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Abstract—Reconfigurable intelligent surfaces (RIS) have been
presented as a solution to realize the concept of smart radio
environments, wherein uninterrupted coverage and extremely
high quality of service can be ensured. In this paper, assuming
that multiple RIS are deployed in the propagation environment,
the performance of a cascaded RIS network affected by imperfect
phase estimation is evaluated. Specifically, we derive closed-form
expressions for the outage probability, the ergodic capacity and
the average symbol error probability that can be utilized to
evaluate the coverage of the proposed network, as well as the
average capacity and the data transmission accuracy. Finally, we
validate the derived expressions through simulations and show
that by choosing the number of the participating RIS correctly, a
cascaded RIS network can outperform a single RIS-aided system
and extend the network’s coverage efficiently.

Index Terms—Reconfigurable intelligent surfaces, Outage
probability, Ergodic capacity, Average symbol error probability,
Performance analysis

I. INTRODUCTION

Future wireless networks are expected to play a pivotal role
in society as they will offer access to intelligent applications
such as autonomous driving, virtual and augmented reality
etc. [1]. In order to offer ubiquitous services, though, wireless
connectivity should be provided for everyone and everywhere
[2]. In this context, reconfigurable intelligent surfaces (RISs)
have been presented as a solution to realize the concept
of smart radio environments (SREs) in which uninterrupted
coverage and extremely high quality of service (QoS) can be
ensured [3], [4]. In more detail, RISs are thin programmable
surfaces consisting of reflecting elements, whereby tuning their
phase profile, the desired reflection coefficient is constructed
leading to the realization of different electromagnetic functions
(i.e., beamforming, diffusion etc.). Therefore, to enhance the
wireless network’s coverage, a RIS can be appropriately con-
figured in order to act as a passive beamformer and steer its
impinging signal towards the desired direction [5], [6]. Thus,
by deploying multiple RISs across the propagation environ-
ment, it can be converted from an uncontrollable entity to an
optimizable parameter, able to provide wireless connectivity
seamlessly [7].

Assuming that multiple RISs are deployed within the wire-
less propagation environment, multi-RIS wireless networks’
performance should be examined to determine their capa-
bilities. In a distributed multi-RIS network, the RISs are
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densely deployed across the propagation environment in or-
der to enhance the communication’s QoS by serving each
ground node (GN) from diverse communication links [8].
Specifically, in [?], the performance of a distributed multi-
RIS-aided wireless network with perfect phase estimation was
investigated, where each RIS is used to steer its impinging
signal towards a GN. However, if a GN can form a link with
only one RIS that cannot form a link with the BS due to the
propagation environment, an alternative RIS network is needed
that can bypass any existing obstacles and extend the network’s
coverage efficiently. Besides, distributed RIS networks require
dense RIS deployment within the environment to serve every
GN with more than one RIS, thus, becoming less cost-efficient.

Cascaded RIS networks are intended to efficiently bypass
obstacles within the propagation environment and serve the
GN through a unique cascaded communication link where
each RIS is selected to either steer the signal towards another
RIS or towards the GN [10]. Specifically, a cascaded RIS
network can be used to extend the network’s coverage by
creating new links between the GN and the BS through a RIS-
enabled route that can be determined via routing algorithms
[11]. As shown in [11], the squared channel gain in cascaded
RIS networks is proportional to the squared product of the
RISs’ reflecting elements, proving that cascaded RIS networks
achieve more significant gain than single RIS-aided systems.
However, most of the existing works in cascaded RIS networks
assume that every communication link between each node in
the RIS-route is not affected by small-scale fading and that
perfect phase estimation exists [10], [11]. This assumption,
though, can be proven impractical due to the possible exis-
tence of scatterers between the BS and the first RIS of the
route and the GN’s non-static nature. Therefore, due to the
existence of small-scale fading and the complexity of perfect
phase estimation in a cascaded-RIS network, imperfect phase
estimation needs to be taken into consideration [12]. To the
best of the authors’ knowledge, the performance of a cascaded
RIS system affected by small-scale fading with a various
number of RISs and imperfect phase estimation has not yet
been examined.

This paper evaluates the performance of a cascaded RIS
wireless network affected by imperfect phase estimation in a
downlink scenario between a single-antenna BS and a single-
antenna GN which has perfect knowledge of the channel.
Specifically, we assume that the estimation procedure consists
of phase estimation in order to configure the RISs and after the
RISs configuration, the GN estimates the end-to-end channel
perfectly. It should be noted that the assumption of perfect
knowledge of the end-to-end channel is practical because
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Fig. 1. A cascaded RIS communication network.

only its amplitude and phase need to be estimated. After the
estimation procedure, the BS transmits towards a specified RIS
and then the GN is served via a unique cascaded RIS-route.
To characterize the performance of a cascaded RIS system,
we derive closed-form expressions for the outage probability
(OP), the ergodic capacity (EC), and the average symbol error
probability (ASEP) for different modulation schemes. Finally,
we validate the derived expressions through simulations where
it can be observed that if the number of participating RIS is
chosen appropriately, a cascaded RIS network can outperform
a single-RIS system even if the phase estimation’s accuracy is
worse than that of a single-RIS system. It should be mentioned
that the derived results can be utilized to develop routing
algorithms which choose the best RIS-route to maximize the
communication performance of a specific GN.

II. SYSTEM MODEL

We consider a cascaded RIS network in an urban environ-
ment consisting of a BS and a GN, both equipped with a single
antenna. Specifically, L > 2 RISs are deployed across the
propagation environment, and a unique RIS-route is selected
to serve a GN which cannot form a direct communication
link with the BS due to the propagation environment’s harsh-
ness. Also, according to the main principle of cascaded RIS
networks, it is assumed that the BS’s antenna is sufficiently
directive, such as solely the first RIS of the route belongs in its
field-of-view. Indicatively, in Fig. 1, a scenario with three RISs
is illustrated, in which solely Route 2 and Route 3 achieve line-
of-sight links between the involved nodes. It is noted that this
indicative example is also used for the evaluation of cascaded
RIS networks in Section IV. It should be highlighted that even
if a small amount of power impinges upon a RIS that does not
participate in the selected route or is not configured properly,
the impinging power will be randomly reflected across the
space due to the random configuration of the RISs, thus, the
GN can be served only via the selected RIS-route [6].

For the proposed communication scenario, the received
signal at the GN can be modeled as

Yo =VI.GPHX + W, 1)

where X is the transmitted signal for which it is assumed that
E[X|?] = 1 with E[:] denoting expectation. Furthermore, W
denotes the additive white Gaussian noise which is a complex
Gaussian random variable (RV), i.e., W ~ CN (O, 02) where

o2 is the noise power. Also, H., P; and G = G;G, denote
the equivalent channel, the transmit power and the product of
the BS and the GN antenna gains, respectively. Moreover, [.
denotes the total route’s path loss which can be modeled as

L+1

w=]c (3—0) @)

where d; is the distance between the i-th and the (i + 1)-th
node of the route, i.e., the i-th link of the route, Cy is the
path loss at the reference distance dy and n; is the path loss
exponent of the i-th link.

It should be highlighted that to improve the quality of the
end-to-end communication link, the RISs are correctly placed
on establishing LoS channels with each other. Therefore, it
can be assumed that the communication links between neigh-
boring RIS are not affected by small-scale fading. Finally, the
channels between the BS and the first RIS of the RIS-route
and between the last RIS and the GN undergo Nakagami-
m fading and due to imperfect phase estimation is assumed
that the first and the last RIS do not correct the phase of the
impinging signal ideally.

III. PERFORMANCE METRICS

In this section, we present the OP, the EC as well as the
ASEP for a wireless network with L cooperating RISs, which
is affected by imperfect phase estimation. In order to calculate
the aforementioned metric, the equivalent channel H. needs
to be characterized

Proposition 1: The channel H. for a cascaded RIS wireless
network where its first and last RIS are imperfectly configured
due to imperfect phase estimation, can be expressed as

L-1 Ny ‘ Np )
He= ] Ni)_ huie %0 hpe 790, (3)
=2 =1 i=1
where N; with | = {1,...,L} is the reflecting elements

number of the I-th RIS, hy; with k = {1,L} denotes the
channel coefficient following the Nakagami-m distribution
with shape parameter my and spread parameter €, and ¢;
denotes the phase error term of the i-th element of the k-th RIS
which follows the von Mises distribution with concentration
parameter s, where Ky is inversely proportional to the mean-
squared error (MSE) of the phase estimation and indicates the
phase estimation accuracy. It should be highlighted that the
Nakagami-m distribution is a general case able to describe
accurately the cases where LoS component is included or not,
allowing us to extract useful insights.

Proof: The equivalent channel H. for a cascaded RIS
system can be expressed as follows

HC = hL+1diag(<I>L) . hzdiag(él)hl, (4)

where h; € CNi+1XNi are communication channels undergo-
ing Nakagami-m fading with shape parameter m; and spread
parameter ; and ®; = [e/%1, ..., e/'M]T € CNt denotes the
phase shift vector of the I-th RIS with ; € [0, 2]. Considering
that the communication channels between the RISs are not
affected from small-scale fading (i.e. h = 1) and that their



phase is a deterministic variable equal to 2%, where r is the

euclidean distance between the RISs and A is the wavelength,
the equivalent channel H. can be rewritten as

N1 N2
Hc: E hlile_qul E

i1=1 io=1

Nr-1 Np

Do D hoie e, (5)
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where wy;, = arg(hwi,) + 0;, with arg(-) denoting the
argument of a complex number. By taking into account that the
phases of the channels between the BS and the ¢-th element
of the first RIS of the route and between the i-th reflecting
element of the last RIS of the route and the GN are not
estimated perfectly, the term wy;, as mentioned in [13] can be
expressed as a von Mises distributed RV, leading to (3) which
concludes the proof. It should be mentioned that every RIS
can steer perfectly its impinging signal towards its neighboring
RISs, due to the fact that the phases of the channels between
the RISs are perfectly known as they depend only on the
euclidean distance between the neighbouring RISs which is
precisely known. ]

Assuming that the number of the reflecting elements of
each RIS is large, according to the central limit theorem each
summation term in (3) can be written as a random vector
with its real and imaginary parts being normally distributed
RVs where its amplitude can be tightly approximated with an
RV Zj, following the Nakagami-m distribution with spread
parameter (), and shape parameter m; which are given,
respectively, by

2
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where t,, = E[e/"?*] is the n-th trigonometric moment of ¢y,
which can be expressed as

b= In (Hk)
" Io (Kk)
with I,(-) being the modified Bessel function of the first

kind and order p [13]. Thus, the amplitude of H. can be
approximated as
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and the instantaneous received SNR at the GN of the proposed
multi-RIS system can be expressed as
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(10)

A. Outage probability

In order to evaluate the coverage of the proposed network,
we calculate the OP which is defined as the probability that
the instantaneous received SNR is below a specified threshold.

TABLE I
VALUES OF @ AND 3 FOR DIFFERENT MODULATION SCHEMES.
[ Modulation | « | B |
BPSK 1 2
QPSK 2 1
M-PSK 2 | 2in’(F)
M-QAM | 4 Y

Proposition 2: The OP of the presented communication
system can be expressed as
), (1D

where G%:9, (-|-) is the Meijer-G function, I'(-) is the gamma

oMMy, 1

QL

1 21(
o —————— G _
Po ™ T Timg) T3\ i, 7, 0

function, w = Yeneo? — and ¢y, is the outage thresh-
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old value for the received SNR.

Proof: The OP for the proposed multi-RIS system can be
defined as

Po =Pr (v < ) = Pr (2171, <w). (12)

Considering that Z; and Zj, are i.i.d Nakagami-m distributed
RVs, the OP can be calculated through the cumulative density
function of double-Nakagami-m distribution which is con-
structed as the product of two statistically independent but
not necessarily identically distributed, Nakagami-m RVs [14].
Thus, the OP can be expressed as in (11), which concludes
the proof. [ ]

B. Ergodic Capacity and Average Symbol Error Probability

Next, we provide closed-form approximations for both EC
and ASEP of the considered system in order to characterize
the system’s performance in terms of average channel capacity
and accuracy of data transmission.

Proposition 3: The EC of the considered network can be
approximated as

1
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where In(+) is the natural logarithm.
Proof: The EC of the proposed system is defined as
C. = / log, (1 + a:2) fim,) (%)de, (14)
0

where f|7_|(-) can be approximated by the probability density
function (PDF) of the double-Nakagami-m distribution [14].
By converting log,(-) into a natural logarithm form and
transforming the functions within the integral into Meijer-G
functions, (13) can be derived through the results provided in
[15], which concludes the proof. |
In the following proposition, the ASEP is approximated.



Proposition 4: An ASEP approximation for a cascaded RIS
system for many known modulation schemes (e.g. M-PSK,
M-QAM) can be calculated as

«
> VAT )
29 [ BRGI, HiLzl N2 1—my,1—myp,1
G5l |

Ae

M1MmL 0 1 ’
202 QiQ[ ’ 2
(15)

where « and (8 are modulation-dependent parameters which
are presented in Table I [16].

Proof: The ASEP for many known modulation schemes
according to [16] can be expressed as

A= [ aQ(VEz) i @)

where Q (z) = Lerfc (%) and erfc(-) is the complementary
error function. By setting 2z = +/z and converting the functions
within the integral into Meijer-G functions, by using [15], (15)
is obtained, which concludes the proof. ]

(16)

IV. NUMERICAL RESULTS
A. Simulation setup

We examine the derived results in a downlink scenario
affected by imperfect phase estimation, where a GN with
an omnidirectional antenna, i.e., G, = 1, is served from a
BS with a directional antenna with gain G; = 10, through
a cascaded RIS-route, as illustrated in Fig. 1. Specifically,
the communication channels between the BS and RIS; and
between RISy and the GN undergo Nakagami-m fading and
have shape parameters m; = myp = 3, spread parameters
equal to 1 and path loss exponent n = 2.4. In contrast, the
path loss exponent for the channels between each RIS is equal
to n = 2 due to the proper placement of the RISs. Moreover,
both the concentration parameters of ¢; and ¢y are chosen
to be equal, i.e., k1 = kK = k. Finally, unless it is stated
otherwise, each RIS consists of 500 elements, the outage SNR
value ip, is set at 10 dB, (Y is set at —41 dB for reference
distance dy = 1 m and the noise power o2 is set at —144 dB.

B. Performance Evaluation

In Fig. 2, it is illustrated how the number of the reflecting
elements affects the OP in a double RIS network affected by
imperfect phase estimation. In more detail, it is assumed that
the GN is served via Route 2, as illustrated in Fig. 1, which
consists of RIS; and RIS, with N; and N, reflecting ele-
ments, respectively, with N1+ N2 = 1000, N; = [1000(1—s)|
and Ny = |1000s]|, where the splitting factor s € [0,1] and
|-] is the floor operator. Finally, the transmit power P; is
set equal to 20 dBm, and the distances between the route’s
nodes are given as shown in Fig. 1. As it can be observed,
as the value of x increases, the cooperation of RISs, even
with a different number of reflecting elements, can enhance
the network’s coverage and reliability.

Fig. 3 illustrates the OP versus the transmit power for
a cascaded RIS with = {2,3} and a single-RIS scenario.
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Fig. 3. OP versus transmit power.

Specifically, we examine three different RIS-routes consisting
of RISy, RIS1-RIS, and RIS3-RIS:-RISs, which are denoted
in Fig. 1 as Route 1, Route 2 and Route 3, respectively. For
this case, the channel between the BS and RIS; in Route
1, has shape parameter and spread parameter both equal to
1, i.e., Rayleigh fading, and path loss exponent equal to 3.5
and the BS-RIS3 channel is assumed to undergo Nakagami-m
fading with shape parameter equal to 3 and spread parameter
equal to 1. It can be observed that the RIS-route with two
RISs performs better in terms of OP compared to a single-
RIS system, even if the phase estimation for the cascaded
system is less accurate than the single-RIS scenario. However,
the same does not hold if the participating RISs are three
due to the multiplicative nature of the path loss term and
the fact that the path loss term is greater than the achieved
beamforming gain of the cascaded RIS system. Thus, the
routing algorithms should consider the achieved beamforming
gain and the resulting path loss for each RIS-route before
selecting the participating RISs.

Fig. 4 depicts the performance of the considered network in
terms of EC for each selected RIS-route. It can be observed
that the achieved EC in a double-RIS system is greater than
the EC of a single-RIS system, whereas the single-RIS system
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performs better than a cascaded RIS system with three RISs.
Moreover, as the transmit power increases, the EC for all the
presented scenarios converges at the same value, indicating
that a cascaded RIS system can barely outperform a single-
RIS system if the transmit power value is large. Therefore,
by properly choosing the number of participating RIS in the
selected RIS-route, the EC can be improved without increasing
the transmit power.

Finally, in Fig. 5, it is illustrated how the system’s ASEP
varies with the transmit power for the considered RIS-routes
if the selected modulation scheme is QAM. As it can be
observed, the utilization of two cascaded RISs can enhance
the system’s data transmission accuracy in an energy-efficient
way. Specifically, it can be observed that the ASEP for M =8
in the double-RIS system is lower than the single-RIS system
ASEP for M = 4. Furthermore, as the modulation order
increases, the ASEP deteriorates, highlighting the need for
larger number of reflecting elements for reliable and energy-
efficient communications with high-order constellations.

V. CONCLUSIONS

In this work, we have characterized the performance of a
cascaded RIS communication system by taking into account
imperfect phase estimation. In more detail, we have examined

the coverage capabilities of a single-user communication sys-
tem aided by a cooperative multi-RIS route and its communi-
cation links average capacity and data transmission accuracy.
Specifically, it has been shown that a double RIS system can
improve the network’s performance in terms of coverage and
data transmission accuracy in an energy-efficient way, even
if it is affected by imperfect phase estimation. Furthermore, it
was shown that by increasing the number of participating RISs
in the selected route for the presented communication system
does not necessarily lead to performance improvement.
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