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Overhead-Aware Design of Reconfigurable Intelligent Surfaces
in Smart Radio Environments

Alessio Zappone, Senior Member IEEE, Marco Di Renzo, Fellow IEEE, Farshad Shams, Member, IEEE, Xuewen
Qian, Merouane Debbah, Fellow IEEE

Abstract—Reconfigurable intelligent surfaces have emerged as
a promising technology for future wireless networks. Given that a
large number of reflecting elements is typically used and that the
surface has no signal processing capabilities, a major challenge is
to cope with the overhead that is required to estimate the channel
state information and to report the optimized phase shifts to the
surface. This issue has not been addressed by previous works,
which do not explicitly consider the overhead during the resource
allocation phase. This work aims at filling this gap, by developing
an overhead-aware resource allocation framework for wireless
networks where reconfigurable intelligent surfaces are used to
improve the communication performance. An overhead model
is proposed and incorporated in the expressions of the system
rate and energy efficiency, which are then optimized with respect
to the phase shifts of the reconfigurable intelligent surface, the
transmit and receive filters, the power and bandwidth used
for the communication and feedback phases. The bi-objective
maximization of the rate and energy efficiency is investigated,
too. The proposed framework characterizes the trade-off between
optimized radio resource allocation policies and the related
overhead in networks with reconfigurable intelligent surfaces.

I. INTRODUCTION

Future wireless networks will be a pervasive platform,
which will not only connect us but will embrace us through
a plethora of services. The ubiquity, speed, and low latency
of such networks will allow currently disparate devices and
systems to become a distributed intelligent communications,
sensing, and computing platform [1]. Small-cell networks
[2], massive multiple-input-multiple-output systems [3]], and
millimeter-wave communications are three fundamental
technologies that will spearhead the emergence of future
wireless networks [3]]. The question is, however, whether these
technologies will be sufficient to meet the requirements of
future networks that integrate communications, sensing, and
computing in a single platform. Wireless networks, in addition,
are evolving towards a software-defined paradigm, where
every part of the network can be configured and controlled
via software [6]], [[7]. However, the wireless environment,
i.e., the channel, is generally uncontrollable, and often an
impediment to be reckoned with, e.g. signal attenuation limits
network connectivity, multi-path propagation results in fading,
reflections from objects produce uncontrollable interference.
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Motivated by these considerations, the concept of “smart
radio environment” has recently emerged [8], [9], [10], [T,
wherein the environmental objects are envisioned to be coated
with man-made intelligent surfaces of configurable electro-
magnetic materials that are referred to as reconfigurable
intelligent surfaces (RISs) [12], [13]. These materials are
expected to contain integrated electronic circuits and software
that will enable them to control the wireless medium [10],
[14]. Conceptually, an RIS can be viewed as a reconfigurable
mirror or lens, depending on its configuration [13]], that is
made of a number of elementary elements, often referred
to as meta-atoms or passive scatterers, that are configurable
and programmable in software. The input-output response of
each passive scatterer can be appropriately customized, so that
the signals impinging upon the RIS can be predominantly
reflected or transmitted in specified directions or focused
towards specified locations [16], [17]. RISs have the potential
to enable the control of the propagation environment, thus
potentially changing the design of wireless networks.

Due to the potential opportunities offered by RIS-
empowered wireless networks, a large body of research contri-
butions have recently appeared in the literature. The interested
readers are referred to the survey papers in [10], (18], [19],
[20], [21], where a comprehensive description of the state-
of-the-art, the scientific challenges, the distinctive differences
with other technologies, and the open research issues are
comprehensively discussed. In [22], systems made of large
active surfaces are put forth as the natural evolution of massive
MIMO systems. A similar idea is embraced in [23]], where it
is elaborated on how RISs can be used to implement massive
MIMO systems, replacing each conventional antenna with an
active reconfigurable surface. The fundamental performance
of the system is analyzed, showing that it grants satisfactory
performance, while at the same time reducing costs, power
consumption, and physical size. In [24] it is shown how RISs
can yield better performance compared to the use of relays.
Moreover, in it is shown that RISs can improve the
secrecy of communication by focusing the transmit signal
only towards the direction of the intended receivers. Recently,
in addition, a few experimental testbeds have been built to
substantiate the feasibility of RISs, e.g., [26], [27], [28],
(291, [30]. In the following two sub-sections, we describe the
contributions that are most related to the present paper, and
outline novelty and contributions of our work.

A. Related Works

We focus our attention on the issue of resource allocation
in RIS-empowered wireless networks. In this context, several
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research papers have appeared recently, mostly considering
application scenarios where the line-of-sight link is either too
weak or is not available, and, therefore, an RIS is employed
to enable the communication through the optimization of
the phase shifts of its individual passive elements and of
the precoding and decoding vectors of the transmitter and
receiver, respectively. In [31]], the rate and energy efficiency are
optimized in RIS-based multiple input single output (MISO)
downlink systems. Alternating optimization of the base station
beamformer and of the RIS phase shifts is performed by means
of fractional programming methods for power optimization,
and sequential optimization methods for phase optimization.
A similar setup is considered in [32], with the difference
that the problem of power minimization subject to mini-
mum rate constraints is considered. A suboptimal numerical
method is proposed based on alternating optimization. In
[33], a MISO downlink system is analyzed, with the addition
that the orthogonal frequency division multiplexing (OFDM)
transmission scheme is considered, and the problem of sum-
rate maximization is addressed. Sum-rate maximization is
also investigated in [34]], where computationally-efficient, but
sub-optimal, algorithms are devised for an RIS-based MISO
system, to optimize the transmit beamformer and the RIS
phase shifts, still based on the use of alternating optimization.
Similarly, alternating optimization methods are used in [33]]
to tackle the problem of sum-rate maximization in a MISO
downlink system. The base station beamformer and the RIS
phase shifts are optimized, with the additional difficulty that
discrete phase-shifts at the RIS are assumed. In [36]], an RIS
is used to boost the performance of over-the-air computations
in a multi-user MISO channel. A method based on alternating
optimization and difference convex programming is developed,
which outperforms semi-definite relaxation alternatives. In
[371, an RIS is used to enhance the secrecy rate of a MISO
downlink channel with multiple eavesdroppers. Alternating
maximization is used to devise a practical, yet suboptimal,
method to optimize the transmit beamformer and the RIS
phase shifts. In [38]], the use of RISs for physical layer security
is envisioned, thanks to the possibility of RISs to reflect in-
coming signals towards specified directions. In [39]], the maxi-
mization of the secrecy rate in an RIS-based multiple-antenna
system is investigated, and alternating optimization is used to
optimize the transmit beamformer and the RIS phase shifts. In
[40]], a massive MIMO system is considered, in which multiple
RISs equipped with a large number of reflecting elements
are deployed and the problem of maximizing the minimum
signal-to-interference-plus-noise-ratio at the users is tackled by
jointly optimizing the transmit precoding vector and the RISs
phase shifts. In [41]], it is shown that the use of RISs enhances
the performance of systems based on unmanned aerial vehicles
(UAVs) upon optimizing the UAV height and various RIS
parameters such as the size, altitude, and distance from the
base station. In , the problem of precoding design in
an RIS-based multi-user MISO wireless system is addressed,
assuming that only discrete phase shifts at the RIS are possible.
The maximization of the rate in an RIS-assisted MIMO link
is tackled in [43]], by considering that the RIS is deployed
to assist the communication between the transmitter and the

receiver. In [44], the problem of power control for physical-
layer broadcasting under quality of service constraints for
the mobile users is addressed in RIS-empowered networks.
The downlink of a MIMO multi-cell system is considered
in [43], where an RIS is deployed at the boundary between
multiple cells. Therein, the problem of weighted sum-rate
maximization is tackled by alternating optimization of the base
station beamformer and of the RIS phase shifts. RIS-based
millimiter wave systems are considered in [46], with reference
to a single-user MISO channel. The transmit beamforming and
the RIS phase shifts are optimized considering both the single-
RIS and multi-RIS cases. In [47], joint channel estimation and
sum-rate maximization is tackled in the uplink of a single-
user RIS-based system, where the phase shifts of the RIS
have a discrete resolution. In [48]], the sum-rate of a MIMO
RIS-based system is optimized with respect to the transmitter
beamforming and the RIS phase shifts, in the case in which
simultaneous information and power transfer is employed.

B. Novelty and Contribution

The common denominator of all the above works dealing
with radio resource allocation is that the optimization is
focused only on the data communication phase, whereas the
overhead required to estimate the channel state information
and to report the optimized phase shifts configuration to the
RIS is not taken into account. As recently highlighted in
[10], the overhead for resource allocation in RIS-empowered
wireless networks may be more critical than in conventional
wireless networks. This is due to the possibly large number of
passive elements in each RIS that may be spatially distributed
throughout the network. Moreover, the above mentioned works
optimize the phase shifts of the RISs based on numerical meth-
ods, which makes it difficult to assess the ultimate performance
of RIS-empowered wireless networks.

In contrast, this work develops a resource allocation frame-
work that explicitly accounts for the overhead associated with
channel estimation and with the configuration of the optimal
RIS phase shifts. A point-to-point RIS-based system with
multiple antennas at the transmitter and receiver is considered.
More precisely, the following specific contributions are made:

o We propose a model to account for channel estimation
and the overhead required for the configuration of the RIS
phase shifts. Based on the overhead-aware expressions of
the system rate and energy efficiency, we develop efficient
radio resource allocation algorithms. This is a different
approach compared to robust resource allocation methods
which assume imperfect channel state information [49],
(301, [51]]. Indeed, we propose a framework that accounts
for the feedback that is necessary for realiable channel
estimation and RIS phase shifts deployment, and optimize
the system resources based on this new model.

o We derive two methods for the joint optimization of the
RIS phase shifts, and of the precoding and decoding
filters. Both methods are expressed in closed-form, thus
requiring a negligible computational complexity com-
pared to state-of-the-art methods based on alternating
optimization, as well as enabling analytical performance



evaluation of RIS-empowered wireless networks. Both
approaches are provably optimal in the case of rank-
one channels, which includes the notable special case of
single-antenna transmitters and receivers.

o We introduce globally optimal algorithms for comput-
ing the power and bandwidth that maximize the rate,
the energy efficiency, and their trade-off, based on
convex/pseudo-convex problems with limited complexity.

« Finally, we provide extensive numerical results to show
the performance of the proposed approaches. We find
that our proposed closed-form phase optimization solu-
tion perform similar to more complex, state-of-the-art
numerical methods, e.g. alternating optimization.

The rest of the paper is organized as follows. Section [l intro-
duces the system model and the problem statement. Section
[T develops the optimization methods for the allocation of
the RIS phase shifts, the beamforming vector, and the receive
filter. Section [[V] optimizes the powers and bandwidths for
the maximization of the system rate, energy efficiency, and
the derivation of the optimal rate-energy trade-off. Section
[VIl numerically analyzes the proposed optimization methods.
Finally, concluding remarks are given in Section [VII}

II. SYSTEM MODEL AND PROBLEM STATEMENT

The considered system model is depicted in Fig.[Il A trans-
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Fig. 1: System model

mitter equipped with Np antennas and a receiver equipped
with Ngr antennas communicate through an RIS. A single-
stream transmission is adopted, in order to exploit the diversity
gain ensured by the presence of the RIS and of the multiple
transmit and receive antennag]. The case under analysis mod-
els point-to-point links, but also downlink or uplink commu-
nications in cellular networks where multi-user interference is
suppressed (for example by means of any orthogonal signaling
protocols such as frequency or time division multiple access,
or by orthogonal frequency division multiple access).

We assume that no direct link between the transmitter and
receiver exists, and we denote by H and G the channels from
the transmitter to the RIS and from the RIS to the receiver,
respectively, by g the unit-norm transmit beamformer, and
by w the unit-norm receive combiner. Among the different
implementations of RISs [11]], [52]], we consider surfaces that
are made of large arrays of inexpensive antennas that are

'A more general scenario is represented by a multi-stream transmission,
which trades-off reliability with throughput. However, this scenario would lead
to more cumbersome expressions of the rate and energy efficiency functions
and is left as future work.

spaced half of the wavelength apart and that are individually
controlled and tuned. More specifically, we assume that the
RIS is made of N elementary individually and locally opti-
mized passive scatterers, which are capable of independently
reflecting the radio wave impinging upon them, by applying
a phase shift denoted by ¢,, with n = 1,... N, which
we collect in the diagonal matrix & = diag(e’?1,...,e/?N).
Thus, in this paper the RIS is employed for channel-aware
beamforming through the environment.

Before the data transmission phase starts, it is necessary
to estimate the channels H and G, and to configure the
optimized phase shifts at the RIS. More details on channel
estimation and RIS phase shifts configuration are provided in
Section Nevertheless, at this stage it is important to
stress that both channel estimation and resource optimization
can be performed either at the transmitter or at the receiver, but
not at the RIS. On the other hand, the RIS is interfaced with the
transmitter through a controller with minimal signal process-
ing, transmission/reception, and power storage capabilities.
The transmission/reception capabilities are needed in order
to receive the configuration signals from the transmitter. The
signal processing capabilities are needed in order to decode
the configuration signals and configure the phase shifts of the
RIS. The power storage capabilities are needed in order to
operate the electronic circuits (switches or varactors) that make
the surface reconfigurable. The controller is a key element to
ensure the dynamic reconfigurability of the RIS, as a function
of the propagation channel [11, Figure 4]. However, feeding
back the optimized phase matrix ® to the RIS before the data
transmission phase, may introduce a non-negligible overhead
to the communication phase, especially for large N. Let us
denote by T the duration of the feedback phase, which
depends on the power pr used during the feedback phase
and on the bandwidth B of the feedback channel. Moreover,
let us denote by T the duration of the channel estimation
phase prior to feedback and communication. Mathematical
expressions of T and T are provided in Section[[II-Dl Then,
denoting by 7' the total duration of the time slot comprising
channel estimation, feedback, and data communication, the
system achievable rate and energy efficiency are expressed as

R(paBapFaBFa(I)aqvw) =

H 2
(1— TE;TTF) Blog (1 +W) 1)
R(p7 BupFa BF, éu Q7w)

Ptot(p,B,pF,BF) 7
wherein P;,; denotes the total power consumption in the whole
timeframe 7', which is equal to

(T-Tg—TF) prprTr
T HpT—p

EE(pu BupFuBFU@aquw) = (2)

Ptot(povavBF):PE+ +PC5

3)

since a power p is used for 7' — Ty — TF seconds, with
transmit amplifier efficiency 1/u, a power pp is used for
Tr seconds, with transmit amplifier efficiency 1/ p, while a
hardware static power P. is consumed for the whole interval
T, and P accounts for the energy consumption for channel



estimation, which is further detailed in Section This
work optimizes the transmit and feedback powers and band-
widths p, pr, B, B, the RIS matrix ®, and the precoding and
decoding vectors g, w, in order to maximize the rate (I)), the
energy efficiency (@), and derive the rate-energy Pareto-region.

III. OPTIMIZATION OF ®, q, w

As a first step, let us fix p,pr, B, Br, and focus on opti-
mizing the RIS phase matrix ®, the unit-norm beamforming
vector g, and the unit-norm decoding vector w. Since ®, g, w
do not appear in the denominator of the energy efficiency, but
only in the numerator, which coincides with the system rate,
both rate and energy efficiency maximization are cast as

max lwiG®Hq? (4
(Q)q)w):HqH:HwH:L ¢ne[0)27"]7 vn

Denoting by A4 maqs the largest singular value of A, it holds

max [w Aql* < ax HWH2HA<1H2
(w.q): [wi=lq|=1 (w.q) + [w]= HqH !
< max [Aq|? =X 0. 5)
q:lql=1

where we have used Cauchy-Schwarz inequality, the constraint
that |w]| = 1, and the fact that the maximum of |Agq| with
respect to the set of unit-norm vectors q is the spectral norm
of A, i.e. the largest singular value of A, pag. 148]. Then,
for any A, the optimal q and w are the dominant right and left
eigenvector of A, since this achieves the upper-bound in ().
However, optimally maximizing the largest singular value of
A = G®H with respect to ® appears prohibitive. Moreover,
this would not yield any closed-form expression for ®, q,
w, which hinders the analytical evaluation of the ultimate
performance of RIS-based networks. Thus, we propose two
closed-form approaches for optimizing an upper-bound or a
lower-bound of the objective of (@).

A. Optimizing an upper-bound of the objective of (@)

Let H = 371 pjmujnvjy. G = 3% picuwicvi be
the singular values decompositions (SVDs) of H and G, with

rg = rank(H), rq = rank(G). Then, it holds that
TG TH 2
lwGeHq|* = |} Y micrinwuicvic®u; pving
i=1j=1
( re TH 2
(2 Zuz chgn|[wwi g |[vf o ®u; u[v]] HqD
i=17=1
(b) R I 2 g 2 g2
<raruy, Y Hiatt alwwid [vlc@u; ol Joflyal”  ©)
i—1j=1

wherein Inequality (@) is due to the triangle inequality, while
Inequality (b) is a special case of Cauchy-Schwarz mequahtyE
In the following, we derive a closed-form solution for the
maximization of the bound in (€) with respect to ®, w, gq.

We start with the following lemma.

2Caluchy Schwarz  inequality  states that (27]\7{:1 ambm)?
(Zm 1 m)(Zﬁle b2,), for any non-negative numbers {amn, bm
Then, by taking b,, = 1 for all m, we obtain (27]\7{:1 am)? <M Z

}]\/I

“’“ A

Lemma 1: Consider ¢; = 0 and x; > 0 for allj =1,...,J,
with Z _, zj < 1. Then it holds that max Z 1 cjTj < ¢,
with j such that c; > ¢; forall j =1,...,J.

Proof: Since ¢; = ¢; forall j = 1,..., J, there exist non-
negative €1,...€y such that c; = ¢; —¢;, for allj=1,...,J.
Then, the result is shown as follows

J J
ECJ:UJ 07:10]4-20 — € 2 Z
J#j J=1 J=2

|
The optimal @, g, w for the upper-bound in (@) are as follows.

Proposition 1: For any p, B, pr, Br, defining

N 2
j(i) = argmax 12 (Z " ),Vz’=1, ra (D)

e[
n=1

v a

N 2
2 o HD @)

the global maximizer of the upper-bound in (@) is obtained by
setting ¢ = vj), g, W = U; g, and ¢, = L{vf‘(")u§?g)_H},
with (*) denoting complex conjugate.

Proof: Neglecting the inessential factors rgry, we ob-
serve that

i = argmax; M?,GN%(i),H <

TG TH

3 e w6 [l ®u; | oty a|
1=1 j*l

(C))

<ZN glwu;l? ZMJHmaXﬂ Te®u; |’ v} pal?
i=1 Jj=1

Yi
wherein the inequality follows upon taking the maximum over

®. Next, forany i = 1,...,rg, the term y; defined in the last
line of @) can be upper-bounded as

H
vi = 2 15 max {0l @} o]lyal?
j=1
(a)
< 'uj(z) Hm£X{|vz G(Iyu‘ (), H| }

N 2
® 2 ‘
~Mon\ 4 S0

wherein (b) follows because, for any ¢ = 1,...,7rg, the
optimal @ is the one that compensates the phase shifts between
the components of vl ¢ and of wj(;) while (a) follows from
Lemma [ because 23:1 lvi,ql* < [q|* = 1, since, for all
ij=1...,rmg, vf 774 1s the projection of the unit-norm vector
g onto the unit-norm vector v;, 5. Plugging (I0) into @), yields

(10)

2
rG N

|wHG’<I>Hq|2<Z uiGui(i)_’H(Z 'UE"CZ ug?z))HD lw u; o
i=1 n=1

N 2
2 2 (n)
S Hial@e),a (Zl uj(i),HD (11)

wherein the last inequality holds by Lemma [Il Finally, the
result follows since all inequalities hold with equality upon

(n)
zG




choosing ®, g, w as in the thesis of the proposition. [ ]

B. Optimizing a lower-bound of the objective of @)

Define g,, = GH w, hy, = Hgq, and observe that, for any
fixed ¢ and w, the optimal @ for Problem (4) is such that
on = —2L{g% (n)hy(n)}, foralln = 1,..., N. Next, denoting
by hl € RN and g, € RN*! the n-th row of H and the
n-th column of G, respectively, with n = 1,..., N, it holds
that g,,(n) = w'g,, and h,(n) = h!q. Then, we obtain

max |w”? G®Hq|? —?%((max g ®h |)(a) (12)

qw,P
2( 2
q|> = max (2 g, h )

N
H
ma <§1 jwg,h
where (a) follows by using the maximizer with respect to ®,
ie. ¢, = —Z{gk(n)hy(n)}, and (b) is due to the triangle
inequality. Then, by similar steps as those that led to (3), the
final maximization is obtained when g, w are the dominant
right and left eigenvector of Zﬁ[:l gnhf.

C. Tackling @) by alternating maximization

As a benchmark solution, let us maximize |w" G®Hq|?
by alternatively optimizing ®, for fixed w, q, and then w, q,
for fixed ®. For fixed ®, the optimal w and q are derived
as the dominant left and right eigenvectors of the matrix
A = G®H, as shown in Q). Instead, for fixed w and g,
the problem amounts to maximizing g2 ®h,, which yields
én = —2{g% (n)hy(n)}, for all n, as shown in Section [I[-Bl
Thus, alternating maximization leads to Algorithm [T}

Algorithm 1 Alternating optimization of ®, g, w

Initialize w and q to feasible values.
repeat
g, =G"wand hy = Hq; set ¢, = —2{gk(n)hq(n)}
for all n=1,...,N; A=G®PH,
Set w and q as the left and right dominant
eigenvectors of A;

until Convergence

D. Overhead modeling

This section derives a mathematical expression for T, Tg,
Pr. Without loss of generality, we assume that channel estima-
tion and resource optimization takes place at the transmitter[y

As for T, after resource optimization, the transmitter sends
a control signal to the RIS to configure the phase shifts
Denoting by h the scalar feedback channel from the RIS to

the transmitter, it holds that Tr = L‘,‘z with b
Br log(1+%)
the number of feedback bits for each reflecting element of the

RIS and Ny the noise power spectral density. As anticipated,

3A similar argument would hold in the case in which channel estimation
and resource optimization took place at the receiver.

4Here we neglect the feedback of the receive filter w to the receiver,
because, first it is negligible with respect to the feedback of the RIS phase
shifts, since typically N >> Ng, and, second, because the focus of this
work is on the RIS and on evaluating the feedback required to operate it.

Tr depends on pr, Br, which complicates the mathematical
structure of the rate in (1) and the energy efficiency in (@),
complicating the optimization of these two metrics, and of
their trade-off, with respect to p, pr, B, Br. The optimization
of p,pr, B, Br for the maximization of the rate, the energy
efficiency, and their trade-off is addressed in Section [[V]

As for Tg, it is affected by the specific channel estimation
protocol in use. As an example, we consider that the pilot
tones are sent by the receiver to the transmitter, but a similar
analysis applies to the case in wich the transmitter send pilot
tones to the receiver. Moreover, we consider that, during the
estimation phase, the RIS does not apply any phase shift, i.e.
¢n = 0 for all n = 1,..., N, [34]. In the following, two
different channel estimation protocols are considered:

(a) Let us consider the simple case in which the receiver
sends pilot tones sequentially, one after the other, to the
transmitter, through the RIS. Thus, the N N7 Ny product
channels l,¢ 1, gn nr are estimated sequentially, with Ay, p,
denoting the channel from the nt-th transmit antenna to
the n-th RIS elements, and g, ,, denoting the channel
from the n-th RIS element to the nr-th receive antenna.
Moreover, one additional pilot tone is required for the
transmitter to estimate the feedback channel. Therefore,
denoting by 7y the duration of each pilot tone, it holds
Trp = (NpNNpg + 1)Tj. It should be remarked that the
knowledge of the product channels Ay 5 Gn, nr 1S enough
to reconstruct the matrix A in (@) and, therefore, to
optimally solve () with respect to the phase shifts of
the RIS, the beamforming vector, and the receive filter.
Finally, the energy consumption for channel estimation
can be modeled as Py = Py(1+ NNy Ng)To/T, with P
the power of each pilot tone. In particular, the overhead
needed for channel estimation is estimated based on
the channel state information needed to optimally solve
@. However, our algorithms work also with recently
proposed channel estimation algorithms, e.g., [34].

(b) The case in which the receiver transmits Npr orthogonal
pilots in parallel, which are jointly processed at the
transmitter. Then, for all nr = ., Ng, the pilot
from the nr-th antenna of the receiver allows estimating
the product channels g, nrhnen, for all n = 1,..., N
and nt = 1,..., Np. Thus, in this case it holds T =
(N + 1)Tp, since all pilots are transmitted at the same
time. On the other hand, Pr = (NNp + 1)PyTo/T,
because the Np pilots are transmitted at the same time,
each with power N F.

Thus, based on the expressions of 7 and T, the power
consumption in (@) becomes

beN(rpr — pp)

T
Piot = Pe + — +,up(1—E>+PC.
TBylog (1+ 25l T

IV. OPTIMIZATION OF p, pr, B, Br.

After optimizing ®, g, w by any of the methods developed
in Section [T, we are left with the problem of optimizing the
transmit powers p, pr, and the bandwidths B, Bp. It should be
stressed that, as already mentioned, the optimized ®, g, w that



are obtained from any of the algorithms developed in Section
I do not depend on any of the variables p,pr, B, Br,
but only on the channels H and G. Moreover, as already
mentioned, the optimized ®, q,w are the same for both the
rate and the energy efficiency. Thus, it is possible to simply
plug in the optimized ®, g, w into the objective to maximize,
thus effectively decoupling the optimization of p,pr, B, Bp
from the optimization of ®, g, w. On the other hand, unlike
®, g, w, the optimization of p, pr, B, Br depends on whether
the goal is optimizing the rate, the energy efficiency, or their
trade-off. Therefore, these problems are treated separately.

A. Rate maximization

The rate maximization problem is stated as the following
optimization program

max R(puBupFuBFa(Eoptaqopnwopt) (133)
p,B,pr,BF
s.t. p +pF < Pmam 7B + BF < Bmam (13b)
brN T
L _<1-Z2, (13d)
TBrlog (1 + %) T

Expressing (134) as a function of the optimization variables
b, Pr, Bu BF ylelds

d
Brlog (1+ 25

p|w£glG‘I>optH qop1|2> (14)
BN, ’

R(puBupFaBF): ﬁ_

Blog(l +

wherein 3 = 1 — Tg/T and d = bpN/T. Thus, being the
product of two functions, the objective of (I3) is not jointly
concave in all optimization variables, which makes Problem
(13D challenging to solve with affordable complexity. Indeed,
the product of functions is in general not concave even in
the simple case in which the individual factors are concave.
Moreover, in the case at hand, the concavity of the two
factors defining (I4) is not clear, either. Thus, in order to
solve ([13), it is not possible to directly use standard convex
optimization algorithms. In the rest of this section we show
that it is possible to reformulate Problem (I3) into a convex
optimization problem without any loss of optimality. To this
end, some preliminary lemmas are needed.

Lemma 2: The function R(p, B, pr, Br) is jointly increas-
ing and jointly concave in (p, B).

Proof: Neglecting inessential constant terms (with respect

to p and B), and defining

H 2
= |w0plG(I>0Pthopl|
Ny ’

Eq. (I3a) is equivalent to the function g¢i(p,B) =
Blog (1 + %), which is the perspective of the concave func-
tion log (1 4 pc) [55)]. Thus, since the perspective operator
preserves concavity, g; is jointly concave in (p, B). Moreover,
g1 1s clearly increasing in p, while inspecting the derivative of
g1 with respect to B, and exploiting that (1+y)log(1+y) >y
for any y > 0, shows that g; is increasing in B. [ |

5)

Lemma 3: The function R(p, B, pr, Br) is jointly increas-
ing and jointly concave in (pg, Br).

Proof: Neglecting inessential constant terms (with re-
spect to pr and Bp), it can be seen that, upon defining
a = |hr|?/No, the function in (I3d) is equivalent to

B d
Brlog (1 + ag—i)

(16)

Showing the joint concavity of (1) with respect to (pr, Br)
is equivalent to showing that the function gs(pr, Br)

is jointly convex in Br).
Br log(l-&—ag—F J y (pF’ F)

After some elaborations, the Hessian matrix of go is written
as given in (I7), shown at the top of the next page, wherein

Zp,.(pp, Br) = log (1 + afs ) — Botass
derivative of z with respect to Bp. Clearly, the entry (1,1)
of H is non-negative. Thus, H is positive semi-definite if its
determinant is non-negative. Then, since the second derivative

of z with respect to B can be written as

_ 1
~ z(pr,BFr)’

is the first-order

5 (P, Br) wr (18)
z ) = T 5 s N9
Br\PEs 28 Br(Br + apr)?
after some elaborations, enforcing that the Hessian
of H is non-negative leads to the condition

(Br +apr)*(z (pr, Br))? + 2a°p% + 2appz (pr, Br) > 0.
This holds if z (pr, Br) = 0, which is true by virtue of the
inequality (1 + y)log(1 + ) = y. Moreover, z (pr, Bp) =0
implies that z(pp, Br) is increasing in By, while it is clearly
increasing in pg. [ ]

Leveraging Lemmas 2] and [ it is possible to equivalently
reformulate Problem (I3) into a convex problem, which can
then be efficiently solved by means of any convex optimization
method. To this end, the first step is to observe that taking
the logarithm of the objective in (I3d) does not change the
optimal solutions of (I3a), since the logarithm is an increasing
function. Then, an equivalent reformulation of (13a) is the
following problem

max_log(8 — dg2(pr, Br)) +log(gi1(p, B))  (19a)
p,B.pr,Br
st.p+pr < Pmaz; B+ BF < Bmaz (19b)
p=20,pr=0,B>20, Bp >0 (19¢)
d ~ <8, (19d)
Bplog (1+ 5L

which is a convex optimization problem by virtue of Lemmas
and 3 Indeed, (I94) is a concave function since Lemmas
and [3] ensure that both summands are concave. Also, all
the constraints in (19b)-(19d) are linear, while (I9d) is convex
thanks to Lemma 3] Thus, Problem (I9) is a convex problem
with the same set of solutions as Problem (I3), but the
advantage that it can be solved by convex optimization theory.

Finally, in order to further simplify the solution of (T9), we
observe that the optimal solution of (19) is such that (19B)
and must be fulfilled with equality, since the objective
function is increasing in all arguments and is decreasing
in both Br and pr. Thus, Problem (T9) can be reformulated,



2 — 1

X 17
(Br + apr)?23(pr, Br) an
a’Brz(pr, Br) + 2a° B —a?prz(pr, Br) + 2aBr(Br + apr)zp, (pr, BFz)
’ a?p2 ’
—a’pr2(pr, Br) + 2aBr(Br + apr)zp, (pr, Br) "5 2(pr, Br) + 2(Br + apr)? <ZBF(pF7 BF))
da c
- . (22)

(Br+a(Pmaz—p)) (ﬁBF log(1+a(P%;Jp)> —d) (10g(1 +(Pras _p)BLF)> (B+pc) log (1 +2)

without loss of optimality, as

I;laéX log(ﬁ - de(Pmax - D Bmam - B)) + 10%(91 (pv B))

(20a)

StOépéme, OngBmam (20b)
d

(20c¢)

<B,
)

Praz—p)|hr|?
(Bmaz — B) 10g (1 + ﬁ

which has only two optimization variables. Upon solving (20),
the optimal feedback power and bandwidth are retrieved as
pr = P —p and Br = By, — B. Problem (20)
is clearly still a convex problem, since it is obtained from
the convex Problem (I9) upon applying the linear variable
transformations pr = Pqr — p and Brp = B — B, and
linear transformations are well-known to preserve convexity.
Finally, after developing a method for solving @20) with
affordable complexity, in the last part of this section we focus
on obtaining closed-form solutions for the special cases of
Problem (20) obtained by considering the optimization of the
transmit powers for fixed bandwidths and vice-versa. Closed-
form solutions can be obtained as follows.

1) Optimization for fixed B and Bp: Fixing B and Bp,
Problem (20) reduces to

m;lx 1Og(ﬂ - de (Pmaz - D, BF)) + log(gl (pv B)) (21a)

Bt (e 1)

St.O0<p<Phos— —— (ePFF —1 21b

Proposition 2: Let p be the unique stationary point of
(21a). Then, Problem (2I) has a unique solution given by
p* = min(p, Praz — Pmin), With p the unique solution of
Eq. (22), shown at the top of this page.

Proof: Equating the first-order derivative of 21a) to zero
yields @2)), which has always a solution, since the left-hand-
side is decreasing in p and tending to oo for p — 0T, while
the right-hand-side is increasing in p, being finite at p = 0 and
tending to oo for p — Py,4.. Then, (21a) has a unique solution
D, since (214) is a strictly concave function in p, as it is the sum
of concave functions and log(g1(p, B)) is strictly concave in
p. Finally, @2)) shows that (21a) is strictly increasing for p < p
and strictly decreasing for p > p. Thus, we can conclude that
the unique solution of Problem 1)) is either p, if p < Ppaz,
or it i Py, 4z itself. [ |

*

Finally, it holds p% = Ppa. — p*.

2) Optimization for fixed p and pr: Fixing p and pp,
Problem (20) reduces to

gl%); log(ﬁ - de(Bmaz - B,pF)) + 1Og(gl(pa B)) (23a)

$..0 < B < Bpaw — B, (23b)

with B the uniqueﬁ value of B that fulfills the following
inequality with equality

- prlhrl?
(Bmaz — B) log (1 + —NO(Bmax ey

Proposition 3: Problem 23) has a unique solution given by
B* = min(B, Byqx — B), with B the unique stationary point
of (234).

Proof: The proof is similar to Proposition2l The objective
(234 is strictly concave, has a unique stationary point B given
by the solution of the stationarity condition in Eq. (23), shown
at the top of next page, and is strictly increasing for B < B
and strictly decreasing for B > B. [ ]

Finally, it holds Bf = By, — B*.

d
>

== 24
3 (24)

B. Energy efficiency optimization

Plugging again any of the allocations of ®, g, w developed
in Section [l into the energy efficiency function, leads us to
the following problem to solve

R(povavBF7¢0pt7q0plvwopt)

max 26a

p,B.,pr,Br Ptot(papFaBF) (o0

S.t.p+pF < Pmax 7B+BF < Bmam (26b)

p=0,pp=0,B>0, Bp>0 (26¢)
d

<B. (26d)

Brlog (1 + 252
It should be stressed that, in order to solve (28)), it is not possi-
ble to employ the same approach used for rate maximization,
because the presence of the denominator makes the logarithm
of (26a) not jointly concave in all optimization variables.
Moreover, standard fractional programming algorithms are not
directly applicable since they have limited complexity only
when the numerator and the denominator of the objective
to maximize are concave and convex functions, respectively.
Unfortunately, in (26), neither the concavity of the numerator,

5The uniqueness holds because the function at the left-hand-side is strictly
decreasing, as it immediately follows from previous results.



log (1 + %) - B(-:fcp _

(log (1 + B;f:—B) -

apr d
Biaz—B+apr

Blog (1+ %)

nor the convexity of the denominator hold. Finally, a third
issue that makes (26) more challenging than the rate opti-
mization problem is that, unlike the rate function, (26a) is not
monotonically increasing in either p or pr, and so it can not
be guaranteed that, at the optimum, it holds p + pr = Phaz-
On the other hand, (264) is increasing in B and Bp, since, as
shown in Section[IV] the numerator is increasing in B and B,
while the denominator depends only on B and decreases with
Bp. Thus, at the optimum B + Br = B,,4, holds. Exploiting
this and defining

2
y = (Bmas — B) log <1 L prlhel” > @D
(B 0

“B)N,
(28) can be cast as
(8 —4)Blog (1 + &)

max < (28a)
».Bwry Bup + P, + g(MFPF — up)

max

st.p+pr \Pmax (28b)
0<B< Bmaw p = 0 , PP 2 0 (28C)
prlhr|? ) d
= (Bmaz —B)log |1+ —————F— ) , ¥y = >
y=( ) g( Bome BN, ) V2 5
(28d)

wherein P. = NP, ,+ P. o+ Pg, and c is given in (I3). Next,
we also consider a relaxed version of (28) in which 28d) is
reformulated into an inequality constraint, namely

(8- 4)Blog (1 + &)

max P (29a)
p.Bpry Bup + Pe + § (UFpF — pp)
st.p+ pr < Prax (29b)
0<B<Bpa,p=0, pr=0 (290
y < (Bimas — B)log (1+%) Ly > %
(29d)

which, unlike (28), has a convex feasibility set, thanks to the
fact that the first constraint in (28d) is an inequality constraint
wherein the right-hand-side is a concave function. An impor-
tant result is that, as shown in the coming proposition, (28]
and (29) are equivalent problems.

Proposition 4: Problem (28) and (29) have the same set of
optimal solutions.

Proof: The result follows by showing that any op-
timal solution of (29) such that y = (Bpas —

2
B)log (1 + %). To this end, let us observe that
(29a) is monotonically increasing in y. Indeed, by divid-
ing numerator and denominator by (/3 ) (29a) can be
. Blog(1+5¢ )
equivalently expressed as ————;-~—, which is strictly
st g =gt 5y

increasing in y. Based on this, the result follows proceeding
by contradiction. Specifically, if 4 were a solution of (29), but

- (8 (Biaz — B)log (1 +

; (25)

525 ) = d) (Bnar — B)log (1+ 52225

y < (Bmas — B)log (1 + %) then it would be

possible to find a feasible y* > y. Since (29a) is increasing
in y, y* would yield a larger objective value than ¢, thus
contradicting the fact 7 is a solution of (29). |
Despite having a convex feasibility set, Problem 29) is still
challenging to solve, since the numerator and denominator
of are not concave and convex functions, respectively,
which prevents one from using fractional programming tech-
niques. However, recalling Lemma 2] fractional programming
can be used if y is fixed. More precisely, for any fixed vy,
Problem (29) is an instance of a so-called pseudo-concave
maximization problem, in which the fraction to maximize has
a concave numerator and an affine denominator, and thus can
be solved with limited complexity by any fractional program-
ming method, such as the popular Dinkelbach’s method [56].
Moreover, from (29d), it must hold that

Pmaw|hF|2
Bma;ﬂNO .

Based on these considerations, Problem (29d) can be solved by
performing a line search over y in the interval given by (30),
and solving, for each considered value ¢, the corresponding
pseudo-concave maximization problem as follows

(B— —)Blog (1+E)

d
ye [E; Bmaz 1Og <1 + (30)

ma (31a)
p.Bopr Bup + P + 3 (urpr — pp)
S.t.p+pF\Pmaz ,O<B<Bmaz (31b)
p=0,pr=0 (31¢)
pr|hpl? _
Bunar — B)log (1+ =22 ) > 5 (31d
( )0g< +(Bmax*B)N0 y (31d)

Thus we have Algorithm 2] wherein EE,, denotes the value
of (B1a) obtained at the m-th iteration.

Algorithm 2 EE Maximization

Set M > 0 and compute
Brnazlog (14 Zgaeltel”) — 4

A= M

(32)

for m=1,..., M do
= % + ( —1)A;
Solve @I and compute EE,,(pk,pE #, BE, Gm)
end for 7
Compute m* = argmax EE,,;

* * * * k.
Output pm*7pm*,F7 Bm*7 Bm*,F = Bz — B

m*>

C. Rate-EE optimization

This section focuses on characterizing the rate-energy
Pareto-optimal frontier of the bi-objective problem that has
as objectives the system rate and the energy efficiency.



To begin with, since ®,q,w affect only the numerator of
the energy efficiency, which coincides with the rate, we can
plug any of the allocations of ®, q, w developed in Section [
into the rate and the energy efficiency functions, which yields

maX {R b, PrF, Bu @0{’17 qopl, wopl)7 (333)
p,pr,B
EE(p,pr, B, ™, ¢, w™)}
st.p+pr<Pna ,0<B<Bnau,p=0,pr >0 (33b)
d
<g, (33¢)

h 2
(Bimaz — B)log (1 + %)

where we have already exploited the fact that at the optimum
it must hold B + Br = DBp.. With respect to the other
variables, on the other hand, the rate and energy efficiency
are in general maximized by different resource allocations.
Clearly, this is the scenario in which Problem @G3) is of
interest, because otherwise no trade-off would exist between
the two functions, and the solution of Problem (33)) would be
trivially equal to the common maximizer of the rate and of
the energy efficiency.

The most widely-used solution concept for bi-objective
problems like (B3) is that of Pareto-optimality. A Pareto-
optimal solution of (33a) is a point lying on the so-called
Pareto-frontier of the problem, defined as the set of resource
allocations for which it is not possible to further increase
either one of the two objectives, without decreasing the other
objective. To elaborate further, let us denote by R2,,; and EE,;
the maximum rate and energy efficiency that can be computed
as shown in Sections [V-Al and respectively. Then, we
also denote by Rgg,,, the rate obtained with the resource
allocation that maximizes the energy efficiency, and by EEg,_ ,
the energy efficiency obtained with the resource allocation that
maximizes the rate. Then, it follows that the extreme points
of the Pareto-frontier in the R — EE plane are (R,p:, EER,,, )
and (REEOPt,EEopt). As expected, this also shows that the
Pareto-frontier degenerates into a single point when the rate
and the energy efficiency admit the same maximizer. Instead,
in general a non-trivial Pareto-frontier exists for (33), which
provides all optimal trade-off points between the rate and the
energy efficiency. Focusing on this scenario, multi-objective
optimization theory provides several approaches to compute
all Pareto-optimal points of a multi-objective problem. One
of the most widely-used methods is the maximization of the
minimum between a weighted combination of the objectives.
As for Problem (33), introducing the auxiliary variable y
defined in (27), the max-min approach leads to the problem:

max min{a (R(p,y, B,®™,q™ w™)—Rop),  (34a)

p.pr,By
R ) ’B’@()pt7 0p[7w0pt
(1—0) (p,y 4 q ) —BEqy
Bup + P+ 4 )

(WFpr — pp
St.p+pr<Pnpa ,0<B<Bnu,p=0,ppr =0 (34b)
d pr|hpl? )
—<y<(Bmazr — B)log | 1+ ————— (34¢)
ﬂ Y ( ) g( (Bmax*B)NO

wherein we have plugged in the expression of the en-
ergy efficiency, with R(p,y, B, ®™, ¢, w) = (B —

)B log (1 + L c) « is a non-negative parameters that weighs
the relative importance between the rate and the energy effi-
ciency, while Ry and EE,p, are the maximum of the rate and
of the energy efficiency, respectively. For any « € (0, 1), (34)
has at least one solution that is Pareto-optimal for (34)
Theorem 3.4.3], and solving (34) for all « € (0,1) yields all
the points on the Pareto-frontier of (33) [57, Theorem 3.4.5].
Also, the two extreme points o = 1 and o = 0 correspond to
the single-objective maximization of the rate and of the energy
efficiency. In order to solve (34), we consider its equivalent
reformulation in epigraph form, namely

max ¢ (35a)
p.pr,B,y,t
s.t p+pF<Pmaac (35b)
0<B<Bnw,p=0,pr=0 (35¢)
d pr|hp|? )
—<y<(Bmaz — B)log| 1+ ———— ] (35d)
ﬂ Y ( ) & ( (Bmaac - B)NO
d pc t
(ﬁ . 5) Blog (1 + E) > =+ Rop (35¢)
d pc t
- Blog(1+§)> ——+BEop |

d
<Bup + P+ ; (qupup)> (35f)

Solving (34)) is challenging due to the presence of the variable
y. However, for any fixed y, (34) can be conveniently solved by
employing the bisection algorithm over ¢, since all constraint
functions are convex in all other variables. Specifically, observ-
ing that y must lie in the interval defined by (30), Problem
(B3) can be solved by performing a line search over y, solving
in each iteration the following problem with y = g lying in in
the interval defined by (B0):

Inag . t (36a)

pPF,5,

st.p+pr < Poax (36b)
0<B<Bma,p=20,pr=0 (36¢)

prlhr|? N

Binax — B)1 —_— | > 36d
( )Og( ( masz)No g (36d)
(ﬁ _ —) Blog p—) Ly Ry (36¢)

ot

Problem (34) can be solved similarly as in Algorithm
Formally, this yields Algorithm

t
) > (m_'_EEOPt) X

d
(Bup + P.+ 7 (Lrpr —up)> (36f)

V. OPTIMALITY PROPERTIES AND COMPUTATIONAL
COMPLEXITY

This section analyzes the properties and complexity of the
proposed optimization algorithms. The algorithms developed
in Sections[[T[=A] and [[IT-Bl are discussed in Section[V-A] while
those developed in Section [[V] are discussed in Section
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Algorithm 3 Rate-EE Maximization

Pmaz|hp|?
Bnas log 1+ el e ) 4

Set M >0 and compute A = 7

for m=1,...,M do
Jm = % + (m—1)A;
Solve (36) by bisection over t and compute

F,, =min {a (R(p*, pE, B & ™ w™,)— Ropl) , 37

(1—a) (EE(p*, p}, B*, @™ ™" ,w™) —EEopt)}

end for
Compute m* = argmax F,;

Output p:kn* 7p:kn*’p7 B:‘;* ) B:‘;*’F

= Bmaz - B*

mk>

A. Algorithms for the optimization of ®, q, w

The algorithms for the optimization of the RIS phase shifts,
the transmit beamforming, and the receive vector introduced
in Sections [[IIZAl and are based on the use of upper
and lower bounds of the receive signal-to-interference-plus-
noise ratio (SINR). As a result, in general they are not
globally optimal. Nevertheless, they achieve global optimality
whenever the rank of H and G are equal to one. Indeed, in
this case both the upper-bound in Section [[II-Al and the lower-
bound in Section are tight, because when r¢ = rg = 1,
the vectors g and w reduce to scalars. The case of rank-one
channles includes two notable special cases:

« The case in which a single-antenna is used at the transmit
and receive side.

o The use of mmWave communications, which, in many
cases, leads to rank-one channels as all energy is focused
in a pencil-beam transmission.

In general, as we have explained at the beginning of Section
[ jointly optimizing ®, q, and w in a globally optimal way is
computationally prohibitive due to the lack of a tractable and
closed-form expression for the dominant singular value of the
matrix A = G®H. As a result, the global joint optimization
of ®, g, and w would require an exhaustive search in an
N N7 Npg-dimensional space. This justifies the use of possibly
sub-optimal optimization methods, among which the state-
of-the-art approach is the alternating optimization algorithm
reviewed in Section [II=C] Here, we show that the two novel
approaches developed in Sections [II=A] and require a
lower computational complexity than alternating optimization.

To elaborate, alternating optimization is an iterative ap-
proach, which requires to compute, in each iteration of the
algorithm, the SVD of the matrix G® H, as well as the vectors
g, = GHw and h, = Hgq to set the RIS phase shifts to
On = —2L{gk (n)hge(n)}, for all n = 1,..., N. Thus, if Ny
is the number of iterations until the alternating optimizations
converges, the above operations are to be executed /NV;; times.
Instead, the advantage of our proposed methods is that they are
not iterative, but are based on closed-form optimization results.
Specifically, both methods from Sections [I[=Al and [[II=BI re-
quire the computation of a single SVD and a single RIS phase
adjustment of the form ¢,, = —Z{g} (n)hy(n)}. In addition,

Pma;c/Pc,O/Pc,n
45/45/10dBm

Bma;c
100 MHz

No
-174 dBm/Hz

br
16 bit

TABLE I: Network parameters

the method developed in Section [[II=A] requires two argmax(-)
searches over finite sets of size ¢ and 7y, respectively, while
the method developed in Section requires computing the
matrix 22;1 gnhz. Again, all of these additional operations
are to be executed only once, and their complexity is negligible
compared to that of performing an SVD. In summary, since
the proposed algorithms are not iterative, but are based on
closed-form optimization expressions, they reduce the com-
plexity compared to alternating optimization by a factor N.
Moreover, Section [VI will numerically show that the proposed
methods perform very close to alternating optimization.

B. Algorithms for the optimization of p, pr, B, Br

All algorithms developed for the optimization of the trans-
mit and feedback power and bandwidths are globally optimal
and require a limited computational complexity. Specifically:

o Rate optimization has been recast as a concave maxi-
mization, which is optimally solvable with polynomial
complexity in the number of optimization variables [33].

o The energy efficiency maximization problem has been
reformulated as a pseudo-concave maximization problem
upon fixing the value of the auxiliary variable y. Thus, en-
ergy efficiency maximization can be optimally performed
by a scalar line search over y and by solving a pseudo-
concave maximization problem for each considered value
of y. Recalling that polynomial complexity algorithms
exist to solve pseudo-concave maximizations [38]], the
complexity of energy efficiency maximization is polyno-
mial in the number of optimization variables, and linear
in the number of points M used for the line search.

o The bi-objective problem of rate and energy efficiency
maximization has been reformulated as the feasibility test
in (33), that can be optimally solved by a sequence of fea-
sibility tests of the form of Problem (36), which become
convex when fixing the variable y. Thus, the complexity
of rate and energy efficiency bi-objective maximization is
polynomial in the number of optimization variables, and
linear in the number of points M used for the line search.
Moreover, the optimal parameter ¢ is determined by a
bisection search, which requires solving (36) log, [UEL ]

times, with U and L the initialization of the bisection

method, and e the accuracy of the bisection search [33]].

VI. NUMERICAL RESULTS

Consider the system model described in Section [ with

system parameters set as in Table [l For all nt = 1,..., N,
nr = 1,...,Ngr, n = 1,..., N, each product channel is
aplg

generated as NpinGnnr = , wherein «y, and «a are
realizations of two independent complex circularly symmetric
standard Gaussian variable, while § accounts for the overall
path-loss and shadowing effects from the transmitter to the



RIS and from the RIS to the receivelﬁ. In our simulations, we
set B = 100-1#Ba5  with B4 = 110. A similar model is used
for the feedback channel hp.

Figs. 2-9 assume that the overhead model from Section
Case (a), is employed. Figure [2| plots the maximum rate
in (I) (normalized by B,,..) versus N, with Ny = N = 1,
To = 0.8 us (Fig. Bla), and Ty = 0.15 us (Fig. BIb), for:

(a) p,pr, B, Br obtained from the optimal method from
Section [Vl with @ = Iy, and g, w chosen as the
dominant right and left eigenvectors of A = H®G.
Thus, the RIS simply reflects the signal without any
phase manipulation. It is worth noting that in this case
there is no need to configure the phase shifts of the RIS,
and, therefore, the total overhead is much reduced. In
particular, the numerical results that correspond to this
case are obtained by setting Tr = 0 and Ty = Ny NgTy.
p,pr, B, Br obtained from the optimal method from
Section [Vl and @, Qs Wyp Obtained from the max-
imization of the upper-bound derived in Section [I=Al
(¢) p,pr, B, Br obtained from the optimal method from
Section IVl and @44, G}, Wiow Obtained from the max-
imization of the lower-bound derived in Section [II=Bl
p,pr, B, Br obtained from the optimal method from
Section [Vl and ® 4, q,;;, Wai+ Obtained from the alter-
nating maximization Algorithm [l in Section [

(b)

(d)

The results in Figure [2] indicate that the proposed schemes are
able to outperform the case in which no RIS optimization is
performed, which shows that the use of RISs can significantly
improve the system performance, even if the overhead for
channel estimation and system configuration is taken into ac-
count. Moreover, it is observed that the proposed closed-form
Schemes (b) and (c) offer similar performance as alternating
optimization, which instead requires the implementation of
an iterative numerical algorithm. Indeed, we recall that when
N7 = Np =1, Schemes (b) and (c) are provably optimal.

In order to show the impact of the overhead that is necessary
to operate RIS-empowered wireless networks, Figure 8] consid-
ers a similar scenario as in Figure P with the only difference
that the number of receive antennas is set to Nz = 8, which
significantly increases the amount of feedback data. As a
result, it is observed that the gap between Schemes (b), (c), (d),
which optimize the phase shifts of the RIS, and Scheme (a)
without RIS optimization, gets smaller, since not optimizing
the phases allows one to dispense with the overhead to obtain
the channels H and G for each individual phase shift. Also,
the gap is smaller when a larger 7 is considered, since a
longer time is needed for channel estimation and feedback.
Moreover, it is interesting to observe that Scheme (b) performs
similar to alternating optimization, despite requiring a much
lower computational complexity thanks to the fact that it
provides a closed-form allocation. On the other hand, Scheme
(d) shows a slight gap compared to Schemes (b) and (d).

Rayleigh fading is a suitable case study in scenarios in which the location
of the RIS can not be optimized and the existence of a strong line-of-sight
component can not be guaranteed. This is the case when the RISs are randomly
deployed, e.g., on spatial blockages whose locations are not under the control
of the system designer.
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The trend displayed in Figure ] becomes even more sig-
nificant in Figure @] where the number of antennas is further
increased by considering N7 = Npr = 8. In this case, Scheme
(a) which does not require any overhead for the optimization
of the RIS phase shifts, outperforms the system setup in the
presence of an RIS, when Ty = 0.8 i1s, i.e., when a longer time
is used for channel estimation. Instead, when a shorter channel
estimation time is used, i.e., when T = 0.15 ps, performing
radio resource allocation is still beneficial up to N = 130,
whereas not using an RIS becomes better for higher values of
N. Moreover, also in this case Schemes (b) and (d) perform
very similarly, while Scheme (c) exhibits a slight gap.

The obtained results motivate the use of RISs in scenarios
with a low number of transmit and receive antennas, especially
for large N. Indeed, for any additional antenna that is de-
ployed, N new channels must be estimated and the optimized
phases need to be communicated to the RIS. Comparing the
performance of the optimized schemes in Figures 2 and [3]
reveals that deploying a moderate number of antennas does
not lead to improved performance. Indeed, the presence of an
RIS may make transmit beaforming and receive combining not
necessary. This finding agrees with recent results from [59].

Similar considerations hold for the case in which the energy
efficiency is optimized, as it emerges from Figures [3 [6l [71
which consider the same four schemes considered in Figures[2]
Bl @ respectively, with the only differences that p, pr, B, Br
have been allocated for energy efficiency maximization, ac-
cording to the optimal method from Section [V-Bl Also,
two values of P, are considered, namely Py = 0.5mW
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and Py = 2.5mW. In this case, Scheme (a) without any
RIS feedback transmission starts performing better than the
optimized schemes that rely on feedback transmissions when
Nrp =8, Nr=1,Ty = 0.8 us,and N > 150, i.e., for a lower
overhead than for rate optimization. This can be explained
since in the case of energy efficiency optimization, feedback
overheads do not affect only the rate function, but also the
power consumption at the denominator of the energy efficiency
in (264). Finally, Figures [8] and 0] consider again Schemes (a)-
(d), with p,pr, B, Br allocated for rate-energy bi-objective
maximization according to the optimal method from Section
[V=Cl The system rate-energy Pareto boundary is shown for
the two cases: (1) No = Ng = 1; (2) Ny = Nr = 8, with
Ty = 0.8 pus. Similar remarks as for previous scenarios hold.

Next, Figures [Tl 2] consider the overhead model in
which the receiver transmit N orthogonal pilots at the same
time, as described in Section and show the achieved
spectral efficiency, energy efficiency, and their optimal trade-
off, for the case without RIS (Scheme (a)) and the use of
Scheme (b) (similar results are obtained for Schemes (c)
and (d), but results are omitted for brevity). Only the case
To = 0.8us and Py = 2.5mW is considered, as this is the
most difficult scenario for the proposed method since a longer
time and more power are spent for each pilot tone. Despite
the challenging scenario, Figure shows that the slightly
more sophisticated feedback scheme ensures that the use of
an optimized RIS provides higher spectral efficiency in both
cases Np =8, Ny =1 and Np = N = 8. Similar results
are shown in Figure [[1] for the energy efficiency, with the

N
(b) Spectral efficiency for small T = 0.15 s

Fig. 4: Spectral efficiency as a function of N for Ny = 8, Nr = 8.

difference that RIS optimization becomes not convenient when
Ny = Np = 8 and N > 150, since transmitting the pilots
simultaneously does not remove the factor Ny in the term Pg.
Finally, Figure [I2| shows that RIS optimization improves the
spectral energy trade-off when Ny = Nr = 8 (and thus also
when Np =1, Ngp =8), for N = 20 and N = 100.

VII. CONCLUSIONS

A framework for overhead-aware radio resource allocation
in RIS-aided systems has been developed for spectral and
energy efficiency optimization. Two new closed-form methods
for the optimization of the RIS phase shifts, as well as
of the transmit and receive vectors, have been developed.
Moreover, the transmit powers and bandwidths for the com-
munication and feedback phases have been globally optimized
through concave/pseudo-concave maximizations. The derived
results indicate that RIS constitutes a suitable technology
when suitable feedback mechanisms are used or when few
transmit and receive antennas are deployed, since a trade-off
exists between optimizing the network radio resources and the
overhead due to the deployment of the optimized solution. In
particular, there exists a limit to the number of antennas and
RIS reflectors, before feedback overhead makes radio resource
optimization not convenient compared to the setup where RISs
are not deployed. An important future line of investigation
is the analysis of the impact of multi-user interference on
overhead-aware resource allocation in RIS-based networks.
Multi-user interference complicates the resource allocation
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problems, possibly requiring the use of numerical optimization
techniques.
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