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Abstract
Reconfigurable intelligent surfaces (RISs) have 

been introduced to improve the coverage of wire-
less systems and make the communication environ-
ment controllable. The functionality of RIS is based 
on signal manipulation, in particular reflection, 
which can be used to steer the electromagnetic 
waves in the preferred directions. Accordingly, the 
spatial diversity and signal quality can be enhanced 
via nearly passive beamforming. Nevertheless, wire-
less propagation of the signals from the transmitter 
to the RIS and then to the receiver can still experi-
ence a substantial path loss and delay. In this work, 
we introduce a novel concept of cable-aided dis-
tributed RIS (CRIS), which seamlessly connects two 
distant locations and thus enables superior signal 
propagation conditions compared to state-of-art 
technologies. In combination with the techniques 
known in the context of RIS, such as beamforming, 
spatial diversity enhancement, etc., this technol-
ogy can provide unprecedented improvements 
for the coverage and energy efficiency of future 
wireless networks. Furthermore, the communica-
tion environment is expected to become not just 
controllable, but partially transparent. The obtained 
numerical results indicate that CRIS outperforms 
both the traditional RISs and the recently proposed 
STAR-RISs with simultaneous transmission and 
reflection capabilities, while the operation require-
ments and complexity for CRIS are much lower 
compared to the latter.

Introduction
Recently, the idea of controllable environment has 
been proposed [1]. This idea is aligned with the 
recent advances in the design of reconfigurable 
intelligent surfaces (RISs), which are planar struc-
tures with the capability to manipulate the imping-
ing electromagnetic waves and thus steer them in 
preferred directions [2]. This is especially beneficial 
in case of signal blockage, such that a controlled 
reflection would create an additional signal path 
and improve the connectivity, see Fig. 1. Typically, 
RIS is implemented based on metamaterials and 
either tiny antenna elements or patch patterns [2]. 
RIS technology has been suggested for a variety of 
applications, e.g. smart cities [3], internet of things 
[4], etc. The main benefit of this technology is the 
nearly passive operation, i.e. only the impedances 
of the RIS elements need to be updated. Through 
this, the power consumption is lower than with 

active relays since it does not scale with the sig-
nal magnitude. Furthermore, beamforming can 
be employed in order to enhance the signal qual-
ity, enable spatial decorrelation, reduce the fading 
effects, increase the efficiency of wireless power 
transfer, etc. For more information on RIS technol-
ogy, please refer to [2].

In order to study the benefits of RIS, various 
network configurations have been considered. In 
some cases, multihop RIS-aided communication 
has been proposed to improve the coverage of 
wireless networks [5]. Specifically, the signals are 
reflected from one RIS to another in a ping-pong 
fashion until they reach the destination, see Fig. 
1. However, the resulting signal path can be very 
long, which typically leads to heavy losses, which 
scale with the product of the distances of all sub-
links. In addition, some of the receivers may still 
be unreachable due to obstacles, e.g. walls. In 
such cases, the signal quality may be very low. 
In particular, in urban areas the attenuation can 
be very high, if the signal path is not aligned with 
the geometry of the streets [6]. Corresponding-
ly, it may not be possible to get the signal from 
one street to another without sacrificing a big part 
of the link budget. It is worth noting that a novel 
RIS configuration referred to as simultaneous 
transmission and reflection (STAR)-RIS has been 
proposed to enable the penetration of walls [7]. 
However, if STAR-RIS is employed, it is only pos-
sible to improve the coverage directly behind the 
RIS, e.g. inside the building. If the receiver is out-
side the building, the signal needs to be guided 
through the rooms and transmitted through the 
second STAR-RIS.

In this article, we introduce a novel paradigm 
of Cable-aided distributed RIS (CRIS). This con-
cept provides an alternative way of communi-
cation with remote locations. CRIS represents 
a combination of RISs and wired connections, 
which can be implemented on the basis of pow-
erline communication (PLC) or radio-over-fiber 
(RoF) technology. As the propagation losses in 
cables and fibers are often substantially lower 
than the losses of an equivalent (in terms of 
transmission distance) wireless propagation, the 
blockages can become almost transparent to the 
communication signals. To this end, the use of RIS 
as part of CRIS ensures that the spatial diversity 
of the two environments interconnected via CRIS 
is preserved and can be exploited e.g. for beam-
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forming, multi-user communication or security. 
Furthermore, various independent communica-
tion systems can simultaneously take advantage 
of the same CRIS including cellular, IoT, device-to-
device communication, etc.

The remainder of the article is organized as fol-
lows. The concept of CRIS is explained. In Section 
III, important aspects of signal modeling for CRIS 
are discussed. We present the most relevant use 
cases of CRIS. The performance of CRIS against 
the existing benchmarks is numerically evaluated 
for the magnetic transparency use case. We dis-
cuss future challenges and research opportunities. 
Subsequently, the article is concluded.

Cable-Aided Distributed RIS
CRIS consists of two RISs and utilizes a wired 
connection between them in order to reduce the 
path loss and thus facilitate the signal propagation. 
One part of the CRIS with the input-RIS is visible 
to the transmitter, e.g. base station (BS). Another 
part, i.e. output-RIS, is visible to the receiver, e.g. 
user equipment (UE), see Fig. 2. Of course, the 
transmitter and the receiver can be other devices, 
but we follow this network structure for the sake 
of simplicity. The signal absorption by the RIS has 
been recently studied in the context of self-sus-
tainable RIS [8], where the impinging electromag-
netic waves have been absorbed by the individual 
RIS elements and used for battery charging. Simi-
larly, the input signals from the BS are received by 
the input-RIS and guided to the output-RIS instead 
of a battery. The output-RIS is used to re-emit the 
signals. The emission of the signal by RIS has been 
recently proposed in the context of active RIS, i.e. 
RIS with active signal amplification [9], which is 
performed prior to signal re-emission. The re-emit-
ted signal is then wirelessly received by the UE. 
Due to much lower path losses in the cable com-
pared to the wireless propagation, substantial per-
formance gains compared to conventional RIS 
schemes can be expected. Furthermore, depend-
ing on the length of the cable connection and its 
implementation the latency can be reduced as 
well, which is especially promising for the future 
ultra low-latency communication systems.

The connection between the two RISs can be 
implemented in different ways depending on the 
type of CRIS. If we assume that the CRIS should 
have a functionality similar to a classical active 
relay (received signal is amplified/processed by 
the relay and forwarded), then the connection 
between the two parts may contain a cable, 
a signal processor (digital or analog), a power 
supply, etc. A more advanced architecture may 
include the second and third layer communica-
tion protocols to assist the packet transmission 
from one RIS to another. Note that active CRIS 
can be also implemented using traditional anten-
na arrays instead of RISs since the phase shifts 
can be adjusted via signal processing and active 
beamforming of CRIS.

The interconnection of RISs can be implement-
ed using the well-known PLC technology [10]. 
Instead of a coaxial cable, optical fibers can be 
employed for a faster and low-attenuation signal 
propagation between the two antennas. In this 
case, the mapping of the RF signal onto optical 
carriers and back can be done using the RoF tech-
nology [11]. 

Both PLC and RoF technologies require addition-
al power supply for the operation of the respective 
active components, such as converters and decod-
ers, which may render CRIS inefficient. However, a 
fully passive CRIS can be realized, if analog-digital 
converters, amplifiers, filters and decoders are omit-
ted leaving only a simple coaxial cable or fiber in 
addition to the phase shifters, see Fig. 2.

In order to enable the beamforming functionality 
of CRIS the phase shifting components of RISs can 
be optimized. As the reconfiguration of the phase 
shifts can be performed dynamically, the reconfig-
urability of RIS is inherited by CRIS. Through this, 
the performance of CRIS can be adapted to the 
time-varying environment and scenarios.

Interestingly, each input element of CRIS can be 
potentially connected to multiple output elements. 
Accordingly, not only the direction of signal reflec-
tion can be manipulated using CRIS, but the beam 
pattern at both front-ends. In particular, the receive 
beamforming at the input of CRIS and the trans-
mit beamforming at its output can be optimized 
to reduce interference and increase the security. 
This feature is not present in the conventional RIS 
technology, where each RIS element is typically 
assumed to reflect all incoming signals equally well. 
Accordingly, the spatial diversity of CRIS-assisted 
communication networks may be higher compared 
to a single conventional RIS. The splitting of the sig-
nal can be realized e.g. using power splitters, which 
are often employed in receivers of simultaneous 
information and power transmission (SWIPT).

Another interesting aspect is related to the chan-
nel estimation complexity. In fact, all traditional 
double-hop RIS or STAR-RIS-aided communication 
schemes require the channel estimation for three 
sub-links. In contrast, CRIS requires the channel 
estimation only for two sub-links since the sub-link 
connecting the two RISs is replaced by a station-
ary cable connection. Similarly, no online time or 
frequency synchronization is required between the 
input- and the output-RIS, such that the complexi-
ty of operation is also lower than that of the dou-
ble-hop RIS or STAR-RIS-aided communication.

One potential drawback of the proposed tech-
nology is related to the deployment costs, which 
depend on the length of the cable connection and 
may be higher than with the stand-alone RISs and 
STAR-RISs. The trade-off between these costs, the 
number of CRIS front-ends and the overall system 
performance is beyond the scope of this work.

FIGURE 1. Multihop RIS-assisted communication with obscured users. High path losses of the cascaded channels 
render the signal quality insufficient.

1

Cable-aided Distributed Reconfigurable Intelligent

Surface (CRIS): New Paradigm for Wireless

Communication Networks

Steven Kisseleff, Senior Member, IEEE, Konstantinos Ntontin, Member, IEEE

and Symeon Chatzinotas, Fellow, IEEE

Abstract—Reconfigurable intelligent surfaces (RISs)

have been introduced to improve the coverage of wire-

less systems and make the communication environment

controllable. The functionality of RIS is based on signal

manipulation, in particular reflection, which can be used to

steer the electromagnetic waves in the preferred directions.

Accordingly, the spatial diversity and signal quality can be

enhanced via nearly passive beamforming. Nevertheless,

wireless propagation of the signals from the transmitter

to the RIS and then to the receiver can still experience a

substantial path loss and delay.

In this work, we introduce a novel concept of cable-

aided distributed RIS (CRIS), which seamlessly con-

nects two distant locations and thus enables superior

signal propagation conditions compared to state-of-art

technologies. In combination with the techniques known

in the context of RIS, such as beamforming, spatial

diversity enhancement, etc., this technology can provide

unprecedented improvements for the coverage and energy

efficiency of future wireless networks. Furthermore, the

communication environment is expected to become not

just controllable, but partially transparent. The obtained

numerical results indicate that CRIS outperforms both

the traditional RISs and the recently proposed STAR-RISs

with simultaneous transmission and reflection capabilities,

while the operation requirements and complexity for CRIS

are much lower compared to the latter.

Index Terms—Reconfigurable intelligent surfaces, relay-

ing, research challenges.

I. INTRODUCTION

Recently, the idea of controllable environment

has been proposed [1]. This idea is aligned with

the recent advances in the design of reconfigurable

intelligent surfaces (RISs), which are planar struc-

tures with the capability to manipulate the imping-

ing electromagnetic waves and thus steer them in

This work was supported by Luxembourg National Research Fund

(FNR) under the CORE project RISOTTI C20/IS/14773976.

The authors are with the Interdisciplinary Centre for Security,

Reliability and Trust, University of Luxembourg, Luxembourg. Cor-

responding author: Steven Kisseleff (steven.kisseleff@uni.lu).

Fig. 1: Multihop RIS-assisted communication with

obscured users. High path losses of the cascaded

channels render the signal quality insufficient.

preferred directions [2]. This is especially beneficial

in case of signal blockage, such that a controlled

reflection would create an additional signal path

and improve the connectivity, see Fig. 1. Typically,

RIS is implemented based on metamaterials and

either tiny antenna elements or patch patterns [2].

RIS technology has been suggested for a variety of

applications, e.g. smart cities [3], internet of things

[4], etc. The main benefit of this technology is the

nearly passive operation, i.e. only the impedances of

the RIS elements need to be updated. Through this,

the power consumption is lower than with active

relays since it does not scale with the signal magni-

tude. Furthermore, beamforming can be employed

in order to enhance the signal quality, enable spatial

decorrelation, reduce the fading effects, increase the

efficiency of wireless power transfer, etc. For more

information on RIS technology, please refer to [2].

In order to study the benefits of RIS, various

network configurations have been considered. In

some cases, multihop RIS-aided communication has

been proposed to improve the coverage of wireless

networks [5]. Specifically, the signals are reflected

from one RIS to another in a ping-pong fashion
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System Model

In this section, we describe the properties of pas-
sive CRIS-assisted signal propagation, i.e. model-
ing aspects, losses and impairments.

Signal Propagation Model
The CRIS-aided signal propagation can be mod-
eled using a channel cascade that comprises a 
wireless link between the transmitter and the 
input-RIS elements, cable attenuation, phase 
shifts, and a wireless link between the ouput-RIS 
elements and the receiver. The two wireless links 
contribute to the overall path losses in terms of 
double fading, similar to RIS. The mapping of 
the input signals of CRIS onto the output signals 
is linear and can be described using a diagonal 
phase shift matrix. Additionally, the magnitude of 
each diagonal element scales according to the 
total power drained from the respective input-
RIS element and the attenuation of the cable 
connection.

Typically, RIS-aided signal propagation is 
modeled using a diagonal phase shift matrix with 
zero off-diagonal elements. In contrast, CRIS 
can be realized with a phase shift matrix that 
has no zero elements. Accordingly, much more 
flexibility for the optimization can be expect-
ed. In particular, the beam pattern of CRIS can 
be manipulated to select the direction of signal 
arrival and transmission.

In addition, if advanced CRIS with multiple 
input- or output-RISs is employed, the phase shift 
matrix of CRIS can be rectangular. Accordingly, 
the signal model and the design methods for CRIS 
are also different than those of RIS.

Losses
Depending on the implementation, the path loss-
es in CRIS can substantially vary.

Coaxial Cable: The signal propagating through 
the CRIS cable is subject to attenuation loss. The 
attenuation of commercial coaxial cables varies 
depending on the operating frequency, the cable 
length and the cable manufacturing. For instance, 
at a carrier frequency of 2.7 GHz the attenuation 
of commercial cables can be as low as around 4.4 
dB/100 m [12]. In addition, the insertion losses in 
connectors are close to 0.1 dB at high frequen-
cies according to [13]. 

Optical Fibers: The use of optical fibers 
requires an electrical-to-optical and an opti-
cal-to-electrical conversion of the signal via optical 
modulators at the respective ends of the cable. 

Typical attenuation values of a fiber cable are in 
the order of 5 dB/km [14], which is much lower 
than with the coaxial cable. However, the inser-
tion losses of the optical modulators and photo-
detectors are typically rather high, i.e. in the order 
of 5–8 dB [15]. 

Accordingly, for short transmission distances, i.e. 
below 250 m, the coaxial cables might be preferred. 

Additional losses may occur by splitting or 
combining the input signals in CRIS. Such losses 
usually scale with the number of combination/
splitting stages. Depending on the implementa-
tion they can be kept sufficiently low.

Major Signal Impairments
Cross-Talk: Mutual coupling of coaxial cables 

due to insufficient insulation can lead to interfer-
ence between signals associated with adjacent 
reflective elements. Through this, each element of 
the output-RIS would receive a mixture of signals 
coming from multiple elements of the input-RIS. 
Due to the advanced signal processing capabili-
ties of CRIS, this effect can be pre-compensated 
by applying a (fully passive) spatial equalization 
inside CRIS. 

Phase Noise: Phase noise is a typical impair-
ment related to the finite precision of phase shift 
adjustment. This additional phase rotation may 
influence the beam pattern of CRIS, thus leading 
to performance degradation. The degradation can 
be, however, reduced by taking into account this 
impairment in the phase shift optimization.

Use Cases

Electromagnetic Transparency
Figure 3a illustrates, how an obstacle can be made 
transparent for the electromagnetic radiation 
using CRIS technology. This specific implementa-
tion of the CRIS comprises two RISs connected 
via cable. The power splitting elements are omit-
ted in the figure. The BS transmits a signal to the 
input-RIS. The signal is mostly absorbed and guid-
ed to the output-RIS behind the wall. The different 
received copies of the input signal can be passive-
ly processed, i.e. attenuated and phase-rotated, 
in such a way that the signals are precoded and 
beamed towards the users behind the obstacle. 
Through this, the obstacle does not significant-
ly affect the signal propagation anymore, which 
leads to its electromagnetic transparency. Note 
that a similar effect is observed with the STAR-RIS, 
which, however, requires the replacement of the 
wall by a metasurface.

In contrast, using conventional RIS technolo-
gy, the signals may need to be guided wirelessly 
over long distances in order to reach the users. 
Accordingly, the path loss of RIS-aided signal prop-
agation is likely substantially higher than the path 
loss of CRIS-aided signal propagation. %\textcol-
or{red}{Similarly, the latency can be reduced using 
a direct and stable wired connection of CRIS com-
pared to the wireless propagation via reflections 
from RISs. The latter is especially promising for the 
future ultra low-latency communication systems.

Distributed Beamforming
More advanced CRIS implementions may include 
multiple input- and output-RISs, which would 
enable more sophisticated signal processing, 

FIGURE 2. Passive CRIS based on multiple RISs.
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until they reach the destination, see Fig. 1. However,

the resulting signal path can be very long, which

typically leads to heavy losses, which scale with the

product of the distances of all sub-links. In addition,

some of the receivers may still be unreachable due

to obstacles, e.g. walls. In such cases, the signal

quality may be very low. In particular, in urban

areas the attenuation can be very high, if the signal

path is not aligned with the geometry of the streets

[6]. Correspondingly, it may not be possible to

get the signal from one street to another without

sacrificing a big part of the link budget. It is worth

noting that a novel RIS configuration referred to as

simultaneous transmission and reflection (STAR)-

RIS has been proposed to enable the penetration of

walls [7]. However, if STAR-RIS is employed, it

is only possible to improve the coverage directly

behind the RIS, e.g. inside the building. If the

receiver is outside the building, the signal needs

to be guided through the rooms and transmitted

through the second STAR-RIS.

In this paper, we introduce a novel paradigm of

Cable-aided distributed RIS (CRIS). This concept

provides an alternative way of communication with

remote locations. CRIS represents a combination of

RISs and wired connections, which can be imple-

mented on the basis of powerline communication

(PLC) or radio-over-fiber (RoF) technology. As the

propagation losses in cables and fibers are often

substantially lower than the losses of an equivalent

(in terms of transmission distance) wireless propa-

gation, the blockages can become almost transparent

to the communication signals. To this end, the use

of RIS as part of CRIS ensures that the spatial

diversity of the two environments interconnected

via CRIS is preserved and can be exploited e.g.

for beamforming, multi-user communication or se-

curity. Furthermore, various independent communi-

cation systems can simultaneously take advantage

of the same CRIS including cellular, IoT, device-to-

device communication, etc.

The remainder of the paper is organized as fol-

lows. In Section II, the concept of CRIS is ex-

plained. In Section III, important aspects of signal

modeling for CRIS are discussed. In Section IV,

we present the most relevant use cases of CRIS.

In Section V, the performance of CRIS against the

existing benchmarks is numerically evaluated for

the magnetic transparency use case. Section VI dis-

cusses future challenges and research opportunities.

Fig. 2: Passive CRIS based on multiple RISs.

Subsequently, the paper is concluded in Section VII.

II. CABLE-AIDED DISTRIBUTED RIS

CRIS consists of two RISs and utilizes a wired

connection between them in order to reduce the

path loss and thus facilitate the signal propagation.

One part of the CRIS with the input-RIS is visible

to the transmitter, e.g. base station (BS). Another

part, i.e. output-RIS, is visible to the receiver, e.g.

user equipment (UE), see Fig. 2. Of course, the

transmitter and the receiver can be other devices, but

we follow this network structure for the sake of sim-

plicity. The signal absorption by the RIS has been

recently studied in the context of self-sustainable

RIS [8], where the impinging electromagnetic waves

have been absorbed by the individual RIS elements

and used for battery charging. Similarly, the input

signals from the BS are received by the input-RIS

and guided to the output-RIS instead of a battery.

The output-RIS is used to re-emit the signals. The

emission of the signal by RIS has been recently

proposed in the context of active RIS, i.e. RIS with

active signal amplification [9], which is performed

prior to signal re-emission. The re-emitted signal

is then wirelessly received by the UE. Due to

much lower path losses in the cable compared to

the wireless propagation, substantial performance

gains compared to conventional RIS schemes can

be expected. Furthermore, depending on the length

of the cable connection and its implementation the

latency can be reduced as well, which is especially

promising for the future ultra low-latency commu-

nication systems.

The connection between the two RISs can be

implemented in different ways depending on the

Typically, RIS-aided signal 
propagation is modeled 

using a diagonal phase shift 
matrix with zero off-diagonal 

elements. In contrast, CRIS 
can be realized with a phase 
shift matrix that has no zero 

elements. 
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such as distributed transmit and receive beam-
forming from multiple output-RISs. As an exam-
ple, using a CRIS with multiple output-RISs we 
can directly serve all users in different rooms, see 
Fig. 3b. Here, the signal path is reduced com-
pared to the conventional RIS (see for a similar 
scenario Fig. 1), since we inject the signals into 
the target rooms directly, i.e. without guiding 
them wirelessly through multiple locations via 
reflections from the walls.

The main benefit of CRIS in this configura-
tion arises from the splitting of the connection. 
For this, CRIS may include multiple power split-
ters, which produce attenuated copies of the 
received signals that are guided to different out-
put-RISs. Through this, the beamforming capabil-
ities of CRIS can be substantially enhanced by 
exploiting the spatial diversity of multiple distrib-
uted RISs. In fact, the distributed beamforming 
from multiple output-RISs can be used to create 
small high-performance bubbles around the UE 
(e.g., UE 3 in Fig. 3b with low co-channel inter-
ference and high security.

Apparently, such a CRIS represents a special 
case of a distributed multi-antenna system with 
multiple access points. Typical drawbacks of this 
implementation are therefore related to through-
put limitations and power consumption. Clearly, 
passive CRIS is more advantageous in this scenar-
io since it does not have such drawbacks.

Numerical Evaluation
We consider a scenario as described in Fig. 4. 
We assume that the walls cannot be penetrat-
ed by electromagnetic radiation and that no 
sufficiently strong non-LoS propagation path 
exists, such that the system relies on the signal 
reflections from the RISs or on the CRIS. As 
benchmark schemes, we consider a convention-
al single RIS, double RIS and double STAR-RIS 
approach. The CRIS consists of two RISs con-
nected via coaxial cable. For a fair comparison, 
we assume that all involved RISs have the same 
number of elements. The transmitter and the 
receiver are equipped with single antennas and 
placed at 1.5 m height above ground and 5 m 
away from the opposite walls of a building. The 
STAR-RISs (and the RISs of CRIS) are deployed 
in front of the transceivers at 3 m height. The 
positions of conventional RISs in double-RIS set-
ting are shifted relative to the transceivers by 15 
m away from the axis of signal transmission. The 
conventional single RIS is deployed at the closest 
position to the building, which has a LoS both 

with the transmitter and the receiver. We assume 
a path loss exponent of 2.3 outdoors and 3.7 
indoors due to potentially many reflections 
from multiple walls inside the building. Further-
more, we assume Rician fading channels with a 
Rician factor of 0 dB that are perfectly known to 
all devices. All RISs are optimized to maximize 
the signal strength at the receiver. Furthermore, 
we employ a passive CRIS with 4.4 dB/100 m 
cable loss (cable length depends on the building 
width) and 0.1 dB insertion loss. The path loss is 
obtained from 1000 Monte Carlo runs. 

The resulting average path loss obtained for 
different building widths and numbers of RIS 
elements is depicted in Fig. 5. We observe that 
single RIS-based signal transmission substantially 
outperforms the double RIS-based system, espe-
cially with a low number of reflective elements 
and low building width. With respect to CRIS, 
single RIS- and double RIS-based signal transmis-
sions with 400 elements suffer at least 27.6 dB 
and 41.1 dB higher average path loss, respec-
tively. In addition, we observe that the path loss 
using STAR-RISs is larger than that of single RIS, 
which is due to a larger number of sub-links in 

FIGURE 3. Use cases of CRIS: a) electromagnetic transparency; b) distributed beamforming..

!"#$

%& !"#'

!"#(

(a) (b)

FIGURE 4. Evaluated scenario.

5

UE 3

BS UE 2

UE 1

(a) Electromagnetic transparency. (b) Distributed beamforming.

Fig. 3: Use cases of CRIS.

this, CRIS may include multiple power splitters,

which produce attenuated copies of the received

signals that are guided to different output-RISs.

Through this, the beamforming capabilities of CRIS

can be substantially enhanced by exploiting the

spatial diversity of multiple distributed RISs. In fact,

the distributed beamforming from multiple output-

RISs can be used to create small high-performance

bubbles around the UE (e.g., UE 3 in Fig. 3b) with

low co-channel interference and high security.

Apparently, such a CRIS represents a special

case of a distributed multi-antenna system with

multiple access points. Typical drawbacks of this

implementation are therefore related to throughput

limitations and power consumption. Clearly, passive

CRIS is more advantageous in this scenario since it

does not have such drawbacks.
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We consider a scenario as described in Fig. 4.

We assume that the walls cannot be penetrated by

electromagnetic radiation and that no sufficiently

strong non-LoS propagation path exists, such that

the system relies on the signal reflections from the

RISs or on the CRIS. As benchmark schemes, we

consider a conventional single RIS, double RIS and

double STAR-RIS approach. The CRIS consists of

two RISs connected via coaxial cable. For a fair

comparison, we assume that all involved RISs have

the same number of elements. The transmitter and

the receiver are equipped with single antennas and

placed at 1.5 m height above ground and 5 m away

from the opposite walls of a building. The STAR-

RISs (and the RISs of CRIS) are deployed in front

of the transceivers at 3 m height. The positions of

conventional RISs in double-RIS setting are shifted

relative to the transceivers by 15 m away from

the axis of signal transmission. The conventional

Fig. 4: Evaluated scenario.

single RIS is deployed at the closest position to the

building, which has a LoS both with the transmitter

and the receiver. We assume a path loss exponent of

2.3 outdoors and 3.7 indoors due to potentially many

reflections from multiple walls inside the building.

Furthermore, we assume Rician fading channels

with a Rician factor of 0 dB that are perfectly known

to all devices. All RISs are optimized to maximize

the signal strength at the receiver. Furthermore, we

employ a passive CRIS with 4.4 dB/100 m cable

loss (cable length depends on the building width)

and 0.1 dB insertion loss. The path loss is obtained

from 1000 Monte Carlo runs.

The resulting average path loss obtained for dif-

ferent building widths and numbers of RIS elements

is depicted in Fig. 5. We observe that single RIS-

based signal transmission substantially outperforms

the double RIS-based system, especially with a

low number of reflective elements and low building

width. With respect to CRIS, single RIS- and double
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the cascaded channel. With respect to CRIS, 
STAR-RISs have at least 30.2 dB higher path loss. 
With a small number of elements and a large 
building width, the gain using CRIS can reach 
44.6 dB, 60.4 dB and 59.5 dB with respect to sin-
gle RIS, double RIS and STAR-RISs, respectively. 
These large gains support the claim that CRIS is 
a new paradigm capable of revolutionizing the 
design of future wireless networks.

Research Challenges and Opportunities
In this section, some of the future research chal-
lenges and opportunities using the CRIS tech-
nology are discussed. Note that the well-known 
research challenges of RIS-assisted communica-
tions, such as channel estimation and control sig-
naling [2], are inherited by CRIS-aided networks 
as well and therefore omitted here.

Bi-Directional Communication
As mentioned earlier, an advanced CRIS may 
contain additional power splitters and combiners 
in order to enable advanced spatial filtering and 
shape the beam pattern in the desired way. These 
components define the direction of signal propa-
gation since their functionality cannot be reverted. 
Hence, one of the main challenges is to design 
CRIS which operates simultaneously in both direc-
tions with reasonable complexity and accuracy.

Network Design
One of the fundamental issues for the network 
design is related to the channel modeling. The 
signal propagation is typically described using 
the well-known models for the fading statistics. 
These models predict a certain distance-depen-
dent attenuation and channel fluctuations. How-
ever, with the proposed CRIS, the signals can be 
transmitted to very distant locations with rather 
small path losses. Hence, the signal attenuation 
relative to the traveled distance is much lower 
than using classical propagation models, i.e. the 
path loss exponent is dramatically lower than 
predicted. Accordingly, the channel statistics 
may depend on the signal routing and vice versa. 
As a result, the network design is very challeng-
ing with CRIS.

Hybrid CRIS
The input- and output-RISs of CRIS can be also 
used to reflect the signals in the preferred direc-
tion, i.e. similar to the conventional RIS and STAR-
RIS. While this CRIS configuration is even more 
complicated than individual CRIS and RIS, such a 
scheme is very promising due to the created addi-
tional signal paths. 

Massive Connectivity
In order to cope with a large number of simultane-
ous connections, e.g. from massive IoT networks, 
the corresponding signals need to be made suffi-
ciently separable. This can be achieved by exploit-
ing signal diversity in time/frequency/space and 
employing sophisticated detection methods at 
the receiver. By using an advanced CRIS, the spa-
tial diversity can be increased to accommodate 
many orthogonal channels, such that the receiver 
design can be relaxed. Moreover, the path loss 
is substantially reduced, which allows for more 
accurate detection.

Wireless Power Transfer
The main challenge for the wireless power trans-
fer (WPT) is the path loss, which prohibits efficient 
wireless charging of distant devices. However, 
with the proposed CRIS, it is possible to transmit 
signals over larger distances with reduced path 
loss. Correspondingly, the harvested energy can 
be dramatically increased, especially if the user is 
located close to CRIS. Note that an energy har-
vester can be also connected to CRIS in order 
to drain electromagnetic radiation from the envi-
ronment and use it e.g. for signal amplification. 
Hence, WPT for CRIS might become a promising 
research direction in future.

Conclusion
In this article, a novel concept of cable-aided 
distributed RIS has been proposed. This concept 
makes use of a wired connection between the 
two front-ends implemented on the basis of RIS 
technology. A signal model has been provided 
and evaluated for a practical scenario. Potential 
challenges and promising research directions 
related to the design of CRIS-assisted networks 
have been introduced. 

The obtained numerical results have demon-
strated the superiority of the proposed concept 
in terms of substantially reduced total path loss 
compared to the existing technologies. As such, 
we anticipate that CRIS would become one of 
the key enablers for future wireless communica-
tion systems.
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