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ABSTRACT In recent years, research on reconfigurable intelligent surface (RIS) has received extensive
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
performance 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 under 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.

RIS is an artificial two-dimensional (2D) surface equipped
with a large number of low-cost passive components, en-
abling large-scale communications at lower hardware cost
and power consumption [2]. The propagation of the wireless
signal incident 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]- [11],
the design goals mainly focused 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 manner to minimize
the downlink transmit power in RIS-assisted MIMO sys-
tems. Additionally, [6] and [7] used the low-complexity
alternating direction method alternating direction method
of multipliers (ADMM) to replace the SDR, and realize
the joint optimization of the RIS phase shift matrix and
the active beamforming at the base station. Furthermore,
an optimization algorithm suitable for both discrete phase-
shift RIS and continuous phase-shift RIS has been pro-
posed in [6], which realizes multi-user weighting and rate
maximization in multiple input multiple output (MIMO)
scenarios. Specifically, the authors of [7] decomposed the
effective channel between the source and the destination
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using the classical singular value decomposition (SVD) after
the ADMM optimization 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 con-
tinuous solution 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
multiplexing (OFDM) link rate performance.

However, the RIS structure in [5]- [11] has only one
reflective surface, which means that the RIS can only serve
users roaming within 180° in front of the RIS plane. Specif-
ically, 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. Therefore, a highly flexible full-space smart radio
environment (SRE) can be realized. In [13] three practical
STAR-RIS operation protocols were proposed, namely en-
ergy splitting, mode switching, and time switching. Based
on the proposed protocols, a series of promising application
scenarios for integrating STAR-RIS into next-generation
wireless networks have been proposed [14]. Moreover, some
other RIS architectures 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 beacon to enhance channel estimation accuracy
by proactively detecting partial channel state information.
This design addresses the challenge of angular distortion
typically found in fully-passive RIS systems and signifi-
cantly reduces the pilot overhead through a tailored three-
phase frame structure involving broadcasting, estimation,
and calibration phases. Besides, Chen et al. [16] intro-
duce an advanced beamforming strategy for omni-RIS for
vehicular communications vehicular communications. The
work leverages a robust beamforming framework to optimize
the system performance under non-ideal conditions such

as non-convex outage probabilities, significantly enhancing
the reliability and effectiveness of vehicular 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 [17], [19]. The pathloss of the
reflected signals by the RIS is primarily determined by
the angle between the signal and the normal of the RIS
plane, which is known as the elevation angle. [18] 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 models, 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 elements. 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. [20] 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 significantly increase the received signal
power compared with the conventional RIS structure. Li et
al. [21] 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 asymmetric and non-diagonal property. The
non-diagonal architecture provides flexibility in configuring
the RIS structure to enhance the system’s performance [27].
Moreover, Li et al. considered a stereoscopic structure of
RIS [29], called beyond diagonal RIS. In [29], 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 elements.
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
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TABLE 1. Novelty comparison with the literature

Our paper  [5] (6] [7] (8] [12] [13] [17] (18] [19] [21] [29]

Beamforming Design v v v v v v v v v
Multi-user support v v v v
Cooperation among RIS elements v v v v v v
Full coverage v v v v v
Angle-related pathloss model v v v v v
Correlated channel model v

Multi-sector Cooperation v

an improved performance compared to the conventional
connection method and group connection method.

The model proposed in this paper can be widely applied 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. Further-
more, deploying multi-sector RIS at busy central locations
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
selected to meet specific needs.

In this paper, we propose a novel multi-sector RIS struc-
ture 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, com-
pared to the single-sector service for a user with the beyond
diagonal RIS design [29], our proposed multi-sector joint
service structure can achieve a gain improvement ranging
from 30% to 100%, depending on the roaming location of
the user, relative to the structures described in [29].

* 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
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beyond diagonal RIS structure. Additionally, in the vertical
connection design, we apply the non-diagonal RIS architec-
ture based on [21]. We design 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 [29] albeit with significantly
lower overall complexity.

* We jointly design the beamforming and phase shift
matrix 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
architecture, which has improved performance and lower
complexity compared to the conventional RIS architecture,
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 sys-
tem model. The RIS architecture and beamforming design
methods are formulated in Section III and Section IV,
respectively. The theoretical analysis is presented in Section
V and the simulation 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 (-)!
represent the operation of transpose and Hermitian transpose,
respectively. Za represent the angle of the complex scalar a,
1,,xm represent the n x m all-one matrix and 0,, x,,, represent
the n x m all-zero matrix. 1,, represents the n x 1 all-one
vector and 0,, represents the n x 1 all-zero vector. R™*"
and C™*™ denotes the space of m x n real-valued and
complex-valued matrices, respectively. E{x} represent the
expectation of variable x. Diag{ai,as, - - ,an} denotes a
diagonal matrix with the diagonal elements being the ele-
ments of [ay,as, - ,ay] in order. CN (p, ) is a circularly
symmetric complex Gaussian random vector with the mean
p and the covariance matrix 3. A > 0 means A is a semi-
definite matrix, I, represents the n x n identical matrix.
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FIGURE 1. RIS structure with L = 6 sectors employing N = 18 elements.

mod(+, ) denotes the modulus and [-]| denotes round up of
the value, respectively. M represent the mapping sequence
between two sets. R, o) represent the (p, ¢)th element of the
matrix R. V15 represent the first K columns of matrix
V. Tr(z),Rank(z) and |z| represent the trace, rank and
determinant of matrix x, respectively.

Il. 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 Figure 1, we show a three-dimensional structure
composed of six planar RIS in the shape of a hexagon'.
Compared with the conventional RIS, it can cover the
surrounding 360-degree environment, ensuring greater cov-
erage. Figure 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.

As shown in Figure 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 27 /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.

IThe six sectors is an example and any number of sectors can be applied

in our proposed structure.

Sector 2

User k

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 Figure 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 communi-
cation 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 = N, x N, elements. NV, refers to
the number of RIS elements in the horizontal direction and
N, represent the number of RIS elements in the vertical
direction in each sector. In this paper, for simplicity we
consider N, = L, although any number N, 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 [24] [25] [26].

The baseband equivalent channels from the BS to the
RIS and that from the RIS to K users are denoted as
G € CV*M and H € CK*N | respectively. Here, the RIS
is a passive reflecting device that can configure the phase
and amplitude of the incident signal. Let’s define a diagonal
matrix ® = Diag{f1e’",...,Bne’’V} to represent the
reflection coefficients matrix of the RIS, where 3, € [0, 1]
and 6,, € [0,27) represent the amplitude and phase shift of
the nth elements of the RIS, respectively. In this paper, we
set 3, = 1 to realize full energy transfer.
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Additionally, we design a BS precoding scheme where
the kth user is assigned with a beamforming vector wy.
Hence, the total beamforming matrix at the BS is denoted as
W = [wy,Wa,...wg] € CM*K The beamforming scheme
design is detailed in Section IV.

The system model can be represented as

= /PHOGWVAx +n, (1)

where x € CK*! is the transmit signal, n ~

CN(0k,021g) € CKE*1 is the additive white Gaussian
noise (AWGN) and y € CX*! is the received signal.
Furthermore, P, is the transmit power at the BS, A =
Diag{A1,..., Ak} is the power allocation matrix, with A
representing the power allocated to the kth user, that satisfies
A+ A+ ...+ A = 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 =
(81,82, ..,8Mm], where g,, € CV*Y(m = 1,2,...,M)
represents 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 hil € C*N(k = 1,2,..., K), resulting
in H = [hy,hy, ..., hg|". Here, we employ Rician fading
distribution for modeling the channel, where we consider
spatially correlated channels [28]. Moreover, we consider
the pathloss associated with the gain of the RIS and the
BS antennas [32].

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

G 1
Gros + 4/
fe] LoS 1+ kg
~ Rh 1
h! = /—"h \/ hy! 3
Kk T kLos T 15 oy NLoS? 3

2

where kg and kp, are Rician factors, Gros = 1nm
and hgr,s = 1y are the LoS parts, GNrLos =
[§17§2a"~7§1\/1]agﬂl ~ CN(ONaIN) € (CNX1 and

hinres ~ CN(0n,R) € CY*V are the non-line-of-sight

(NLoS) component of the channel. R is the spatial correla-
tion matrix represented as [28]:

R = E{hkNLOShENLOS} = E{a(% ¢)a((p7 ¢)H}7 (4)
where a is the array response vector denoted as

a—= [ejk(%d))TUl’ s ejk((p,¢)TuN]T7 5)

with ¢ and ¢ representing the azimuth and elevation angle
between the RIS surface and the signal, respectively. Fur-
thermore, u,, is the location of the nth element in the RIS
and can be represented as

in)(sc + 8)sin( + (0 — 1) %)
i(m)(ss + d)cos( + (n—1)%
() (3, +9)

u, =

VOLUME ,

where i(n) = mod(n—1, L) and j(n) = [N/N,], while s,
and s, are the width and length of each element of the RIS,
respectively. Additionally, § is the distance between the RIS
elements.

Furthermore, k(p, ¢) € R3*! is the wave vector repre-
sented as [28]:

2w . .

k(p,¢) = T[COS(gb)cos(cp),cos(gb)sm(gp),sm(gp)]T. @)
Finally, the (p, g)th element of R can be expressed as [30]
= E{e’%(®9)" (u, — u,)
:sinc(2”“"f_“m”)7 nm=1,...,N

where sinc(z) = sin(rz)/(7z).

R(pyq) 8)

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 [31]

Flo, ¢) = { 2(a+1)cos®p, @e[0,7], ©)

0, otherwise,
where 2(a + 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 coordinate of the BS and the user are denoted
as qps = [X,Y] and q,, = [z,y], while ¢; and ¢, are the
elevation angle of arrival (AoA) and the elevation angle of
departure (AoD), respectively. 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 [32],
the pathloss from the BS to the RIS can be represented as
F tAt
4rD?’
where F; is the radiation pattern from the BS antennas, and
Ay is the projected aperture of the RIS toward the direction
of the transmitter side. Furthermore, A; can be expressed
as A; = (—u,)" (4Bs — q) s45,/D, where u, is the unit
vector in the y-direction, while s, and s, are the width and
length of each element of the RIS, respectively.

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

0t = (10)

F.A,

T T 1 1
Trd2’ 1D
where F. is the radiation pattern from the RIS antennas,
and A, denotes the projected aperture of the RIS toward the

Or =



DONG et al.: Preparation of Papers for EEE OPEN JOURNALS

Full-link structure

Opposite-link structure

]
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
]

FIGURE 3. An example of the circuit design in the horizontal direction
(structure 2 and 4) for the BD RIS with six sectors.

direction of the receiving end, which can be expressed as
T
Ap = (—uy)" (A-qu) 525y /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 Figure 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 or = [0r);0ras--s0r/n] € C1xL/2,
Additionally, consider a sector matrix for the channel H,
denoted as Sy, = [Sse, ;, Sseo s - - Sse(”zm]T € CL/2xN |
which represents the sectors in service for the kth user, in
which S, , S Spmk] € CVN p =
0,1,...,L/2 and

Sln,k = {
(12)

For example, in Figure 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

hf’ = h{’ - Diag{,/0: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
generality, we assume that the BS always communicates with
the first L/2 sectors, i.e. RIS sectors 1, 2, 3 in Figure 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
and then combines them with the designed phase shift before
reflecting them to the users.

[Sl,n,kv S2n,ky - -

11xn,, the nth sector serves the kth user,

01xn,»

lll. RIS ARCHITECTURE
In the following, we introduce the architecture design of the
different RIS structures used in this paper. We divide the

TABLE 2. RIS Structures considered in this paper.

At
v Independent Non-diagonal in group
Aty . .
with group size G
Independent Structure 1 (Conv) \

Opposite-link
Full-link
Structure in [29]

Structure 2 (oppo-link) | Structure 3 (oppo-ND)
Structure 4 (full-link) Structure 5 (full-ND)
Structure 6 (BD-single) \

connection methods into horizontal connections and vertical
connections, which we refer to as Aty and Aty in Table 2.
The horizontal connections refer to the connection between
sectors, and the vertical connections refer to the connections
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 Figure 3 and Figure 5.

A. Conventional Structure - Structure 1

Conventional (Conv) RIS structures have been proposed
in [33] [34], 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 nth sector does not serve the kth user. The channel G for this architecture can be expressed by

(Diag{./0:Sc} - é)l:L/Q

(14)
Or/2xN

GConv =

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 Figure 3. For example, as shown in Figure 2, when
L = 2, i.e. STAR-RIS, the user radius in [0,27] 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 Figure 3, where
in 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.
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Opposite link case (Structure 2)

user 2

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

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
matrix is 3 X N. For example in Figure 4, user 1 is
roaming within the service area of sector 5, then the user
maintains communication 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

Oy, On, Oy, 1ln, On, Oy,
gtserh) — | oy Oy, On, On, 1y, On, |,
L ON?J ONH ONH ON’.’J ON'!! 1Ny .
(15)
and
[ Oy, Oy, 1y, On, Oy, O, |
Stse2) — | 0y Oy, Oy, 1y, Oy, Oy,
L ON’.’J ON'!I ON!I ONy 1NU ON -
(16)

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

This selection between sectors is controlled by a switch
array. Let us define the switch controlling the signal on the
n,th element transmitting from the I, th sector to the /5th sec-
tor as SWy, ,, 1,- The sector selection matrix also describes
the control problem of the switch array. The N, elements
set to 1 in the first row correspond to the connected state
of the switches SW .. N,.3s shown in Figure 3, comprising
these NV, switches. Similarly, the IV, elements set to 1 in
the second row correspond to the switches SWy 1. Ny 4s and
those in the third row correspond to the switches SW3 1w, 5
being in a connected state. This configuration of the circuit
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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.

connections 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 Figure 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. Although 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 S, and S, to describe the active status of
the combined sectors for Structure 2:

1y, Oy, Op,
Sa=| Oy, 1n, On, |, (17)
L ONy ONy 1Ny -
and ~ _
ON?} ON"-/ ON?J
Sy = Oy, On, O, (18)
L ON?} ON"-/ ON?J -

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

SOP:{

where the Spop €
In the example of Figure 4, the sector selection matrix is

represented as
S(Oupserl) — S(Oupser2) — [Snysa] ) (20)

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

[Sa, Sh)
[Su; Sal

(CL/QXN.

user served by sector 1 — 3,

user served by sector 4 — 6, a9

Gstraa = |Ding{y/2i5} - G|, @
Gstraz = | Diag{y@Sor} -G |, (2)
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where 0, = [041, 012, -, 01,/2) € C'*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 cooper-
ation between sectors, that is defined as horizontal structures
in this work. In his section, we introduce the vertical connec-
tions as non-diagonal grouping architecture, based on [21],
where we employ the non-diagonal connection scheme in
each group based on the existing horizontal structure to
explore further 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
elements in each sector are divided into different groups
with group size of G, applying non-diagonal architecture
in each group [21] [22]. 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 sequence between the sub-channels on both ends of
the RIS, corresponding to the control sequence of switches
array SW, shown in Figure 3 and Figure 5.

The mapping of the element connection is based on the
channels H and G. For example, let us consider a MISO
system, when the RIS has 6 sectors and 3 elements in
each sector, and the amplitude of the channel vector Gw
is {a1,a92,a3} with a; > a3 > ag, and the amplitude of
the channel vector h'l is {by, by, b3} with b3 > by > bo.
The mapping relationship M (i) = i’ maps the element with
the largest value in g to the element with largest value in
h, to achieve a higher channel gain [21]. 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

0 0 el
O(np) = 0 elf22 0 (23)
et 0 0

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 SWy 31,
SWi 2,2, and SWy 1 3 in Figure 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
between 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 [29] [36] [37], the authors proposed some
RIS multi-section structures, where connection schemes

between 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 performance upper bound as the non-diagonal
scheme [21] [22], which can also reach the fully connected
RIS performance upper bound [20]. 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 = [ SBD,; SBD, SBD3s SBD; SBD; SBDg ] 3
(24)
where

SBD, = {

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

user served by sector [,
user not served by sector [.

]-Nyv

on” (25)

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 =/ Ph"OGwz +n (26)
and the achievable rate is given by
P,
Ruiso = log, (1 + |hH®Gw|2) QD

The problem can be simplified to maximize the channel gain

as
max’hH(-)GW’Q,

o,w
st |lw] =1, (28)
0<6;, <2r, i=1,2,...,N.

1) Conventional and Full/Opposite-link Structure - Structure
1, Structure 2 and Structure 4

The conventional, full-link, opposite-link RIS structures,
corresponding to Structure 1, Structure 2 and Structure 4
defined in Table 2, share the same beamforming scheme,
as the difference between these structures has already been
accounted for in the channel matrix.

VOLUME ,
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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 J, and J;.
for!=1:L do

2: Generate corresponding sector selection matrix se; g
and se; .
for b=1: B do
3: Generate the sub-channel G;; = Diag{se; ¢}G
and H; ;, = Diag{se; y }H;
end for
4: Design the beamforming vector by Eq. (34).
S: Design the elements in phase shift matrix ©;
according to the Eq. (33).
6: Update permutation matrix J,. and J;.
7: Continue until the maximum number of iterations is
reached or the increase in the objective value is smaller
than threshold e.
8: Update the optimal value of phase shift matrix
Opt,1,p and wyy,.
end for
9: Update the phase shift matrix for each sector ®; =
Diag{®y,---,0p}.
10: Output the overall phase
Diag{@h ) @L}

shift matrix @ =

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

0, =—(£[0"], + Z[Gw];), i=1,2,...,N (29)

and the beamforming vector w can be designed using
Maximum Ratio Transmission (MRT) beamforming method
as an example?:
(hHeac)"
[hHOeG]
Then, we can apply alternating optimisation between ® and
w in order to find their optimal values.

When the optimal phase shift matrix ®,p, and beam-
forming vector w,p¢ are obtained by alternating optimization
(AO) method [41], the achievable rate is given by

P, 2
Ryiiso = log, (1 + ;; ’hHeoptGwopt’ ) . (31)

(30)

W =

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 [21], let us consider a RIS with L sectors and
elements in each sector are divided into B groups, each with
group size of GG. The channel gain in this case can be written
as

~ 2 LB
’hHQGw‘ =SS |HET, 0,0 Grewi[t . (32)

1=1 b=1

2 Any beamforming method can be applied in practice.

VOLUME

where J,, € CV*¥ 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 /th sector G;,w; ;, in
ascending order. Additionally, J; € CN*¥ is a permutation
matrix multiplied by the right of the row vector, which sorts
the amplitude of the row vector H}', in ascending order. The
AO algorithm is presented in Algorithm 1.

The elements in the phase shift matrix ©;; is designed
as follows

- (4 [HL3,], + 4[JtGl,bwLb]i) . i=1,2,...,N
(33)
and the beamforming vector can be written as

H
(HH,3,0.,3.G1,)

(34)

Wiy =

|H1,3,00,0,Gu |

B. Beamforming Design for Multi-User MIMO System

In a multi-user MIMO system, the BS has M antennas
communicating with K single antenna users. The system’s
sum rate is given by

= P
Ramvo = Y log, (1 e
k=1

UT 13

2
h?@kaﬁk‘ ) . 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 [23]. The problem of maximizing the
achievable rate can be written as
2
s, S || eGwv A
st Jlwi||=1,k=1,2,.... K
Mt...+=Lk=12,... K
© = Diag{e’?, ei%, ... e/}
0<0;<2m, i=12,...,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 [21].

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

K 2

mgXZk:1 ||hE®GH
s.t.  © = Diag{e’?,ei% ... N1
0<6,<2r, i=12..N.

(37)

We can apply the SDR to solve this problem. By defining
a column vector q = [e/%1,e7% ... e/¥]T, (37) can be
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written as
max 25:1 HthQGHQ = mgxz,iil ‘‘qHDiag{hI,f}G‘‘2
= mczlxx Zszl qHQk'IJqu

=maxq (T2, ®x®])q,
(38)
where ®;, = Diag{h}G.

Then, (38) becomes a non-convex quadratically con-
strained program (QCQP), which can be solved by defining
Q = qq” satisfying Q = 0 and Rank(Qopt) = 1. Since the
rank-one constraint is non-convex, the SDR can be applied
to relax the constraint, which can be written as

m(ngr ((Zkkzl ‘I‘ktIZ'I,;I) Q)
st. Q>0
11Qliil =1,

The optimal solution of (39) can be represented as Qopt,
which can be found by using some existing tools such as
CVX [42]. The optimal vector can be defined from Qp¢ by
eigenvalue decomposition as qepy = e?“P1 and p; is the
eigenvector corresponding to the largest eigenvalue.

(39
i=1,2,...,N.

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{¥1,9,---,9}, (40)

where 9, € CNv*Nv | = 1,2,...,L is the phase shift
matrix of each sector. The channel matrix can be represented
as

hi, , b, hi; 5
hi,, hi, th B

h = I’ I’ PR (41)
hil ,, hi,, hil | p
G=[g11,81.2---,8L.B), (42)

where hyf, € C*% k = 1,2,...,K, | = 1,2,...,L,
b=1,2,..., B represent the channel from the bth group in
the Ith sector of the RIS to the kth user, and g;;, € CGsxM
is the channel from the BS to the bth group in the Ith 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

2
L K L B
St amax S, S T | 00|

s.t. Y, = Diag{e/V1, efV2 .. elVc:}
0<60;<2m, 1=1,2,...,N,.
(43)
Then, the SDR can be applied to solve this problem. By
defining a column vector q;;, = [e/V1, V2 ... elVe:|H,

(43) can be written as
2
L K B H
P Hg}X D kel Dbt Hhk,z,bﬂl,bghbH

~ 2
= e e, )‘hﬂz,bJr,z,bﬂlJt,ubghb"
L K B
=D 051 Dokem1 Dbt q{:lb(I)k,l7b(I)kH,l,bql,b

= ZZL:I 25:1 qﬁb(Z?:l 'I’k,hb‘I’kH,l,b)qhb»

(44)
where (I)k,l,b = Diag{hgl)bJr,l,b}Jt,l,bgl,b, and (I)k,l =
Diag{®r11, -, Pr,B}.

The permutation matrices J; and J,. 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
amplitudes of multiple users in each sector. Explicitly, J;
is sorted based on the vector g, = &= Z%:l |gi.6.m| in
ascending order and J, is sorted based on the vector h; =
+ Zle |hy | in ascending order. More specifically, the
optimization problem of the phase shift matrix in each sector
in (44) becomes a QCQP, which can be solved by defining
Qip = q159/%, satisfying Qup, = 0 and Rank(Qqp.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 Tr ((Zle @k,z,béﬁl,b) Ql,b)
1,b

st Qup =0,
[Qu)iil =1,

The optimal solution of q; op¢ can be acquired from the
optimal solution in (45), where Q;p opt can be eigenvalue
decomposed as qy 4 opt = e?4P1_where p; is the eigenvector
corresponding to the largest eigenvalue. The phase shift
matrix can be represented as ¥ opt = J-Diag{qip opt }J:-

However, there may also be such situations that certain
sectors 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 €/% on the diagonal, that is 9, = Diag{e’?,... e/} €
C'*% and 9, = Diag{9;1,...,9;, 5} € C*Nv. The phase
shift matrix of the whole system @, 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 Heq, = HHG)OptG =
USVH. The transmit beamforming matrix W is designed
based in the first K columns of V, that is Wy = V&K
The power allocation matrix A can be calculated based on
the water-filling method [35]. Finally, the achievable rate can

(45)
i=1,2,...,N,.
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be represented as

P,
Ryiivo = log, (I + o_;HequwoptAwitHglu> . (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
discuss 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 N,, 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=+vPrHI®Gs +n
= /Pro.o,HEO®Gs + n.
The corresponding received signal power can be derived

as ~ ~
PR = |\/PTQthHH@G‘2

(47)

~ ~ 48
= Pro.o.|H?OG|% (48)
Since ||®]| = 1, (48) can be written as
N
Pr = Provo,()_[H"),[G],)*. (49)
i=1

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

Pr = Pro:0.E(( ZZZ\; aibi)?)
= Proor Yoy E(a?)E(H?)

+ 2300 30 B0 B () E(a (b)),
(50)
where a; and b; represent the amplitude of the ith element
in channel H and G, respectively.

If we set the parameter for the Rician channel as xp, =
kg = 0, a; and b; follow the Rayleigh distribution and we
can compute their mean values as

NZ3

5 (5D

(52)
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FIGURE 6. Comparison of the achievable average power in SISO system
under Rayleigh channel.

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

2
™
— 53
16 )s (53)
where g; and g, are the average pathloss in H and G, which
can be represented as

pR:PTzétér(N"'N(N_l)

] L/2 ] L/2
Ot = T/QZQ“’ Or = T/QZer.
=1 =1

In Structure 5 with Gy = N, the average received power
can be computed as

Pr = Prowa - E((XiL, ambe)?)
= Prow, X E(af,) (V)
N—1N
+ 2300 2jmi E(a) )E (b)) E(a) )E (b)),
(55
where a(;) and b;) represent the sequence of the sorted
value of the amplitude of channel H and G in ascending

order. According to Cauchy-Schwarz inequality, (55) can be
expressed as

Pr = Pro.o,.E(( Zf\; agyb)?)
< ProB((Y, a?i))(zzj'vzl b))

where the equality sign in the above inequality is only
established when a(;y = b(;). When N — oo we can get

(i [
a) = b = Fo.! (N) =, (N)

where F,;!(-) and bel() represent the inverse CDF of a(;
and b(;). When N — oo, the average received power can be
represented as

Pr = Proio-E(( Ziv:1 a%i))(z'fil b%i)))
= ProoB( L, ¢ E(CL, )
= Proco-N?.

Hence, when the number of RIS elements approaches
infinity, Structure 5 can achieve similar rate value to the

fully connected architecture. From the perspective of circuit
design complexity, the proposed architecture is less intricate

(54)

(56)

(57)

(58)

11
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TABLE 3. Number of switches used in different structures (Stru. refers to Structure defined in Table 2).

At \ Aty Independent Gy =2,B = Ny/2 Gy =3,B=Ny/3 Gy=Ny,B=1

Opposite-link Nz X Ny Nz X Ny + Gs X Ny Nz X Ny +Gs X Ny Nz X Ny + N;
(Structure 2) (Structure 3) (Structure 3) (Structure 3)

Full-link N2 x Ny N2 x Ny + Gs x Ny N2 x Ny + Gs x Ny N2 x Ny + N2
(Structure 4) (Structure 5) (Structure 5) (Structure 5)

compared to the fully connected structure, yet it can attain
a comparable performance.

In [36], the author also proposed a tree connected ar-
chitecture that is also available in the BD-RIS structure
for enabling similar performance as that of the fully con-
nected architecture. The tree connected structure achieves
the performance with a large number of tunable impedance
components, while also requiring a lower complexity com-
pared to the fully connected structure of [20]. On the
other hand, using switches in our proposed design require
a reduced energy consumption compared to the tunable
impedance components [38] [39]. Relying on using RF
micro-electromechanical systems (MEMS) [40], 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 Figure 6, we plot the received power of the theoretical
value derived in (58) and the simulation value under the
SISO system with user roaming distance Rp = 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 = N, x N,. 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 hard-
ware 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
determined 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 G,(Gs — 1) x B,
where G represents the group size, and B = % 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 Ny x Ny + G5 x Ny, + G4(Gs — 1) x G,
and N2 x N,, respectively. In the proposed structure, with
N, = L = 6, as long as the group size is G5 < 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
performance in realistic communication environments.

In our proposed systems, each user is jointly served by
L/2 sectors simultaneously, whereas in [29] 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 [29],
when the signal incident angle changes.

We define the z-y-z axes on the RIS structure, as shown
in Figure 7. To explore the effect of changes in the angle
between the user and the fixed sector’s normal line, we
calculate the theoretical gain difference between our pro-
posed multi-sector-cooperative RIS and the single-sector-
single-user RIS proposed in [29], at angles ¢; of O degrees,
15 degrees, and 30 degrees. As shown in Figure 7, in the
proposed multi-sector-cooperative RIS, ¢ and ¢3 change
correspondingly as the user moves. The user starts moving
from the positive direction of the y-axis and rotates clock-
wise. A rotation matrix is used to calculate the new direction
vector after rotation, which is represented as

sin(t)} .

cos(t)

cos(t)

R(t) = [— sin(t) (59)
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user located on the normal of
center section

FIGURE 7. User-RIS angular relationships.

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 ¢ degrees

is given by
=m0 [ = [

The normal vector of the three sectors can be represented
as ny = [~ 1), n; = [0,1] and ny = [¥L2, 1], re-
spectively. As v(t) and n; are both unit vectors, the angle
between the user and each normal vector can be calculated

by

(60)

V(t) -1
cos ¢pi(t) = ——— = v(t) - n,.
0= @ =¥ ™
Furthermore, the pathloss between the path from the ¢th
sector to the user can be expressed as

(61)

_ Fp A, _ 2(atl)cos® ¢i(—uy)T (- qu)sasy
Q¢, — 4nd? T Ard3
= % cos® ¢;|qu| cost (62)
= f(d) cos® ¢; cost,
where f(d) = %. Note that the pathloss gain in

[29] can also be represented by o4, 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(2) = [0, 1) [, 4] = 3. cos(61) = [0,1]-[0.1] = 1.

1
22 2’
and cos(¢3) = [0, 1] @, %] = 1. When a = 2.5, we have
06, = 04y = 0.1768p,, = 0.1768f(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(¢z) = [sin(15°),cos(15°)] -

—@,% = sin(15°) - —73 + cos(15°) - %, cos(¢y) =
sin(15°), cos(15°)] - [0,1] = cos(15°), and cos(¢s) =
[sin(15°), cos(15°)] - [@,% = sin(15°) - %2 + cos(15°) - L.

When a = 2.5, 04,
When t = 30°, the user direction vector is v(30°) =
[sin(30°), cos(30°)]. The user and each sector normal angle

0.886£(d), 04, ~ 0.389f(d) and

can be represented as cos(¢z) = [sin(30°),cos(30°)] -
T R
[sin(30°),cos(30°)] - [0,1] = 2, and cos(¢s) =
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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).

22 272 2

a = 2.5, we have g4, = g4, =~ 0.604f(d), and g4, = 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 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
support 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. Figure 8 presents the simulation results showing how
the number of RIS elements varies as users roam at different
angles and distances, with d = 30m, when the BS antenna
M =1 and o = 2.5. Figure 8 compares the multi-sector
cooperative RIS system with a single-sector-single-user RIS
scheme, which further supports our performance analysis
above.

[sin(30°), cos(30°)] - [\/g 1} = l'ﬁ—kﬁ-% = @ When
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TABLE 4. Parameters Used in Simulation

Parameters | Function
L Number of sectors in RIS
M Number of antennas at BS
N Number of elements in RIS
P Total transmit power (mW)
0’,% Noise power (dBm)
« Beam factor in radiation pattern function
D The largest dimension of the radiator (m?)
dz, dy Size of each element along the x-axis and y-axis (m)
dy Distance from BS to the center of RIS structure (m)
Rp Roaming distance of users (m)
A Wave length (m)
Racian factor of the fading channel (dB)
- - Stru.1 x=5dB
—O—Stru.l x=0dB
-€)-Stru.1 k=-10dB
___6]- - Strud x=5dB :
E —¥—Strud x=0dB
= 5 --X-»smm #=-10dB 2 1
&, 7 |- £A- stru5 k=5dB A
& . —ﬁ—Stru.S K=0dB | AR B .3% |
9 =-4X-'Stru.5 k=-10dB / ) U 2
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< 37 1
Q
=
L2 1
2
1 L 4
0
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FIGURE 9. Comparison of the achievable rate in MISO system, when
varying the Rician factor and the RIS architecture.

VL. SIMULATION RESULT
In this section, we present the simulation results of the
achievable rate of our proposed RIS architecture (L = 6),
compared with the STAR RIS architecture (L = 2) and con-
ventional RIS architecture for different connection structures.
The Monte-Carlo method is used with 10° iterations. The
parameters used in the simulation are listed in Table 4.
The simulation results in Figure 9 to Figure 15 show
the performance for the single-user MISO system, while
in Figure 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 Figure 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 d; = 51m, the total transmit power
is P, = 50mW, the noise power is 0’% = —90dBm, and the
beam factor in the radiation pattern function is o = 2.5 [32].
We denote the total number of elements in the RIS as N,
and the size of each element along the z-axis and y-axis is
d, and d,, respectively.

7 |- €3 - Stru.l dx=dy=\/6
—O—Stru.l dx=dy=\/3
—{>Stru.l dx=dy=\2
- ¥ - Strud dx=dy=\6
—¥—Strud dx=dy=\/3
== Strud dx=dy=X\/2 -
- - Stru.5 dx=dy=\6 -“:',
—A— Stru5 dx=dy=N/3 ,%"

- Strus dx=dy=)12

=

nm

-

w

~

Achievable rate (bps/Hz)

FIGURE 10. Comparison of the achievable rate in MISO system, when
varying the size of RIS elements and the RIS architecture.
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FIGURE 11. Comparison of the achievable rate in MISO system, when
varying the user radius distance and the RIS architecture.

In Figure 9, we compare the achievable rate versus the
number of RIS elements with different Rician factor x and
different connection schemes, where the size of the RIS
elements is d, = d, = A/2 and the user radius distance
is Rp = 30m. We can observe that the proposed Structure
5 with G = N, can perform better than the Structure 4 and
Structure 1. When the Rician factor increases from —10dB
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 Figure 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 Rp = 30m and the Rician factor is kg = kn, = 0dB.
Observe that structure 5 with G, = N, 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 Figure 11, we set the Rician factor of the fading channel
as kg = Kn, = 0dB and the size of the RIS elements as
d, = d, = \/2, where we can observe that all schemes have
a better performance when the user is closer to the RIS due
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FIGURE 12. Comparison of the achievable rate in MISO system, when
varying the RIS structures.
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FIGURE 13. Comparison of the achievable rate in MISO system, when
varying the channel estimation error and the RIS architecture.

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

In Figure 12 we compare the achievable rate versus the
number of RIS elements with different connection schemes
under different RIS structures. In this simulation, the user ra-
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gl —&— Structure 2 |
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FIGURE 14. Comparison of the achievable rate in MISO system, varying
the RIS structures when G, = 3.
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FIGURE 15. Comparison of the achievable rate in MISO system, varying
the RIS structures when G, = 6.

dius distance is Rp = 30m, the Rician factor is kg = Kn, =
0dB, and the size of the RIS elements is d, = d, = \/2.
We can observe 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 Figure 13, when considering imperfect Channel State
Information (CSI), the channel estimates from the BS to RIS
and RIS to user are represented by g,, = gm + gm,e and
flf = hf + hﬁe, respectively, for m = 1,2,..., M and
k =1,2,..., K. The channel estimation error components
9Im,e and th’e both follow a complex normal distribution
CN(0,01), where o denotes the variance of the estimation
error [43] [44]. As demonstrated in Figure 13, the per-
formance of our proposed RIS architecture surpasses that
of the conventional RIS design across all considered values
of the channel estimation error variance o. This highlights
the superior robustness and effectiveness of our proposed
structures.

The simulation results shown in Figure 14 and Figure 15
are related to the single-user MISO system. In Figure 14
and Figure 15 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 G5 = 3 and G5 = 6,
respectively. In this simulation, the user radius distance is
Rp = 15m, the Rician factor is kg = kn, = 0dB, and
the size of the RIS elements is d, = d, = A\/2. We
can observe that Structure 5 achieves the best performance,
while Structures 3 and 4 perform similar in both G, = 3
and G5 = 6 cases. From Figure 14 and Figure 15 we
can see that as the group size (G5 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
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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).
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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).

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 Figure 16.

In Figure 16, we compare the number of switches in-
tegrated in each structure. As seen from Figure 14 and
Figure 15 we can find that the Structure 3 can achieve a sim-
ilar performance to that of Structure 4, while the hardware
complexity of both structures can differ by over twenty times
as shown in Figure 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 Figure 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 Rp = 30m, the Rician

factor is kg = Kkn, = 0dB, and the size of each RIS element
is d, = d, = A/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.

VIl. CONCLUSION

In this paper, we proposed novel RIS architectures based
on the beyond diagonal RIS structure, with their corre-
sponding circuit designs, switch array control matrices, and
beamforming designs. Based on these models, we compared
the system rates, circuit complexity, and gains provided
by different architectures, when the users and the RIS are
in various positions. We also jointly optimized the trans-
mit beamforming 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 ar-
chitecture. Moreover, the simulation results verified that the
performance of the proposed 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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