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Abstract—Reconfigurable intelligent surfaces (RIS) constitute a
promising technology for future wireless communications in terms of
improving the spectral-efficiency and energy-efficiency. In this context, a
novel RIS structure, which we refer to as coordinated RIS architecture,
is formulated, where different RIS elements can be connected by
configurable impedances to eliminate the channel fading. In the proposed
RIS architecture, both the RIS element connection pattern and the
configurable impedances can be optimized, based on the channel state
information (CSI). The proposed architecture exhibits higher optimiza-
tion flexibility than the state-of-the-art single-connected RIS architecture
and group-connected RIS architecture, where only the configurable
impedances can be optimized. Specifically, when considering base stations
(BS) having a single antenna, the maximal ratio combining (MRC) crite-
rion may be harnessed for designing the RIS element connection pattern,
while in the case of multiple BS antennas, the alternating optimization
algorithm may be employed for iteratively optimizing the BS’s active
beamforming vector and the RIS’s passive beamforming matrix. Our
numerical results show that the proposed coordinated RIS architecture
achieves higher power gain than the group-connected RIS architecture
having the same number of configurable impedances. Furthermore, the
power gain in our proposed RIS architecture tends to that of the fully-
connected architecture upon increasing the number of RIS elements,
while requiring significantly fewer configurable impedances.

Index Terms—Reconfigurable intelligent surfaces (RIS), coordinated
RIS, maximal ratio combining (MRC), alternating optimization.

I. INTRODUCTION

One of the potential technologies designed for next generation
wireless communications, namely reconfigurable intelligent surfaces
(RIS), are constituted by software-controlled metasurface composed
of a large number of passive reflecting elements which are capable
of beneficially configuring the phase shift and amplitude of the
impinging signals [1]. The employment of RISs has been shown to
be beneficial in terms of extending the coverage to realize ubiquitous
connection, combating channel fading, enhancing spectral efficiency,
mitigating inter-user interference, etc [2].

In [3], Wu and Zhang formulated a joint beamforming scheme
for RIS-assisted wireless systems, where the active beamforming at
the base station (BS) and the passive beamforming at the RIS are
jointly optimized for minimizing the transmit power subject to the
received signal-to-interference-plus-noise ratio (SINR) constraints.
For single-input-single-output (SISO) systems, the closed-form RIS
beamforming matrix was mathematically derived, while for multiple-
input-single-output (MISO) systems and multiple input multiple
output (MIMO) systems, the alternating optimization and semidefinite
relaxation (SDR) methods have been employed for finding the
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optimal or near-optimal solutions [3]. Furthermore, employing RISs
has also been widely researched in a range of emerging areas, such
as unmanned aerial vehicles (UAV) [4], Terahertz (THz) communi-
cations [5], integrated sensing and communications (ISAC) [6], etc.

The RIS elements in the above treatises are single-connected,
where the signal impinging on a specific element can only be reflected
from the same element after its phase/amplitude configuration. More
specifically, there is no connection and coordination between different
RIS elements, hence the potential of RIS is not fully exploited.
In [7], Shen et al. proposed a novel RIS model, namely the group-
connected RIS architecture, where the set of RIS elements is divided
into multiple groups. In each group, the RIS elements are connected
with each other, which means that the signal impinging on a specific
element can be split and reflected from other elements in the same
group. It was demonstrated that when the group size is the same
as the total number of RIS elements, which was referred to as a
fully-connected architecture, its power gain is 16

π2 times that of the
single-connected RIS architecture under the Rayleigh fading channels
in SISO systems. This was achieved at the cost of requiring more
configurable impedances in the RIS circuits. In [8], Li et al. proposed
a hybrid RIS architecture, where the RIS elements are placed on
both sides of the plane to realize both reflection and refraction
of the impinging signals. To achieve increased channel gain, the
RIS elements are group-connected or fully-connected. In [9], this
philosophy was extended to the multi-sector mode RIS architecture,
where the RIS elements are spatially distributed on a polyhedron
to realize three-dimension full-space coverage. In [10], we proposed
a novel RIS architecture, where the incident signal impinging on a
specific element can be reflected from another element according to
a predefined routing, which is designed based on the channel state
information (CSI) of the BS-RIS link and RIS-user link. It was shown
that the power gain in our proposed RIS architecture is higher than
that of the group-connected RIS architecture, and approaches that
of the fully-connected RIS architecture, while requiring the same
number of configurable impedances as the single-connected RIS
architecture.

However, there are some limitations in the RIS architectures
of [7], [8], [9], [10]. Firstly, in [7], [8], [9], the group partitioning
is only based on the position indices of the RIS elements, which is
not optimized based on the CSI. Secondly, in [10], the predefined
routing is a one-to-one mapping. To deal with the above issues, our
new contributions are as follows:
• We propose a novel structure, which we refer to as coordinat-

ed RIS architecture, where the signals impinging on specific
elements can be reflected from other elements under some
predefined routing. In contrast to [10], this routing is a group-
to-group mapping, instead of being a one-to-one mapping.
Therefore, a higher power gain can be achieved compared to
the RIS architecture of [10]. Furthermore, the group-to-group
mapping is optimized according to the CSI of the BS-RIS link
and the RIS-user link, instead of solely optimizing the position
indices of the RIS elements, which reveals that our proposed
coordinated RIS architecture outperforms the group-connected
RIS architecture of [7].

• The maximal ratio combining (MRC) criterion is employed to
design the routing of group-to-group mapping, which exploits
the CSI of the RIS-related links. Furthermore, we show how
to jointly optimize the BS’s active beamforming and the RIS’s
passive beamforming to maximize the power gain.

• The power gain of our proposed coordinated RIS architecture
is verified by numerical simulations. We demonstrate that the
coordinated RIS architecture achieves higher power gain than the
group-connected RIS architecture having the same group size.
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Furthermore, the power gain of our proposed coordinated RIS
architecture tends to that of the fully-connected RIS architecture
upon increasing the number of RIS elements, while requiring
significantly fewer configurable impedances.

Notations: Vectors and matrices are denoted by boldface lower
and upper case letters, respectively; (·)H represent the operation of
Hermitian transpose; Cm×n denotes the space of m × n complex-
valued matrices; an represents the nth element of vector a; IN
represents the N ×N identity matrix; diag{a1, a2, · · · , aN} denotes
a diagonal matrix with the diagonal elements being a1, a2, · · · , aN in
order; ‖x‖ and ‖X‖ represent the Euclidean norm of vector x and the
Frobenius norm of matrix X respectively; CN (µ,Σ) is a circularly
symmetric complex Gaussian random vector with the mean µ and the
covariance matrix Σ; [a1; a2; · · · ; aN ] represents an N × 1 column
vector while [a1, a2, · · · , aN ] represents a 1×N row vector.

II. SYSTEM MODEL

Our RIS-aided wireless communication system model is shown in
Fig. 1, which includes a base station (BS) having M antennas, a
single-antenna user equipment (UE) and a RIS having N elements.
We assume that the direct BS-UE link is blocked and only the RIS-
aided two-hop link supports signal propagation. We denote the large
scale fading of the BS-RIS link and the RIS-UE link as %h and %g,
respectively, and the small scale fading of the BS-RIS link and the
RIS-UE link as H = [h1,h2, · · · ,hM ] ∈ CN×M , and gH ∈ C1×N ,
respectively, where hm ∈ CN×1 denotes the CSI of the link spanning
from the mth BS antenna to the RIS. We assume that the CSI, i.e. H
and gH, is known at the BS. In practice this is acquired by channel
estimation [11]. Upon referring to [12], [13], we assume that both
hm and g obey Rician fading, given by

hm ∼ CN (

√
κh

1 + κh
hm,

√
1

1 + κh
IN ), (1)

g ∼ CN (

√
κg

1 + κg
g,

√
1

1 + κg
IN ) (2)

where hm and g are the line-of-sight (LoS) components. We focus
our attention on the downlink and denote the signal transmitted by
the BS as s ∈ C1×1. Then, the signal received at the UE becomes:

r =
√
ρ%h%ggHΦHvs+ w, (3)

where ρ is the transmit power, v is the BS’s active beamforming
vector satisfying ‖v‖ = 1, w ∼ CN (0, σ2

w) is the additive noise at
the UE, and Φ denotes the RIS’s passive beamforming matrix. We
define the power gain at the receiver due to the RIS as [7]

G = ‖gHΦHv‖2. (4)

In the following, firstly the state-of-the-art diagonal single-
connected RIS architecture and block-diagonal group-connected RIS
architecture are presented. Then, we introduce our proposed non-
diagonal coordinated RIS architecture.

A. Conventional single-connected RIS architecture

Again, in the conventional single-connected RIS architecture, the
signal impinging on the nth element only can be reflected from the
nth element [3]–[6], [14]. Therefore, the RIS’s beamforming matrix
Φ is diagonal, given by

Φ = diag {φ1,1, φ2,2, · · · , φN,N} . (5)

Since the RIS is passive without power amplification, it satisfies the
constraint that ‖φn,n‖2 = 1 for n = 1, 2, · · · , N . For example,

BS

UE

Blocks

H

H
g

RIS

RIS controller

Fig. 1: System model of the considered RIS-aided wireless commu-
nication system.
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Fig. 2: An example of the transmission line model of (a) the single-
connect RIS architecture, (b) the group-connected RIS architecture,
and (c) the coordinated RIS architecture.

when N = 6, the classic transmission line model [15] of the single-
connected RIS architecture is shown in Fig. 2 (a), where xn and
yn represent the incident signal and the reflected signal at the nth
RIS element, respectively. Furthermore, Zn,n is the configurable
impedance in the nth RIS element, given by Zn,n =

1+φn,n

1−φn,n
Z0,

where Z0 is the free-space impedance [7].

B. Group-connected RIS architecture

Since the RIS elements of the conventional RIS architecture are
single-connected, it cannot achieve the full potential in combating
the channel fading [7]. If there is a connection between different RIS
elements, where the incident signal impinging on the nth element can
be reflected from other elements, then it will facilitate flexible RIS
phase shift matrix designs, which can improve the attainable channel



3

gain. To achieve this goal, the group-connected RIS architecture was
proposed in [7], where the N RIS elements are partitioned into N

G

groups, with each group having G elements. In each group, the G
elements are connected to each other by configurable impedances.
Thus, the RIS’s beamforming matrix is block diagonal, given by

Φ = diag{Φ1,Φ2, · · · ,ΦN
G
}, (6)

where Φi (i = 1, 2, · · · , N
G

) represents the RIS phase shift matrix
of the ith group. For example, the transmission line model of the
group-connected RIS architecture with N = 6 and G = 2 is shown
in Fig. 2 (b) and the corresponding RIS phase shift matrix is

Φ = diag{Φ1,Φ2,Φ3}, (7)

where Φ1 =

[
φ1,1 φ1,2

φ2,1 φ2,2

]
, Φ2 =

[
φ3,3 φ3,4

φ4,3 φ4,4

]
and Φ3 =[

φ5,5 φ5,6

φ6,5 φ6,6

]
. Furthermore, Zn1,n2 is the configurable impedance

for the wave incident on the n2th RIS element and reflected from
the n1th RIS elements, as shown in Fig. 2 (b), given by Zn1,n2 =
1+φn1,n2
1−φn1,n2

Z0.

Since the RIS is passive, we have to satisfy ‖Φi‖2 = 1 for
i = 1, 2, · · · , N

G
. In the single-connected RIS architecture there are

only N configurable impedances, while in the group-connected RIS
architecture there are GN configurable impedances, hance improved
configuration flexility can be achieved in the group-connected RIS to
achieve high power gain. As a special case, when G = N , there will
be N2 configurable impedances and the RIS architecture becomes
fully-connected.

C. The proposed coordinated RIS architecture

Although the group-connected RIS architecture achieves increased
power gain by employing more configurable impedances to connect
the different RIS elements, it still cannot achieve the full potential of
RIS, because the RIS elements are grouped by their natural indices
instead of based on the CSI of H and gH. For example, in Fig. 2
(b), the incident waves (x1, x2), (x3, x4) and (x5, x6) are assigned
into three different groups, and the reflected waves (y1, y2), (y3, y4)
and (y5, y6) are assigned into three different groups. Then, we can
characterize this element connection mapping as

M :
{x1, x2} → {y1, y2}
{x3, x4} → {y3, y4}
{x5, x6} → {y5, y6}

. (8)

Since the element connection mapping is fixed in the group-connected
RIS architecture, it may not be optimal. On the other hand, the
power gain can be further improved if we can optimize the element
connection pattern. Therefore, we propose the coordinated RIS archi-
tecture, where not only the impedances can be configured, but also
the element connection pattern can be optimized based on the CSI
realization encountered, which can bring about improved configurable
flexibility to achieve increased power gain. In the practical hardware
circuit, a potential implementation of the group mapping can be
realized by switch arrays using RF micro-electronmechanical systems
(MEMS) [10].

For example, when N = 6 and G = 2, we assume that the optimal
elements connection mapping in a specific CSI realization is

M :
{x6, x2} → {y4, y6}
{x1, x4} → {y5, y2}
{x3, x5} → {y3, y1}

. (9)

Note that this mapping is just shown as an example and the real
selected optimal elements connection mapping based on the CSI

realization will be discussed in the next section. Then the transmission
line model of the RIS architecture is given in Fig. 2 (c) and the
corresponding RIS’s beamforming matrix is given by

Φ =



0 0 φ1,3 0 φ1,5 0
φ2,1 0 0 φ2,4 0 0
0 0 φ3,3 0 φ3,5 0
0 φ4,2 0 0 0 φ4,6

φ5,1 0 0 φ5,4 0 0
0 φ6,2 0 0 0 φ6,6

 = JrΦ̃Jc, (10)

where Φ̃ = diag{Φ̃1, Φ̃2, Φ̃3} with Φ̃1 =

[
φ4,6 φ4,2

φ6,6 φ6,2

]
,

Φ̃2 =

[
φ5,1 φ5,4

φ2,1 φ2,4

]
, and Φ̃3 =

[
φ3,3 φ3,5

φ1,3 φ1,5

]
. Jr =

[e4, e6, e5, e2, e3, e1] and Jc = [e6, e2, e1, e4, e3, e5]
H are row

permutation matrix and column matrix, respectively, in which en is an
N ×1 vector with the nth element being 1 and other elements being
0. In the group-connected RIS architecture, the permutation matrices
Jr and Jc are fixed as IN , while in our proposed coordinated RIS
architecture, the permutation matrices Jr and Jc can be optimized
based on the CSI realization.

Since the RIS is passive, we need to satisfy ‖Φi‖2 = 1 for i =
1, 2, · · · , N

G
in our proposed coordinated RIS architecture. In Fig.

2 (c), we can find that the number of impedances is the same as
that of the group-connected RIS architecture in Fig. 2 (b). However,
the element connection mapping in our proposed coordinated RIS
architecture can be optimized, which is promising to provide higher
power gain.

III. BEAMFORMING DESIGN

In this section, we present the design of active beamforming v at
the BS and the passive RIS phase shift matrix Φ at the RIS based
on the CSI.

A. Single BS Antenna

When the BS has a single antenna, i.e. M = 1, the BS-RIS channel
matrix H ∈ CN×M is degenerated to the vector h ∈ CN×1, and the
BS’s beamforming vector is fixed as v = 1. In this case, the received
signal at the UE in (3) will be

r =
√
ρ%h%ggHΦhs+ w, (11)

and power gain in (4) will be

G = ‖gHΦh‖2. (12)

Here, our purpose is to design the RIS’s beamforming matrix Φ to
maximize the power gain in (12).

1) Conventional single-connected RIS architecture: In the con-
ventional single-connected RIS architecture, the optimal φn,n in the
RIS’s beamforming matrix in (5) can be obtained as [2]

φn,n =
gn
‖gn‖

hH
n

‖hn‖
. (13)

2) Group-connected RIS architecture: We denote the elements in
the channel vector h corresponding to the ith group as hi, and the
elements in the channel vector gH corresponding to the ith group as
gH
i . For example, in (7), h1 = [h1;h2], h2 = [h3;h4], h3 = [h5;h6],

and gH
1 = [gH

1 , g
H
2 ], gH

2 = [gH
3 , g

H
4 ], gH

3 = [gH
5 , g

H
6 ]. In this case, the

power gain becomes

G =

N
G∑
i=1

‖gH
i Φihi‖2. (14)
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According to the Cauchy-Schwarz inequality, we can get

‖gH
i Φihi‖ ≤ ‖gH

i Φi‖ · ‖hi‖, (15)

where the equality is established only when gH
i Φi = αhi, where

α 6= 0. Since ‖Φi‖2 = 1, the optimal Φi can be obtained as [7]

Φi =
gi
‖gi‖

hH
i

‖hi‖
. (16)

3) The proposed coordinated RIS architecture: In our proposed
coordinated RIS architecture, firstly we have to select the optimal
element connection pattern M, i.e. the row permutation matrix
Jr and the column permutation matrix Jc. Then, based on the
selected element connection patternM, we optimize the configurable
impedances, which corresponds to the block diagonal matrix Φ̃.

Firstly, according to the MRC criterion, the power gain can be
maximized when the mapping between the incident wave and the
reflected wave is designed based on the amplitude order in the
vector h and g. Specifically, we denote h̃ as the vector h sorted
in a descending order, given by h̃ = [h(1);h(2); · · · ;h(N)], where
h(n) is the element in vector h with the nth largest amplitude,
and we formulate the index vector p as p = [p1; p2; · · · ; pN ],
where pn is the index of element h(n) in the vector h. Similarly,
we denote g̃ as the descending-order-sorted vector of g, given
by g̃ = [g(1); g(2); · · · ; g(N)] and denote the index vector q as
q = [q1; q2; · · · ; qN ] where qn is the index of element g(n) in
the vector g. Based on the MRC criterion, the element connection
mapping obeys

M :

{xp1 , · · · , xpG} → {yq1 , · · · , yqG}
{xpG+1 , · · · , xp2G} → {yqG+1 , · · · , yq2G}

...
{xpN−G+1 , · · · , xpN } → {yqN−G+1 , · · · , yqN }

. (17)

Based on the group mapping M, the corresponding row permu-
tation matrix and column permutation matrix are given by Jr =
[eq1 , eq2 , · · · , eqN ] and Jc = [ep1 , ep2 , · · · , epN ]H, respectively.

Once the row permutation matrix and column permuta-
tion matrix are determined, the bock diagonal matrix Φ̃ =
diag{Φ̃1, Φ̃2, · · · , Φ̃N

G
} can be designed similar to the case of the

group-connected RIS architecture. Specifically, Φ̃i is given by

Φ̃i =

 φq(i−1)G+1,p(i−1)G+1
· · · φq(i−1)G+1,piG

...
. . .

...
φqiG,p(i−1)G+1

· · · φqiG,piG


=

g̃i
‖g̃i‖

h̃H
i

‖h̃i‖
, (18)

where h̃i = [h̃(i−1)G+1; · · · ; h̃iG] = [h(p(i−1)G+1)
; · · · ;h(piG)] and

g̃i = [g̃(i−1)G+1; · · · ; g̃iG] = [g(q(i−1)G+1)
; · · · ; g(qiG)]. Then, the

final RIS’s beamforming matrix Φ of our proposed coordinated RIS
architecture is given by

Φ =[eq1 , · · · , eqN ] · diag
{ g̃1

‖g̃1‖
h̃H
1

‖h̃1‖
, · · · ,

g̃N
G

‖g̃N
G
‖

h̃H
N
G

‖h̃N
G
‖

}
·[

eH
p1 ; · · · ; e

H
pN

]
. (19)

Theorem 1. Based on the MRC criterion, the power gain can be
maximized when the group mapping obeys the relationship in (17).

Proof: Based on the element connection mapping of (17) and
the RIS’s beamforming matrix Φ in (19), the power gain can be

Algorithm 1 Alternating optimization algorithm for joint beamform-
ing of MISO systems with the coordinated RIS architecture.

Input: The BS-RIS channel H, the RIS-UE channel gH, and the
group size G.

1: Get the descending-sorted vector g̃H based on gH, and derive the
corresponding row permutation matrix Jr satisfying gH = g̃HJr .

2: Set the random initial BS’s beamforming vector v satisfying
‖v‖ = 1.

3: for i = 1 to N
G

4: g̃i =
[
g̃(i−1)G+1; g̃(i−1)G+2; · · · ; g̃iG

]
.

5: end
6: Repeat
7: The equivalent BS-RIS channel h = Hv.
8: Get the descending-sorted vector h̃ based on h, and derive

the corresponding permutation matrix Jr satisfying h = Jrh̃.
9: for i = 1 to N

G

10: h̃i = [h̃(i−1)G+1; h̃(i−1)G+2; · · · ; h̃iG].
11: Φ̃i =

g̃i
‖g̃i‖

h̃H
i

‖h̃i‖
.

12: end
13: Φ̃ = diag{Φ̃1, Φ̃2, · · · , Φ̃N

G
}.

14: The RIS’s beamforming matrix Φ = JrΦ̃Jc.
15: The BS’s beamforming v = (gHΦH)H

‖gHΦH‖ .
16: Until reaching the iteration times.
Output: The optimized BS’s beamforming vector v, and the opti-

mized RIS’s beamforming matrix Φ.

expressed as

G =

N
G∑
i=1

‖g̃H
i Φ̃ih̃i‖2 =

N
G∑
i=1

‖g̃i‖2‖h̃i‖2. (20)

If we arbitrarily pick out two entries xp(t1−1)G+g1
and xp(t2−1)G+g2

and swap them in (17) with t1 < t2, a new group mapping will
be constructed. Let us denote the corresponding power gain as G′.
Therefore, we can get

G − G′ =(‖g̃t1‖
2‖h̃t1‖

2 + ‖g̃t2‖
2‖h̃t2‖

2)

− (‖g̃t1‖
2‖h̃′t1‖

2 + ‖g̃t2‖
2‖h̃′t2‖

2), (21)

where h̃′t1 = [h̃(t1−1)G+1; · · · ; h̃(t1−1)G+g1−1; h̃(t2−1)G+g2 ;

h̃(t1−1)G+g1+1; · · · ; h̃t1G], and h̃′t2 = [h̃(t2−1)G+1; · · · ;
h̃(t2−1)G+g2−1; h̃(t1−1)G+g1 ; h̃(t2−1)G+g2+1; · · · ; h̃t2G]. Then, G−
G′ in (20) can be further reformulated as

G − G′ =(|h̃(t1−1)G+g1 |
2 − |h̃(t2−1)G+g2 |

2)(‖g̃t1‖
2 − ‖g̃t2‖

2)

(a)

≥0, (22)

where (a) is based on |h̃(t1−1)G+g1 | ≥ |h̃(t2−1)G+g2 | and ‖g̃t1‖ ≥
‖g̃t2‖ since t1 < t2. Thus, the power gain can be maximized when
the group mapping is designed based on the MRC criterion in (17).

B. Multiple BS Antennas

When the number of BS antennas is M > 1, the BS’ active
beamforming vector v and the RIS’s passive beamforming matrix
Φ should be jointly optimized for maximizing the power gain. The
objective function can be formulated as

(P1) max
v,Φ

‖gHΦHv‖2

s.t. ‖v‖ = 1,
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Fig. 4: Comparison of the normalized power gain versus the Rician
factor κ for different RIS architectures.

Φ = JrΦ̃Jc, Φ̃ = diag{Φ̃1, Φ̃2, · · · , Φ̃N
G
},

‖Φ̃i‖2 = 1, i = 1, 2, · · · , N
G
. (23)

The problem (P1) can be solved by applying alternating optimization
method. Specifically, in each iteration, when the RIS’s beamforming
matrix Φ is given, the equivalent channel of the RIS-aided system
is gHΦH. Then, the BS’s beamforming can be optimized by the

MRC method, designed as v =
(gHΦH)H

‖gHΦH‖ for maximizing the power
gain [3]. By contrast, when the BS’s beamforming vector v is given,
the equivalent channel link spanning form the BS to the RIS is
given by h = Hv, and then the RIS’s beamforming matrix can
be optimized in a similar way to the case of a single BS antenna.
The detailed process of the alternating optimization algorithm of the
joint beamforming design conceived for the proposed coordinated
RIS-aided MISO system is shown in Algorithm 1.

IV. SIMULATION RESULTS AND ANALYSIS

Firstly, we compare the hardware implementation complexity of
different RIS architectures. Fig. 3 compares the number of required
configurable impedances versus the number of RIS elements N
for different RIS architectures, including our proposed coordinated
RIS architecture, the conventional single-connected RIS architecture,
as well as the fully-connected RIS architecture and the group-
connected RIS of [7]. Fig. 3 shows the number of configurable
impedances required by the single-connected RIS architecture, the
group-connected RIS architecture and our proposed coordinated RIS
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Fig. 5: Comparison of the normalized power gain versus the number
of RIS elements N for different RIS architectures.
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Fig. 6: Comparison of the power gain versus the number of BS
antennas M for different RIS architectures, with different numbers
of RIS elements.

architecture, which is considerably lower than that of the fully-
connected RIS architecture. When the group size is G = 1, the
number of configurable impedances required for the proposed design
is the same as that of the single-connected RIS architecture. When
the group size is G > 1, the number of configurable impedances
required is the same as that of the group-connected RIS architecture
at the same value of G.

When the number of BS antennas is M = 1, in Fig. 4 we
compare the power gain of different RIS architectures, normalized
by that in the single-connected RIS architecture, versus the Rician
factors, where we have κ = κg = κh and the number of RIS
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Fig. 7: Comparison of the SINR versus channel estimation error
variance σ2

e for different RIS architectures.

elements is N = 16. The figure shows that the group/fully-connected
RIS architecture and our proposed coordinated RIS architecture
outperform the conventional diagonal RIS architecture in the low
Rician factor region. Furthermore, it also shows that our proposed
coordinated RIS architecture achieves higher power gain than the
conventional group-connected RIS architecture.

Then, the power gain of different RIS architectures in the Rayleigh
fading channel with single BS antenna, normalized by that in the
single-connected RIS architecture, versus the number of RIS elements
N is shown in Fig. 5. Observe from Fig. 5 the clear performance
gap between the group-connected RIS architecture and the fully-
connected RIS architecture. By contrast, the power gain in our pro-
posed coordinated RIS architecture is constantly higher than that of
the group-connected RIS architecture having the same group size G.
The group-connected RIS architecture has a fixed element connection
pattern, while in our proposed coordinated RIS architecture, the
element connection pattern can be optimized based on the CSI for
further increasing the power gain. Furthermore, upon increasing of
the number of RIS elements N , the power gain of our proposed
coordinated RIS architecture tends to that of the fully-connected
RIS architecture, while requiring considerably fewer configurable
impedances.

Fig. 6 compares the power gain versus the number of BS antennas
M for different RIS architectures, with different number of RIS
elements, where the Rician factor κh = κg = −10dB. Fig. 6 shows
that the power gain increases almost linearly with the number of BS
antennas. When the number of RIS elements is N = 16, our proposed
coordinated RIS architecture having G = 2 achieves almost the same
power gain as the group-connected RIS architecture having G = 8.
Furthermore, when the number of RIS elements is N = 32, the power
gain in our proposed coordinated RIS architecture is higher than that
of the group-connected RIS architecture and tightly tends to that of
the fully-connected RIS architecture.

When considering imperfect CSI, referring to [16], the BS-RIS
link and the RIS-UE link can be represented as H = Ĥ + He and
gH = ĝH + gH

e , where Ĥ and ĝH are the estimated channel links,
while He and gH

e represents the CSI estimation error component,
where each entry obeys CN (0, σ2

e). Fig. 7 represents the resulting
SINR given the error variance σ2

e for different RIS architectures,
where ρ%h%g

σ2
w

= 1. Furthermore, the Rician factor is κh = κg =

−10dB, the number of BS antennas is M = 4 and the number of
RIS elements is N = 16. It shows that our proposed coordinated
RIS architecture outperforms the conventional single-connected and
group-connected RIS architecture under any channel estimation error
variance σ2

e .

V. CONCLUSIONS

The non-diagonal coordinated RIS architecture was proposed for
mitigating the channel fading in wireless communication systems.
Since both the element connection pattern and the configurable
impedances can be optimized in our proposed coordinated RIS archi-
tecture, it achieves a higher power gain than the single-connected RIS
architecture and the group-connected RIS architecture. Furthermore,
the power gain of our proposed RIS architecture tends to that of
the fully-connected RIS architecture upon increasing of the number
of RIS elements, while requiring considerably fewer configurable
impedances.
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