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Abstract—We propose a new reconfigurable intelligent surface
(RIS) structure, referred to as interconnected RIS (I-RIS), which
allows the RIS elements to be interconnected and share the inci-
dent signals using simple binary radio frequency (RF) switches
and mix them into the reflecting signals. This structure enables
multi-user scaling and requires fewer elements (i.e., a compact
structure) compared to standard RIS (S-RIS), which assumes no
interconnection between the elements. The I-RIS compact design
makes it practical for deployment on space-limited nodes, e.g.,
unmanned aerial vehicles (UAVs). Hence, in this work, we propose
a beamforming design based on I-RIS in a multi-user network,
where we use binary RF switches as RIS elements. We show that
our switch-based I-RIS offers a higher gain compared to an S-
RIS using phase shifters. Finally, we introduce two optimization
methods, sigmoid filled function (SFF) and semi-definite binary
optimization (SBO), to optimize the RIS elements and evaluate
their performance in terms of sum-rate and complexity.

Index Terms—Beamforming, distributed transmitters, recon-
figurable intelligent surface, radio frequency switch.

I. INTRODUCTION

With the ever-increasing demand for wireless networks,
the next generation of wireless networks must improve key
performance metrics such as coverage, data rate, and spec-
trum/energy efficiency compared to the existing networks.
Reconfigurable intelligent surface (RIS) has recently emerged
as a promising technique, offering a range of advantages, in-
cluding the capability to bypass obstacles to improve coverage
and enhance data rate and spectral efficiency, all achieved in
a cost-effective and power-efficient manner [1]-[3]. RIS, an
artificial surface comprising electromagnetic material, contains
a substantial number of reflecting elements that are low-cost
and (nearly-)passive, capable of independently adjusting the
phase and/or amplitude of incident signals. By intelligently
configuring the RIS elements, it becomes possible to combine
reflected signals constructively at the intended receiver and
destructively at undesired receivers.

Due to high path loss in the transmitter-RIS-receiver link
and the passive nature of RIS, existing RISs, referred to as
standard RIS (S-RIS), rely on many elements for network
assistance; each S-RIS element acts individually, with no
interconnection between elements, leading to a diagonal RIS
matrix. However, achieving a large-size RIS is often imprac-
tical, especially in space-limited nodes, e.g., unmanned aerial
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vehicles (UAVs), where space significantly influences weight,
power consumption, and vehicle cost. Minimizing component
size and using space efficiently allows UAVs to enhance
payload/fuel capacity, agility, and extend flight times [4], [5].
As discussed above, small-size (i.e., compact) RIS is more
desired in space-limited nodes. Thus, in this paper, we propose
a new RIS structure, referred to as interconnected RIS (I-
RIS), where RIS elements have interconnection with each
other, leading to a non-diagonal I-RIS matrix. A study in [6]
proposed a single-user stacked intelligent metasurface (SIM)-
assisted network, which also generates a non-diagonal matrix.
However, our focus in this paper is on a multi-user scenario.
In I-RIS, we divide the elements into different cells and define
the elements in each cell as neighbors. Recently, [7] studied
an I-RIS, where each element receives the incident signal
and reflects it either via itself or via only one of the other
elements. However, in our work, each I-RIS element involves:
(1) sharing its incident signal with multiple of its neighbors and
(ii) reflecting a combination of the incident signals from its
neighbors toward the receivers. We show that I-RIS improves
user-scaling and requires fewer elements compared to S-RIS.
For example, our findings demonstrate that in a single-input
single-output (SISO) network serving four users, an I-RIS with
64 elements and 16 cells provides an 81% higher sum-rate than
an S-RIS with the same number of elements. Additionally, I-
RIS requires four times fewer elements to match the same
sum-rate achieved by S-RIS. The smaller size of I-RIS is
feasible due to what we call the degrees-of-control (DoC),
which captures the number of tunable parameters in RIS and
intuitively determines the gain from incorporating an RIS into
the system. Thanks to the interconnected design, I-RIS needs
fewer elements to get the same DoC than prior designs.
Beyond the issue of interconnected elements, previous
works usually used phase shifters (PSs) as RIS elements. How-
ever, simultaneously controlling the amplitude and phase of
PSs is challenging. Motivated by this, [8], [9] proposed beam-
forming techniques using radio frequency (RF) switches to
enhance performance. Consequently, we consider RF switches
as RIS elements in this work and show that our switch-
based I-RIS outperforms an S-RIS using low-bit PSs. On the
other hand, the use of RF switches introduces a non-convex
integer programming problem. To address this problem, we
propose two optimization methods: the sigmoid filled function
(SFF) method and the semi-definite binary optimization (SBO)
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method, where the former is a heuristic approach, and the latter
utilizes the successive convex approximation (SCA) method.
We compare the performance of these two optimization meth-
ods with the successive-refinement (SR) method [10] in terms
of sum-rate and complexity. Our findings reveal: (i) the SFF
method provides a higher sum-rate than the others; (ii) the
complexity of the SFF method is lower than the SBO method
and higher than the SR method.

The rest of this paper is organized as follows: Section II
demonstrates problem setting and RIS structure. Section III
presents our beamforming design, Section IV includes numer-
ical analysis, and Section V concludes the paper.

Notation: We utilize italic, bold-face lowercase, and bold-
face uppercase letters to represent scalars, vectors, and ma-
trices, respectively. We use C**® to denote the space of an
a x b dimensional complex-valued matrix. diag{a} shows a
diagonal matrix using a, Y > 0 denotes Y is a positive semi-
definite matrix, blkdiag{A,B} is a block diagonal matrix
with A and B on its main diagonal, and Diag(A) is a vector
of diagonal elements in A. Here, ||A||r denotes the Frobenius
norm of A, A; ; is the element in the i*" row and j'" column
of A, |a| is the modulus of a, and ||a|| denotes Euclidean norm
of a. Further, we use log(.), |.], tr (.), B', and B” to indicate
the logarithmic function in base 2, the floor function, the trace
function, the transpose of B, and the conjugate transpose of B,
respectively. We also denote sets using calligraphic font style,
and for a set M, | M| is its cardinality.

II. PROBLEM SETTING AND RIS STRUCTURE

In this paper, we examine an RIS-assisted network with
distributed transmitter-receiver pairs where each transmitter
aims to communicate with only one desired receiver, as shown
in Fig. 1. Further, we focus on a SISO scenario to highlight
the pure RIS gain in the network.

A. Channel Model

We denote the channels between Tx; and RIS, and between
RIS and Rx;, at time ¢ as h/(t) € CM*1 and gF(t) € C*M,
respectively, where 5,k € {1,2,...,K}, K is the number
of transmitter-receiver pairs, and M is the number of RIS
elements. We use Rician fading to model h?(t) and express
hi (t), the m*™ element of h? (¢),1 < m < M, as follows:

— th,NLoS ]LoS
Vigr ™ 1+

where £ is the Rician factor, hZ;NEoS(t) ~ CN(0, Cody ")
represents the non-line-of-sight (NLoS) component of hl (t),
and hj:LoS = Codi‘]’-‘le_j%ﬂdlvf shows the line-of-sight
(LoS) part of hi,(t), where d ; denotes the distance between
Tx; and RIS, « is the path loss exponent between them, and
A is the wavelength of the transmitted signal. We use Cj to
capture the signal loss at a reference distance, e.g., 1m. Here,
g"(t) follows Rayleigh fading whose elements are modeled as
a complex Gaussian distribution with zero mean and variance
Cody Z2, where ds ;; and o denote the distance and path loss
expoflent between RIS and Rxj, respectively.

We assume that the direct path between transmitters and
receivers is blocked. We also suppose that the channels are
independent due to the spacing of the RIS elements being at
least A/2 apart. Similar to [11], [12], we assume that channel
state information (CSI) is available globally, and beyond that,
there is no data exchange between transmitters or receivers. We
note that all operations occur within a single coherence time;
hence, we omit the time notation in the rest of this paper.

hISJ

e H 1
g[ ]\ Tx,

Tx,
A SISO network with an RIS assisting multi-user communications.

Desired signal ——>

Interference signal -----> é

Fig. 1.

B. Existing vs. The Proposed RIS Design

In this subsection, we delve into the details of two RIS
structures using RF switches. Here, each RIS element has an
arrival part that receives the incident signals from transmitters
and a departure part that reflects the signals toward receivers.

S-RIS: In this RIS, there is no interconnection between the
elements. The m™ RIS element, 1 < m < M, receives the
incident signal and then uses its binary RF switch, s,,, € {0,1}
between its arrival and departure parts, to either reflect or block
its incident signal as shown in Fig. 2(a). We define T® as the
S-RIS configuration, which is given by:

T® = diag {7°}, csar] | (2)

I-RIS: Here, we first divide RIS into M/(c x d) different
cells, where ¢ and d represent the cell size. (e.g., Fig. 2(b)
shows a 32-element I-RIS with eight cells of size (2,2).)
Without loss of generality, we suppose M is divisible by ¢ x d.
In the rest of this work, we use cd to denote ¢ X d. Next, each
element within a given cell shares its incident signal with its
neighbors in that cell, as depicted in Fig. 2(c). We define M [m]
as a cell that includes the m'" element. Then, the m'™ RIS
element uses cd binary RF switches to determine M[™ C
MM which contains the active elements in the cell obtaining
the incident signal received by the m' arrival element. The
m*™ arrival element uses a power splitter to distribute the
incident signal power uniformly across all members of M,
Then, to indicate how the m!™ arrival element connects to
the ¢t departure element, 1 < ¢,m < M, we define 74,

as: Tom = (1/ |M[m]|> S¢,m When £ € Mml conversely,

Tem = 01if £ ¢ M Here, Sem € {0,1} is a binary RF
switch between the m'™® arrival element and the /*" departure

75 =[81, 809, ...

element, and 1/4/ ‘M[m}‘ guarantees Z(Ze‘i1 ITem|> < 1,
where the inequality holds true only if all switches from the
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32-element I-RIS

32-element S-RIS

mt element Cell size: (2,2)

i m arrival m departure :
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_________________________________
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RF \V\l‘(h\ - !
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! element H I
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H
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From the 1% arrival element in M ™ —=- . |
From the 2™ arrival element in M (™ == Normalize —)@_‘ m't departure i

element

(d)

Fig. 2. (a) A 32-element S-RIS, where the mth RIS element uses an RF switch to either reflect or block its incident signal; (b) An I-RIS with 32 elements
and eight cells of size (2,2); (c) The m*" arrival element uses cd RF switches and a power splitter to share its incident signal; (d) The reflected signal from
the m*? departure element includes a combination of the incident signals at all arrival elements.

mt™ arrival element to its neighbors are zero. In this case

S0 |7em|? = 0 < 1. Then, we use T' to denote the I-RIS
configuration as:

— blkdiag {Tim,rim, . 3)

where Ti[“] 1 <u< = follows (4). We consider 7' iu] =
#ilul 4 #ilu] | For each Tuﬁ]w, 1 < wuj,ue < cd, if it is the only
non-zero element in the uth row and ul® column of 7i"l, we
include 7"}, in 7 by following (5); otherwise, we save
Tu[l ]u2 in 71Ul a5 (6). We show (4), (5), and (6) at the top of the
next page. Then, based on Fig. 2(d), to ensure I-RIS is passive,
we normalize 71, ie., replace 7! with 7ilu/||#14||p.
Finally, the m'™ departure element mixes the incident signals
of all elements in M[™ and reflects a combination of them
toward the receivers.

Received signal: Rx;,1 < k < K, receives the reflected
signals from the RIS, which is given by:

K
U= [nghJ}xj +
j=1

(7

where T € {T*, T'}, z; is the transmitted signal from Tx;,
and n; ~ CN'(0,0?) denotes noise at Rx;. Here, E {xx} =
diag([P1, P, .. ., Pk]), where X = [z, 72, ...,7x] € C1¥K,
and P; is the transmit power from Tx;. Then, we use (7) to
express the signal-to-interference-plus-noise ratio (SINR) at
Rx;, as follows:

& 2
Pk‘ngh (

SINR;, = (8)

o2+ 3K P’ k|
j=1,5#k 17 |8

III. BEAMFORMING DESIGN

We aim to optimize RIS elements to maximize the sum-rate;
thus, we formulate our optimization problem as:

which is non-convex due to the binary constraints and the
non-convex objective function. To optimize (9), we first focus
on S-RIS where T = T® and propose two methods to solve
the problem: (1) we use the semi-definite binary optimization
(SBO) method, which converts (9) to a semi-definite relaxation
(SDR) problem and then solves the equivalent convex prob-
lem; (2) we utilize the sigmoid filled function (SFF), which is
a heuristic method based on filled function that directly targets
(9) to obtain an approximation of the global optimum solution.
We provide further details below.

SBO method: In this case, we use slack variable S and
rewrite the binary constraint as follows:

Diag(S) = 7°, (10)  S=7575", (11

0<s, <1 and 0< S, <1, for1 <l m <M, (12)

where S, is the element in the ¢ row and m'" column of

S. Here, (11) is non-convex; therefore, we substitute it with
the following conditions [13], [14].

13)

Y= [TET q] >0, and Rank(Y)=1.

Since Y includes binary elements, the rank of Y is equal to
one for any binary feasible solution. Next, we define Ghi 2
ghdiag(h’) and G* £ G*GM" and use (10), (12), and (13)
to rewrite (9) as an SDR problem as follows:

Py tr (S(_}kk)

o2+ X0 Py tr (SGY)
Y=o,
0 < Sf,m < 1a

mm - Zlog 1+ (14)

s.t. Diag(S) = 77,

0<s, <1, for 1 </, m < M.

Then, we use the feature of a logarithmic function and

K rewrite (14) as:
max » log(1 4 SINRg) = min w(T) 9)
T kz::l T min N — D (15)
£ _w(T) s.t. Diag(S)=7° Y =0,
st. TE{T T}, sm,sem €{0,1}, 1<6,m< M, 0<s5, <1, 0<S,<1, forl1<¢,m<M,
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i[u]

i[u] i[u]

Ti1 T1,2 o Tied T(u—1)ed+1,(u—1)ed+1  T(u—1)ed+1,(u—1)cd+2 T(u—1)cd+1,ucd
;Sf]l T(l,gg T;EZ]cd Tucd,(u—1)cd+1 Tued,(u—1)cd+2 Tucd,ucd
ifu] cd i[u] ifu] \ _ i[u] ifu] cd ifu] ifu] ifu]
Aifu] Tuyuz, Zq:l ( Tui,q + qU2> =2 UL,U2 ) (5) ~ifu] Tuyuz s Zq:l ( Tui,q T Tq, uz) 7& 2Tu1,u2, (6)
e 0, otherwise, e 0, otherwise,

where
K K '
—Zlog 02+2Pj tr (S(_}kj) , (16)
k=1 j=1
and
Zlog o2+ Z P tr (SG’”) (17)

j=1,j#k

Based on (16) and (17), N and D are convex with respect
to S; thus, (15) falls under the difference of convex (DC)
optimization problem. To solve this problem, we use the SCA
method, which is an iterative approach that runs for I, times.
To do so, we apply the first-order Taylor approximation to D
and obtain a lower bound on that as follows:

D(S) = D(8)+ V¢ (D()) (S-8).  (8)

tth

where S is the value of S in the iteration and

K K ~kj

1 S PG

Vi (D(8Y) = g >
=02+ NI Py i (86"
(19)

By applying (18) to (15), we obtain a convex SDR problem
and solve it using CVX Toolbox in MATLAB [15].

SFF method: Heuristic optimization methods (e.g., genetic
algorithm and filled function) are popular for optimizing non-
convex problems. Unlike the SBO method, a heuristic method
directly tackles the non-convex problem in (9) without needing
approximations for a convex equivalent. This avoids the perfor-
mance degradation associated with the approximations used in
the SBO method. Hence, we utilize the SFF method based on
sigmoid filled function [9] as our second optimization method
in this paper to solve (9). This method includes two steps: local
and global search. Prior to explaining the details, we need
to define: (i) w(7%) 2 w(T®), and (i) [75], € {0,1}M*!
as the n'" neighbor of 7%, where || [7%], — 75||*> = 1 and
1 < n < M. Here, the SFF method first runs the local
search with respect to w(7°) to obtain the local minimum
solution for (9). To do so, we start from initial configuration
75 and search among its neighbors to find 7°* as a new
solution that provides w(7**) < w(7%). We note that 7°
has M neighbors. If 75* # 75, we set 7° = 7°*, and redo
the above process. We define ' to indicate the number of

iterations that we use the local search process. The search
ends if i' reaches its maximum value (i.e., i'% ) or there is
no further improvement by running the search (i.e., 75* = 7°).
The details are demonstrated in Algorithm 1.

Algorithm 1 Local Search

Input: 7%, il 5001 ¢ 4 1;
Output: 75%; 6: if 75 # 75 and ' <
1. glo¢ = 0; 75 = 7%, i%cax then
2: for all [75], such that TN =T
[[7*], — 7°||*> = 1 do 8:  Go to line 2;
3 0f w(ty) < w(rsr) 9 else
then 10: 7" is the local mini-
4 5 = [19] ; mum solution.

n’

The output of local search (i.e., 7°*) depends on the initial
choice of 7°. Thus, we use global search based on sigmoid
filled function to move from 7°* to another better solution.
Here, we use our filled function, W,.(7%, 75*), and define an
auxiliary optimization problem as below:

Ir_ll_isn W.(7%, 7%)

st. 75 7T e {0, 1}M*1, (20)

where r denotes the heuristic optimization parameter, 7°* is
the current local minimum solution,

W, (7%, 7°%)

1
=(1+

Ll —

)gr(w(?) —w(r™)), 21

TS*H2

(0(%) — o(T )
) + 1,

I3

.

In this part, we use ¢ and 7 to denote the it jteration of
global search and the solution in the i*® iteration, respectively.
Here, we start from an initial random solution, 7, and then
apply Algorithm 1 to (9) to get 75*. After finding 73", we run

s EEd 9
1+e—(1u(-r) w(TS*)41r/2)

0, w(r%)—w(T*) < —r,

(23)
1, otherwise.
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local search starting from 75* with respect to (20) to attain 75*.
Next, we assume 77 = 75*. If w(7) < @w(75*), we consider
77 as a new solution and redo the above procedure. Else, we
apply other neighbors of 735* to (20) to obtain a new 73* and
repeat the above procedure. If neither 7§* nor its neighbors
can lead to a new solution, we reduce r (e.g., r = r/10) to
find a new filled function, and thus new 7;* and then repeat
the above search. Moreover, we use v € N to indicate that
after v times of finding the local minimizer of (20), we run
local search for (9). The search stops if r < ¢, ¢ < 1 or 41ed,
the number of times that we use the filled function, reaches
its maximum value, i°d_ Tn this case, we say that the current

max-*

solution is an approximation of the global minimum solution.

Algorithm 2 Global Search

Input: 75, 7,7, €,4% , ifilled: 5 i+ i+ 1;
Output: 75%%; 16: TS =75
1 zfo;rozr;fy:ﬁy’ 17 else
2 Z’ﬁlled =0; 18 Tf — 7_-1'8*;
3 T =1 19 Go to line 4;
4: if i +1 > 4 then 20: if m < M then
55 FeA47 21: 18 = the m'" neigh-
6:  Apply Algorithm 1 to bor of T.7%;
75 and (9) to get 75%; 22 m<m+ 1L
7: else 23:  Go to line 12;
8 TS =T 24: else
9 if i = 0 or w(rs*) < 25 ifr < eor gfilled >
w(T5**) then imax then
10: TS =18 0 =1, 26: T is the global
m: m=1; minimum solution.
122 Apply Algorithm 1 to 27:  else
75 and (20) to obtain 28 T 155
7o 29 Qi1
13.  gfilled o gfilled 4 9 30: Go to line 11;

14:  if m =1 then

In Section IV, we will show that the SFF method outper-
forms the SBO method using S-RIS.

In the second scenario based on I-RIS, we need to update (9)
using T = T'. Here, we use the SFF method by following
Algorithms 1 and 2 since the filled function-based optimization
methods solve a general non-convex integer programming
problem as long as selecting a possible configuration from
a discrete set is the only constraint [16]. On the contrary,
the SBO method can not be directly applied to I-RIS due to
the additional non-convexity that arises from dependence of
MU on the current solution. This necessitates an additional
approximation, which further degrades its performance. As a
result, in the next section, we only utilize the SFF method for
optimizing the I-RIS elements.

IV. NUMERICAL ANALYSIS

In this section, we evaluate the effectiveness of our proposed
RIS structures. We assume a multi-user RIS-assisted network
with one RIS and K transmitter-receiver pairs, where transmit-
ters and RIS are fixed-location nodes and receivers are located

randomly across an area with 100m x 100m dimensions. The
simulation parameters are shown in Table I.

TABLE I
SIMULATION PARAMETERS

Parameters Value
# of transmitter-receiver pairs K=14
Location of transmitters (10m) | (5,0), (0,5), (10, 5), (5, 10)
Location of RIS (m) (50,50)
Transmit power (dBm) P;=40,1<j<K
Noise power (dBm) o =-80
Path loss exponent a; =2, a9 = 2.1,
Signal loss at 1m (dB) Co = -30
Wavelength (m) A=0.125
Rician factor K=2
SFF parameters r =10,v7=10,e = 0.01
iax = M, imss = 8(M +1)
SBO parameter Iir =5

—v—S-RIS
ae I-RIS (cell (2,1))
-4 LRIS (cell (2,2))

12

Sum-Rate (bits/sec/Hz)

log(M
Fig. 3. Sum-rate against log(M) using (S—R)IS, I-RIS (2,1), and I-RIS (2, 2).

I-RIS vs. S-RIS: In this part, we present a sum-rate
comparison between S-RIS and I-RIS using the SFF method.
Fig. 3 shows sum-rate versus log(M) using S-RIS and two
I-RIS cases with cell size (2,1) and (2,2) where M €
{4,8,16,32,64}. Based on Fig. 3, I-RIS enables multi-user
scaling by offering a higher gain when M is fixed. For
instance, with M = 64, I-RIS (2,1) and I-RIS (2,2) offer
44% and 81% improvement compared to S-RIS, respectively.
This benefit comes from using more electronic circuits (power
splitters and additional RF switches) to share the incident
signal powers in I-RIS. We note that it is possible to create
different versions of I-RIS by changing the cell size, and as
the cell size increases, we get a higher gain.

Moreover, Fig. 3 depicts that I-RIS requires fewer elements
than S-RIS to provide the same sum-rate. For example, to
achieve a sum-rate of 6 bits/sec/Hz, we need 64 elements with
S-RIS, whereas we require 32 and 16 elements to get the same
performance with I-RIS (2,1) and I-RIS (2,2), respectively.
This occurs since I-RIS needs fewer elements than S-RIS to
obtain the same DoC. We use M’ to denote the DoC, where
M’ = M x ¢ x d with I-RIS, whereas in an S-RIS, we have
M’ = M. Fig. 3 shows that S-RIS and I-RIS provide almost
identical sum-rates if they have the same value of M’.

Switch against phase shifter: In Fig. 4, we compare the
performance of our proposed switch-based RIS structures with
an S-RIS using 2-bit PSs. According to Fig. 4, our switch-
based I-RIS (2,2) has a higher gain due to its higher DoC
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-
Iy

—v—S-RIS with RF switches
o I-RIS (cell (2,1)) with RF switches .
-4 I-RIS (cell (2,2)) with RF switches e

——S-RIS with 2-bit phase shifters
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—
o

Sum-Rate (bits/sec/Hz)

2 3 4 5 6
log(M)

Fig. 4. A comparison between a switch-based S-RIS, two cases of switch-
based I-RIS, and a PS-based S-RIS using the SFF method.

(M’ = M x b with an S-RIS using b-bit PSs). Additionally,
Fig. 4 shows that if our switch-based I-RIS and the S-RIS with
PSs have the same DoC (i.e., I-RIS (2,1) and S-RIS with 2-
bit PSs), the latter provides a higher gain since it changes the
phase of the incident signals, while the switch-based RIS can
either block or reflect the incident signals.

Performance of the optimization methods: In this part,
we evaluate the performance of our proposed optimization
methods (the SFF and SBO methods) and the SR method
in terms of sum-rate and complexity. Fig. 5 depicts sum-rate
versus log(M) using S-RIS. It shows that the SFF method
offers a higher sum-rate than the others since the SFF method
directly targets the non-convex problem to optimize the RIS
elements, while the SBO method incorporates some approxi-
mations in the optimization process and solves an equivalent
convex problem. Also, the SR method finds a local optimum
solution, whereas the SFF method uses a filled function to
move from one local optimum solution to another better one.
Furthermore, the complexity of the SFF method is equal to
O(2log;(r/e)M?®) [17], which is lower than the complexity
of the SBO method, O (I, (M +1)3M?) [18], and higher than
the complexity of the SR method, which is O(M*) [10].
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Fig. 5. A Sum-rate comparison between the SFF, SBO, and SR methods.

V. CONCLUSION

In this paper, we introduced a new compact RIS structure
with interconnected elements, I-RIS, suited for space-limited
nodes to assist multi-user networks. We used I-RIS to enable
multi-user scaling and do so with fewer elements compared
with proper designs. We considered binary RF switches as
RIS elements to mitigate the practical issues related to phase
shifters and showed that I-RIS outperforms an S-RIS using
phase shifters. We proposed the SFF and SBO methods to

obtain the optimal RIS configuration. Our findings showed
that the SFF method provides a higher sum-rate than the SBO
and SR methods, and its complexity is higher than the SR
method and lower than the SBO method. In future works, we
would like to use multiple I-RISs to improve the performance
of multi-user networks under realistic channel models.
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