the achievable rate in MISO system, when
varying the Rician factor and the RIS architecture.

The simulation results in Figs. 9–15 show the performance
for the single-user MISO system, while in Fig. 17 we compare
the average achievable rate of each user versus the number of
total RIS elements with different connection schemes in the
multi-user MIMO case. The result in Fig. 16 compares the
hardware complexity of the different proposed structures. The
abbreviation ‘Stru.’ in the simulations results figures refers
to the structures defined in Table 2. In our simulations, the
number of antennas at the BS is M = 4, the distance from
the BS to the center of the RIS structure is d1 = 51m, the
total transmit power is Pt = 50mW, the noise power is σ 2

n =
−90dBm, and the beam factor in the radiation pattern function
is α = 2.5 [30]. We denote the total number of elements in the
RIS as N , and the size of each element along the x-axis and
y-axis is dx and dy, respectively.

In Fig. 9, we compare the achievable rate versus the number
of RIS elements with different Rician factor κ and different
connection schemes, where the size of the RIS elements is
dx = dy = λ/2 and the user radius distance is RD = 30 m. We
can observe that the proposed Structure 5 with Gs = Ny can
perform better than the Structure 4 and Structure 1. When the
Rician factor increases from −10 dB to 5dB, the power of
the LoS component increases, and the performance gain of
the GC-ND architecture decreases, albeit still better than the
other two structures.

In Fig. 10, we compare the achievable rate versus the
number of RIS elements with different element sizes under
different connection schemes, where the user radius distance
is RD = 30 m and the Rician factor is κG = κhk = 0dB. Ob-
serve that structure 5 with Gs = Ny performs better than
Structure 4 and Structure 1. Furthermore, as the size of the
RIS element increases, the channel has a lower pathloss under
the same elevation angle, thus providing a higher achievable
rate.

In Fig. 11, we set the Rician factor of the fading chan-
nel as κG = κhk = 0dB and the size of the RIS elements as
dx = dy = λ/2, where we can observe that all schemes have
a better performance when the user is closer to the RIS due

1120 VOLUME 5, 2024



FIGURE 10. Comparison of the achievable rate in MISO system, when
varying the size of RIS elements and the RIS architecture.

FIGURE 11. Comparison of the achievable rate in MISO system, when
varying the user radius distance and the RIS architecture.

FIGURE 12. Comparison of the achievable rate in MISO system, when
varying the RIS structures.

to a lower pathloss. Furthermore, user radius distance has
almost no effect on the gain of Structure 5 over the other two
structures.

In Fig. 12 we compare the achievable rate versus the num-
ber of RIS elements with different connection schemes under
different RIS structures. In this simulation, the user radius
distance is RD = 30 m, the Rician factor is κG = κhk = 0 dB,

FIGURE 13. Comparison of the achievable rate in MISO system, when
varying the channel estimation error and the RIS architecture.

FIGURE 14. Comparison of the achievable rate in MISO system, varying
the RIS structures when Gs = 3.

and the size of the RIS elements is dx = dy = λ/2. We can ob-
serve that our proposed RIS structure outperforms the STAR
RIS and the conventional RIS with L = 1, which has label
’Single RIS’ in the figure. In our proposed RIS scheme, the
user roams in all directions, while the user in the conventional
flat RIS structure can only roam within the semicircle range
facing the RIS. This means that the proposed RIS can provide
higher channel capacity, while supporting users roaming in all
directions.

In Fig. 13, when considering imperfect Channel State
Information (CSI), the channel estimates from the BS to
RIS and RIS to user are represented by ĝm = gm + gm,e

and ĥH
k = hH

k + hH
k,e, respectively, for m = 1, 2, . . . , M and

k = 1, 2, . . . , K . The channel estimation error components
gm,e and hH

k,e both follow a complex normal distribution
CN (0, σ I ), where σ denotes the variance of the estimation
error [40] [41]. As demonstrated in Fig. 13, the performance
of our proposed RIS architecture surpasses that of the conven-
tional RIS design across all considered values of the channel
estimation error variance σ . This highlights the superior ro-
bustness and effectiveness of our proposed structures.

The simulation results shown in Figs. 14 and 15 are re-
lated to the single-user MISO system. In Figs. 14 and 15
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FIGURE 15. Comparison of the achievable rate in MISO system, varying
the RIS structures when Gs = 6.

FIGURE 16. Comparison of number of switching elements integrated in
the system, when varying the RIS architecture (Stru. refers to Structure
defined in Table 2).

we compare the average achievable rate of each user versus
the number of total RIS elements under different connection
schemes in the single-user MISO case with group size in
each sector given by Gs = 3 and Gs = 6, respectively. In this
simulation, the user radius distance is RD = 15m, the Rician
factor is κG = κhk = 0dB, and the size of the RIS elements is
dx = dy = λ/2. We can observe that Structure 5 achieves the
best performance, while Structures 3 and 4 perform similar
in both Gs = 3 and Gs = 6 cases. From Figs. 14 and 15
we can see that as the group size Gs increases, the number
of elements in each vertical group also increases. In (58),
we established the relationship between the number of ele-
ments and the average receive power within a non-diagonal
group-connected architecture. It can be concluded that the
performance enhances with the addition of more elements in
the group, as this provides greater flexibility in the mapping.
However, this also leads to a more complex circuit design due
to the increased group size. The hardware complexity of these
proposed structures are compared in Fig. 16.

In Fig. 16, we compare the number of switches integrated in
each structure. As seen from Figs. 14 and 15 we can find that
the Structure 3 can achieve a similar performance to that of
Structure 4, while the hardware complexity of both structures

FIGURE 17. Comparison of the average rate in multi-user MIMO system,
when varying the number of users and the RIS architecture (Stru. refers to
Structure defined in Table 2).

can differ by over twenty times as shown in Fig. 16. This
illustrates that our proposed structure can achieve a similar
average rate performance as the benchmark schemes, while
greatly reducing system hardware complexity.

In Fig. 17, we compare the average rate versus the number
of RIS elements with different numbers of users in MIMO
system. Here, the number of antennas at the BS is M = 6,
the user radius distance is RD = 30 m, the Rician factor is
κG = κhk = 0dB, and the size of each RIS element is dx =
dy = λ/2. We can observe that the average rate of all systems
increases with the number of users. Our proposed scheme has
a higher average rate per user compared to the other schemes
across the board.

VII. CONCLUSION
In this paper, we proposed novel RIS architectures based on
the beyond diagonal RIS structure, with their corresponding
circuit designs, switch array control matrices, and beam-
forming designs. Based on these models, we compared the
system rates, circuit complexity, and gains provided by differ-
ent architectures, when the users and the RIS are in various
positions. We also jointly optimized the transmit beamform-
ing and phase shift matrix for single-user MISO systems
and multi-user MIMO systems using AO and SDR methods.
Additionally, through theoretical analysis, we proved that the
performance of the proposed Structure 5 closely approximates
that of the fully connected RIS architecture. Moreover, the
simulation results verified that the performance of the pro-
posed Structure 3 can achieve similar system rate performance
while significantly reducing the system hardware complexity
compared to that of Structure 4.
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