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Abstract—Reconfigurable intelligent surface (RIS) has recently
gained significant interest as an emerging technology for future
wireless networks thanks to its potential for improving the
coverage probability in challenging propagation environments.
This paper studies an RIS-assisted propagation environment,
where a source transmits data to a destination in the presence
of a weak direct link. We analyze and compare RIS designs
based on long-term and short-term channel statistics in terms
of coverage probability and ergodic rate. For the considered
optimization designs, we derive closed-form expressions for the
coverage probability and ergodic rate, which explicitly unveil the
impact of both the propagation environment and the RIS on the
system performance. Besides the optimization of the RIS phase
profile, we formulate an RIS placement optimization problem
with the aim of maximizing the coverage probability by relying
only on partial channel state information. An efficient algorithm
is proposed based on the gradient ascent method. Simulation
results are illustrated in order to corroborate the analytical
framework and findings. The proposed RIS phase profile is
shown to outperform several heuristic benchmarks in terms of
outage probability and ergodic rate. In addition, the proposed
RIS placement strategy provides an extra degree of freedom that
remarkably improves system performance.

Index Terms—Reconfigurable intelligent surface, coverage
probability, ergodic rate, gradient ascent method.

I. INTRODUCTION

Although fifth-generation (5G) networks are under deploy-
ment worldwide, the massive growth of the number of dif-
ferent users/devices and data traffic poses major challenges
for beyond 5G or sixth-generation (6G) networks [2], [3].
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Specifically, the number of mobile devices is estimated to
reach 25 billions by 2025 [4] and the requested peak data rate
per link may exceed 100 Gbps by 2030 [3]. Dealing with such
challenging requirements in harsh propagation environments
subject to the presence of several blocking objects (obstacles)
and deep fading is still a challenging task to solve for wireless
engineers and researchers. A major challenge in 5G and
beyond networks lies in improving the data rate and the
coverage probability in a cost-effective, energy-sustainable,
and economically viable manner. This is why mobile operators
resort to different network nodes to offer blanket coverage in
their deployments [5]. Within the third generation partnership
program (3GPP), for example, different new network nodes
are currently being discussed, including the integrated access
and backhaul (IAB) node, the network-controlled repeater
node, the reconfigurable intelligent surface (RIS) node, and the
smart skin node [6]. Recently, RISs have gained considerable
attention from academia and industry due to their ability of
controlling the propagation characteristics of wireless envi-
ronments via passive scattering elements integrated with low-
cost and low-power electronics [7]-[11]. For example, the
authors of [7] studied the statistics of the signal-to-noise ratio
(SNR) when the number of RIS elements grows large. The
minimization of the total transmit power at a multiple antenna
access point (AP) in multiple-input single-output (MISO) RIS-
assisted wireless systems was investigated in [8], by jointly
optimizing the transmit beamforming at the AP and the phase
profile at the RIS. The authors of [9] studied a single-user
multiple-input multiple-output (MIMO) system with the help
of a single RIS and optimized it by considering the overhead
for channel estimation and feedback. The deployment of an
RIS in cognitive radio systems was studied in [10], where
the spectrum is shared between the primary and secondary
users. With the exception of [7], which relies on large-scale
analysis, these research works are focused on optimization
algorithms and do not provide any closed-form expressions for
the distribution of the signal-to-noise ratio (SNR) and ergodic
rate of RIS-aided networks.

The complex nature of wireless environments results in
propagation channels that are characterized by small-scale, i.e.,
short-term, and large-scale, i.e., long-term, fading. An RIS
aims to shape the electromagnetic waves in complex wire-
less environments by appropriately optimizing the reflection
coefficients of its constitutive elements (i.e., the unit cells)
[12]. Due to the small-scale and large-scale dynamics that
characterize complex wireless channels, the phase shifts of
the RIS elements can be optimized based on different time
scales [13], [14]. The vast majority of research works in the
literature have considered the optimization of the RIS phase



profile based on instantaneous channel state information (CSI)
[8], [9], [15]-[18] and references therein for application to sub-
6 gigahertz and terahertz frequency bands. Interested readers
are referred to [19, Sec. III-B] for an extensive overview
of optimizing RISs based on different levels of CSI. The
optimization criterion based on instantaneous CSI operates
by adjusting the phase shifts of the RIS elements based on
the channel’s small-scale dynamics. Therefore, it results in
the best achievable performance at the price of a significant
channel estimation overhead [9], [11], [20], [21]. For these
reasons, this optimization criterion may not be applicable
in scenarios that are characterized by a short coherent time
since the optimal phase shifts of the RIS elements need to
be updated frequently in order to adapt to the rapid changes
that characterize the dynamics of small-scale fading [19],
[22]. This, in fact, may not be possible if the number of
RIS elements and/or the number of users is large since the
associated channel estimation overhead may result in very few
resources available for communication [23]-[27].

In contrast to these aforementioned research works that
assume the availability of instantaneous CSI, another option
for optimizing the phase shifts of the RIS elements is based
on leveraging only statistical CSI, i.e., the large-scale char-
acteristics of the wireless channel [23]-[26], [26]-[30] that
vary at a much longer time scale. Optimization criteria based
on long-term CSI need to be updated less frequently, and this
reduces the channel estimation overhead [31]. In most research
works, however, the channel statistics are analyzed numeri-
cally [32], which are difficult to use for system optimization
[33]. More recently, some research works, such as [13], [25],
have obtained closed-form expressions for the ergodic channel
rates of RIS-aided Massive MIMO communications when the
base station is equipped with many antennas. These research
works are based on a lower bound for the rate that may not be
tight in scenarios where channel hardening does not hold [20].
Even though some research works have recently proposed and
analyzed the design of RISs based on long-term or statistical
CSI, to the best of our knowledge, no previous work has pro-
posed an analytical framework to comprehensively analyze and
compare the achievable performance of RIS-assisted wireless
systems based on short-term and long-term CSI.

In addition to the impact of CSI on the optimal design
of RISs, another major open research issue is the optimal
deployment of RISs in wireless networks, so as to achieve
the best performance. For example, the optimal deployment of
RISs is extensively discussed in [34]. In the far field, RISs are
usually deployed close to the transmitter or the receiver since
this minimizes the path-loss function [12]. If the receivers are
not static, locating the RISs close to the transmitter is often
convenient to ensure that the transmission distance of one of
the two transmission links is minimized [35]. Recently, hybrid
deployments with RISs located close to the transmitters and
the receivers have been proposed by leveraging the secondary
reflections from multiple deployed RISs [36], [37]. To the best
of our knowledge, a comprehensive analysis of the optimal
deployment of RISs under different levels of CSI has not
been reported in the open technical literature. In this paper,
we analyze this important research problem.

Motivated by these considerations, we consider the deploy-
ment of an RIS in the coverage area of a source and a
destination, and compare the system performance under phase
shift designs based on different time scales, i.e., levels of
CSI, and study the optimal placement of the RIS for the
different options. Specifically, the main contributions made by
this paper are summarized as follows:

« We introduce a novel analytical framework for evaluating
the performance of RIS-aided channels in which the phase
profile and the location of the RIS are optimized. Two
different phase shift design criteria are considered: The
first, referred to as the short-term phase shift design,
exploits CSI and offers the best performance at the cost of
a higher computational complexity. The second, referred
to as the long-term phase shift design, exploits only the
channel statistics to optimize the phase shifts.

« We derive closed-form expressions for the coverage prob-
ability and ergodic channel rate for the long-term or short-
term phase shift design, by using the moment matching
technique. Although the statistical parameters behave
differently when the number of RIS elements is finite,
we mathematically show that the coverage probability
approaches unity in the limiting regime of an infinite
number of RIS elements.

« We formulate and solve a coverage probability maximiza-
tion problem as a function of the RIS location subject to
a given phase shift design. The gradient ascent method is
utilized as a low-cost solution to solve the optimization
problem and to overcome its inherent non-convexity.

o Numerical results demonstrate the coverage improvement
offered by deploying RISs in wireless networks. For a
large number of phase shifts, the long-term phase shift
design provides a coverage probability and an ergodic
channel rate that are close to the optimal values ob-
tained by relying on instantaneous CSI. Moreover, the
optimization of the location of the RIS is shown to offer
a significant performance improvement.

Notation: Upper and lower bold symbols denote matrices and
vectors, respectively. The superscripts (-) and (-)7 denote the
Hermitian and transpose operations. E{-} and Var{-} denote
the expectation and the variance of a random variable. CN (-, )
denotes a circularly symmetric complex Gaussian distribu-
tion. The upper incomplete Gamma function and the Gamma
function are denoted by I'(m,n) = fnw t"~Vexp(~t)dt and
I'x) = /000 t*~Lexp(—1)dt, respectively. The generalized hy-
pergeometric function is denoted by , F, (-, -, -) with (Fi (-, -, ),
ie, p = g = 1 denoting the confluent hypergeometric
function of the first kind, and the hypergeometric function
2F (-, ), i.e., p = g = 2. The notation f(x) =< g(x) means
that two real functions f(x) and g(x) fulfill the condition
limy e f(x)/g(x) = 1. The first-order derivative of the
function f(x) is denoted as f(x).

II. SYSTEM MODEL

We consider an RIS-assisted communication system where
a single-antenna source transmits data to a single-antenna
destination. We assume a quasi-static fading model where the



channel gains are static and frequency flat in each time slot.
The communication link from the source to the destination
is assumed to be weak, and therefore it is enhanced by the
assistance of an RIS equipped with M tunable reflecting
elements. The phase shift matrix ® € CM*M s denoted by
® = diag([e/%,...,e/%]T), where ,, € [-m, 7] is the phase
shift of the m-th RIS element.

A. Channel Model

The channel of the direct link between the source and the
destination is denoted by hgg € C. The corresponding indirect
link comprises the channel between the source and the RIS,
denoted by hy; € CM | and the channel between the RIS and the
destination, denoted by hy € CM _ The channel between the
source and the destination is assumed not to have a dominant
path (i.e., a line-of-sight component), while the source-RIS
and RIS-destination channels are characterized by line-of-sight
and non-line-of-sight components. Specifically, the channels
are modeled as'

hsqa = V/Bsagsa and h, = l_loz +8a> (D

where g ~ CN(0,1) is the small-scale fading coefficient
of the direct link between the source and the destination;
and g, ~ CN(0,(Ba/ (ke + 1))Ij) with @ € {sr,rd} are
the vectors of the small-scale fading coefficients of the RIS-
aided indirect links; Bs¢ and B, are the large-scale fading
coefficients; «k, are the Rician factors with «, > 0. The
deterministic LoS channel vectors h, € CM are modelled as

l_la = Kaﬂa |:ejk<l//0‘v¢(l)Tul’ e ejk(waa(/jd)TuM T , (2)
V ko + 1

where ¢, and ¢, are the azimuth and elevation angles of
departure (AoD) from the source as seen by the RIS. Since
the RIS is a planar array (i.e., a surface), the wave vectors
K(¥ o, ¢q) is defined as

k(o pa) = 27ﬂ [cos(¥a) cOS(a), sin(q) cOS(Ba), sin(Wa)l”,

3)
where A is the signal wavelength. In (2), furthermore, the
indexing vector w,, is defined as w, = [0, mod(m —
1,Ng), [(m — 1)/Ng]]". Due to the presence of LoS and
NLoS components, i.e., h, and €., respectively, in RIS-aided
links, the analytical performance evaluation of the considered
system model is not straightforward.

B. Data Transmission and Achievable Rate

The source is assumed to transmit a data symbol x subject
to the unit-power constraint E{|x|?} = 1. Thus, the received
signal y € C at the destination is

y = Vp(hsg + hl®hg)x + w, 4)

where p is the transmit power allocated to the data symbol
x; and w is the additive noise, which is distributed as w ~
CN(0,0?) with 0% being the noise variance.

IThe line-of-sight and non-line-of-sight components of the channels are
determined by the transmission distance, the shadowing, and the multipath
propagation in a general wireless environment [38].

Conditioned on the RIS phase shift matrix, we provide
the second and fourth moments of the indirect link, i.e., the
link from the source to the destination through the RIS, in
Theorem 1.

Theorem 1. For a given phase shift matrix ®, the indirect
link from the source to the destination through the RIS has
the following second and fourth moments:

E{|hfl®dh,|*} =, (5)
E{/h®hy|*} = 6% +a, (6)

where 6 = |C_l’|2+MI~U?, a= ﬁglpﬁrd: M = BsPra/ ((Kse+1) (Kra+
1), K= kg + kg + 1, R = 1+ 2k + 2kpq, and d = 2M |@|> ui +
M2 2R + 2M %k + 8|

Proof. See Appendix B. O

The analytical expressions in (5) and (6) depend on the
LoS and NLoS channels and unveil that the second and fourth
moments scale with M and M?, respectively. Next, Theorem 1
will be utilized to facilitate the performance evaluation of RIS-
aided channels.

The phase-shift matrix @ is usually optimized based on
different levels of CSI [21]. In this paper, we focus our
attention on two design criteria:

o Long-term phase-shift design: The phase shifts of the
RIS elements are optimized based on statistical CSI.
Specifically, the optimal phase shift matrix is obtained
by maximizing the average SNR at the destination. For
this design criterion, the Phase shift matrix is denoted by
o't = diag([e-ie{‘, .. .,ef%]T), where -7 < 0% < 7 is the
phase shift of the m-th element of the RIS. In this case, in
simple terms, the optimization of the RIS depends on the
large-scale fading coefficients and the LoS components
of the channel.

o Short-term phase-shift design: The phase shifts of the
RIS elements are optimized based on instantaneous CSI,
which encompasses large-scale and small-scale fading
statistics. For this design criterion, the phase shift matrix
is denoted by @ = diag([e/?,...,e/%T), where
-1 < 68! < 7 is the phase shift of the m-th element
of the RIS.

The short-term phase-shift design corresponds to the best
achievable performance. However, it entails the largest channel
estimation overhead. Therefore, it is usually not an effective
approach if the number of RIS elements and/or the number of
users is large. Conditioned on the phase shift matrix and the
CSI, the rate is formulated as

R =log, (1 +v) [b/s/Hz], @)
where the SNR, denoted by v, is

B { v|hsg + hE®'h4)?,  long-term, (8a)
v|hsg + h®%hyy|?,  short-term. (8b)

with v = p/c2. In the following lemma, we provide closed-
form expressions for the RIS phase-shift matrix that corre-
spond to the long-term and short-term design criteria, and that
maximize the SNR at the destination.



Lemma 1. Consider the long-term phase shift design crite-
rion. If the phase of the m-th RIS element is set as follows

oot = —arg([B,]m) — arg([Bualm), ©
where [h%],, and [hy),, are the m-th elements of the LoS

components h, and hy, respectively, then the average received
SNR is maximized.
Consider the short-term phase shift design criterion. If the

phase of the m-th RIS element is set as follows

099! = arg(hsa) — arg([hi],n) — arg([halm), Vm,  (10)

where [hi]m and [hy),, are the m-th elements of the RIS-
aided channels h, and hyq, respectively, then the instantaneous
received SNR is maximized.

Proof. See Appendix C. O

The key contribution of Lemma 1 lies in the closed-form
expressions for the optimal phase shift designs based on
different levels of CSI. Specifically, the short-term and long-
term phase shift designs in (9) and (10) are computed based
on different time scales, but they are both aimed at boosting
the strength of the received signal. Based on the optimal phase
shift designs in Lemma 1, the corresponding optimal rates are
given as

R = log, (1 +y°P') [b/s/Hz], (11)
where the optimal SNR y°P' is
V|hga + hE @Ity 42, long-term, (12a)

M 2
v [lhsal + D" 1hselml [ealml | > short-term, (12b)
m=1

opt _
"y =

where the optimal long-term phase-shift matrix ®°Pb!t js

d)opt,lt — diag([efgfp“"’ . eje);?t,n]T) c CMXM’ (13)

and [hg],, and [hyg],, are the m-th element of the cascaded
channels hg and hyq4, respectively.

The short-term phase shift design is, in general, an upper
bound for the long-term phase shift design. In analytical terms,
in fact, we have the following property

(a)

10g, (1 + v|hgg + hE®PLh 4 |2) <’ max log,(1 +yS!)
(65} 14)

(b)

2 log, (1 + v|hg + hE @PLSth 4 ?),

where (a) and (b) follow by definition of short-term and long-
term phase shift optimization.?

Remark 1. The long-term and short-term phase shift designs
are investigated in this paper based on either partial or
full levels of CSI. To be specific, channel statistics are only
the information required to optimize the long-term phase
shift coefficients that can be applied for multiple coherence
intervals, where the large-scale fading information remains
unchanged. We further compare this phase shift design with
an upper bound, which relies on the instantaneous CSI.
2Regarding channel acquisition, channel statistics can be obtained by av-
eraging many different channel measurements. Meanwhile, channel estimates

can be obtained by a pilot training phase with a tolerable accuracy depending
on the coherence time and the transmit power allocated to the pilot signals.

III. PERFORMANCE EVALUATION

In this section, we compute closed-form expressions for the
coverage probability and ergodic rate by assuming long-term
and short-term phase shift designs.

A. Coverage Probability

Based on the rate in (7), the coverage probability for a given
target rate ¢ [b/s/Hz] is defined as

Peov =1 —Pr(R < §), (15)

where Pr(-) denotes the probability of an event and R is the
rate based on either the long-term or short-term phase-shift
designs, i.e., R € {R", R%}. By denoting z = 0>(2¢ — 1), the
coverage probability can be formulated in terms of the SNR,
as

Pcov = 1 - PI’(‘y < Z), (16)

with ¥ € {y",%%}. Approximated closed-form expressions
for (16) that correspond to the long-term and short-term
phase shift designs in (9) and (10) are given in Theorem
2 and Theorem 3, respectively. The analytical frameworks
in Theorem 2 and Theorem 3 are obtained by utilizing the
moment matching approach.’

Theorem 2. Consider the long-term phase-shift design. An
approximated closed-form expression for the coverage proba-

bility in (16) is given by

P, ~T (k“, z/w“) JT(KY), (17)

where the shape parameter k" and the scale parameter w"

are

2
klt — (ﬁ;d +0q +ﬂsrﬁrd) ) (18)
d + 07 + 2,85(101
2
vB<, + voy + 2vBsq0
Wh _ 'Bsd 2 Bsd 1’ (19)
Bsd + 01Bs:Brd
and o1 and o0y are defined as
01 = u(MZKerrd +RM), (20)
03 = 112 (MszrKrd(ZMl? +8)+ MR+ 2M/?) CQn
with u, R, and k given in Theorem 1.
Proof. See Appendix D. O

Even though the SNR expressions in (12a) and (12b) do
not follow a common distribution, we attain an approximated
closed-form expression of the coverage probability by using
the moment matching technique and by approximating the
received SNR with a Gamma distribution. From the formulas,
we observe the array gain provided by the RIS in the terms
01 and o0;, which scale as M 2 and M3 thanks to the optimal
phase shift design, respectively.

3The generalization of the proposed approach to multi-user scenarios is
not straightforward and may require additional assumptions to derive closed-
form expressions, for example treating the multi-user interference as Gaussian
noise. Under this approximation, the moment-matching method can be applied
to derive closed-form expressions of the coverage probability and ergodic rate.
This analysis is postponed to future work.



Theorem 3. Consider the short-term phase shift design. An
approximated closed-form expression for the coverage proba-
bility in (16) is given by

Poy = T (K™, 2/w™) /T (k*), (22)

where the shape parameter k™ and the scale parameter w*
are

ke (ke +1)
k= 2w = 2vw] (2ke +3). 23
2k +3) " T el ) 23)
with k. —(LCI;Z) L We = Zier, and ¢y, ¢, ¢3, ¢4 are defined
as
1 bis
1 = 5 7Bsd, €2 = ZM\/I_ltsrtrd, (24)
4-n Mn?
c3 = ﬁsd,C4=M,u(1+Ksr)(1+Krd)— 16 ﬂtsrrd’
(25
and tg = 1 Fy (—0.5, 1, —Ksr), ta =1F1 (-0.5,1, _Krd)-
Proof. See Appendix E. O

The coverage probability in (17) for the long-term phase-
shift design and in (22) for the short-term phase-shift design
provide simple but effective closed-form expressions for evalu-
ating the performance of RIS-assisted communications without
the need of resorting to Monte Carlo simulations or complex
analytical frameworks. Even though the two approximate
closed-form expressions of the coverage probability have a
similar structure, the shape and scale parameters are different.
For example, let us consider the case study when the number of
RIS elements is usually sufficiently large. Then, the obtained
analytical expressions can be further simplified. Specifically,
ignoring the non-dominant terms in (17) and (22), the shape
parameters tend to

H_ 01 st ketke+D)
o) + 2ﬁsd01 ’ 2(2kc + 3) ’
which grows with the number of RIS elements. If M — oo,

in addition, we obtain k', kSt — oo. Furthermore, the scale
parameters tend to

(26)

Wt = V503 + 2V 5,401
Ollgsmgrd
It st

If M — oo, we obtain w", w® — oo. Thus, for both phase
shift designs, the shape and scale parameters are unbounded
from above, as the number of RIS elements goes large. By
rewriting the upper incomplete Gamma function in a series
expression, the coverage probability in (17) is simplified to

@
(k¥)2T (k%)

where x € {lt, st}. In (28), (a) is obtained by utilizing the
definition of upper incomplete Gamma function; () follows
because 1/w* — 0 as M — oo and therefore the addends
for + > 1 can be ignored. Based on the shape and scale
parameters in (26) and (27), the approximation in (28) unveils
the coverage probability tends to 1 as M — oo, for both the
short-term and long-term phase shift designs. This implies that,
if the number of RIS elements is large enough, an RIS is
capable of offering good coverage.

o =< 2y wZ (2kc +3). (27)

@ (/w9 Z( —z/wY)" )

Peov = XD (k) &4 (k% + 1))~ (28)

B. Ergodic Rate

The channel rate in (11) with the optimal SNR in (12a)
and (12b) depends on the small-scale and large- scale fading
coefficients. Consequently, the channel rate by averaging out

the small-scale fading is as follows:
Ry = E{log, (1 +y*)}, [b/s/Hz]. (29)

A closed-form expression for (29) is given in Lemma 2, by us-
ing again the moment-marching approach and approximating
the received SNR with a Gamma distribution.

Lemma 2. The ergodic channel capacity in (29) can be
formulated in the closed-form expression as follows:

0,1
0,0,k* |’

) is the Meijer-G function, and,

RX ~ 1 3 1 1

R T T (k%) 1n(2) ( wX (30)
ag,...,dq
bi,...,bp
similar to Theorems 2 and 3, k* and w* are the shape and
scale parameters of the approximating Gamma distribution,
respectively.

m,n
where G (Z

Proof: The proof is similar to the proof in [39], but it is
adapted to the channel model considered in this paper. [ ]
Differently from [39], Lemma 2 can be applied to all phase
shift designs, which include the short-term and long-term
phase shift designs of interest in this paper. The analytical
expressions for k and w that correspond to the latter phase
shift designs are the same as in Theorem 2.

IV. RIS PLACEMENT OPTIMIZATION

From the obtained closed-form expression of the coverage
probability, this section formulates and solves the coverage
probability maximization problem as a function of the location
of the RIS, based on the Lagrangian function and the gradient
ascent method.*

A. Problem Formulation

Besides the optimization of the phase shifts of the RIS, it
is possible, in many cases, to optimize the location of the
RIS as well. This may be case of cellular networks, where
the locations of the RIS may be optimized [40], or when the
RIS may be placed on a moving object [41]. For example, the
RIS location can be optimized via a specific utility metric to
enhance spectral and energy efficiency or coverage. To this
end, we denote the RIS coordinates as (x;,yr,z;), and we
impose some constraints on the feasible locations of the RIS

Xe,min < Xr < Xpmax> Yr,min < Yr < Yrmaxs Zr,min < Zr < Zr,maxs
(€29)
where (xr,min’ Yr,min Zr,min) and (xr,mavar,max’ Zr,max) denote
the range of locations in which the RIS can be deployed. In
an outdoor environment, for example, the RIS may be located
only on buildings or even only on a small portion of the

4A similar approach may be utilized to optimize the ergodic rate as a
function of the position of the RIS.



available buildings. Given the RIS location, the distances from
the source to the destination through the RIS are

dy = \/(xr - x5)% + Or = )75)2 + (2 — Zs)z’ (32)

drg =\t = 52+ (v = ya) + (21 - 2,

where (xg, ys, 2s) and (xq4, Y4, Zq) are the locations of the source
and the destination, respectively. Also, the large-scale fading
coefficients can be formulated in terms of the propagation
distances as

(33)

Bst = Kody™ and B = Kod /™, (34)

where Ky is the path loss in [dB] at the reference distance
of 1 m; and 5y and 7,q are the path loss exponents. The RIS
placement optimization problem can be formulated as follows:

maximize Peov(Xe, Vi 2r)
{Xr’yr,Zr}
subject to Xr,min < Xr < Xr.max»

(35)
Yr,min < Yr < Yr,max»

Zr,min < Zr < Zr,max>

which maximizes the coverage probability by considering the
RIS location (x;,y;,zy) as the optimization variables. Since
the optimization problem in (35) is non-convex, the global
optimum is extremely difficult to obtain in general even though
it may be found through an exhaustive search [40]1.5

B. Solution to the RIS Placement Optimization Problem

For the sake of compactness, we use the notation o, € R
with R = {x, yr, z:}. We propose to obtain a low-complexity
solution by formulating the partial Lagrangian function of the
problem in (35) as

L{er}) = Peov({or}).

In general, the Rician factors K, and K4 depend on the
locations of the RIS as well, i.e., the link distances. However,
their variations are usually smaller as compared with the large-
scale fading coefficients [42]. For simplicity, therefore, we
assume that they are independent of the location of the RIS.
Under this assumption, an approximated expression of the
first-order derivative of the Lagrangian function is given in
Theorem 4.

(36)

Theorem 4. If the Rician factors are assumed approximately
independent of the RIS location, the first-order derivative of
L({or}) with respect to o, is

(toy = 2EUe)

dor ~ Peov({or}),

(37

where Peoy({0:}) is the first-order derivative of the coverage
probability Peoy({0:}) with respect to o. and conditioned on

SEven though global optimization toolboxes may be available, they cannot,
in general, guarantee to obtain the global optimum of the considered coverage
probability maximization problem due to the non-convexity of the objective
function and mathematical difficulty of computing the first-order and second-
order derivative of the partial Lagrangian function with respect to the location
of the RIS. In addition, these methods entail a prohibitive computational
complexity, in general.

the Rician factors. In particular, Peoy({0:}) can be formulated

as ) .
; N (or) D (0r) = N (or) D (0r)
Peov(or) = D2 (o) s (38)
where N (o;) and D (o;) are given by
L(kSt, z/wSY),  short-term,
N (or) = ( It / It ) ) (39)
(k" z/w"),  long-term,
C(kSY, short-term,
D(e)=1 " (40)
r'(k"), long-term,

and N (o;) and D (o) are the first-order derivative of N (o;)
and D (oy), respectively, which are defined in Appendices F
and G for the short-term and long-term phase shift design,
respectively.

Given an initial value x§°>,y§0), and zr(o) in the feasible

set of locations of the RIS, one can find a good sub-optimal
solution to problem (35) by utilizing the gradient ascent
method. In the n-th iteration, the location of the RIS is updated
as

o = o" VLo, _yonYore R, (@41)

where the step size u > 0 is sufficiently large in the direction
of the steepest ascent. Because of the constraints on feasible
set of locations of the RIS in (35), the location of the RIS is
updated by checking the limiting values as follows:

Qf") «— min (max (Qr("), Qr,m,-n) , Qr’max) NYoreR,  (42)
where Or,min € Rmin = {xr,mina Yr,min, Zr,min} and Or,max €
Rmax = {Xr.max> Yr,max> Zr,max }- Recalling that the approxima-
tion in (37) is derived by assuming that the Rician factors are
independent of the location at the n-th iteration, they can be
updated as

8 = (450,40

The update in (42) is repeated until the RIS location converges
to a sub-optimal solution. The convergence criterion of the
proposed RIS placement algorithm is based on evaluating the
small variation of two consecutive iterations as

2 2
" - xr("_”) + ‘yr('” - yr("_”‘ +

(43)

2
& - < e @)

where € > 0 is a given accuracy constant. Once the conver-
gence is achieved at the n-th iteration, a sub-optimal solution
is given by

*_

: * :x('l)

X r T

x" x , and z¥ =z, (45)

with the corresponding coverage probability Pcov({o;}) and
or € R* = {x},y5,z'}. The proposed iterative approach is
summarized in Algorithm 1.° As far as the computational
complexity is concerned, the highest cost of each iteration
of Algorithm 1 is the evaluation of the first-order derivative
L ({o+}), denoted by f. Then, the computational complexity of
Algorithm 1 is in the order of O(N f), where N is the number

5The convergence of Algorithm 1 is established based on the methodology
inherent in the gradient ascent method [43].



Algorithm 1 Sub-optimal solution to problem (35) by utilizing
the gradient ascent method

Input: The reference path loss Ky; the source coordinate
(x5, ys, 2s); the destination coordinate (x4, yd,zq); the initial
coordinate of the RIS (xr(o), yio), zr(o) ); the large-scale fading
coefficients Bgq, Biro ), ﬁr(g); the transmit power p; and the noise
variance 2.
1. Setn = 0 and the initial values {0{*} = {x{*, y{”, 2{}.
2. Compute the first-order derivative of L({o;}) with re-
spect to oy at the coordinates x™, y™, and z\" by (37).
3. Update the coordinates {Qr(")} of the RIS by the gradient
ascent method in (41).
4. Update the coordinates {Qi")} of the RIS by checking
the boundary conditions in (42).
Update the Rician factors by utilizing (43).
6. Verify the convergence criterion: If (44) is satisfied —
set the sub-optimal solution as in (45). Otherwise, set
n=n+1 and repeat steps 2 — 4.

Output: The location of the RIS (x}, y;, z}).
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Fig. 1. Coverage probability versus the target rate [b/s/Hz] with M = 64,
(Xr, yr, zr) = (27,25,25) [ml, (x4, ya,24) = (180, 100,25) [m], and p =
20 [dBm].

of iterations needed to reach a fixed-point solution. By utilizing
numerical evaluations, we observe that N is in an order of hun-
dreds of iterations. Instead of Algorithm 1, we may use a grid-
search approach. If we denote the number of points of the grid
as Ny, Ny, and N, for the three dimensions, the computational
complexity of a grid-based exhaustive search is in the order of
O(N<NyN_f), where f is the cost for evaluating the coverage
probability. For example, setting Ny = N, = N; = 100, the
exhaustive search has a computational complexity in the order
of 10°, which is impractical. Hence, Algorithm 1 has much
lower computational complexity and is more practical than a
grid-based exhaustive search approach.

V. NUMERICAL RESULTS

In this section, the proposed analytical and optimization
frameworks are validated by Monte Carlo simulations. The
source is located at the origin. The direct link between the
source and the destination is assumed to be weak and the
channel gain Sy [dB] is S = —33.1 — 3.510g;((dsq/1 m).
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Fig. 2. Cumulative distribution function of the ergodic channel rate [b/s/Hz]
with M = 64, (xr,yr,2) = (27,25,25) [m], p = 20 [dBm], and the
destination location: 100 [m] < x4 < 180 [m], 50 [m] < x4 < 100 [m],
zq = 15 [m].
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Fig. 3. System performance versus the number of RIS elements with
(%, yr» 2r) = (27,25,25) [m], p = 20 [dBm], and the destination location:
100 [m] < xg < 180 [m], 50 [m] < yq < 100 [m], zg = 15 [m]: (a) The
average coverage probability and (b) the ergodic channel rate.

For the indirect link, the channel gains B, [dB] are B, =
—25.5-2.4logy(dy/1 m), where d,, is the distance between
the source and the receiver, i.e., the RIS if @« = sr and
the destination if @ = rd. The Rician factors are equal to
Ko = 101-370:003de [42] The transmit power is 20 mW, and
the system bandwidth is 20 MHz. The carrier frequency is
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40 [m] < xg < 55 [m], 10 [m] < yq < 25 [m], zq = 15 [m]: (a) The average
coverage probability and (b) the ergodic channel rate.

1.8 GHz, and the noise power is —94 dBm, corresponding to
a noise figure of 10 dB. We consider the following phase shift
designs for comparison:

i) The long-term phase shift design optimizes the average
received SNR as formulated in (9). This phase shift design
is denoted as “Long-term” in the figures.

ii) The short-term phase shift design optimizes the instanta-

neous SNR as formulated in (10). This phase shift design

is denoted as “Short-term” in the figures.

The equal phase shift design where the phase shifts are

all equal to each other. This phase shift design is denoted

as “Equal phase” in the figures.

iv) The random phase shift design where arbitrary values in
the range [—m, 7] are considered. This phase shift design
is denoted as “Random phase” in the figures.

iii)

In Fig. 1, we compare the closed-form expression of the
coverage probability by using (17) in Theorem 2 and (22) in
Theorem 3 against Monte Carlo simulations by using (15). The
good match between the analytical results and the numerical
simulations confirms the accuracy of the proposed analytical
framework. The proposed phase shift designs offer a coverage
probability significantly higher than the considered benchmark

4.5

IS
]
]

1

]

&
)

e
=

0.4+

Coverage Probability
w

0.2+

I
34

Ergodic Channel Rate [b/s/Hz]

— = :Short-Term

Long-Term

= Long-Term

. . . . 2 . h " "
0 50 100 150 200 250 0 50 100 150 200 250
Tteration Index Tteration Index

Fig. 5. Coverage probability and ergodic channel rate [b/s/Hz] with respect
to the number of iterations of Algorithm 1 with M = 64, p = 20 [dBm], and
(x4, Yd» za) = (180, 100, 15) [m]. The optimal RIS position is (x}:, y), z;-) =
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(21.56,19.03,17.84) [m] and (x;,y;,z;) = (24.50,22.13,21.41) [m]
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schemes for a given set of instantaneous channel coefficients.
For instance, the random and equal phase shift designs give
a coverage probability of about 0.2 if the target rate is 2
[b/s/Hz]. On the other hand, the long-term phase shift design
has a coverage probability of about 0.6 for the considered
target rate, which is 3x better than the baselines. By exploiting
instantaneous CSI, the short-term phase shift design can offer
full coverage probability at the target rate of 2 [b/s/Hz].

The cumulative distribution function (CDF) of the ergodic
rate for different user locations is shown in Fig. 2. The random
phase shift design and a system without the presence of the
RIS provide an ergodic channel rate of 1.75 [b/s/Hz] on
average. The long-term phase shift design increases the ergodic
rate by a factor 1.97x with respect to the two baselines, which
is 3.46 [b/s/Hz]. Meanwhile, the short-term phase shift design
gives the best performance with a rate of 4.49 [b/s/Hz], which
is 1.3x higher than the long-term phase shift design. Assuming



a coverage target of 0.95, the long-term and short-term phase-
shift designs offer a 2.49%x and 3.42x gain compared to the
benchmark schemes, respectively.

In Fig. 3(a), we utilize the analytical framework in Theo-
rems 2 and 3 to evaluate the coverage probability as a function
of the number of RIS elements and for different designs of
the phase shifts. The phase shift designs based on short-
term and long-term CSI offer significant gains compared to
the equal and random phase shift designs. The gains become
significantly larger by increasing the number of RIS elements.
Specifically, the short-term phase shift design provides a 1.37x
gain with respect to the random phase-shift design if the RIS
is equipped with 16 RIS elements. The gain is 2.49x for 400
RIS elements. In addition, the gap between the short-term and
long-term phase shifts design reduces as the number of RIS
elements increases. In Fig. 3(b), we display the ergodic rate
[b/s/Hz] in (30). We evince that the deployment of an RIS
results in a substantial increase of the ergodic rate, as opposed
to surfaces that operate as random scatterers and are not smart
and reconfigurable. Notably, the long-term phase shift design
provides an ergodic rate close to the short-term phase shift
design and approaches it if the number of RIS elements is
sufficiently large. If the RIS elements increase from 16 to
400, the gap between the short-term and long-term phase shift
designs reduces from 1.38x to 1.04x.

In Fig. 4, the system performance is evaluated when the lo-
cation of the destination is uniformly distributed in a narrower
range compared with the setting considered in the previous
figures. In this case, we see that the random and equal phase-
shift designs outperform the case study without RIS. Further-
more, the results in Fig. 4 confirm that the phase shift design
based on statistical CSI provides system performance close to
the optimal solution obtained by exploiting instantaneous CSI,
especially when the large number of RIS elements is large.

In Figs. 5 and 6, we illustrate the coverage probability
as a function of the iterations of Algorithm 1. The initial
location of the RIS ( 0 R yr(o), zr(o) ) is selected as in Figs.1-3,
(xr,min’ Yr,min» Zr,min) = (20’ 10,5) [ml], (xr,max, Yr,maxs Zr,max) =
(30,40,35) [m], and the step size is u = 0.9. We observe
a remarkable enhancement of the coverage probability by
appropriately deploying the RIS. In Fig. 5, assuming M = 64,
p = 20 [dBm], the short-term phase shift design improves
the coverage probability from 0.59 if the RIS is located
in (x\9,y0 ;) = (27,25,25) [m] to 1.0 if the RIS
is deployed in the location returned by Algorithm 1, i.e.,
(x5, y5,25) (20,13.36,11.81). It corresponds to a 1.69x
improvement of the coverage probability. For the long-term
phase shift design, Algorithm 1 returns an RIS location at
the coordinates (x7,yr,zy) = (20,10,5) and offers a 6.71x
improvement in the coverage probability compared with the
initial point. Besides, Algorithm 1 applied to the short-term
phase shift design converges faster as compared to when it
is applied to the long-term phase shift design, especially if
the number of RIS elements is large. Interestingly, the results
demonstrate that maximizing the coverage probability with
respect to the optimal location significantly boosts the ergodic
channel rate as well. Compared to Fig. 5, the number of RIS
elements increases by 4x and the transmit power reduces by
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Fig. 7. Average coverage probability with different locations of the RIS
where 0 [m] < x, < 280 [m], =10 [m] < y, < 0 [m], and z, = 15 [m].
The destination location: 100 [m] < x4 < 180 [m], 50 [m] < y4 < 100 [m],
zqg = 15 [m]: (a) Long-term phase design and (b) Short-term phase shift
design.

approximately 2.2x in Fig. 6. Different initial RIS locations
may result in different solutions due to the inherent non-
convexity. However, thanks to the gradient ascent, Algorithm 1
potentially obtains a good sub-optimal solution. In this paper,
we observe that optimizing the RIS location can significantly
improve the coverage probability. The obtained RIS placement
solution can also improve the ergodic rate. A heuristic method
to obtain a good initialization should be left for future work.

In Fig. 7, we show the average coverage probability as a
function of the RIS location. We observe that the RIS should
be located near the source or the destination to obtain a good
coverage probability. A low coverage probability is, on the
other hand, obtained if the RIS is located around the center of
the considered area. The observations provide heuristic strate-
gies to locate the RIS and achieve higher coverage probability.
However, the optimal location can only be obtained by solving
the problem in (35).

VI. CONCLUSION

This paper has investigated the coverage probability and the
ergodic rate of an RIS-assisted link for different phase shift
designs depending on the level of CSI that is exploited for
optimizing the RIS. Although a long-term phase shift design



based on long-term CSI is suboptimal compared with the op-
timal phase shift design based on instantaneous CSI, we have
shown that the performance gap decreases as the number of
RIS elements increases. Moreover, we have formulated an RIS
placement optimization problem that maximizes the coverage
probability. A sub-optimal solution with low computational
complexity has been proposed by applying the gradient ascent
method. Numerical results have shown that, together with
the phase shift design, the RIS placement is a potential
research direction for improving the system performance. The
generalization of this research work includes the analysis
and optimization of sources and destinations equipped with
multiple antennas.

APPENDIX

A. Useful Lemmas

This section presents a useful lemma used for performance
analysis.

Lemma 3. [44, Lemma 5] For a random vector x € CM
distributed as CN(0,R) with R € CM*M gnd two given
deterministic matrices U,V € CM*M it holds that

E{x"Uxx" Vx} = tr(RURV) + tr(RU)tr(RV). (46)

If V = UH, then (46) becomes E{|x"Ux|?} = tr(RURUY) +
|tr(RU) |%.

B. Proof of Theorem 1

By exploiting the channel formulation in (1), the second
expectation in (66) is computed as

{hH(Phrd|2} E{(hf + gl )®(heg + ga)*}

(a )
a|? + B{Ih; @gia|’} + E{lg; hia|”} + B{lgs Pgal’}
- M
Bl + 2 Bl + e

@ d
B Ksr+ 1 (Ksr+ 1)(Krd+ 1)
= la* + M,uﬁsrﬁrdk.

|a|? N

(47)

where (a) is obtained by the independence of the cascaded
channels and (b) is due to the distributions of the NLoS
channels. By utilizing the definition of cascaded channels, the
fourth moment in (6) is recast as

E{lhf®h.|*} = E{(hf + g )®(hy + gra)|*}
4

(48)

=E l_lgq)l_lrd + l_lsff(I)grd + gﬁ@ﬁrd + ggd)grd

R e

ta EYe%) s Zay

Denoting A = a; + a3 + a4, (48) is equivalent to

E {|hf®hy|*} = E{|(@+ A)(a" + A"}

=E{||a|* +a"A + A*a +|A]*)*}

= |@|* + 4|@)*B{|A|*} + 2aE{A*|A|*} + 2a"E{A|A|*}
+E{|A[*}.

(49)

We note that |A|?> can be rewritten as follows:

AP = (a2 + a3 + aa) (@ + @5 + @) = @2 + |as+

) . (50)
las]” + a0y + aaa + a3 + @3y + @y + a5,
and therefore E{|A|?} is reformulated as
E{|AI’} = B{|a; [} + E{|o3|} + E{|e}]}, (51

where the missing expectations are equal to zero. Since g
and gy are circularly symmetric complex Gaussian vectors
with zero mean, we obtain

B(lasl) = BB (gaglf )0 By = LRl = Mt
r
(52)
B{las ) = WIOB (gl )0 Moy = L il = Mpn,

Sr

(53)

by utilizing the identity tr(XY) = tr(YX), E{|as4|?} can be
computed as follows

(@)

E{las|*} = E{g! ®E{gug/i}® g} =Mpu, (59

where (a) is obtained since the cascaded channels are indepen-
dent. By plugging (52)—(54) into (51) and doing some algebra,
we obtain the closed form expression of E{|A|*} as

E{|A]*} = Mur. (55)

The expectation E{A*|A|’} in (49) can be simplified by
utilizing the definition of A and (50) as

(
E(A"AP} € 2E{ajajas) = 2E{gi0" B bl 0" g, g/l @g.a)

_ 2ﬁsr,8rdtr(q)Hhsrhg) _

(Ksr + 1)(Krd +1)

(56)

where (a) is obtained from the products of uncorrelated
random variables. Similarly, the expectation E{A|A|?} in (49)
is simplified as

E{A|A|2} = ZE{CYQCY:;CZZ} = ZE{ <I)grdchI)hrdgfg(DHgsr}
@ proH HeH 2Bt ratr (Phyghl! i
=E ®h h 0] d = -9
{g i Brih g%r} (Ksr + ])(Krd + 1) Ha,
(57)

where (a) is obtained by using the commutative property
two random variables X and Y, i.e., E{XY} = E{YX}. The
expectation E{|A|*} in (49) is simplified as
E{|A[*} =E{|aa|*} + B{las|*} + B{|aa|*} + 4E{|@2[*|a3]*}
+4E{|as |’ |aal*} + 4B{|@3[*|aul’},
(58)
where the missing expectations are equal to zero. The first

expectation E{|as|*} in (58) is computed in a closed-form
expression as

E{|aa|*} = E{|hf®dg.|*} = E{|gF @ h,hf dgq|*}
_2M2 2K2

Sre

(59)



where (a) follows from Lemma 3. Similarly, the expectation
E{|a3]*} in (58) is computed in a closed-form expression as

E{las|'} = E{lg]/, @huhi@" g, [*} = 2M° 12K, (60)
The third expectation E{|a3|*} in (58) is simplified as
2
ggq)grd grlg(DHgsr
Pgrall || Dgrall
(61)

Eflas|'} = E {|gi @gul'} = E{ |@gall*

By introducing the random variable z = gl/®g,4/||®gq| with
7~ CNI(0, Bs:/ (ks + 1)), we see that (61) is equivalent to

B{losl') = E {I@gall'lcl*} < B {10gal'} B2}
=2(M? + M),

where (a) is obtained by the independence of ®g.y and z,
and the fourth moments of the circularly symmetric Gaussian
variables with zero means in (62) is computed by utilizing
Lemma 3. Buy applying the results in (52), the forth expecta-
tion in (58) is simplified as follows

(a)
E{|aa)?las)?} 2

where (a) follows since the cascaded channels are indepen-
dent. The fifth expectation in (58) can be simplified as follows

E{laz|*|as|*} = E{gfi@" h,hf dg. gl @7 g, gl g4}

@) By
Z oD tr(®" hyh! ®OE{g, g" 1 @)+
T

. (64)
tr(@"hh @) tr (@7 E{g, g }®)

E{|ax*}E{|as*} = M (P kgekea,  (63)

(Krd + 1)2
(b)
= (M + M)/J Ksrs
where (a) is obtained by using Lemma 3 and (b) follows from
the identity ®DH =1,,. The last expectation in (58) is derived
as follows

E{las*|asl*} = E{|as|}E{|au|*} = (M + M) *Ka  (65)

Plugging (52), (53), and (54) into (62) and with some algebraic
manipulations, we prove the theorem.

C. Proof of Lemma 1

We first consider the long-term phase shift design. By
exploiting the definition of the SNR in (8a), we compute the
mean of y'' as follows:

E{y"} = vE {|hs|*} + VE {|hf ®"h,|*} (66)

thanks to the independence of the direct link and the cascaded
channels. Since the direct link follows a Rayleigh distribu-
tion, the first expectation in (66) is computed in closed-form
expression as

E{lhsdlz} = Bsds

while the second expectation is computed as in (5). Plugging
(67) and (5) into (66), we obtain the closed-form expression
of the mean of the SNR as

E{y"} = v(Bs +6).

(67)

(63)

From (68), the long-term phase shift design to maximize
the average received SNR is obtained from the following
optimization problem

maximize |a]?
Qll (69)
subject to —n< 051 <, Vm,

- where |@|*> is given in Theorem 1. Decomposing the LoS

components into the magnitude and phase as

h' ], = |[h5]n]e’ 73"",m,
(051 = [R5 ]l e )y (70)
[ﬁrd]m = |[ﬁrd]m|ej arg([hrd]M),vm, (71)
|@|? is reformulated as
2

_ v It
|laf? = ’Z |[Bea] ][R ]m|ej(arg( 5 lm )+arg([hrd]m)+9m)l )

72)
Next, let us denote 5'},1 = arg([h%],,) +arg([h] ) + let”, Vm,

and introduce the two vectors a € CM and b € CM as follows

a=[ |heal 11 ThS 1, | [l | [ ] ae (73)
:[ (el i 11511177 el [ [ L b
(74)

Then, (72) can be rewritten in the equivalent form as follows
_ (a) M . 2
@ = 2" b2 < a2l = (3, 1[healnl [l

(75)

where (a) is obtained by utilizing Cauchy-Schwarz’s inequal-
ity, where the equality holds if the two vectors a and b are
parallel to each other. For all the phase shifts 9'},,, it holds that

:r]m) + arg([ﬁrd]m) =0 (76)

and therefore, the optimal long-term phase shift design is given
in (9).

In a similar manner, for the short-term design, let us de-
compose the complex channel coefficients into their modulus
and phase as follows

' =0 6 +arg([h

|hsq + W@ hyy|* = || hggle’ e hsa)

P framis d]mej<arg<9,'1.>+arg<[h;]m)+arg<[hrd]m)|2. 77
m=

Let us introduce the two vectors & € CM*! and b € CM*! 4
follows

T
a = [Vihal NI T Tl VBT bl | (78)
b= [, [[hsaled & hs) \[Thi ], [hrd]lejarg(é'lt)’ L

[ Tor Tl 20|

(79)

where arg(@ ) = arg(H ) + arg([h$]m) + arg([halm), Vm.
Accordingly, (77) can be reformulated in the equivalent form
as follows

gen (@ o
a"b[* < [1all* (bl

(el B 1)

|hsa + hl®*hy|* =

= (1mal+ >0

(80)



where (a) is attained by using Cauchy-Schwarz’s inequality,
where the equality holds if & and b are parallel to each other,
ie.,

arg(hsq) = arg(6%) + arg([h]) +arg([halm).  (81)

Therefore, the optimal short-term phase shift design is ob-
tained as in (10) and we complete the proof.

D. Proof of Theorem 2
The average received SNR for the long-term phase shift
design is given in (68). Denoting a = +/vhy and b =
Whg@”hrd, we recast the second moment of the SNR as
follows
E{ly"P} = B{|lal® + a*b + ab* + b}
= E{la|'} + E{|b|*} + 4E{|al’|b[*}.
By exploiting Lemma 3, we tackle the first expectation in (82)
as follows:

(82)

E{la|*} = v?E{|hu|*} = 2v°B2,. (83)

From the result in (6), the second expectation in (82) is
computed in closed-form expression as follows:

E{|b*} = v*(6% + 2M|a|*uK + M* 2R + 2M 1%k + 8|a@|* ).

(84)
Next, the fourth expectation in (82) is computed in closed-
form expression as follows

B{laPIbl*} = vE{hal*}E (R @] = v2Bas,  (89)

where (a) is obtained by the independence between the direct
and indirect links; (b) follows from (47). Combing (68) and
(82) together with the identity Var{X} = E{|X|*} — |E{X}|%,
we obtain

Var{y"} = v?g2, +v*a + 2v*Bud. (86)

From the mean in (66) and the variance in (86), we match
the received SNR, y“, to a Gamma distribution and obtain the
result as shown in the theorem.

E. Proof of Theorem 3

In this section, we compute the coverage probability for
the short-term phase shift design using the double-matching
method. We start with some properties of the Rice distribution.
Particularly, the mean and variance of each channel gain
|[hg],,|, which follows by Rice distribution, are given by

] ST
Bl iyl o} = 54 ot (87
Var {I[hylnl} = 25 (14ke - 52) . @9

With the presence of the RIS, the mean and variance of B, =
|[hg ]| [Dra]m| is then computed as follows

T
E{Bm} ZZ\/l_ltsr[rds (89)

2
Var {B,,} =u ((1 + kgr) (14 Krg) — %tfrzfd) . (90)

Also, the mean and variance of the random variable C = |hy|+
Z%zl |[hg],, ] | [hel,,| are given as follows

1
B{C} = VB + D B {Bul, 1
Var(c) = 2 B SV Var (B, (92)

Given the mean and variance of C, we apply the first-moment
matching. More precisely, we match the random variable C to
a Gamma distribution as follows

_B{CYE L Var(C)
¢ “Var{c} €T E{c}”
for which the solutions to k- and w¢ are obtained in the

theorem. Next, the mean and variance of the SNR S is
computed as follows

(93)

E{y"} =vE{C?} =vwike (ke +1), (94)
Var {y*'} =2 (E{c*} - [ {c?}[')
=2v2whke (ke +1) (2ke +3), (95)

where E{C™} = % Having obtained the mean and

variance of yS!, we apply the second matching as follows

t) |2 t
St = E {y*'}] st _ Var {y*'} ' (96)
Var {ySt} ’ E {ySt}
By matching y! to a Gamma distribution with the shape and
scale parameters in (96), we obtain the coverage probability
as shown in the theorem.

F. The Derivation of (38) with the Short-Term Phase Shift
Design

The first derivative of the coverage probability with respect
to the coordinate o, of the RIS is provided as follows:

N (or) _ N(Qr)D (or) = N (or) D (or)
D (or) - D2 (o)

where N (o;) is computed by using the formulation in (39)
and the upper incomplete Gamma function as follows

or (kSl (0r),u (Qr)) (g)
dor

exp(-u(or)) + kSt(Qr)
t=u(or)

= i (o) I1 (0r) + kS (01) (o),

ngv (o) =

. O

. . st —
N (or) = —u (Qr)“(@r)k (o)1

£k (e =1 log (¢) exp (1) dt

(98)

where u(o;) = z/wS' (o), so its first-order derivative with
respect to or is #(or) = —z(wS(0;)) 2w (o;). Moreover, the
functions 7; (o) and I(o;) are formulated as

1) = u(e)™™ @~ exp(-u(er))
B(e0) =T (kS (o0, (e0)) log (u (1)) +T (k (0r)) X
(~log (u (20) + (k (0)) + ()@ (k% (e0)) " x

22 (K (00) K (00) 1+ Kk (00 1+ K (), —u (1))
©9)



In (98), (a) is obtained by using Leibniz’s integral rule for the
upper incomplete Gamma function. For further processing, let
us reformulate wS!(o,) and kS'(o,) as

st 2vl(0r) st l%(@r)
) =———= k> (0r) = ——, 100
W) Li(vr) " (or) 2l>(or) ( )
where [;(o;) and Ir(po;) are given as
li(or) = wi(enke(or) (1+ke(00), (101)
L(or) = Wi(Qr)kc(Qr)(kc(Qr) +1)(2kc(or) +3). (102)

The first derivative of wS!(o,) and kS!(o,) with respect to o,
are computed as

W (or) =(v11(00) 72 (2 (@0l (er) — 2v° (e (e0))
(103)

kSt(Qr) 2(2V212(Qr))_2 (4V4ll (Qr)il (or)l2(0r)

-2 h(enli(en). (104)

where I1(o;) and I>(o;) are the first derivative of [, (o;) and
I>(or) with respect to o, which are computed as follows

il(@r) =2wc(o)Wel(or)ke(or) (1 + ke (0r)) +
w2 (or) (1+2kc () ke (0) (105)
[2 (Qr) =4W3 (Qr)"{’c (Qr) ke (Qr) (kc (X) +1) (2kc (Qr) + 3)

+wh (00 (6(ke (0)?+10kc (00 +3) ke (00),
(106)

where W, (o;) and k.(o;) are the first derivative of the scale
and shape parameters w.(o;) and k.(o;) with respect to o,
respectively, and defined as follows

We(or) = i(@r)13(gr) i (0r) = i(Qr) I4(or)
o - 2R (e at(on)?
(01 + Cot (Qr))
(107)

where ¢y = é+/1(o;) and ¢4 = ¢4¢(0,). Besides, the supple-
mentary parameters ¢(o;), (o:), I3, and I, are given as follows

I3(00) =4 [e1+ &1 () = 0573 (07) (3 + &t (00) 2,

(108)
la(e0) = (1 +vi(en ) (€217 (00) (3 + car(en)
~eu (e1+ilen)) (109)
t(or) =Bar (or) Bra (o) » (110)
i (0r) =Bar (1) Bra (0r) + Bsir (0r) Bra (01) » (111)
-5 /2
B (00 =Ko (= x) + (e =907+ (= 207)
(112)
Bsr (or) == nsrKo (0r = vs) ((xr - xs)2 + (e — ys)2+
@-w?) " (113)

~a/
B (00) =Ko (5~ x0)” + (e = ya + (=) "

(114)
B (00) = = 1Ko (01 — @) (3 = x0)> + (vr = y) ¢

(2 — Zd)z)—nrdﬂ—l
T )

where aq € {x4, ¥4, zq}. In a similar manner, the derivative of
D (o) =T (kSt (Q,—)) in the numerator of (38) with respect to
or is computed as follows:

D (o) = k* (o0 T (K (o)) w (K (20))

where ¢ (k (x)) is the polygamma function of the first order.

(115)

(116)

G. The Derivation of (38) with the Long-Term Phase Shift
Design

The proof follows similar steps as for the short-term phase
shift design. Specifically, the first-order derivative of the
coverage probability with respect to o, is given in (38) with
N (or) and D (o;) defined in (39) that have the same structure
as the short-term phase shift design, except for the scale and
shape parameters. Let us therefore compute the derivative of
wl(o;) and k''(o;) as a function of the RIS coordinates. To
this end, we first reformulate the shape and scale parameters
in (18) and (19) to the corresponding equivalent forms

kn(or) = Nu(or)/De(or), w"(or) = De(er) /Nu(er), (117)
where the following definitions hold for Nu(o,) and De(o,)
as follows
Nu(or) = vBsd + vo1Bsr (0r)Bra(0r), (118)

De(or) = Vzﬁzd + V252B§r(@r):8r2d(gr) + 2V2Bsd51185r(9r):8rd(gr),
(119)

with 01 = 0285,r(0r)Bra(0r) and 02 = 52ﬂ3r(9r)ﬂr2d(é)r)- The
first-order derivative of the shape and scale parameters with

respect to o, are then computed as follows

£"(er) = De(en)? (2Nu(enNu(er)De(er) ~ Nu*(on)De(er))

(120)
¥l (0r) = Nu(or) (De(e)Nu(er) - De(e)Nu(er))

(121)
Nu(or) = vd1i(or), (122)
De(or) = 2v2621(00)i(0r) +2v*Bsadri(or), (123)

where i(v;,,) is provided in (107) and we complete the proof.

REFERENCES

[1] T. Van Chien, L. T. Tu, D.-H. Tran, H. Van Nguyen, S. Chatzinotas,
M. Di Renzo, and B. Ottersten, “Controlling smart propagation environ-
ments: Long-term versus short-term phase shift optimization,” in /EEE
International Conference on Acoustics, Speech and Signal Processing
(ICASSP), 2022, pp. 5348-5352.

[2] H. Tataria, M. Shafi, A. F. Molisch, M. Dohler, H. Sjoland, and
F. Tufvesson, “6G wireless systems: Vision, requirements, challenges,
insights, and opportunities,” Proceedings of the IEEE, vol. 109, no. 7,
pp. 1166-1199, 2021.

[3] F. Tarig, M. R. Khandaker, K.-K. Wong, M. A. Imran, M. Bennis, and
M. Debbah, “A speculative study on 6G,” IEEE Wireless Commun.,
vol. 27, no. 4, pp. 118-125, 2020.



[5]
[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(171

(18]

[19]

[20]

[21]

[22]

P. Jonsson, S. Carson, S. Davis et al., “Ericsson mobility report (2020),”
Ericsson, Stockholm, Sweden, 2021.

3GPP, “Email discussion for RAN4 R17 non-spectrum work areas:
Smart repeaters,” 2020.

R. Flamini, D. De Donno, J. Gambini, F. Giuppi, C. Mazzucco, A. Mi-
lani, and L. Resteghini, “Towards a heterogeneous smart electromagnetic
environment for millimeter-wave communications: An industrial view-
point,” IEEE Transactions on Antennas and Propagation, vol. 70, no. 10,
pp- 8898 — 8910, 2022.

X. Qian, M. Di Renzo, J. Liu, A. Kammoun, and M.-S. Alouini,
“Beamforming through reconfigurable intelligent surfaces in single-user
MIMO systems: SNR distribution and scaling laws in the presence of
channel fading and phase noise,” IEEE Wireless Commun. Lett., vol. 10,
no. 1, pp. 77-81, 2020.

Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wireless
network via joint active and passive beamforming,” IEEE Trans. Wireless
Commun., vol. 18, no. 11, pp. 5394-5409, 2019.

A. Zappone, M. Di Renzo, F. Shams, X. Qian, and M. Debbah,
“Overhead-aware design of reconfigurable intelligent surfaces in smart
radio environments,” IEEE Trans. Wireless Commun., vol. 20, no. 1, pp.
126-141, 2020.

V. Kumar, M. F. Flanagan, R. Zhang, and L.-N. Tran, “Achievable
rate maximization for underlay spectrum sharing MIMO system with
intelligent reflecting surface,” IEEE Wireless Communications Letters,
vol. 11, no. 8, pp. 1758-1762, 2022.

L. Wei, C. Huang, G. C. Alexandropoulos, C. Yuen, Z. Zhang, and
M. Debbah, “Channel estimation for RIS-empowered multi-user MISO
wireless communications,” IEEE Transactions on Communications,
vol. 69, no. 6, pp. 4144-4157, 2021.

W. Tang, M. Z. Chen, X. Chen, J. Y. Dai, Y. Han, M. Di Renzo,
Y. Zeng, S. Jin, Q. Cheng, and T. J. Cui, “Wireless communications with
reconfigurable intelligent surface: Path loss modeling and experimental
measurement,” IEEE Transactions on Wireless Communications, vol. 20,
no. 1, pp. 421439, 2020.

K. Zhi, C. Pan, H. Ren, K. Wang, M. Elkashlan, M. Di Renzo,
R. Schober, H. V. Poor, J. Wang, and L. Han, “Two-timescale design
for reconfigurable intelligent surface-aided Massive MIMO systems with
imperfect CSL,” IEEE Trans. Inf. Theory, vol. 69, no. 5, pp. 3001 — 3033,
2022.

M. Di Renzo, F. H. Danufane, and S. Tretyakov, “Communication mod-
els for reconfigurable intelligent surfaces: From surface electromagnetics
to wireless networks optimization,” Proceedings of the IEEE, vol. 10,
no. 7, pp. 1164 — 1209, 2021.

Y. Zhang, C. Zhong, Z. Zhang, and W. Lu, “Sum rate optimization
for two way communications with intelligent reflecting surface,” IEEE
Commun. Lett., vol. 24, no. 5, pp. 1090-1094, 2020.

C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, “Reconfigurable intelligent surfaces for energy efficiency in
wireless communication,” IEEE Trans. Wireless Commun., vol. 18, no. 8,
pp. 4157-4170, 2019.

L. Wei, C. Huang, Q. Guo, Z. Yang, Z. Zhang, G. C. Alexandropoulos,
M. Debbah, and C. Yuen, “Joint channel estimation and signal recovery
for RIS-empowered multi-user communications,” IEEE Transactions on
Communications, vol. 70, no. 7, pp. 4640 — 4655, 2022.

C. Huang, Z. Yang, G. C. Alexandropoulos, K. Xiong, L. Wei, C. Yuen,
Z. Zhang, and M. Debbah, “Multi-hop RIS-empowered terahertz com-
munications: A DRL-based hybrid beamforming design,” IEEE Journal
on Selected Areas in Communications, vol. 39, no. 6, pp. 1663-1677,
2021.

C. Pan, G. Zhou, K. Zhi, S. Hong, T. Wu, Y. Pan, H. Ren, M. Di Renzo,
A. L. Swindlehurst, R. Zhang et al., “An overview of signal process-
ing techniques for RIS/IRS-aided wireless systems,” IEEE Journal of
Selected Topics in Signal Processing, 2022.

T. Van Chien, H. Q. Ngo, S. Chatzinotas, and B. Ottersten, “Reconfig-
urable intelligent surface-assisted massive mimo: Favorable propagation,
channel hardening, and rank deficiency [lecture notes],” IEEE Signal
Processing Magazine, vol. 39, no. 3, pp. 97-104, 2022.

C. Pan, G. Zhou, K. Zhi, S. Hong, T. Wu, Y. Pan, H. Ren, M. Di Renzo,
A. L. Swindlehurst, R. Zhang, and A. Y. Zhang, “An overview of
signal processing techniques for RIS/IRS-aided wireless systems,” IEEE
Journal of Selected Topics in Signal Processing, vol. 16, no. 5, pp. 883
- 917, 2022.

M. Jung, W. Saad, Y. Jang, G. Kong, and S. Choi, “Performance analysis
of large intelligent surfaces (LISs): Asymptotic data rate and channel
hardening effects,” IEEE Trans. Wireless Commun., vol. 19, no. 3, pp.
2052-2065, 2020.

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

[33]

[34]

[35]

(36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]

Y. Han, W. Tang, S. Jin, C.-K. Wen, and X. Ma, “Large intelli-
gent surface-assisted wireless communication exploiting statistical CSI,”
IEEE Trans. Veh. Technol., vol. 68, no. 8, pp. 8238-8242, 2019.
M.-M. Zhao, A. Liu, Y. Wan, and R. Zhang, “Two-timescale beam-
forming optimization for intelligent reflecting surface aided multiuser
communication with QoS constraints,” IEEE Trans. Wireless Commun.,
vol. 20, no. 9, pp. 6179-6194, 2021.

J. Dai, F. Zhu, C. Pan, H. Ren, and K. Wang, “Statistical CSI-
based transmission design for reconfigurable intelligent surface-aided
massive MIMO systems with hardware impairments,” IEEE Wireless
Communications Letters, vol. 11, no. 1, pp. 38-42, 2021.

C. Luo, X. Li, S. Jin, and Y. Chen, “Reconfigurable intelligent surface-
assisted multi-cell MISO communication systems exploiting statistical
CS1,” IEEE Wireless Communications Letters, vol. 10, no. 10, pp. 2313—
2317, 2021.

L. You, J. Xiong, Y. Huang, D. W. K. Ng, C. Pan, W. Wang, and
X. Gao, “Reconfigurable intelligent surfaces-assisted multiuser MIMO
uplink transmission with partial CS1,” IEEE Trans. Wireless Commun.,
vol. 20, no. 9, pp. 5613-5627, 2021.

A. Abrardo, D. Dardari, and M. Di Renzo, “Intelligent reflecting sur-
faces: Sum-rate optimization based on statistical position information,”
IEEE Trans. Commun., vol. 69, no. 10, pp. 7121 — 7136, 2021.

M. Di Renzo, A. Zappone, M. Debbah, M. S. Alouini, C. Yuen, J. de
Rosny, and S. Tretyakov, “Smart radio environments empowered by
reconfigurable intelligent surfaces: How it works, state of research, and
the road ahead,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2450-
2525, 2020.

Z. Peng, T. Li, C. Pan, H. Ren, W. Xu, and M. Di Renzo, “Analysis
and optimization for RIS-aided multi-pair communications relying on
statistical CSL,” IEEE Trans. Veh. Technol., vol. 70, no. 4, pp. 3897—
3901, 2021.

C. Hu, L. Dai, S. Han, and X. Wang, “Two-timescale channel estimation
for reconfigurable intelligent surface aided wireless communications,”
IEEE Transactions on Communications, vol. 69, no. 11, pp. 7736-7747,
2021.

X. Gan, C. Zhong, C. Huang, and Z. Zhang, “Ris-assisted multi-user
miso communications exploiting statistical csi,” IEEE Transactions on
Communications, vol. 69, no. 10, pp. 6781-6792, 2021.

I. Trigui, W. Ajib, W.-P. Zhu, and M. Di Renzo, “Performance evaluation
and diversity analysis of RIS-assisted communications over generalized
fading channels in the presence of phase noise,” IEEE Open Journal of
the Communications Society, vol. 3, pp. 593-607, 2022.

C. You, B. Zheng, W. Mei, and R. Zhang, “How to deploy intelligent
reflecting surfaces in wireless network: BS-side, user-side, or both
sides?” Journal of Communications and Information Networks, vol. 7,
no. 1, pp. 1-10, 2022.

N. S. Perovi¢, L.-N. Tran, M. Di Renzo, and M. F. Flanagan, “On
the maximum achievable sum-rate of the RIS-aided MIMO broadcast
channel,” IEEE Transactions on Signal Processing, vol. 70, pp. 6316 —
6331, 2021.

B. Zheng, C. You, and R. Zhang, “Double-irs assisted multi-user
MIMO: Cooperative passive beamforming design,” IEEE Trans. Wireless
Commun., vol. 20, no. 7, pp. 45134526, 2021.

T. V. Nguyen, D. N. Nguyen, M. Di Renzo, and R. Zhang, “Leveraging
secondary reflections and mitigating interference in multi-IRS/RIS aided
wireless network,” IEEE Trans. Wireless Commun., vol. 22, no. 1, pp.
502 - 517, 2022.

T. S. Rappaport, Wireless communications: Principles and practice, 2/E.
Pearson Education India, 2010.

T. Van Chien, L. T. Tu, S. Chatzinotas, and B. Ottersten, “Coverage prob-
ability and ergodic capacity of intelligent reflecting surface-enhanced
communication systems,” I[EEE Commun. Lett., vol. 25, no. 1, pp. 69—
73, 2021.

B. Sihlbom, M. 1. Poulakis, and M. Di Renzo, “Reconfigurable intelli-
gent surfaces: Performance assessment through a system-level simula-
tor,” IEEE Wireless Communications, 2022.

G. Geraci, A. Garcia-Rodriguez, M. M. Azari, A. Lozano, M. Mez-
zavilla, S. Chatzinotas, Y. Chen, S. Rangan, and M. Di Renzo, “What
will the future of uav cellular communications be? a flight from 5G
to 6G,” IEEE communications surveys & tutorials, vol. 24, no. 3, pp.
1304-1335, 2022.

3GPP, “Technical specification group radio access network; spatial
channel model for multiple input multiple output (mimo) simulations
(release 10),” TR 25.996, vol. 10, 2011.

J. Nocedal and S. J. Wright, Numerical optimization. Springer, 1999.
T. V. Chien, H. Q. Ngo, S. Chatzinotas, M. Di Renzo, and B. Otternsten,
“Reconfigurable intelligent surface-assisted Cell-Free Massive MIMO



systems over spatially-correlated channels,” IEEE Trans. Wireless Com-
mun., vol. 21, no. 7, pp. 5106 — 5127, 2022.

Trinh Van Chien (Member, IEEE) received the
B.S. degree in electronics and telecommunications
from the Hanoi University of Science and Tech-
nology (HUST), Vietnam, in 2012, the M.S. de-
gree in electrical and computer engineering from
Sungkyunkwan University (SKKU), South Korea,
in 2014, and the Ph.D. degree in communication
systems from Linkdping University (LiU), Sweden,
in 2020. He was a Research Associate with the
University of Luxembourg. He is currently with the
School of Information and Communication Tech-
nology (SoICT), HUST. His research interests include convex optimization
problems and machine learning applications for wireless communications,
and image and video processing. He also received the Award of Scientific
Excellence in the first year of the 5G Wireless Project funded by European
Union Horizon’s 2020. He was an Exemplary Reviewer of IEEE WIRE-
LESS COMMUNICATIONS LETTERS in 2016, 2017, and 2021, and IEEE
TRANSACTIONS ON COMMUNICATIONS in 2022.

Lam-Thanh Tu received the B.Eng. degree in elec-
tronics and telecommunications engineering from
the Ho Chi Minh City University of Technology,
Vietnam, in 2009, the M.Sc. degree in telecommuni-
cations engineering from the Posts and Telecommu-
nications Institute of Technology, Vietnam, in 2014,
and the Ph.D. degree from the University of Paris
Sud, Paris-Saclay University, France, in 2018. From
2015 to 2018, he was with the French National
Center for Scientific Research (CNRS), Paris, as
an Early Stage Researcher of the European-Funded
Project H2020 ETN-5Gwireless. From 2019-2021, he was with the Xlim
Research Institute, University of Poitiers, France as a postdoctoral research
fellow. From 2022, he has been with the Faculty of Electrical and Electronics
Engineering, at Ton Duc Thang University, Vietnam. He was a recipient of the
2017 IEEE SigTelCom and the 2022 RICE Best Paper Award. Since 2023, he
has been an associate editor of the IEEE Communications Letters and a man-
aging editor of the Advances in Electrical and Electronic Engineering. He has
been a member of the Technical Program Committee of several conferences
such as IEEE Globecom, IEEE ICC, IEEE SPAWC, EuCNC, IEEE ATC, and
IEEE NICS, etc. He was an IEEE Transaction on Communications Exemplary
Reviewer in 2016. His research interests include stochastic geometry, LoRa
networks, reconfigurable intelligent surfaces, covert communications, and
artificial intelligence applications for wireless communications.

Wagas Khalid received a B.S. degree in Electronics
Engineering from GIK Institute of Engineering Sci-
ences and Technology, KPK, Pakistan, in 2011. He
received M.S. and Ph.D. degrees in information and
communication engineering from Inha University,
Incheon, South Korea, and Yeungnam University,
Gyeongsan, South Korea, in 2016, and 2019, re-
spectively. He is currently working as a research
professor at the Institute of Industrial Technology,
Korea University, Sejong, South Korea. His areas of
interest include physical-layer modeling, signal pro-
cessing for wireless communications, and emerging solutions and technologies
for 5G/B5G networks (such as reconfigurable intelligent surfaces, physical-
layer security, NOMA, cognitive radio, and UAVs).

Heejung Yu (S°07-M’12-SM’20) received the B.S.
degree in Radio Science and Engineering from Ko-
rea University, Seoul, Korea, in 1999 and the M.S.
and Ph. D. degrees in Electrical Engineering from
the Korea Advanced Institute of Science and Tech-
nology (KAIST), Daejeon, Korea, in 2001 and 2011,
respectively. From 2001 to 2012, he has been with
the Electronics and Telecommunications Research
Institute (ETRI), Daejeon, Korea. From 2012 to
2019, he was with Yeungnam University, Korea.
Currently, he is a Professor in the Department of
Electronics and Information Engineering, Korea University, Sejong, Korea.
His areas of interest include statistical signal processing and communication
theory.

Symeon Chatzinotas is Full Professor and Head of
the SIGCOM Research Group at SnT, University of
Luxembourg. He is coordinating the research activi-
ties on communications and networking, acting as a
PI for more than 20 projects, and main representative
for 3GPP, ETSI, DVB. He is currently serving on
the editorial board of the IEEE Transactions on
Communications, IEEE Open Journal of Vehicular
Technology, and the International Journal of Satellite
Communications and Networking.

In the past, he has been a Visiting Professor at the
University of Parma, Italy, and was involved in numerous R&D projects for
NCSR Demokritos, CERTH Hellas and CCSR, University of Surrey.

He was the co-recipient of the 2014 IEEE Distinguished Contributions to
Satellite Communications Award and Best Paper Awards at EURASIP JWCN,
CROWNCOM, ICSSC. He has (co-)authored more than 500 technical papers
in refereed international journals, conferences and scientific books.

Marco Di Renzo (Fellow, IEEE) received the Lau-
rea (cum laude) and Ph.D. degrees in electrical
engineering from the University of L’Aquila, Italy,
in 2003 and 2007, respectively, and the Habilitation
a Diriger des Recherches (Doctor of Science) degree
from University Paris-Sud (currently Paris-Saclay
University), France, in 2013. Currently, he is a
CNRS Research Director (Professor) and the Head
of the Intelligent Physical Communications group
in the Laboratory of Signals and Systems (L2S)
at Paris-Saclay University — CNRS and Centrale-
Supelec, Paris, France. Also, he is an elected member of the L2S Board
Council and a member of the L2S Management Committee. At Paris-
Saclay University, he serves as the Coordinator of the Communications
and Networks Research Area of the Laboratory of Excellence DigiCosme,
as a Member of the Admission and Evaluation Committee of the Ph.D.
School on Information and Communication Technologies, and as a Member
of the Evaluation Committee of the Graduate School in Computer Science.
He is a Founding Member and the Academic Vice Chair of the Industry
Specification Group (ISG) on Reconfigurable Intelligent Surfaces (RIS) within
the European Telecommunications Standards Institute (ETSI), where he serves
as the Rapporteur for the work item on communication models, channel
models, and evaluation methodologies. He is a Fellow of the IEEE, IET,
and AAIA; an Ordinary Member of the European Academy of Sciences and
Arts, an Ordinary Member of the Academia Europaea; and a Highly Cited
Researcher. Also, he holds the 2023 France-Nokia Chair of Excellence in
ICT, and was a Fulbright Fellow at City University of New York, USA, a
Nokia Foundation Visiting Professor, and a Royal Academy of Engineering
Distinguished Visiting Fellow. His recent research awards include the 2021
EURASIP Best Paper Award, the 2022 IEEE COMSOC Outstanding Paper
Award, the 2022 Michel Monpetit Prize conferred by the French Academy
of Sciences, the 2023 EURASIP Best Paper Award, the 2023 IEEE ICC Best
Paper Award (wireless), the 2023 IEEE COMSOC Fred W. Ellersick Prize,
the 2023 IEEE COMSOC Heinrich Hertz Award, and the 2023 IEEE VTS
James Evans Avant Garde Award. He served as the Editor-in-Chief of IEEE
Communications Letters during the period 2019-2023, and he is now serving
in the Advisory Board.



