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ABSTRACT Aiming at simplifying the hardware structure and reducing the energy consumption in
wireless communication via reconfigurable intelligent surfaces (RIS), this paper introduces a novel RIS
design founded on the correlation between the phase shift values of the surface elements. First, a correlation
analysis is conducted, considering the azimuth angle of a target device within a coverage region spanning
from —80° to 80°. The correlation is demonstrated for different deployment cases, creating the basis
for the new RIS structure, termed Connected-RIS, where correlated elements are designed to share the
same control signal. The fundamental performance of the proposed design is then analyzed in terms of
control signals, power consumption, and communication system performance, comparing it to two RIS
structures with full control: one with the same size as in the proposed design, and the other employing the
minimum number of elements necessary to satisfy the fair coverage criterion. The correlation-based RIS
design enables three-dimensional passive beamforming and significantly reduces the number of required
load impedances and control signals, thereby lowering the hardware cost and simplifying the control
circuitry. It also achieves substantial power savings as compared to the baseline schemes, while maintaining
sufficient gain for a fair radio coverage. For instance, numerical simulations demonstrate that the proposed
design reduces the power consumption by almost 86-92% and the control signals by 83-98% compared

to operation with fully controlled RIS.

INDEX TERMS Connected RIS, correlation, DC control, energy efficiency, power consumption.

. INTRODUCTION

HE RIS (reconfigurable intelligent surface) technol-

ogy is a key enabler for future wireless networks,
thanks to its capability to dynamically control the elec-
tromagnetic wave propagation [1], [2], [3], [4]. Among
multiple ensuing advantages are the improvements in the
spectral efficiency, the extensions of the radio cover-
age, and the reduced power consumptions compared to
conventional relaying techniques [5]. Moreover, recent stud-
ies on holographic metasurface-based beamforming have
demonstrated the growing relevance of advanced intelligent-
surface architectures and hardware impairments [6], [7].
With the growing demands for low-power massive connec-
tions and green radio in future wireless communications,
the reduction of the energy consumption in RIS-assisted

communication systems has been gaining increasing research
interest [8], [9].

From the architecture viewpoint, conventional RIS struc-
tures are typically composed of a number of nearly passive
elements, such as tunable meta-atoms, PIN diodes, varactors,
and liquid crystals [10]. Although each unit is energy-
efficient on its own, the overall hardware complexity and
power consumption increase significantly as the surface size
increases or that multiple RISs are deployed within the
wireless network. Several studies and measurements have
shown important findings in this regard. For instance, [11]
showed that while a PIN diode only consumes 0.06 mW, the
supporting components increase this to 3.7 mW per element.
As the number of RIS elements increases, so does the power
consumption. In [11], it was shown that a typical 1-bit RIS
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of size 27 x 28 consumes an average power of 2.81 W,
with micro-controllers using about 160 mW each, and the
logic circuit consuming 1.8 W in total. According to [12],
deploying ten RIS units, each with 1024 elements, can waste
over 35 W of static power just from the control circuits. Also,
a 2-bit RIS with 256 elements consumes about 153 W when
the total radiated power is 64 W [13], and 33 x 33 elements
operating at 5.8 GHz consume approximately 1 W [5]. At
high frequencies, where the sizes of unit cells are smaller,
the power consumption can be even more significant, e.g.,
about 200W/m? at an operating frequency of 10.6 GHz [11].

While specific prices are not available in the open
literature, it is clear that the RIS fabrication cost will be
significant, especially when a high number of surface ele-
ments are used. Indeed, the more elements a RIS comprises,
the higher the number of control signals that are required
to configure the surface would be. For instance, an element
offering 2" states requires n bits for the control. With N?
reflecting elements in a RIS, an equivalent number of control
lines would be needed to manage them independently [14].
This scaling can quickly lead to a substantial increase in both
the physical wiring and the logical control complexity, as
each unit-cell, often implemented with PIN diodes, demands
its own dedicated control signal [15], [16], [17].

Beyond the design of the hardware itself, control signaling
is a key factor in determining the scalability of RIS.
Control architectures can be centralized, where a single
controller manages all elements, or distributed, where sub-
arrays are independently controlled. Each approach brings
trade-offs in scalability, latency, and fault tolerance. To
mitigate the substantial overhead for controlling each element
individually in large arrays, strategies such as grouping
elements and using compact beam index signaling are
commonly employed. Recent studies introduced even more
efficient control mechanisms. For instance, [16] proposed a
quantized codebook that reduces the feedback requirements
from linear to logarithmic scaling with the number of RIS
elements, making large-scale deployments more feasible.
Also, [17] developed a simultaneous information and control
signaling protocol, which superimposes the control data onto
the user information signals, thereby reducing latency and
enabling real-time adaptation.

As the RIS grows in size, the micro-controller or
FPGA responsible for generating these signals must also
scale, which necessitates additional interface circuitry, hence
increasing the overall design cost. To mitigate this, unit-cell
grouping can be employed, where multiple elements share
common control lines [18], [19], [20], [21]. For instance, [18]
proposed a generalized RIS framework, encompassing both
stem- and cluster-connected designs, showing that sim-
pler topologies can approach the performance of fully
connected RIS. The work in [19] introduced coordi-
nated non-diagonal group-connected RISs, enabling dynamic
inter-element routing optimized based on channel state
information, while [20] presented the Q-stem connected
RIS, which blends single-, tree-, and fully-connected designs
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to offer scalable complexity. However, they typically rely
on predefined or heuristic grouping strategies, without
establishing a clear and systematic criterion for connecting
RIS elements. Moreover, most existing works are limited to
relatively small RIS sizes, which restricts the ability to assess
the scalability and performance in deployments with large-
aperture RIS. While element grouping reduces the number
of required control paths, it also constrains the flexibility to
generate complex radiation patterns, leading to an inherent
trade-off between the RIS control circuit simplicity and
achievable performance.

In addition to these considerations, the high power con-
sumption and the need for sophisticated control mechanisms
contribute to the overall cost, making it a critical factor in
the widespread adoption of this promising technology. To
reduce the implementation cost and optimize the functioning
of these intelligent surfaces, it is crucial to design simplified
structures for the RIS and its corresponding control circuit.
The goal is to enable the implementation of a large aperture
while maintaining efficiency and scalability. Indeed, an
optimized RIS design is expected to not only minimize
the hardware complexity and fabrication cost, but also
lower the power consumption, thereby enhancing the overall
sustainability of RIS-assisted wireless systems.

Reducing the RIS size and the number of independently
controlled elements is crucial for realistic and large-scale
deployments. Although RIS elements are nearly passive,
practical implementations show that the overall static power
and hardware complexity scale unfavorably with the number
of elements [14]. Prior measurements demonstrated that
supporting circuits can increase the power consumption of a
single PIN-diode element from tens of microwatts to several
milliwatts, resulting in watt-level consumption for medium-
sized panels and tens to hundreds of watts for large surfaces.
Moreover, a fully controlled RIS requires one control line per
element, which leads to thousands of control connections, a
large FPGA/MCU resource demand, and significant wiring
overhead. These factors limit the feasibility of deploying
large RIS panels on building facades, poles, or indoor
infrastructures, particularly in dense networks where multiple
RISs may be required. Smaller and structurally simplified
RIS architectures therefore provide tangible advantages in
terms of installation flexibility, hardware scalability, and
energy efficiency. This motivates the need for designs that
reduce the number of control signals and active components
without compromising the coverage or the beamforming
performance. Motivated by these challenges, the proposed
design departs from existing grouping approaches by forming
connections based on a channel-aware, correlation-driven
criterion, enabling hardware reduction without relying on
arbitrary or fixed geometric partitions.

This is exactly where this paper’s contribution becomes
significant, as it consists in advancing an innovative solution
that simplifies the RIS architecture while ensuring seamless
control and adaptability, ultimately facilitating large-scale
deployments of RISs in next-generation wireless networks.
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Specifically, the paper proposes a new RIS design founded
on the correlation between the phase shift values of the
surface elements, a perspective not explored in prior works.
In so doing, several contributions are advanced:

« A methodology is proposed for analytically determining
the minimum RIS size required to achieve fair coverage,
defined by equalizing the power received at the user-
equipment (UE) through the RIS-assisted path and the
one that would result when the direct communication
path between the base station (BS) and the UE exists.
The process involves analyzing the received powers,
identifying the necessary gain margins, and finding the
minimum number of RIS elements essential for effective
operation, all while considering realistic 3GPP-based
channel models [22].

o The methodology is applied to various deploy-
ment scenarios, accounting for the RIS position
relative to the BS and the UE, and considering
gain margins of 3 dB and 6 dB, thereby providing
practical design guidelines for different network
configurations.

« For the obtained RIS sizes, phase-shift matrices across
steering directions spanning —80° to 80° in the azimuth
plane are generated. A correlation analysis is then
performed to identify RIS elements that exhibit strong
phase correlation, thereby quantifying the extent of the
target shared control.

o Leveraging the correlation results, we introduce the
Connected-RIS, a novel architecture in which correlated
elements are grouped to share a single control signal.
This design substantially simplifies the control circuitry
without compromising the beamforming capabilities.

e The Connected-RIS is thoroughly evaluated in terms
of hardware complexity, number of load impedances,
number of control signals, power consumption, RIS
gain, and achievable data rate. Simulation results
demonstrate that the Connected-RIS reduces the power
consumption by 86-92% and the number of control
signals by 83-98% compared to fully controlled RIS,
significantly lowering the implementation cost while
maintaining competitive system performance.

o A practical case study is conducted to determine
the number of codewords required for full angular
coverage. Based on the ensuing results, two deployment
strategies are proposed: (i) a dynamically configurable
surface with sequential beam steering, and (ii) a static
configured surface covering distinct angular sectors.
Both strategies are assessed in terms of power effi-
ciency and coverage gain, demonstrating the practical
applicability and scalability of the Connected-RIS
architecture.

Notations: Vectors and matrices are denoted by lower-
and upper-case boldface letters, respectively. The matrix
operators O and ()T refer to the Hermitian trans-
pose and transpose, respectively. The symbol |.| denotes
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FIGURE 1. lllustration of the RIS-aided downlink communication system.
the Euclidean norm, and |.| is the modulus of a com-

plex number. The mathematical expectation is denoted
by E[-].

Il. THE RIS-AIDED COMMUNICATION MODEL

We consider a typical RIS-aided wireless communication
system model as illustrated in Fig. 1, where a passive RIS,
deployed in the x — z plane of the coordinate system shown,
is centered at the origin (0,0,0). The RIS consists of a
uniform planar array (UPA) of Ny columns and N, rows.
For simplicity, we assume that Ny = N,. The width and
the length of each element are denoted by dy and d,
respectively. The size of the n™ RIS element is hence given
by A, = dyd,. The spacing between elements is denoted
by 81. Let us denote by W = (Yy,...,¥n,) € CNvN
the matrix of the RIS reflection coefficients, where v, =
[,Bn,]e'j(l)"’1 sees ﬂn,NZej¢"’NZ] e CNexl s Gnm € [0,27) and
Bum €10,1], Vm € {1, ..., Ny} and Vn € {1, ..., N,}. Also,
let N denote the total number of elements in the RIS.!

We assume that the BS, located at a distance dps ris from
the center of the RIS, is characterized by an azimuth angle
¢Bs and an elevation angle 6gs. The single-antenna UE is
located at a distance drys.ug from the center of the RIS, and
characterized by its azimuth and elevation angles denoted by
¢uE and OyE, respectively. The direct line-of-sight (LoS) link
between the BS and the UE is assumed to be unavailable
due to blockage.

Let hgsris = [hBs 1, - - -, hes.y] € CPN and hrisue =
[h1,UE, ..., hnvUE] € CNx1 represent the channel vectors
between the BS and the RIS, and between the RIS and the
UE, respectively. The propagation channels are modeled by
considering the effects of the large-scale fading, represented
by L(d), and the small-scale fading, indicated by h2

IThe algorithms and techniques proposed in this work are limited to the
passive RIS; however, they can be easily extended to the active RIS case by
appropriately modifying the phase-shift matrix to incorporate an amplitude
factor fBp,m # 1.

2This modeling is essential for understanding the performance of the RIS
in real-world applications, where factors such as distance, path loss, and
fading can significantly influence the signal integrity.
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For the large-scale fading, the 3GPP UMi-Street Canyon
path loss model [23, Page 26] is used.? Hence, we can write

LB (d) = 32.4 4 211og,o(d) + 201og,o(f). (1)

where d is the distance in meters (m), and f is the center
frequency normalized by 1 GHz. All distance-related values
are normalized by 1 m.

The small-scale fading coefficients follow a Rician distri-
bution [23]. Therefore, the channel coefficients between the
BS antenna and the RIS can be expressed as

hps ris = \/L(dBS,RIS)ﬁBS,RIS
[ KBSRIS L
= ,/L(dBsRis ( ————h
( ) KpsRis 1 1 PSRIS

1
RINY Ay ()
kBs,R1S + 1 Bss RIS)

where ks Rris is the Rician factor, L(dps ris) is the path loss
component in linear scale, with dgsris being the Euclidean
distance between the BS and the RIS, and where hlés,RIs and
hg]§,RIS respectively denote the deterministic LoS component
and the random non-line-of-sight (NLoS) component of the
channel from the BS to the RIS. The LoS component is
expressed as

hgs ris = [L oo eXP(M)} 3)

where A is the carrier wavelength, & = cos(fug —
Ops) sin(puge — ¢Bs) + sin(Byg — Ops), and §; is the spacing
between the RIS elements, set to A/8 [24], [25]. For the
NLoS component th RIS = [th > '~~’hgl§,1v]v its entries
are modeled as i.i.d. c1rcularly symmetric complex Gaussian
random variables with zero mean and unit variance.

Similarly, the channel between the RIS and the UE is
expressed as

hgis,ue = /L(dris,ue)hris,ue

[ KRISUE ,L
= L(deS,UE)< —KRIS UE + 1hRIS,UE
+ ! ,(4)
KRIS,UE + 1 RIS UE

where «gris,ug 1S the link’s Rician factor, L(dris,ug) is the
path-loss component, and drys,ug is the Euclidean distance
between the RIS and the UE. The LoS component of the
channel, i.e., hIlilS,UE’ is expressed as

DS (N — 1
hYs o = [1, L exp(M)], (5)

where & = cos(Ayg) sin(¢yg) + sin(Byg).

3This model provides precise predictions for the signal coverage and path
loss, making it crucial for network planning and performance evaluation in
modern wireless communication systems, including 5G and B5G networks,
as it accurately reflects the unique propagation characteristics of dense city
centers with tall buildings.
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lll. COVERAGE DEPENDENCIES ON THE RIS SIZE
A. RIS SIZE FOR FAIR COVERAGE
This section presents a methodology for determining the
minimum number of RIS elements needed to ensure fair
UE coverage in the communication system described above.
Specifically, we examine the RIS size that would be needed
to provide the UE with the required service level via the RIS-
assisted path, e.g., for users in dead zones or at the cell edge,
compared to the case when the UE can be served directly
by the BS in case a LoS in between exists.* By calculating
the required RIS size to make the power received via the
RIS-assisted path match or exceed that of a direct BS-UE
link, the approach addresses signal disparities and ensures
balanced performance for all users regardless of location.
Firstly, let us denote by hps UE € C!*! the channel
coefficient between the BS and the UE, given by

hes,ue = +/L(dgs,uE)Bs,ue
KBS,UE L
= /L(dBs,ue ————h
(s ) ([

1
+ [—— Yk ) (6)
KBS,UE + 1 BS,UE

where kpsug is the Rician factor of the direct link (BS-
UE), L(dgs,ug) is the path-loss component, in which dgs .ug
denotes the Euclidean distance between the BS and the UE,
and where hlﬁS,UE and hg%’UE are the deterministic LoS
component and the random NLoS component, respectively.

Next, we outline the methodology for determining the
minimum RIS size (number of elements) that is required for
the RIS to ensure that the received power via the RIS-assisted
path is at least equal to that of the direct path between the
BS and the UE in the absence of blockage. This ensures fair
coverage for users in dead zones or at cell edges, providing
them with signal quality comparable to users with direct LoS
connections to the BS.

1) RECEIVED POWER

The UE’s received power via the direct path (BS-UE) can
be expressed as

D - 2

Pyg = PL(dps,ug) ‘hBS,UE‘ (7N

The UE’s received power from the indirect path (BS-RIS-
UE) is given by

Pyg =
2

()

- 2.
PGrisL(dgs ris)L(dris,uE) ‘hBS,RIS ‘ ‘hRIS,UE
where GRris is the gain of the RIS.

4The current framework is evaluated for a single-user scenario for
simplicity and tractable analysis. The procedure remains valid for the multi-
user case, though additional challenges, such as inter-user interference and
resource allocation, would arise, which can be addressed in future work
using multi-user beamforming and RIS scheduling strategies
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2) FAIR COVERAGE REQUIREMENT

To determine the minimum RIS size that guarantees equal
received powers between the RIS-assisted path and the direct
path from the BS, we need to consider several factors and
establish the fair coverage requirement condition, which can
be satisfied by the following equation:

Plg > PPg. 9)

By replacing Eq. (7) and Eq. (8) into Eq. (9), and then
rearranging the inequality, the RIS gain satisfying the
coverage requirement can be expressed as follows:

- 2
L(dgs,uE) ‘hBS,UE ‘

Gris = 5- (10)

N 2.
L(dgs ris)L(dris,ug) ‘hBS,RIS ‘ ’hRIS,UE‘

To determine the minimum RIS gain in linear scale, denoted
by Gris, min, the received power through the cascaded link
should be at least equal to the power received through the
direct link.

Considering the path loss and small-scale fading, along
with the previous inequality, the minimum RIS gain satis-
fying the fair coverage condition is found, in linear scale,
as

. 2
L(dps,ug) ‘hBS,UE )

GRIS, min = 5. (11)

N 2/~
L(dgs ris)L(dris,ug) ‘hBS,RIS ‘ ‘hRIS,UE‘

3) INCORPORATING A GAIN MARGIN

After obtaining the minimum RIS gain satisfying the fair
coverage condition and converting it to the dB scale, denoted
by C.;dR]IgS’ mins & .gain margin AGd].3 is fidded tQ the latter to
obtain the required gain Greq. This gain margin serves as a
proactive compensation that accounts for the effect of the
phrase-shift quantization based on the correlation.” Hence,
Greq can be expressed as
dB dB dB
Greq = GRris,min T AG.

req

12)

4) DETERMINING THE REQUIRED RIS SIZE

As the RIS gain is proportional to the total number
of elements squared, the gain Greq, in linear scale, is
proportional to N2. Therefore, the minimum number of RIS
elements that can satisfy this gain can be obtained as follows:

N = /Greq. (13)

Given the planar structure of the RIS, as described in
Section II, we assume that its elements are arranged in
a square configuration. Consequently, the total number of
elements, N, is distributed as Ny and N,, with Ny denoting
the number of rows and N, denoting the number of columns.

SHereafter, AGIB is set to 3 or 6 dB. Modeling additional hardware
impairments, such as phase noise or non-ideal reflection, is left for future
research.
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The angular coverage will depend on the specific phase-
shift matrix used. Operating at frequency f, the half-power
beamwidth is approximated as @ = arcsin(%), where D =
N,81. Recall that §; is the element spacing.(’D

B. IMPACT OF THE RIS POSITION

Building upon the methodology established earlier, we now
analyze the impact of the RIS position on the minimum
RIS size for fair coverage. By applying the derived formula
across various deployment cases (cf. Fig. 2), where the RIS
is positioned at different locations relative to the BS and the
UE, this analysis will reveal the spatial sensitivity of the RIS
design and offer practical insights into optimal deployment
strategies.

In this study, three deployment cases are considered
as illustrated in Fig. 2: 1) Deployment Case I: here, the
RIS is positioned near the BS, while satisfying the far-
field condition; 2) Deployment Case 2: in this case, the
RIS is located midway between the BS and the UE; and
3) Deployment Case 3: the RIS is assumed to be in close
proximity to the UE. Using the law of cosines formula
which relates the lengths of the sides of a triangle to the
cosine of one of its angles,” the distance dris, UE 1s given

by dris, UE = \/dés, us T dés, ris — 2dBs, UEABS RIS cos(@),
where the angle « is the angle formed by the links relating
the center of the BS to the center of the RIS and the link
relating the center of the BS and the user as shown in Fig. 2.
Hereafter, by fixing the distances dps ris and dps, Ug, the
following figures are generated.

Figure 3 illustrates the minimum RIS gain (in dB) as a
function of the angle o (in degrees) for the deployment
cases described above. The free-space path loss (FSPL),
calculated in dB based on LIB(d) = 92.45 + 20 logo(d) +
201og;((f), with d being the distance between the transmitter
and the receiver in Km and f denoting the carrier frequency
in GHz, is used for comparison. Additionally, the Street
Canyon and Rician fading models, as described in Section II,
and Eqgs. (1)—(4), are also considered for benchmarking. As
expected, the minimum RIS gain increases as the distance
between the BS and the RIS increases, reaching its maximum
at @ = 90°, which is an expected result of the increased
path loss. We also observe that the system operating under
FSPL conditions consistently requires slightly higher gain
compared to operation under Street Canyon conditions at
all evaluated distances. The periodic variation of the gain
with the angle indicates that the RIS effectiveness depends
on its distance w.r.t. the BS and the UE. These results
highlight how the RIS performance is affected by both the
propagation environment and its position w.r.t. the source
and the destination.

6The inter-element spacing is set to 61 = A/8, the minimum recom-
mended to limit mutual coupling, representing a worst-case design [26].

TThis formula is used to find the length of a side when the lengths of
the other two sides and the included angle are known.
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FIGURE 2. lllustration of the deployment cases used to analyze the impact of the
RIS position on the minimum RIS size that is required for fair coverage.
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FIGURE 3. The minimum RIS gain versus the angle a.

In Fig. 4, the required number of RIS elements N, is
plotted for the same deployment cases.® The plots show how
N varies with the angle «, factoring in different RIS gain
margins and distances between the BS, the RIS, and the
UE. As the angle increases, the required number of elements
also rises, reflecting an increase in the distance between
the RIS and the UE. Lower RIS gain margins, e.g., 3 dB,
necessitate less elements compared to higher gain margins,
e.g., 6 dB, especially at larger angles. Additionally, as the
distance between the RIS and the UE increases, e.g., from
20 m, to 50 m, to 70 m, the number of required elements
increases significantly, with sharper growth at higher angles.
This demonstrates that the RIS gain margin and the RIS
position both play a crucial role in determining the number
of required elements to achieve fair coverage.

Considering the system model described in Section II,
operating in the mid-band spectrum at 5 GHz, using realistic
values for the frequency and the BS’s transmit power as
specified in [22], next, we apply the methodology to calculate

8For clarity of the figure, the curves are plotted as a function of N, the
number of RIS columns. Since the RIS is square-shaped, the behavior with
respect to N is representative of that with respect to Ny, i.e., the number
of rows, and thus the total number of elements.
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FIGURE 4. The required number of elements along z-axis, N,. Here, dss yz = 100 m.

the minimum number of RIS elements that is required in the
deployment cases described above. The system parameters
for the three deployment cases are summarized in Table 1.
In addition, the Rician factors incorporated in Egs. (2), (4)
and (6) are set as follows: KSE’RIS = 10 dB, Kg]?s’UE =10
dB, and 8 ;=1 dB.

1) DEPLOYMENT CASE 1

Using the Street Canyon model and the system parameters
defined in Table 1, the path losses can be obtained as
follows: LBdps yr = 87.07 dB, L%Bdps ris = 72.4 dB
and LdBdes, v = 85.30 dB. The channel power gain, in
linear scale, can be computed using the expression |h|> =
10_LdBd/10(KL+l+ﬁ), where k' € {KBS RIS, KRIS,UE: KBS,UE}
denotes the Rician factor in linear scale. Using this
formula, we obtain the following results: |hps, RIS|2 =

—L%dpg Ris/10 (_KBSRIS 1 _ i
10 (KBS,1§1]§+1 /(BS’RIS+1) = 5.7544 107°,
2— —L®dgis, ug/10 ( _KRIS.UE 1 B
|hris, UE 10 (KRIS,UE£1 —
- 2 10~L%dris, ue/10(_¥BS.UE
2.9512 1077, and |hgs, ug|"= 10 (KBS’UEH n

—L ) = 1.9596 107°. Therefore, the minimum RIS
kBS,UE+1

gain, based on Eq. (11), is equal to 1.1539 107, which is
equivalent to 70.625 dB. To achieve this gain, the minimum
RIS configuration, referred to as min-gain RIS in this work,
consists of 57 x 57 elements.

e Design Characteristics With 3 dB Gain Margin: To
satisfy a gain margin of 3 dB, the required gain
becomes Gfe%:73.625 dB. This corresponds to at
least N> > 4799 elements, achieved with a square
structure of 70 x 70 elements. With an operating
frequency of 5 GHz and an inter-element spacing of
A/8 = 0.0075 m, the RIS edge length is D = 0.0075 x

16 = 52.5 cm, resulting in a surface of size 52.5 cm by
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TABLE 1. System parameters and RIS design characteristics for different deployment cases. Here, the surface structure is the conventional fully controlled RIS.

Parameters H Deployment Case 1 | Deployment Case 2 | Deployment Case 3
dps,uE (m) 100 100 100
dBS,RIS (m) 20 50 70
dRIS,UE (m) 81.5 55.7 47
GRIS,min (dB) 70.6250 75.3370 75.6557
Min-Gain RIS Size 57 x 57 76 X 76 78 X 78
G248 (dB) 73.6250 78.3370 78.6557
3dB-RIS Size 70 x 70 91 x 91 93 x 93
GSIB (dB) 76.6250 81.3370 81.6557
6dB-RIS Size 83 x 83 108 x 108 110 x 110

52.5 cm and a half-power beamwidth of approximately
0 = 6.5624°.

o Design Characteristics With 6 dB Gain Margin:
For a 6 dB margin, the required gain rises to
Gfe]f]:76.625 dB. This can be achieved with a con-
figuration of 83 x 83 elements, giving a surface of
size 62.25 cm by 62.25 cm and a beamwidth of 6 =
5.5319°.

2) DEPLOYMENT CASE 2

In this case, the minimum RIS gain is Gris, min = 75.3370
dB, corresponding to a min-gain RIS of 76 x 76 elements.

o Design Characteristics With 3 dB Gain Margin: When
accounting for a 3 dB margin, the gain increases to
Gfel?] = 78.3370 dB, which necessitates a RIS of 91 x 91
elements. The size becomes 68.25 cm by 68.25 cm, and
the beamwidth is approximately 6 = 5.04°.

o Design Characteristics With 6 dB Gain Margin: In this
setup, the required gain is Gfgl = 81.3370 dB, met with
108 x 108 elements, which results in a RIS size of
81 cm by 81 cm and a narrower beamwidth of 6 =

4.2399°.

3) DEPLOYMENT CASE 3

In this case, the required gain is Ggris, min = 75.6557 dB,
leading to a min-gain RIS of 78 x 78 elements.

o Design Characteristics With 3 dB Gain Margin: By
adding a 3 dB margin, the required gain is Gfgl =
78.6557 dB, satisfied with a square RIS of 93 x 93
elements. The resulting size is 69.75 cm by 69.75 cm,
and the beamwidth is approximately 4.9274°.

o Design Characteristics With 6 dB Gain Margin: For
a 6 dB margin, a gain of 81.6557 dB is required,
corresponding to a configuration of 110 x 110 elements.
The RIS in this case spans 82.5 cm by 82.50 cm and
has a beamwidth of about 4.1826°.

IV. THE CONNECTED-RIS DESIGN

The proposed correlation-based approach is general and
can be applied to variations in both azimuth and elevation
steering directions. However, for clarity and to isolate the
dominant effects observed in typical urban deployments, we
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restrict our analysis to variations in the azimuth direction.
Accordingly, we assume fixed values for 0ggs, ¢Bs, and Oyg,
and vary only the UE position through the azimuth angle
¢UE.9 Ideal CSI at the RIS and the BS is assumed, which
can be obtained using channel estimation techniques such as
parallel factor decomposition [29].19 For each UE position
defined by the steering direction ¢yg, the phase-shift matrix
W is constructed using the following expression [30]:

Wn,m = exp(_j(lhBS,n,m + éhn,m,UE))a
Vnef{l,...,N;} Vm € {1,...,Ny}. (14)

The objective is to cover the region defined by the azimuth
angle ¢yug spanning from —80° to 80°, and generate the
phase-shift matrix for each steering direction ¢yg. To achieve
this, we adopt the procedure described in Algorithm 1. The
process is repeated for each of the three deployment cases
described in Section III-B.

The results in Fig. 5 illustrate the RIS gain as a function
of the azimuth angle ¢ € [—80°, 80°] for a steering direction
¢ug = —80°, along with the corresponding minimum gain
in this configuration. It is observed that the RIS gain
attains its minimum value, namely, Grismin = 70.625 dB,
at approximately ¢, = —76°. This angle is then used to
compute the subsequent steering direction, as outlined in
Algorithm 1. The same procedure is iteratively applied to
determine the successive angle ¢,11 and the associated
phase-shift matrix W,41, as described in Algorithm 1,
continuing until the steering direction reaches ¢yg = 80°.

A. CORRELATION ANALYSIS
We now outline the method to design the new RIS based on
correlation. The process for identifying correlated elements
consists in the following steps:

o Selecting Element Pairs: Computing the phase-shift
differences between all possible pairs of entries in
matrix W,, and storing the results in the vector

9In urban settings, RIS coverage is primarily constrained in the horizontal
plane due to obstacles such as buildings, whereas elevation variations are
usually negligible because building heights and RIS placements often lead to
an approximately constant elevation angle for ground-level UEs [27], [28].

10wWhile practical CSI is affected by estimation errors and delays, the
proposed framework serves as a performance benchmark, and the qualitative
behaviors are expected to remain consistent with only minor degradation.
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Algorithm 1 RIS Phase-shift Design and Beam Steering.

Algorithm 2 Correlation Analysis.

Input: N, ¢Bs, OBs, OUE, dBS,RIS dRIS,UE-
1: Initialize ¢yg = —80°.

2: Generate the channel dataset using (6) and (4).
3: Compute the initial phase-shift matrix W; at ¢ug
using (14).

4: Evaluate the RIS gain Ggris(¢) for ¢ € [ —80°:1°:80°].

5: Find the angle ¢min such that Gris(Pmin) = GRIS,min-

6: Set the iteration index g = 1.

7: while ¢, < 80° do

8:  Generate the channel dataset using (6) and (4).

9:  Compute the phase-shift matrix W, using (14) at ¢,.
10:  Evaluate the RIS gain Gris(¢) for ¢ € [—80°:1°:80°].
11:  Identify ¢, where Gris(¢y) = GRIS,min-

12:  Compute the phase difference: A¢p = ¢, — ¢y—1.

13:  Update the steering angle: ¢g11 = ¢, + %
14:  Compute the next phase-shift matrix W,
15:  Increment the iteration index: g <— g+ 1

16: end while
17: Set Q =q — 1.

Output: Phase-shift matrices {\Ilq}g=1

% A\ Stieering birecti(;n OUE - 780;

70F Angle Corresponding to GRris min )

60 J
83 x 83 RIS

50 Minimum Gain 1

40 -

RIS Gain (dB)
8

201

Il
-80 -60 -40 -20 0 20 40 60 80
Azimuth Angle, ¢ (degrees)

FIGURE 5. RIS gain versus azimuth angle ¢ for a steering direction ¢z = —80° in
Deployment Case 1, i.e., RIS near the BS. Here, AG®™ = 6 dB.

AW,. This process is repeated for all phase-shift
matrices {‘~Ilq}Q_1 generated using Algorithm 1, and
the correspondmg differences are stored in the vectors
(Av) .

. Deﬁnlng the Correlation Threshold: A predefined
threshold, v, determines whether two elements are
correlated. The threshold is set based on the desired
correlation level and the specific requirements of the
deployment scenario.

o Quantifying Correlation: To capture the correlation
state of each element, we use a binary variable, b, €
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Input: W,, Vge{l,---, 0} Y.
1: Initialize M = (2) b = Opx1, AY; = Opyx1, and
Kpairs = Oprx4, for storing the binary decisions, the
phase-shift differences, and the index pairs, respectively.

2: for g {1,---,0} do

3:  for each element pair (7, j) in ¥, do

4: Compute the difference AW, [m] < W [i] — W,lj].
5.  end for

6: end for

7: for m e {1,---, M} do

8 if AW,[m] < ¢y, for all g € {1, ..., Q} then
9: b[m] < 1.

10: Extract the corresponding indexes (i, j).
11: Store indexes in Kpairs[m].

12: else

13: b[m] <0

14:  end if

15: end for

16: Store Kpairs and b in a final matrix F = [Kpairsb].
Output: Matrix F containing the index pairs and the binary
decisions.

(0,1} for m € {1,2,....M), where M = (%)) is
the total number of element pairs. If the phase-shift
difference between a pair of elements AW, ,, g €
{1,..., 0}, is less or equal to the predefined threshold
across all the scenarios, the elements are considered as
correlated and b, is set to unity; otherwise b,, = 0.

The binary values are stored in a vector b =
[b1, ba, ..., by], which represents the correlation among the
M pairs of phase shifting elements. If the correlation vector
contains only ones, the RIS is deemed as fully connected.
When b,, = 1, the two elements corresponding to the m™
combination are correlated and can be connected together.

Algorithm 2 summarizes the correlation analysis process,
detailing the steps for generating the phase-shift matrices,
computing the phase differences, and identifying the corre-
lated elements. The correlation process is conducted for each
of the three deployment cases described in Section III-B.
The proposed correlation-based grouping principle is general
and remains applicable to other RIS technologies, including
active RIS and hybrid RIS, making the framework broadly
relevant to future intelligent surface designs.

Since the threshold value Yy, directly impacts the number
of correlated elements, next we analyze this relationship.
An exhaustive search is adopted to obtain the optimal
threshold value. Specifically, at each iteration, the threshold
is increased by 1° and the number of correlated elements is
evaluated. The search is stopped once the maximum number
of correlated elements is achieved, and the corresponding
threshold value is selected as optimal.
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FIGURE 6. Number of correlated columns versus the threshold value .

Figure 6 illustrates the relationship between the number of
correlated columns and the threshold value vy, for the three
deployment cases described in Section III-B. For instance,
in deployment case 1, where the RIS is near the BS, the
maximum number of correlated elements occurs at ¥y =
31° for AGY® = 3 and at Y = 30° for AGE = 6,
indicating optimal threshold values for these configurations.
At lower threshold values, such as Yy, = 15°, all scenarios
exhibit a notably reduced number of correlated columns. This
suggests that increasing Y, enhances the correlation among
the columns. Furthermore, the variation in the correlation
trends across the three cases underscores the significant
impact of the deployment configuration on the nature of the
correlation.

Figure 7(I) illustrates the correlation patterns obtained
with the threshold v, = 15° for the deployment scenarios
discussed above. The results show that the correlation does
not span all RIS columns uniformly. Instead, only specific
clusters of adjacent elements exhibit sufficiently similar
phase responses to be grouped, while others remain weakly
correlated and must therefore be treated as independent. It
also highlights that, under a relatively low threshold such as
Y = 15°, many columns cannot be merged. Such a design
is particularly suitable for scenarios requiring support for
multiple users or the simultaneous generation of multiple
independent beams.

Figure 7(II) shows the results obtained by applying the
proposed methods (Algorithm 1 and Algorithm 2) for the
three deployment cases under consideration. The threshold
values used are respectively ¥y, = 30° and 31°, 24° and 29°,
31° and 28°. The figure demonstrates a strong correlation
along the columns of the RIS, suggesting that the elements
within each column can be grouped together and controlled
using a single control signal. This implies that, for effective
beamforming in the desired direction, it is sufficient to
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configure the phase shifts of the elements in the first row
of the RIS and the remaining elements within the same
column are obtained by adding the threshold value vy, (cf.
Fig. 8). This leads to the proposed RIS structure, namely,
the Connected-RIS. This structure ensures that the imposed
phase pattern propagates consistently across the remaining
elements in each column of the surface.

Figure 8 illustrates the RIS circuitry and control archi-
tecture. It shows individual RIS elements, the grouping
of correlated elements, and how a single control line
drives each group. The figure emphasizes the reduction in
both load impedances and DC control lines compared to
a fully controlled RIS. Arrows and annotations highlight
how correlated elements share the same control signal,
simplifying the circuitry while maintaining full beamforming
capability.

B. COMPLEXITY ANALYSIS

The computational complexity of the proposed algorithms is
largely dominated by the correlation analysis. For a RIS of
size N = N, x Ny with Q steering directions, generating the
phase-shift matrices W, for each steering direction requires
O(NQ) operations, scaling linearly with the number of
elements and steering directions. The correlation analysis,
which evaluates the maximum pairwise phase differences
between columns of the phase-shift matrices, has a worst-
case complexity of O(N>N,Q). In practice, early-stopping
mechanisms can significantly reduce the number of compar-
isons when columns are found to be uncorrelated, improving
the average-case efficiency. Finally, grouping -correlated
columns to form the Connected-RIS control groups involves
a simple linear scan over Ny columns, i.e., O(Ny), which is
negligible compared to the correlation step.'!

V. PERFORMANCE EVALUATION OF THE
CONNECTED-RIS

A. CONTROL AND LOAD IMPEDANCE

In the Connected-RIS architecture, the first element of each
column is a reconfigurable unit modeled by a load impedance
Z;, where i € {1,...,N,}. Here, N, denotes the number
of groups of correlated elements, which corresponds to
the number of columns in the structure. For comparison
purposes, two benchmark designs are considered, both based
on fully controlled elements: (i) the min-gain RIS, which
corresponds to the RIS structure with the minimum number
of elements that satisfies the fair coverage criterion (cf.
Section III); and (ii) the AGIB_RIS, which refers to the
conventional RIS where the number of elements is selected
to achieve the required gain after adding a gain margin AG
= 3dB or 6dB.

ITA detailed hardware-level analysis, including memory usage and FPGA
resource consumption, is beyond the scope of this work. Nevertheless, the
Connected-RIS reduces the number of controlled elements from N2 (fully
controlled RIS) to N, groups, implying a proportional reduction in memory
and FPGA utilization by approximately a factor of N/N; [31], [32].
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FIGURE 8. An 8 x 8 illustration of the Connected-RIS circuitry with column-wise
grouping, a single load impedance per column placed on the top element, and the
phase propagation to the remaining elements indicated by .

Figure 9 illustrates that the Connected-RIS architecture
significantly reduces the number of required load impedances
compared to the fully controlled RIS structures (3dB-
RIS or 6dB-RIS, and the min-gain RIS) across all the
deployment cases. This reduction is consistently observed
for both margins, i.e., AGB = 6 dB and AG® =
3 dB, with the Connected-RIS exhibiting an exponential
decrease in impedance requirements, as evidenced by the
logarithmic scale. This substantial reduction leads to lower
hardware complexity, reduced implementation costs, and a
more simplified design of the DC control circuitry, thereby
positioning the Connected-RIS as a more efficient and
scalable architecture.

For the proposed Connected-RIS design, we introduce a
DC control circuit, where each load impedance is driven
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FIGURE 9. Number of load impedances: comparison of Connected-RIS versus two
benchmarks in different deployment cases.

by a single DC bias control line, with a shared ground
connection used as the return path. In total, the Connected-
RIS requires 83 DC control lines, compared to 6889 control
lines for the fully controlled 6dB-RIS, and 70 DC biasing
instead of 4900 control lines required for the fully controlled
3dB-RIS. In both configurations, the Connected-RIS also
outperforms the fully controlled with minimum gain RIS,
which requires 3249 control lines. This substantial reduction
in the number of control lines highlights the markedly lower
complexity of the DC control circuit in the Connected-RIS
design, making it a more practical and scalable alternative
to the fully controlled RIS architectures.
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A further comparison in terms of the number of BS-RIS
control signals can also be considered. We find that the
number of control signals transmitted from the BS to the RIS
via the separated control link is N for the fully controlled
RIS (3dB-RIS, 6dB-RIS, and min-gain RIS), where N is
the total number of RIS elements (N = Nyeq or N = Npin
according to the structure); and NZ2 for the Connected-RIS,
with N, is the number of correlated elements (columns),
which is always less than that of the fully controlled RIS
structures.

B. POWER CONSUMPTION ANALYSIS

Now, we evaluate the power consumption of the proposed
architecture. The power consumption of a RIS can be divided
into two main components: the static power and the unit cell
power [31]. The static power, denoted Pgiagic, corresponds
to the power required by the control board and drives the
circuits, e.g., registers. Power Pynjs represents the power
consumed by the RIS unit cells, which varies depending
on the type of switching elements used. Based on this
description, the power consumption of the RIS can be
expressed as

PZ = Pgatic + Punits, (15)

where Pgatic = Peontrol + Peircuit, 0 Which Peongror s the
power consumption of the control board, which can be
considered as constant, and Pgjrcyit 1S the power consumption
of the drive circuits. The latter depends on the type of
adjustable electronic components, the number of control
signals, and the self-power consumption characteristics [32].
Based on that, of the Connected-RIS can be

formulated as
N,
IT;JS —‘ P drive »

where N, is the number of adjustable electronic components,
N is the number of control signals, N, is the number
of correlated elements, which corresponds to the number
of columns of the RIS, [-] is the ceiling function, and
Pgrive is the power consumption of the drive circuit,
which depends on the bit resolution of the reflecting
elements.

For comparison purposes, we also provide the expression
for the circuit power consumption corresponding to the fully
controlled RIS (with gain margin and with minimum gain),
which is given by

Ne
Pircuit = NN Prive.
s

Let Punit denote the power consumption of a reflecting
element along with the supporting biasing circuit (unit cell).
In this case, the reflecting element consists of three PIN
diodes, with the PIN diode’s individual power denoted

P circuit

Pircuit = ’7 (16)

A7)

by Pgiode- Therefore, the total power of each unit cell
is given by Punit = 3Pgiode- Hence, the total power of
the RIS units is obtained as Punits = NunitsPunit, Where
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FIGURE 10. Number of control lines: comparison of Connected-RIS versus two
benchmarks in different deployment cases.

Nunits 18 the total number of elements. In this work, we
define the number of units as either Ny, = N, for
the fully controlled RIS or Nuis = N, = Ny for the
Connected-RIS.

The FPGA XC7K70T is embedded as the control board,
with a working voltage of 24 V and a current of 0.2 A [31].
Hence, Pcontrol = Prrga = 4.8 W. We assume that the power
consumption of a RIS unit is Pyy = 15 mW. Here, we
employ a 4-bit shift register, which typically consists of three
D flip-flops connected in series to control each element (TTL
741.5194), thus Pgrive = 75 mW. Based on these values, the
total power consumption of a RIS panel in the three design
configurations, namely, the fully controlled RIS with gain
margin (the 3dB-RIS, the 6dB-RIS), the fully controlled RIS
with minimum gain (the min-gain RIS), and the Connected-
RIS, is compared in Table 2 for the three deployment cases
described in Section III-B.

A key finding from Table 2 is that the Connected-RIS
structure, designed based on the correlation analysis, offers
substantial power savings compared to the fully controlled
structures (3dB-RIS, 6dB-RIS, and the min-gain RIS).
For example, in Deployment Case 1, the Connected-RIS
consumes only 5.86 W, whereas the 3dB-RIS and the min-
gain RIS consume 78.41 W and 43.82 W, respectively. This
corresponds to a power reduction of approximately 92.5%
relative to the 3dB-RIS architecture, and 86.6% relative to
the min-gain one. Moreover, the Connected-RIS exhibits
robustness to gain margin variations, with only a minor
increase in the power consumption when the gain margin
is increased from 3 dB to 6 dB, unlike the fully controlled
RIS, which experiences a significant rise. For all deployment
cases, the proposed RIS architecture consistently maintains
low power consumption, even as the distance of the RIS
from the BS increases, demonstrating its scalability and
adaptability.
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TABLE 2. RIS power consumption for different deployment cases.

RIS Power Consumption (W)
Deployment Cases Connected-RIS (3 dB) | Connected-RIS (6 dB) | 3dB-RIS 6dB-RIS Min-Gain RIS
Case 1 5.860 6.045 78.410 108.240 43.815
Case 2 6.170 6.420 129.127 179.87 91.440
Case 3 6.200 6.450 134.647 186.412 96.060

| ——Fuly Cotrold RIS with Gin Mg (&)

Atk gk, (degres)

RIS Gain (0B) RIS Gain ({8

FIGURE 11. RIS gain versus azimuth angle ¢ in Deployment Case 1, with ¢, = 80°:
(@) AG® =3 dB, (b) AG® =6 dB.

RIS Gain (dB)

RIS Gan (dB)

FIGURE 12. RIS gain versus azimuth angle ¢ in Deployment Case 2, with ¢ = 80°:
(a) AG® =3 dB, (b) AG® = 6 dB.

C. GAIN ANALYSIS

Now, we conduct a performance evaluation of the RIS gain
achieved by the Connected-RIS design, in comparison with
the fully controlled designs.

Figures 11-13 present a comprehensive evaluation of the
RIS gain performance across various configurations: the
fully controlled RIS with gain margin, the fully controlled
RIS with minimum gain, and the Connected-RIS, in the
deployment cases described in Section III-B, considering
different threshold values ;. For instance, as shown
in Fig. 12, the fully controlled and the Connected-RIS
exhibit similar gain characteristics, with minor angular
shifts in the Connected-RIS nulls. Although the maximum
gain of the Connected-RIS remains slightly below that of
the fully controlled RIS with gain margin, it continues
to exceed the performance of the fully controlled RIS
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FIGURE 13. RIS gain versus azimuth angle ¢ in Deployment Case 3, with ¢, = 80°:
(a) AG™® =3 dB, (b) AG™ =6 dB.

with minimum gain, thereby ensuring compliance with
fair coverage requirements. While the fully controlled RIS
with gain margin offers high performance, its excessive
power consumption renders it unsuitable for large-scale
deployments (cf. Table 2). Although the fully controlled RIS
with minimum gain is more efficient than that with gain
margin (AGYB-RIS) configurations, it remains less energy-
efficient than the Connected-RIS. These results underscore
the Connected-RIS as a compelling architecture for next-
generation wireless networks, offering a favorable trade-off
between performance and energy efficiency, particularly in
energy-constrained and large-scale scenarios. Overall, the
Connected-RIS demonstrates a strong ability to balance
the control complexity with the system performance, and
to reliably meet the fair coverage condition in diverse
deployment conditions.

D. RATE ANALYSIS

While reducing power consumption is essential for enhanc-
ing the energy efficiency, it is equally important to ensure that
this improvement does not compromise the communication
rates or the overall system performance. Therefore, evalu-
ating the achievable rate is crucial for determining whether
the Connected-RIS design maintains an acceptable trade-
off between the energy efficiency and the communication
effectiveness. In these investigations, we set No = —174 +
10log,y(B) dBm, where B = 1 MHz is the system
bandwidth [12].

In Figs. 14 and 15, the achieved rate at the typical UE
is plotted for the Connected RIS, and the fully controlled
RIS configurations. The results reveal that all configurations
attain nearly identical rates. This outcome can be attributed to
the fact that the three RIS structures are designed to optimize
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FIGURE 15. Rate versus transmit power for AG® = 6 dB and ¢ = 80°.

the phase shifts of the incident signals, thereby enhancing
the received signal strength at the UE. Furthermore, since
all the configurations are deployed with the same resource
allocation strategies, their ensuing performance remains com-
parable despite differences in their architectural complexity.
These findings underscore a key advantage of the Connected-
RIS: it offers comparable performance to the fully controlled
RIS, while significantly reducing the power consumption and
control overhead. As a result, the Connected-RIS emerges
as a more energy-efficient and cost-effective alternative
that still satisfies the quality-of-service requirements as the
conventional designs.

E. RIS CONFIGURATION AND CASE STUDY
It is important to recall that the objective is to ensure fair
coverage over the angular region defined by the azimuth
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Algorithm 3 Computation of the Required Number of
Codewords.
Input: Gain threshold Gy,.
1: Initialize ¢ = 1, Neonf < 0, ¢y < —80°.
2: while ¢, < 80° do
3:  Compute the
[—80°:1°:80°].
4:  Identify ¢, such that Gris(¢y) = G-
5: Set Neonf <— Neonf + 1 and g <— g + 1.
6: end while
Output: Required number of configurations Ncopf.

RIS gain Gris(¢p) for ¢ €

range ¢ = —80° to ¢ = 80° at a fixed elevation angle
Oris, while maintaining constant azimuth angle ¢ps and
elevation angle fggs at the BS. To achieve the maximum gain
throughout the coverage area, the RIS must be continuously
reconfigured to steer its beam towards the azimuth direction
¢, such that the resulting gain Gris(¢) meets or exceeds
a predefined threshold value Gg. The minimum number
of distinct codewords required to achieve full coverage
under this criterion can be systematically determined using
Algorithm 3.

1) CONFIGURATION APPROACHES

By applying Algorithm 3, the number of codewords required
to achieve full coverage is determined when using the
Connected-RIS or the fully controlled RIS designs. For
instance, to span the angular range from —80° to 80°,
the 83 x 83 Connected-RIS requires only 52 codewords,
whereas the min-gain RIS necessitates 80 codewords.
Based on this analysis, two deployment strategies can be
considered. In the first scenario, the RIS is dynamically
reconfigured using a register that stores all predefined
codewords, allowing the beam to be steered in real time
towards the desired direction. In the second scenario, 52
Connected-RIS panels of size 83 x 83 are deployed, each
pre-configured with a fixed phase setting to cover a specific
angular sector.

e Dynamically Configured Surface: In this approach, a
single 83 x 83 Connected-RIS is dynamically recon-
figured using a register that stores all 52 codewords,
each corresponding to a distinct beam steering direction.
The FPGA sequentially activates these codewords to
steer the beam as required. This configuration offers
greater adaptability and occupies a significantly less
physical space than the multi-panel alternative, making
it well-suited for dynamic or space-constrained envi-
ronments. However, it requires fast-switching circuitry
to minimize potential service interruptions during the
reconfiguration, which may otherwise result in coverage
gaps. For instance, storing all 52 codewords requires
approximately 1,075,684 bits for the fully controlled
RIS with gain margin (6,889 elements x3 bits per
element x52 codewords), and only 12,948 bits for
the Connected-RIS (83 control units x3 bits x52
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FIGURE 16. RIS gain versus the azimuth angle ¢ with multiple configurations to
cover the region from —80° to 80° in Deployment Case 1. Here, AG®® = 6 dB, y;, = 31°.

codewords). The RIS provides coverage and high signal
quality for multiple users moving through the streets
and inside buildings within a 160° sector. We assume
that the beam selection algorithm updates every 100 ms.
o Static Configured Surface: In this configuration, 52
individual 83 x 83 Connected-RIS panels are deployed,
each pre-configured with a fixed phase setting tai-
lored to a specific angular sector. This eliminates the
need for dynamic reconfiguration and the associated
switching delays, enabling simultaneous coverage of
all target directions and significantly simplifying the
control circuitry. This advantage comes at the cost
of increased physical deployment space and reduced
adaptability to dynamic environments. This approach is
well-suited for wide-area, high-density scenarios, such
as dense urban corridors, transportation hubs, smart-city
deployments with largely static devices, industrial or
campus environments with stable coverage zones, and
peak-hour hotspots, where uninterrupted multi-sector
coverage is required. In such settings, the static panels
continuously enhance the signal within their assigned
sectors, ensuring robust and consistent connectivity for
both user-centric and machine-type communications.

For both configuration approaches, the RIS gain
performance is illustrated in Fig. 16 for representative
steering angles (pug = —80° and ¢pyg = 80°).'% The results
indicate that the main lobes exhibit high gains, approaching
76 dB, while the side lobes remain significantly attenuated.
By continuously configuring the RIS, full coverage of
the said region can be obtained. This multi-beam strategy

12The same behavior is observed when the gain margin is AGIB =3 dB
or when considering the other deployment cases (Case 2 and Case 3). To
reduce the number of figures, we present only the illustrative result shown
in Fig. 16.
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underscores the flexibility and efficiency of the Connected-
RIS design in achieving wide-area coverage with reduced
hardware complexity.

2) POWER CONSUMPTION EVALUATION

In this subsection, the power consumption of the dynamically
configured surface and the static configured surface is
discussed.

o Dynamically Configured Surface: For this setup, the
total power consumption is influenced by multiple
factors, including the RIS size, the configuration update
rate, the type of switching elements, and the complexity
of the control circuitry. Following the model in [12],
we assume a power requirement of 300 mW per config-
uration update for the updating circuitry. Accordingly,
the total power consumption of the Connected-RIS
(83 x 83) is estimated at approximately 314.64 W,
significantly lower than the 5628.78 W required by the
fully controlled RIS with gain margin (6dB-RIS). For
further comparison, the fully controlled RIS with min-
imum gain (min-gain RIS) under the same deployment
conditions consumes about 2278.68 W. These findings
underscore the energy efficiency of the Connected-
RIS architecture, which achieves a substantial power
reduction of 94.4% and 86.20% relative to the 6dB-
RIS and the min-gain RIS designs, respectively. This
highlights the practical viability of the Connected-
RIS in energy-constrained environments, particularly for
large-scale or real-time applications.

o Static Configured Surface: Here, the power consump-
tion remains relatively stable over time but is distributed
across multiple panels, with the total power determined
by the cumulative consumption of each individual panel.
For this setup, the total power consumption is estimated
to be approximately 314.34 W for the Connected-RIS
(83 x 83), compared to 5628.48 W for the 6dB-RIS
and 2278.38 W for the min-gain RIS. Consistent with
the dynamic configuration scenario, the Connected-
RIS exhibits lower power consumption compared to
the benchmark designs, reaffirming its suitability for
scalable and power-sensitive deployments.

VI. CONCLUSION

This work introduced and validated a correlation-based
RIS architecture, termed Connected-RIS, which effectively
addresses the dual challenges of hardware simplification
and energy consumption reduction in emerging RIS-aided
wireless communication systems. By exploiting the corre-
lation among the phase shifts values of the RIS, which
is analyzed and confirmed for different deployments, the
proposed design substantially reduces the number of inde-
pendently controlled components, thereby minimizing the
control signal requirements and simplifying the associated
circuitry. Theoretical evaluations and extensive simula-
tions across diverse deployment scenarios demonstrated
that the Connected-RIS achieves significant reductions in
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both, the power consumption and the hardware complexity,
while maintaining competitive beamforming gains and data
rates. In comparison to the fully controlled RIS designs,

the

Connected-RIS offers a favorable balance between

system performance and implementation cost, representing
a critical advancement towards scalable and energy-aware
RIS-enabled network architectures.
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