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Energy Efficiency Maximization of MIMO Systems
through Reconfigurable Holographic Beamforming

Robert Kuku Fotock, Senior Member, IEEE, Alessio Zappone,
Fellow, IEEE, Agbotiname Lucky Imoize, Senior Member, IEEE, Marco Di Renzo, Fellow, IEEE

Abstract—This study considers a point-to-point wireless link,
in which both the transmitter and receiver are equipped with
multiple antennas. In addition, two nearly-passive reconfigurable
metasurfaces are deployed, one in the immediate vicinity of the
transmitter, and one in the immediate vicinity of the receiver.
In this scenario, the system energy efficiency is optimized with
respect to the transmit covariance matrix, and the reflection
matrices of the two metasurfaces. A low-complexity algorithm
is developed, which is converges to a first-order optimal point of
the maximization problem. Moreover, closed-form expressions are
derived for the metasurface matrices in the special case of single-
antenna or single-stream transmission. A numerical performance
analysis shows, in particular, that the considered architecture
can provide significant energy efficiency gains compared to fully
digital beamforming architectures.

I. INTRODUCTION

NERGY efficiency (EE) continues to be a major perfor-
mance requirement of future wireless communications,
especially considering that 5G did not achieve the desired
2000x EE increase [1], mainly due to the use of a large
number of antennas with fully digital radio-frequency chains,
and the resulting high static power consumption [2]. In order to
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face this challenge, reconfigurable metasurfaces have emerged
as one of the main technologies for the sixth generation
(6G) of wireless networks, due to their ability to provide
a large number of tunable meta-atoms with limited power
consumption [3], [4]. Reconfigurable metasurfaces are nearly-
passive devices, fully operating in the analog domain, i.e.,
they require no dedicated amplifier and no conversion be-
tween the analog and digital domains. By requiring only a
limited amount of static energy to enable the reconfiguration
of the reflecting elements, metasurfaces can provide high
beamforming gains, with a low energy consumption. For this
reason, their use has been considered in many applications
for 6G, analyzing the emerging trends, recent advancements,
potential opportunities and challenges that could impact the
integration of reconfigurable metasurfaces into 6G wireless
networks [5]-[8], considering also applications in the terahertz
(THz) frequency range [9]. Experimental results have also
appeared, which confirm the merits of metasurfaces for future
wireless communication networks [10]—[13].

A. Literature review

Reconfigurable metasurfaces have been first deployed far
from the transceivers, as an efficient way of creating new op-
tical paths from transmitters to receivers. In this configuration,
they are called reconfigurable intelligent surfaces (RISs), and
provide a measure of control of the propagation environment.
Subsequently, metasurfaces have been considered also for
deployment in the vicinity of the wireless transceivers. A first
application that has emerged is the implementation of index
modulation techniques by encoding the information symbol
into the activation pattern of the metasurface elements [14].
In addition, more recently, the use of metasurfaces at the
transceivers has been considered for beamforming and spatial
multiplexing, too. In this context, metasurfaces have been pro-
posed as an efficient way of implementing holographic MIMO
(H-MIMO). In its more general form, HMIMO is implemented
through a planar surface on which a continuous electrical
current distribution is excited. A typical implementation of
HMIMO employs a planar array in which the radiating ele-
ments are densely deployed at sub-wavelength distances from
each other [15]-[17]. Comprehensive tutorials and surveys on
HMIMO have appeared in [18], [19]. It has been shown that
HMIMO can reduce the number of digital radio-frequency
chains, while still providing satisfactory capacity and EE levels
[19], [20], also in multi-user channels [21]-[23]. On the other
hand, the analysis and design of an HMIMO system with a
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continuous current distribution poses some complexity issues.
While, in principle, the HMIMO technology does not specify
the type of radiating elements that are used, a widely-used
approach consists of using a reconfigurable metasurface with
densely packed electromagnetic elements. In this context, two
main implementations have been proposed, dynamic metasur-
face antennas (DMA) and reconfigurable holographic surfaces
(RHS). DMAs employ a series of micro-strips on which the
meta-atoms are deployed. Each micro-strip is wired to a radio-
frequency chain. In this implementation, either the amplitude
or the phase of the meta-atoms is typically the tunable param-
eter, but, in realistic models, the amplitude and phase are not
tunable independently of one another [24]. DMAs have been
shown to provide high communication rates and EE [25], [26],
and extreme localization accuracies [27]. On the other hand,
RHSs are planar metasurfaces which do not employ the micro-
strip structure, but, rather, can be viewed as a type of leaky-
wave antenna. More specifically, in an RHS-based antenna,
the radio-frequency feeder is embedded into the metasurface,
and physically connected by a wave-guide to the digital radio-
frequency chain. This allows the embedded feeders to excite
the elements of the metasurface, controlling the amplitude
of the radiated electromagnetic waves [25], [28], [29]. The
advantage of beamforming through RHSs is that, compared to
active antenna arrays, RHSs have a lower energy expenditure
and cost, and, thus, can be equipped with a larger number of
radiating elements [30]. RHSs are being considered an energy-
efficient evolution of the all-digital MIMO technology, and
have proved to achieve low-cost and energy-efficient wireless
communication and sensing [31]. In [32], a BS equipped
with a switch-controlled RHS-aided beamforming architecture
is considered, and the EE maximization problem is tackled
via alternating optimization of the holographic beamformer,
the digital beamformer, and the transmit power. In [33],
an electromagnetic framework for designing a holographic
surface is developed. The performance and power consumption
of the framework were compared to those of passive metasur-
faces and MIMO digital antenna arrays. The use of artificial
intelligence in conjunction with holographic beamforming has
also been considered, with reference to a cell-free nework
[34]. In [35], the weighted sum-rate maximization problem is
tackled in the downlink of a multi-user network in which a BS
with a uniform linear array serves single-antenna users through
multiple RHSs. The use of an RHS has been considered also
in networks aided by uncrewed aerial vehicles (UAVs), as
a way of aiding the communications and performing energy
harvesting to power the UAV [36]. More recently, a solution
based on the use of multiple stacked intelligent metasurfaces
has been proposed for holographic beamforming [37]. In
this context, a MIMO system is considered, and the SIM is
designed to establish a desired equivalent MIMO channel.
While RHS-based transceivers consider metasurfaces with
embedded feeders that are wired to the digital radio-frequency
chains, another metasurface-based architecture to reduce the
number of digital radio-frequency chains, while still achieving
large beamforming gains, is to use metasurfaces that are
not wired to the antenna feeders. Instead, the metasurface is
placed in the near-field of the antenna array, and the signal

simply propagates via a wireless connection from the transmit
antennas to the metasurface or from the metasurface to the
receive antennas. The peculiarity of this setup is that the meta-
surface is deployed within the Fraunhofer region of the digital
antenna array, and, thus, a spherical wave propagation model
must be considered to analyze the wireless channel between
the transceiver antennas and the metasurface, instead of the
traditional plane wave propagation model. This architecture
was considered in [38]-[44] and has been referred to with
different names in the literature, among which holographic
RIS [43], reconfigurable intelligent BS [39], [40], or recon-
figurable refractive surfaces [44]. In the following, in order
to distinguish it from the previously mentioned architectures
with wired metasurfaces, it is referred to as reconfigurable
holographic beamforming (RHB). In [38], RHB is used by de-
ploying a metasurface in the near-field region of the transmitter
and receiver, respectively, and the system signal-to-noise-ratio
(SINR) in a multi-user MISO system is maximized with
respect to the transmit beamforming and metasurface coeffi-
cients. An alternating maximization algorithm with respect to
each metasurface reflection matrix and transmit beamforming
is developed. In [39] a metasurface is deployed in the near-field
of the transmitter in a multi-user system with single-antenna
mobile terminals, and the minimum spectral efficiency among
the users is maximized. In [40], a similar problem is tackled,
with reference to beyond diagonal metasurfaces. In [41], a
network aided by multiple metasurfaces is considered, and
optimal metasurface selection and beam routing are performed.
In [42], the received power and achievable rate is maximized
in a system in which two metasurfaces are deployed in the
near-field region of the transmitter and receiver to assist the
communication between a single-antenna transmitter and a
single-antenna receiver. Suboptimal optimization techniques
are developed based on alternating optimization or assuming
that the channel between the two metasurfaces has rank one.
A similar model is considered in [43], but the focus of
the paper is on the maximization of the EE, assuming that
a single-antenna is used at the transmitter and receiver. A
method based on sequential programming is developed, which
is shown to perform similarly as alternating optimization,
but with lower computational complexity. In [44], a single
metasurface is placed in the near-field of the transmitter,
and its size and number of elements are optimized for EE
maximization. A similar scenario is considered in [45], and
the single metasurface is optimized for EE maximization.

B. Contributions

From the above literature review, it emerges that the ma-
jority of the previous works on RHB-aided MIMO systems
focus on the analysis or optimization of the network achievable
rate and throughput, while the works on EE maximization,
consider either simplified setups with single antenna terminals
or a single metasurface, or do not consider the optimization of
the system digital and analog beamforming. Indeed, only a few
studies have focused on EE optimization in MIMO systems
aided by metasurfaces deployed far from the transceivers.
In [46], upper- and lower-bounds on the EE of a MIMO
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link are optimized assuming a single-stream transmission.
In [47], the trade-off between EE and spectral efficiency
is studied, employing the weighted minimum mean squared
error method to tackle the problem. In [48], the EE of a
MIMO link employing simultaneous wireless information and
power transfer (SWIPT) is considered. However, [48] does not
optimize the EE, which is defined as the ratio between rate and
power consumption, addressing instead the simpler problem
of maximizing the difference between rate and power. In
[49], a MIMO network with finite block-length transmissions
is considered, and the network EE is optimized through se-
quential fractional programming. Unlike previous studies, this
work considers an RHB-aided MIMO system with multiple
antennas equipped at both the transmitter and receiver, and
in which two metasurface are deployed. One metasurface is
deployed in the near-field of the transmit antenna array, while
another metasurface is deployed in the near-field of the receive
antenna array. The two metasurfaces are not embedded into
the transceiver hardware. The transmit signal propagates from
the digital transmit antenna array to the transmit metasurface,
which reflects it to the receive metasurface, which, finally,
reflects it to the receive antenna array. In this context, the
following contributions are made:

1) A novel algorithm is developed to optimize the reflection
matrices of the two wireless metasurfaces and the transmit
covariance matrix of the transmitter for EE maximization. The
proposed algorithm differs from available methods because
it leverages the sequential fractional programming frame-
work with a new reformulation of the optimization problem
that deals with unit-rank constraints without resorting to the
semidefinite relaxation method. As a result, the proposed
method monotonically improves the EE value and converges
to a first-order optimal point of the EE maximization problem.

2) In the special case of a single transmit radio-frequency
chain, unlike available approaches which are based on iterative
methods, the optimal metasurface matrices and transmit power
are found in closed-form, which dispenses with the need
of running iterative algorithms and allows for a closed-form
analysis of the performance of the optimized system. Closed-
form expressions of the optimal metasurface matrices are also
found in the special case in which multiple antennas are
employed at both the transmitter and receiver, but a single
data stream is employed.

3) Unlike the local reflection model that is typically con-
sidered for metasurfaces, this work considers global reflec-
tion constraints at the two metasurfaces. Metasurfaces with
global reflection constraints are a recent type of metasurfaces
which generalize traditional metasurfaces with local reflection
constraints [50]. Specifically, while in metasurface with local
reflection constraints each reflection coefficient is separately
constrained to have modulus not greater than one, in a meta-
surface with global reflection constraints a single reflection
constraint is enforced on all of the reflection coefficients,
requiring that the total power reflected by the metasurface is
not greater than the total power that impinges on it.

4) Numerical results assess the performance of the proposed
system, in terms of EE and spectral efficiency. Interestingly,
the analysis reveals that the use of wireless metasurfaces

allows a significant reduction of the number of the digital
antennas deployed at the transmitter and receiver, i.e. of the
number of antennas that require a fully digital radio-frequency
chain. This leads to significant EE gains and satisfactory ca-
pacity levels. Moreover, the proposed architecture outperforms
the more traditional RIS-aided MIMO setup, which employs
metasurfaces located in the far-field of the antenna arrays.

The rest of the paper is organized as follows. Section II
introduces the system model and formulates the EE max-
imization problem. Section III solves the EE maximization
problem considering that both the transmitter and the receiver
are equipped with a single antenna. Section IV and V develop
resource allocation algorithms for the multiple-antenna case,
considering single-stream and multi-stream transmissions, re-
spectively. Section VI presents the numerical analysis, while
Section VII concludes the paper.

Notation: Scalars, column vectors, and matrices are denoted
by lowercase, boldface lowercase, and boldface uppercase
letters. diag(-), tr(S), S~! denotes a diagonal matrix, the trace,
and inverse of a square matrix. S > O indicates that S is
positive semi-definite. I, is the identity of size M x M.

II. SYSTEM MODEL

Let us consider a MIMO link with N7 transmit antennas
and Npg receive antennas arranged in a rectangular array. A
reconfigurable metasurface with M7 elements and reflection
matrix Iy = diag(yr.1,...,vr.m,) = diag(yr) is deployed
in the immediate vicinity of the transmitter and henceforth
called transmit wireless metasurface. Similarly, another re-
configurable metasurface with Mp elements and reflection
matrix I'p = diag(vr,1,...,7r,mp) = diag(vgr) is deployed
in the immediate vicinity of the receiver and henceforth called
receive metasurface. We assume that both metasurfacs are
nearly-passive, i.e. they are not equipped with any radio-
frequency power amplifier. Then, let us denote by C, H, and
G the Mg x My channel between the two metasurfaces, the
M x N7 channel between the transmitter and the metasurface
placed in its vicinity, and the Nr x Mg channel between the
receiver and the metasurface placed in its vicinity. Finally,
let * = Q'Y2s be the Ny x 1 transmit vector, with s the
Np x 1 vector of transmit information symbols, such that
Iy, = E[za], and Q = E[xz], subject to the power
constraint tr(Q) < Pq., Wherein P, is the maximum
transmit power of the transmit amplifier. The system model is
depicted in Fig. 1.

L

Fig. 1. Considered system model

Remark 1. Deploying metasurfaces close to antenna arrays
bears some similarity with the hybrid beamforming technique.
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However, metasurfaces have been shown to outperform hybrid
beamforming with respect to energy-efficient performance, EE
of the hardware, and hardware complexity. Indeed, the phase
shifters used for hybrid beamforming do not allow amplitude
control, consume more static energy and use more complex
circuitry than the units of a metasurface [51]-[53].

A. Channel model

In the following, different channel models are considered
for the channels H and G, which are near-field channels, and
the channel C, which is a far-field channel. As for the channels
H, and G, each entry of the matrices H and G follow

the (deterministic) spherical wave equation, i.e., the (n,m)
element of H, withn =1,... , Mpand m =1,..., Np, is
RHBT T:r
A =327/ |rn o |
H(n,m) = — aSYI;InBTagﬁne 1)

A [rEEBr — 3Tz

wherein 257 and vl are the vectors defining the 3D
positions of the n-th element of the transmit metasurface
and m-th BS antenna, 1 denotes the transmit gain of
the m-th transmit antenna towards the n-the element of
the transmit metasurface, and o757 denotes the receive
gain of the n-th element of the transmit metasurface, from
the m-th transmit antenna. The gains afLSn and aRH B are
expressed as aTI = 4”Ah Ty sznm and aRHBT
)\2 Ah,RHBT A, JRHBr pgngT with Ah,Tm and Av,Tz the hor-
izontal and vertical spacing of the transmit antennas, Ay, rr B,
and A, rgp, the horizontal and vertical spacing of the
elements of the transmit metasurface, p2%, and pEB™ the
standard directivity factors of the transmitter and transmit

metasurface, respectively [54], [55]. Similarly, the (n,m)

element of G, with n = 1,...,Ng and m = 1,..., Mg is
expressed as
( N [ns o—i@m/N) e —r PR
G n7m) = —A\/ On,m Rarlg@m (2)
RHEB )
in [ — R

wherein r2HBr and rE¢ are the vectors defining the 3D
positions of the n-th element of the receive metasurface
and m-th BS antenna, of* denotes the receive gain of
the n-th receive antenna from the m-th element of the re-
ceive metasurface, and af/5% denotes the transmit gain
of the m-th element of the receive metasurface towards
the n-th receive antenna. The gains off* and oftfBr

m,n m,n
are expressed as affn RHBR

4TrAh,RxAv,Rmp§ffn7 a7z,m -
B AL REBR A, RHBRPEIT{,,BR, with Ap g, and A, g, the
horizontal and vertical spacing of the receive antennas,
Ap raBr and A, rr g, the horizontal and vertical spacing of
the elements of the receive metasurface, and pf%, and pfHBr
the standard directivity factors of the recelver and receive
metasurface. Finally, the channel between the two RHBs is
assumed to be subject to path-loss and Rice fading, i.e.

1 K A
C:< 1+nc+‘/1+n0>/ﬁ’ 3)

with x the Rice factor, C a realization of a standard complex
circularly symmetric Gaussian random matrix which models
the non-line-of-sight (NLoS) component of the channel, C' a

deterministic matrix modeling the line-of-sight (LoS) compo-
nent of the channel, whose entries can be expressed following
the same spherical model' used for H and G, and PL the
propagation path-loss, which, folgowing the 3GPP UMi model
¢, wherein PL is the path-
loss at the reference distance dj, d is the distance between the
two metasurfaces, v is the path-loss exponent, and ( is a real-
ization of a log-normal random variable modeling large-scale
shadowing effects. It should be observed that the considered
model subsumes the cases in which the channel C' becomes
purely LoS (k — 0), purely NLoS (x = 0), and applies
to both near-field or far-field scenarios, because the spherical
wave model admits as a special case the traditional plane wave
propagation model that characterizes far-field transmissions. In
the sequel, it is assume that C' is perfectly estimated through
available channel estimation techniques [56].

is expressed as PL = PL, (%

Remark 2. It is well-known that a MIMO system can sup-
port a number of data streams that is at most equal to
the rank of the effective end-to-end channel, which, in the
considered setup, is bounded as v < min(Ng, Ny, Mg, Mr).
Moreover, the use of metasufaces is proposed as a way
of reducing the number of digital antennas, and thus it is
practical to assume Mrp, Mpr >> Np, Ng, which leads to
7 < min(Ng, Ny, Mg, M7) = min(Nr, Ng). As for the
channel C, the NLoS random matrix C has full-rank with
probability one, which makes the channel C full-rank with
probability one whenever the NLoS component is present,
which is the typical case in outdoor transmissions due to multi-
path fading. If, instead, only the LoS component is present in
C, and the two metasurfaces are in the far field of each other,
then C = 0, while C reduces to a rank-one matrix modeling
the deterministic LoS propagation. In turn, this leads to a
rank-one end-to-end channel. The algorithms to be developed
in Section V make no assumption on the rank of the channel
matrices, and are able to operate in any rank condition. In
addition, Section 1V explicitly deals with the special case in
which a single-data stream is transmitted.

B. Problem formulation

Given the notation defined above, the input and output
signals at the transmit metasurface are y;,r = HQ'Y?s,
Your,r = I'rH Ql/ 2, the input and output signals at the
receive metasurface are ¥, g = CTrHQY?s, your.r =
T'rCTHQ'?s, while the signal received at the final des-
tination is written as y = GTRrCTrHQY?s + n, with
n ~ CN(0,0%Iy,) the thermal noise at the receiver. Thus,
the system capacity can be written as

C = Blog, |In, +%GI‘RCI‘THQHHI‘¥ cirig?| .

The input and output power at the transmit and receive
metasurfaces are equal to P, r = tr(HQHY), Pyyr =

w(CrHQHHUTY), Py g = tr(CTrHQHHTHCH), and
Pouir = tr(TrRCTrHQHHYTHCHTE). We consider

'While the spherical wave model holds in both near-field and far-field
propagation scenarios, it can be specialized into a plane wave model in far-
field scenarios.
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metasurfaces with global reflection constraints. For this type of
metasurfaces, it is not required that the outgoing power of each
element does not exceed the incident power on that element,
but only that the total reflected power by all elements does not
exceed the total power that impinges on all of the elements.
Stated otherwise, a metasurface withe global reflection con-
straints is still a passive device, since the total output power
can not be larger than the total input power, but the reflection
constraint is applied jointly to all reflecting elements, rather
than separately to each reflecting element, i.e., we require
that Poyr.r < Pin,r and P,y 7 < P, 7. Metasurfaces with
global reflection constraints have been shown to yield better
performance than metasurfaces with the usual local reflection
constraints, since they are characterized by a larger set in
which the reflection matrices can vary, which means that a
wider choice of operating points is possible [S57]. Since, the
two metasurfaces do not consume any radio-frequency power,
but only static power for reconfiguring the reflecting elements,
the total system power consumption is

P, = utr(Q) + M P + MrPY) + NrPY + NpPS +
+ Prupo + Po = ptr(Q) + P, (5)

wherein p is the inverse of the transmit amplifier efficiency,
P}S) and PI(;) are the static power consumption of each
element of the transmit and receive metasurfaces, P;a) and

Péa) are the static power consumption of each digital radio-
frequency chain of the transmitter and receiver, Pryp o is the
rest of the static power consumed by the two metasurfaces, Py
is the static power consumed in the rest of the system, while
P, = MpPS) + MpPY + Np P + Np P\ + Prppo+ Po.
Thus, the EE maximization problem can be stated as

C(FTa FR7 Q)

o o utr(Q) + P (62)
s t1(Q) < Prnas (6b)
Pout,7(Q,T'1) — Pin,7(Q) <0 (6¢)
Pout,r(Q,T'1,TRr) — Pin,r(Q,T'1) <0, (6d)

wherein (6¢) and (6d) enforce the global reflection constraints.
In the following, Problem (6) will be tackled in three different
scenarios, with increasing degree of complexity:

1) Section III addresses Problem (6) in the special case in
which Np = Np = 1. For this case, closed-form solutions for
I'r, ', and the transmit power are derived.

2) Section IV addresses Problem (6) in the special case in
which Ng > 1, Ny > 1, rank(Q) = 1. For this case, closed-
form solutions for I'; and I'  are derived, whereas an iterative
algorithm is required to optimize the beamforming strategy.

3) Section V addresses Problem (6) in the general case in
which Ngp > 1, Ny > 1, rank(Q) > 1. In this case, an
iterative algorithm is developed for resource optimization.

III. SINGLE-ANTENNA, SINGLE-STREAM SCENARIO

Assume Nr = Nt = 1. Then, tr(Q) = p, with p < Paz
the transmit power. Let h be the My x 1 channel from
the transmit antenna to the transmit metasurface and g%
the 1 x Mg channel from the receive metasurface to the
receive antenna. Then, P, v = p|h|?, Py = p|Trh|?,

2We consider the typical scenario in which the metasurface static power
consumption does not depend on the values of the reflection coefficients.

Pin,R = pHCFThHQ, PouttR = HFRCFThH2, and the EE
maximization problem simplifies to

2
Blog, (1 n % ‘ng"RCI‘Th‘ )

max Ta
p,I'r,TRr up + Pe (72)
s.t. 0 < p < Phasx (7b)
ITrh|® < |B|*, ITRCTrh|* < |[CTrh|*  (Tc)

It is useful to observe that, for any fixed p, the optimization of
I'r and I'p reduces to optimizing the term ]gH T'rCT'1h 2,
subject to constraints that do not depend on p. Thus, the
optimal (T'7, T'g) do not depend on the optimal p and so the
optimization of the pair (I'z, T'z) can be decoupled from the
optimization of the transmit power p. These two subproblems
will be tackled in the next two subsections.

A. Optimization of 't and T'p

For any given p, the problem reduces to

2
FI?%"XR gHFRCFTh (8a)
st. |Trh|? < |h|*, |TRCTrh|* < |CTrh|*  (8b)
Defining the new variables * = I'th and y = T'pCux,
Problem (8) can be restated as
2
max‘gHy (%9a)
z,y
st []* < || (9b)
lyl* < |Cz|* (%)
Proposition 1. The optimal solution of Problem (9) is
z = ||hl|tmas (10)
Y = [\ A T (11)

lgll*

wherein Amaqz is the maximum eigenvalue of CC™ and gz
the corresponding unit-norm eigenvector.

Proof. By Cauchy-Schwartz inequality, (9a) is maximized
when y is aligned with g, ie., y = %g, with ||y| still to be
determined. Moreover, it is seen that it is optimal to choose
|y| as large as possible. Then, it is optimal to choose x such
that ||Cz|? in (9c) is maximized. To this end, let us denote
x = |x|&, with & the unit-norm vector defining the direction
of x. Then, since |Cz|? is maximized when z is aligned
with the direction of the dominant eigenvector of CCH e,

WUz, and recalling that || < |[h| from (9b), it follows that
lyl” < [Cx)” < Amaaz]* < Amaz B, (12)

with equality holding when « is expressed as in (22). Finally,

setting |y|| = A\naz |R[? yields (23). O

Let  and ¥y be the optimal solution of
(9)a and YT = [I‘T(171)v'--7I‘T(MT7MT)]s
yr = [[r(1,1),...,Tr(Mg,Mg)], X = diag(Cz),

H = diag(h). Then, since I'th = H~vp, I'rCx = X~pg,
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and recalling that = I'rh and y = T'rClua, it holds3

T'r = diag(yr) = diag(H ™ "'&) (13)
T'r = diag(yr) = diag(X ~'g) (14)
Plugging the optimized I'r and I'r into the EE yields
Blog, (1 + & Anaz|h|?|g]?
£ = Plogs (1+ 5 Ik|*g]?) ’ (15)

up + Pe

which depends only on p and can be optimized as shown
below.

B. Optimzation of p
Given (15), and neglecting the inessential constant B, the
optimal p is found by solving

1

ax 2082 (1 + ap)
2 up + P

$.t. 0 < p < Phax

(16a)
(16b)

wherein we have defined a = |g’T' rCTrh|?/0?. Problem
(16) is a pseudo-concave maximization whose optimal solution
is given by the following result.

Proposition 2. The global solution of Problem (16) is

ﬁ = min(Pmafmp*) I (17)

with p* the unique stationary point of (16a), which can be
found as the unique solution of the equation®

a(up + P.)

= uln(1
T+ ap pin(l + ap)

(18)
Proof: The objective in (16a) is the ratio between a
strictly concave function and an affine function, and thus it
is strictly pseudo-concave. As a result, it admits a unique
stationary point p*, which coincides with its unconstrained
maximizer. Then, p* can be found by setting the first-order
derivative of (16a) to zero, which yields (18). Finally, the thesis
is obtained enforcing the constraint in (16b), and observing
that (16a) is increasing for p < p* and decreasing for p > p*.
|
Thus, the global solution of (7) can be obtained by allo-
cating I'r according to (13), I'p according to (14), and p
according to (17). The computational complexity required by
this allocation is negligible, since closed-form results for all
three radio resources have been obtained and no numerical,
iterative algorithms are required.

Remark 3. As for capacity maximization, the optimal U'p, I'p
do not change, while p* = Py, 4.

IV. MULTIPLE-ANTENNA, SINGLE-STREAM SCENARIO

Let us consider now a MIMO scenario, thus relaxing the
assumption Ngr = N = 1. However, we assume that a single
data-stream is emitted by the transmitter. This implies that the
covariance matrix @ reduces to a beamforming vector of size

3The matrix inversions in (13) and (14) pose no significant issue since the
matrices to invert are diagonal and must be inverted only once.

“The unique solution of (I18) can be written as p* = (exp(l +
W(e Y (Pea/p — 1))) — 1)/a, with W (-) the W Lambert function [58].

Nr x 1 and squared norm p, i.e. Q@ = qq’l, with |q||* = p.
Then, the problem can be stated as

Blog, (1 + 0 ?|GTrCTrHq|?)

max 19a
iz + P (1%)
st. [q]? < Pras (19b)
|ITrHq|® < |Hq|? (19¢)
ITRCTrHq|” < |CTrHq|? (19d)

In order to tackle (19), we will employ the popular alternating
optimization framework, which alternatively optimizes the
beamforming vector g for fixed (I'r,T'g), and the (I'r,T'g)
for fixed q. This process is iterated until convergence. The
next two subsections separately describe how to solve these
two sub-problems. It will be shown that, for every fixed g, the
optimal I', and I'r can be derived in closed-form. Instead,
for any fixed ' and I'p, the optimal q is obtained through
the sequential fractional programming framework.

A. Optimization of 't and T'p

For any given g, let us redefine the vector h as h = Hgq.
Then, the problem reduces to

max |GTrCTrh| (20a)
st |[Drh|? < |h|?, |[TrCTrh|? < |CT7h|? (20b)
Defining « = I'rh, y = T'rCx, Problem (20) becomes
max | Gy|* (21a)
o, |=|* < [R|? (21b)
lyl* < [Ce|? 210)
Proposition 3. The optimal solution of Problem (21) is
T = ||hftmae (22)
Y = |h|v/ Amarticmas (23)

With Amaz the maximum eigenvalue of CCH, U,nen the
corresponding unit-norm eigenvector, and UG maqq the unit-
norm dominant eigenvector of G G.

Proof: The objective in (9a) can be written as y? GH Gy,
which implies that it is maximized when y = |y||©g maz. With
UG, maz the unit-norm eigenvector of GH G corresponding to
the maximum eigenvalue and the norm |[ly|| to be determined
based on the problem constraints. Thus, proceeding similarly
as in the proof of Proposition 1, the thesis follows. [ ]

Finally, from (22) and (23), the optimal I'r and ' can
be obtained as in> (13) and (14). In this case, the optimal
I'r and I'r depend on the beamforming vector g. This is a
direct consequence of the fact that metasurfaces with global
reflection capabilities are employed, which leads to (19c)
and (19d), which are coupled in g and (I'p,T'g). Then, the
optimization of (I'r,T'g) is coupled with that of g, and
alternating maximization between (I'r, T'g) and q is required.

5The matrix inversions required to compute I' and I' g pose no significant
issue since the matrices to invert are diagonal and must be inverted only once
per optimization of (I'r,T'g).
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B. Optimization of q

After optimizing I'7 and I' i, the problem becomes

Blog, (1 + | Mq|?)

(24a)

q plgl? + Pe
st [q|? < Pras (24b)
|TrHq|* — |[Hq|?* <0 (24c)
|ITrCTrHq|? — |CTrHg|* <0, (24d)

with M = %GH T'rCTrH. The difficulty posed by Prob-
lem (24) lies in the fact that the objective is not concave
or pseudo-concave, and that the constraints are not convex.
Moreover, unlike related problem formulations available in the
literature, the presence of the global reflection constraints in
(24c) and (24d) further complicates the problem since these
constraints are not convex. In order to tackle (24), in the
following we resort to the sequential fractional programming
(SFP) framework [59]. Since the norm function is convex, and
so it is lower-bounded by its first-order Taylor expansion, we
have that, for any vector q, it holds

|Mq|? = ¢" M7 Mq > 2%{ql’ M" Mq}

—qi!M" Mg, = 23%{mé{q} —mo (25)
|Hgq|?* = ¢" H" Hq > 2R%{q{' H" Hq}
—q) H"Hqo = 2R{h{' q} — ho (26)

|cTrHg|* = ¢" H'T¥ Cc¥ CrrHq
> R{q H' T C"CcTrrHq) — ¢ HTE C” CTrHqo

= 2R{ci' q} — o , 27)

wherein we have defined my = MYMgqy, my =
q! M Mqy, hy = H"Hgqg, hy = qé’HHqu, co =
HATECHCTrHqq, cp = ¢)' HITE C" CT1+Hqq. Then,
a surrogate problem for (24) can be stated as

Blog, (1 + 2R{m{'q} — mo)

max (28a)
a ulal? + P
st. ||lq|* < Prax (28b)
ITrHq|?* — 2R{h{ q} + ho <0 (28¢)
ITRCTrHg|* — 2R{c q} + co <0, (28d)

wherein the left-hand-sides of (28c) and (28d) are upper-
bounds of the left-hand-sides of (24¢) and (24d), respectively.
Problem (28) is a pseudo-concave maximization subject to
convex constraints, which can be solved by fractional pro-
gramming [59]. Then, the SFP algorithm to tackle Problem
(24) is stated as in Algorithm 1, wherein Obj(q) denotes the
objective of (24) evaluated at g. Being an instance of the SFP
method, Algorithm (1) is guaranteed to monotonically improve
(24a) and converge to a first-order optimal point of (24) [59].

Algorithm 1 SFP for Problem (24)
e>0;
Select any feasible qo;
repeat
Let ¢ be the solution of Problem (28);
T = [ob3(q) — 0b3(go)[: g0 = g:
until 7' < ¢

C. Overall algorithm, convergence, and complexity

The alternating maximization algorithm to tackle Problem
(19) is formulated as in Algorithm 2. In summary, Algorithm
2 initializes ¢ = qo. Next, it iteratively updates (I'r,T'g),
given the current value of g, which is accomplished by the
result in Proposition 3, and then updates g, given the current
values of (I'r,T'g), by running Algorithm 1. This process is
iterated until the improvement in the EE value between two
consecutive iterations is below a threshold 7". The convergence
and complexity of Algorithm 2 are discussed next.

Algorithm 2 Alternating maximization for Problem (19)

e>0;
Select any feasible qo, I'r,0, I'r,0;

repeat
Let (I'r,I'r) be the solution of Problem (20),
given gq;
Let q@ be the solution of Problem (24), given
(I'r,Tr);

T = [EE((T'r,T'r),q) — EE((T'1,0,T'r,0),q0) s
I'r =T10, I'r =TRro, 9= qo;
until 7' < ¢

1) Convergence: Algorithm 2 is provably convergent, as
shown in the next proposition.

Proposition 4. Algorithm 2 monotonically improves the value
of (19a) and converges in the value of the objective.

Proof: Algorithm 2 alternatively optimizes I'r and T'g
for fixed g, according to Proposition 3, and g, for fixed I't and
T'r, by running Algorithm 1. Each of these two optimizations
does not decrease the value of (19a), because Proposition
3 provides the globally optimal I'y and I'p for any fixed
g, while Algorithm 1 is an instance of the SFP framework,
and thus monotonically improves the value of (24a) until
convergence to a point fulfilling the first-order optimality
conditions of (24) [59]. Thus, Algorithm 2 monotonically
improves the value of (19a). Moreover, the objective (19a)
is upper-bounded with respect to I'r, I'g, and g, because I'
and T'r are bounded by norm constraints, while |g| appears
linearly in the denominator of (19a) and logarithmically in
the numerator of (19a), thus implying that (19a) tends to zero
for ||g|| — co. Thus, (19a) can not increase indefinitely, and
Algorithm 2 converges in the value of the objective. [ ]

Remark 4. Algorithm 2 can be readily specialized to perform
rate maximization, by simply setting u = 0, which reduces the
denominator of (19a) to a constant.

2) Computational complexity: The computational complex-
ity of Algorithm 2 is mostly related to Problem (24), since
the optimal metasurface matrices are available in closed form
for fixed q. Problem (24) is solved by Algorithm 1, which
involves the solution of a pseudo-concave problem with Np
variables in each iteration. Next, we recall that a fractional
function of Nt variables, with concave numerator and convex
denominator, can be maximized subject to convex constraints
with a complexity equivalent to that of a convex problem with
Nt + 1 variables [59], and that the complexity of a convex
problem with n variables is upper-bounded, with respect to
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n, by n* [60]. Thus, the complexity of Algorithm 2 can be
upper-bounded by

Co = O (LL(Nr +1)%) (29)

with I; and I the number of iterations for Algorithms 1 and 2
to converge, respectively. As for the complexity with respect
to the number of metasurface elements My and Mg, it is
negligible with respect to (29), since the optimal metasurface
matrices are found in closed-form by means of (13) and (14).

V. MULTI-ANTENNA, MULTI-STREAM TRANSMISSION

In this section, we address the general MIMO case stated
in Problem (6), in which Ny > 1, N > 1, and rank(Q) > 1,
i.e., multiple data streams are transmitted. In this case, no
closed-form solution is available and it becomes difficult
to even optimize I'p and I'z jointly. So, in this scenario,
alternating optimization will be employed by alternatively
optimizing I'p first, for fixed I'r and @, then I'p, for fixed
I'r and @, and eventually @, for fixed I'r and T'p.

A. Optimization of T'p

For fixed 'z and Q, define B = CTrHQHYTHCH,
Then, the optimization with respect to I'p can be stated as
(30a)

max Blog, |Iny
T'r

+ %GPRBF,?GH|
g

s.t. tr(TrBT'R) < tr(B) (30b)

To begin with, let us focus on (30a). Performmg the eigenvalue
decomposition B = Z mumu , (30a) becomes

C = Blog, ’INR + GTx (zﬁfﬂ 2y umum) I‘RGH‘

— Blog, ‘INR + M A QU Ry UHGH’

=B log2 INR + ZMR Z” Rm’}’R’)’R (31)
with U,,, = diag(u,,,) and R,,, = GU,,,, form = 1,..., Mp.
Next, let us rewrite the left-hand-side of (30b) as

tI‘(I‘RBFg) =tr (rR (Z%ﬁl Am“m“»fi) I‘g) (32)

Mp

= ) Amtr (FRumunHll“g) = YMr At (UnyryHUH)
m=1

— A (Zj‘,{gl AmUmUﬂ) Vi = tr (Dmmg> 7

with Dg = ZMR A\ UHU.,,. Then, Problem (30) becomes

max log, ‘INR + Z%Rl e Rm’yR'ngTHn‘ (33a)
R
st tr (Dmmg ) < tr(B) (33b)

Problem (33) is still challenging, due to the quadratic term
~vrYH. A popular approach to deal with this issue is the
semi-definite relaxation technique. However, this requires a
rank-reduction technique if the solution that is obtained is not
unit-rank, which might cause a significant performance degra-
dation. Another p0351ble approach would be to reformulate the

constramt6 Ty = vrYH into tr(I‘R) /\mm;(I‘R) =0 and
r r > 0. However, this leaves us with an equality constraint

®Note that tr(I'g) = Amax(I'g) implies that Tz has only one non-zero
eigenvalue since I'p > 0.

that is still non-convex, and is typically approximated by
tr(l"R) — )\m(m(I‘R) > ¢, with € a small constant, and
then tackled by the sequential approximation method [61].
However, both methods above involve an approximation that
leads to an algorithm without strong optimality claims. Instead,
here we_propose a dlfferent approach. We still define the
matrix I‘R = 'yR'y but we do not relax the unit-rank
constraint and reformulate (33) as

_max log, ‘INR +YME Au R TRRH (34a)
I'r>0,vr
st tr (DRf‘R) < tr(B) (34b)
f‘R YR :| >
>0 (34¢)
[ i1
tr(Tr) — |vr|> <0 (34d)

Proposition 5. If (f‘*R,'y]*%) solves (34), then mnk(f‘}%) =1

Proof: We will first show that any feasible point of (34)
is such that ' — ~~vH > 0, which will imply that the largest
eigenvalue of I'p is larger than ||yg|?. Then, the result will
follow since (34d) implies that any feasible point of (34) is
such that the sum of all the eigenvalues of r r is smaller
than |vz|2. The two conditions can both hold only if 'z
has just one non-zero eigenvalue, which is equal to |vg|%. To
elaborate, let us prove that any feasible point of (34) is such
that Trp— ~vH > 0. To this end, we first leverage the fact that,
if T r > 0, then the matrix in (34c¢) is p0s1t1ve seml -definite if
and only if its Schur’s complement, i.e., r r—~H is positive
semi-definite. At this point, we proceed by contradiction to
show the result when T's > 0. Indeed, if )\mm(I‘ r—77") <
0, then, since the minimum eigenvalue is a continuous function
of the elements of a matrix, it must exist € > 0 such that

Amin(€Ing +Tr —yrYR) < 0. (35)

This is a contradiction, since eIy, + r R 1s a strictly positive
definite matrix even if I' > 0, and so it must hold

Amin(eIng +Tr —yrYH) > 0. (36)

for any € > 0. Thus, for any feasible point of (34) it must
hold that T'r — yryH > 0. Then, assuming without loss of
generality that the eigenvalues of f‘R, say Aq,..., Ay, are
ordered in decreasing order of magnitude, (34c) implies that

1 = |vgl|? whereas (34d) requires that Zf\il A= M+
SN A\ = |yg|?. Thus, since A; = 0 forall i = 1,..., N,
(34c) and (34d) together imply that A\; = |yr|? and \; = 0
for all ¢ = 2,..., N. Hence, the thesis. |

Based on Proposition 5, Problems (34) and (33) are equiv-
alent. However, Problem (34) is not convex, yet, because the
constraint in (34d) is not convex, since —|vg|? is concave
in yg. Nevertheless, Problem (34) can be tackled by the
sequential optimization framework. To this end, we need to
find a convex upper-bound of the constraint function in (34d),
which can be accomplished observing that the term |vz|? is
convex, and thus can be lower-bounded by its first-order Taylor
expansion around any feasible point v . To elaborate, for any
feasible yr,o, it holds [yr[? = 2R{vE ¢Yr} — [V ol*. Thus,

tr(Cr) —

Ivel* < tr(Tr) + |vitol® — 2R{vEovr} . (37)
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Then, Problem (34) can be replaced by the following surro-
gate problem, which fulfills all assumptions of the sequential
optimization framework

max log, ‘INR +YME AR, TrRE (38a)
T'r>=0,7r
st tr (DRf‘R) < tr(B) (38b)
f‘R YR
>0 38
[ i1 ] - (350
tr(Tr) + YA 0Yro0 — 2R{YH.0vR} <O (38d)

Problem (38) is convex and can be solved with polynomial
complexity by convex optimization. The solution of Problem
(30) is stated in Algorithm 3, with Obj(«g) denoting (38a)
evaluated at . Algorithm 3 is an instance of the SFP method,
and thus monotonically improves (30a) and converges to a
first-order optimal point of Problem (30) [59].

Algorithm 3 SFP for Problem (30)

€ > 0; Select any feasible «r,;
repeat
Let yr be the solution of Problem (38);
= [0b3(vr) — 0PI (YR0)[5 VRO = YRS
until 7" < e

B. Optimization of T't

Defining A = HQH", F = GT'3C, Z = I'gC, leads to

max Blog, |In, + 0 *FTr ALY F”| (392)

T

st tr (PTAn’i ) < tr(A) (39b)
tr (Z]."TAI‘? ZH> Ctr (CFTAF¥ c”) <o (%)

By the eigenvalue decomposition A = 2%21 BmVmvi, (39a)
becomes

C = Blog, ‘INR + FI'r (Z%Tl ’8’; VU ) I‘HFH‘

_BlogQ‘INR—&—ZMT B’"FV YT YH mFH‘

— Blog, ‘INR + M B Sy (40)
with V,,, = diag(v,,) and S,,, = FV,,, form =1,..., Mp.
Next, the left-hand-side of (39b) can be expressed as

tr(PrATY) = tr (Tr (L2, fvwmolt ) T ) @1

=M1 Bt (CrvmviT7) = SMT Btr (Viyryr Vi)
= 91 (2N, B Vil Vi ) v = tr (Dryeit!)

with Dy :Zﬁfil  VEV, . Similarly, (39¢) becomes
tr (ETyl’)’qI:I’)’T> — tr (ET,27¥7T) <0, 42)
with Ep, = SN 8,Z9VHV, Z, Ep, =

Zm 1 mCHVHV C. Then, Problem (39) becomes

9
max log, ‘INR + 3N B S vy SH‘ (43a)
s.t. tr (DT’YT’YT ) < tr(A) (43b)

tr (ET,lvTv%{) —tr (ET,Q’)/T’)/'IEI) <0 (43¢)

Defining f‘T = vryH, Problem (43) can be reformulated as

_max log, |Ing + 27, 228, TrSH (44a)
>0,y
st.tr (Dri'r) < tr(A) (44b)
tr (ETJf‘T) —tr (ETyzf‘T) < 0 (440)
f‘T YT ] >
>0 (44d)
[ i1
tr(Tr) — [yr[* <0 (44e)

Proposition 6. If (f‘}, ~%) solves (44), then mnk(f}) =

Proof: The proof follows by the same argument as in
Proposition 5, applied at Problem (44). [ ]

The non-convexity of (44e) can be addressed by sequential
programming upon performing the first-order Taylor expansion
of ||yr|? around any feasible vr o, which yields

tr(Tr) — [v)* < tr(T'r) ? = 2R{vrovr} -

Then, the surrogate problem for the implementation of sequen-
tial programming can be obtained as

(45)

_max log, ‘INR + Zﬁle i’é‘ SmI‘TanI) (46a)
Tr>=0,ypr
st.tr (Drf'r) < r(4) (46b)
tr (ET,1f‘T> —tr (ET,QfT> <0 (46¢)
[ L1 or ] >0 (46d)
yr 1
tr(Tr) + ’ygo’yq«,o — 25]?{"/;{0’7T} <0 (46¢)

which is a convex problem that can be solved by standard
convex optimization tools. Thus, the sequential programming
framework for Problem (39) can be stated as in Algorithm
4, with Obj(47) denoting (38a) evaluated at ~r. Being an
instance of the SFP method, Algorithm 4 is guaranteed to
monotonically improve (39a) and converges to a first-order
optimal point of Problem (39) [59].

Algorithm 4 SFP for Problem (39)

€ > 0; Select any feasible ~r,0;
repeat
Let vr be the solution of Problem (38);
= [|ob3(vr) — O3 (vr,0) [ =]
until 7' < ¢
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C. Optimization of Q

Let us define Z; = %GI‘RCFTH, Zy = I'rCT'+H,
Z3 =CT'rH, and Z, = I'tH. Then the problem becomes

log, [Iny, + Z:1QZ{|

mgx utr(Q) + P (472)
st tr(Z.QZf) —tr(HQH™) <0 (47b)
tr(Z2Q2Z3") — tr(Z:QZ3') <0, (47¢)

which is a pseudo-concave maximization subject to linear con-
straints that can be globally solved with polynomial complex-
ity by fractional programming techniques [59]. We observe,
however, that due to the presence of the global reflection
constraints (47b) and (47c), it is not possible to diagonalize
both the objective function and constraints, which prevents
from obtaining a closed-form solution.

D. Overall algorithm and computational complexity

The alternating maximization algorithm to tackle Problem
(6) is formulated as in Algorithm 5. In summary, Algorithm
5 initializes @ = Qo, I'r = I'rp, and I'r = ' . Next,
it iteratively updates I'r, given the current values of I'p
and @, by running Algorithm 3, then updates 'y, given
the current values of I'p and @, by running Algorithm 4,
and then updates @, given the current values of I'p and
7, by solving the convex Problem (47). This process is
iterated until the improvement in the EE value between two
consecutive iterations is below a threshold 7". The convergence
and complexity of Algorithm 5 are discussed next.

Algorithm 5 Alternating maximization for Problem (6)

€ > 0; Select any feasible Qo, I'r,o, I'r,0;
repeat
Let I'r be the output of Algorithm 3,
T'r, and Q;
Let I'r be the output of Algorithm 4,
T'r, and Q;
Let q@ be the solution of Problem (47),
I'r, and I'r;
T = [EE((I'r,T'r), Q) — EE((T'1,0,T'r,0), Qo)l;
I'r =T70, T'r =Tgro, Q= Qo;
until 7' < ¢

given
given

given

1) Convergence: Algorithm 5 is provably convergent, as
shown in the next proposition.

Proposition 7. Algorithm 5 monotonically improves the value
of (6a) and converges in the value of the objective.

Proof: Algorithm 5 alternatively optimizes I'p as the
output of Algorithm 3, I'r as the output of Algorithm 4,
and @ as the solution of Problem (47). Both Algorithms
3 and 4 are instances of the SFP method, and thus mono-
tonically increase the value of the objective of (6a). As for
Q. as already mentioned, Problem (47) is optimally solved
by standard fractional programming tools. Thus, after solving
each subproblem of Algorithm 5, the objective in (6a) is not
decreased. Moreover, similarly to the single-stream scenario,
(6a) is upper-bounded. Thus it can not increase indefinitely
and Algorithm 2 converges in the value of the objective. N

Remark 5. Algorithm 5 can be specialized to perform capac-
ity maximization, by simply setting p = 0. Indeed, this reduces
the denominator of (6a) to a constant.

2) Computational complexity: The computational complex-
ity of Algorithm 5 is due to running Algorithms 3 and 4, and
solving Problem (47) in each iteration. Algorithm 3 requires
the solution of a concave problem with Mg+ Mg(Mpr+1)/2
variables. Thus, since the complexity of a convex problem with
n variables is upper-bounded, with respect to n, by n* [60],
the complexity of Algorithm 3 is upper-bounded by

Cr=0 (13 (MR o MeMr+1) 1))4> :

5 (48)

with I3 the number of iterations for Algorithm 3 to converge.
Similarly, Algorithm 4 requires the solution of a concave
problem with My + My (Mr +1)/2, and, thus, its complexity
can be upper-bounded by

Cr=0 ([4 (MT  Mr(Mr +1) 1))4) :

5 (49)

with I, the number of iterations for Algorithm 4 to converge.
Instead, Problem (47) is a fractional maximization whose
objective has a concave numerator and a convex denominator.
Thus, recalling that a fractional function with m variables, con-
cave numerator, and convex denominator, can be maximized
subject to convex constraint with a complexity equivalent to
that of a convex problem with m + 1 variables [59], the
complexity of Problem (47) can be upper-bounded by

Co=0 (*NT(NQT + 1)4)

Finally, the overall complexity of Algorithm 5 can be upper-
bounded by

(50)

Cs =15 (CR +Cr + CQ) s (5D

with I5 the number of iterations for Algorithm 5 to converge.

VI. NUMERICAL ANALYSIS

For our numerical analysis, we consider the setup described
in Section II. The carrier frequency is f. = 3.5 GHz, the
wavelength is A = ¢/f. = 0.086 m, while the transmit signal
bandwidth is B = 20 MHz. The transmit metasurface is placed
at a height of 10 m above the x-y plane of the reference system,
and with its center at the point of coordinates [0, 10,0]. The
receive metasurface is parallel to the x-y plane of the reference
system, and d = 500 m away from the transmit metasurface.
Hence, its center has coordinates [0,10,d]. The elements
of both metasurfaces are arranged in a 16 x 8 rectangular
grid, and spaced at a distance of A\/8 from each other, with
the longer axis being parallel to the x-axis of the reference
system. Hence, unless otherwise specified, both metasurfaces
have My = Mg = 128 elements. The transmit and receive
antenna arrays are both uniform linear arrays placed above the
metasurface, as depicted in Fig. 1. Both arrays have antennas
spaced at A\/2 from other and, unless otherwise specified,
both are equipped with Ny = Np = 4 digital antennas,
i.e. antennas with a full digital radio-frequency chain. Thus,
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denoting by D the length of the two arrays, the Fraunhofer
distance of both the transmit and receive antenna arrays is

_20t (%)

A A
The center of the transmit antenna array is placed at coordi-
nates [0,10.09,0.18] m, which yields a distance between the
center of the transmit antenna array and the center of the trans-
mit metasurface of dr rgp ~ 0.2m. The center of the receive
antenna array is placed at coordinates [0,10.09,0.18 4+ d| m,
so that the distance between the center of the receive antenna
array and the center of the receive metasurface is dp. R =
dr rep ~ 0.2m, which is lower than the Fraunhofer distance.
Thus, signal propagation from the transmit antenna array to the
transmit metasurface, and from the receive metasurface to the
receive antenna array, can not be modeled according to the
traditional plane wave approximation. Instead, the spherical
wave model from Section II must be used for the channels
H and G. Instead, as far as the propagation between the
two metasurfaces is concerned, given the considered distance
of 500 m, the far-field plane wave approximation holds for
the LoS component C, which, however, is also subsumed
under the spherical wave model from Section II. However,
at a distance of 500m, it is not possible to neglect the
presence of the NLoS component C. For this reason, we
model C' as a realization of a Rice fading channel, with
Rician factor x = 4. Moreover, the path-loss parameters
are dg = 1m, PLy = (4rfe.do/c)® = 21500, v = 2.1,
and ¢ a realization of a log-normal variable with standard
deviation o = 4dB [62]. Finally, unless otherwise specified,
we set P\ = P = —10dBm, P\") = PY) — 35dBm,
Prupo = 0dBm, P,y = 35dBm, and u = 1. The noise
power spectral density is —174 dBm/Hz, and the receive noise
figure is 5dB. All figures present average results over 100
independent realizations of C. First, results for the case in
which a single data-stream is transmitted are presented. Next,
the multi-stream case is discussed. Fig. 2 shows the EE versus
the maximum available transmit power P,,,, obtained by the
following resource allocation policies:

o EE maximization by Algorithm 2, with M = Mpr = 128.

o Capacity maximization by specializing Algorithm 2 as
described in Remark 4, with My = Mp = 128.

o EE maximization assuming the RIS-aided MIMO scenario
in which two metasurfaces are deployed in the far field of the
transceiver antennas. Specifically, the transmit metasurface is
deployed at a distance of 10\ beyond the Fraunhofer region
of the transmit antenna array, while the receive metasurface at
a distance of 10\ before the Fraunhofer region of the receive
antenna array, with \ the signal wavelength. Both metasurfaces
are equipped with 128 elements.

e (Capacity maximization assuming the same RIS-aided
MIMO scenario described above, where the two metasurfaces
are deployed in the far field of the transceiver antennas.

o EE maximization assuming the RIS-aided MIMO sce-
nario, in which a single metasurface is deployed at the
midpoint of the distance between the transmitter and receiver,
and is equipped with 256 elements.

e Capacity maximization assuming the RIS-aided MIMO

dr = 3A~038m (52)

scenario, in which a single metasurface is deployed at the
midpoint of the distance between the transmitter and receiver,
and is equipped with 256 elements.

e EE maximization by hybrid beamforming with 4 digital
radio-frequency chains and 128 phase shifters at both the
transmitter and receiver. A fully connected architecture is
considered for the phase shifters, and no metasurface are
employed. The adopted power consumption model follows
the same power consumption formula in (5) used for the
metasurfaces, with the only difference that P%S) = Pg) now
denotes the hardware power consumption of each phase shifter.
We assume P\Y = PS) = 30mw [51], [52].

o Capacity maximization by hybrid beamforming with 4
digital radio-frequency chains and 128 phase shifters at both
the transmitter and receiver. A fully connected architecture
is considered for the phase shifters, and no metasurface are
employed. Piﬁf) = PI(;) = 30mW is the hardware power
consumption of each phase shifter.

o EE maximization assuming a fully digital MIMO array is
used, with N = Nr = 16 and no metasurface.

e Capacity maximization assuming a fully digital MIMO
array is used, with Ny = Np = 16 and no metasurface.

The results indicate that the highest EE value is obtained
when the architecture based on metasurface is employed,
which outperforms all benchmarks. Notably, the use of fully-
digital beamforming yields the lower EE, since, in the consid-
ered scenario only one data-stream is transmitted, which limits
the multiplexing gain of the system to one, regardless of the
number of digital antennas that are used. Moreover, the results
also show that all techniques based on hybrid beamforming
and the traditional RIS-aided MIMO approach, in which one or
two metasurfaces are placed in the far-field of the transceiver
antennas, causes a visible decrease in EE. Fig. 3 considers

Energy Efficiency [Mbits/J]

-30 -20 -10 0 10 20 30 40 50
Maximum Available Transmit Power Pmax [dBm]

Fig. 2. Achieved EE versus maximum available transmit power Pp,qz for
single stream

the same scenario, focusing on the performance of the RHB-
based algorithms in the case in which the channel C' has
been randomly generated, but with the constraint that it has
rank equal to one. The results show that the behavior of the
proposed algorithms remains similar also in the considered
rank-deficient scenario. Fig. 4, but the reported metric is the
achieved capacity rather than the EE. The results show that
the proposed RHB architecture provides satisfactory capacity
levels. On the other hand, also the use of hybrid beamforming
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Fig. 3. Achieved EE versus maximum available transmit power Pp,qz for
single stream with a rank-one channel C.

and fully-digital beamforming achieve high level of capacity,
since the capacity is not affected by the larger hardware power
consumption of these schemes. It is also worth observing that
the fully-digital beamforming solution does not achieve the
best capacity, because the use of a single-stream transmission
limits the multiplexing gain to one, regardless of the number of
transmit antennas, while the array gain of the solutions based
on RHB or hybrid beamforming is higher thanks to the large
number of reflecting elements or phase shifters. Finally, it is
seen that the capacity obtained by the RIS-aided approach
is significantly lower than that provided by the proposed
RHB technique, both with one and two RISs. Next, Fig. 5

3% g Capacity with Max. EE - n0 RH - HB (N =N, =4, NPS, -NPS, +128)
Capacity Max. - N0 RHB - HB (N. =N, =4, NPS .«NPS=128)
Capacity with Max. EE - doublo RIS (N =Ng=d, M. =M.=128)

@ Capacity Max. - doublo RIS (N =Ny =4, M=My«126)

w
o

4 Capacity Max. - singlo RIS (N =N,
> Capacity with Max. EE - RHB (N, =N =4, M =M =128)

Capacity Max. - RHB(N,=N=4, M. =M ;=128)
- Capacity with Max. EE - no RHB- FD (N, =N=16)
@ Capacity Max. - 10 RHB - FD (NN +16)

N
a

N
53

Capacity [bps/Hz]
v
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Fig. 4. Capacity versus Pp,qz for single stream transmission.

shows the EE obtained by Algorithm 2 versus the hardware
power consumption of each radio-frequency antenna chain,
and compares it to the EE achieved for the following schemes:
(a) RIS-aided MIMO with two far-field RISs deployed in the
same scenario as in Fig. 2; (b) RIS-aided MIMO with one
far-field RIS deployed in the same scenario as in Fig. 2; (c)
fully-connected hybrid beamforming with the same parameters
as in Fig. 2; (d) fully digital MIMO beamforming with the
same parameters as in Fig. 2. The results confirm that the
use of the proposed RHB technique leads to a significant EE
improvement compared to the use of any of the benchmark
schemes. It is also seen that, as expected, the EE of all schemes
tend to zero as the power consumption of each radio-frequency
antenna chain increases. Next, Fig. 6 analyzes the performance
gap that is incurred when perfect CSI of the channel C is

=)
S

n
=]

@

9-EE Max. - RHB (N =N_=4, M;=M_,=128)
EE Max. - double RIS (N,
EE Max. - single RIS (N, =
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o
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Hardware Power Consumption Per RF Antenna PRF [dBm]

Fig. 5. Achieved EE versus hardware power consumption per RF antenna
for single stream transmission.

A~

not available at the transmitter, and an estimate C is used
for resource allocation purposes. In particular, Fig. 6 shows

the achieved EE versus the normalized mean squared error
(NMSE) defined as

E[jc-Cl ]
ICI5
wherein |(-)|7 denotes the Frobenius norm. The EE that is
shown in the figure has been computed evaluating the EE in
(19a) at (Q,T'r,T'g) output by Algorithm 2, but using the
true channel C. The figure considers the scenario in which
Np = Np = 4 and My = Mgk = 128, and indicates that
our proposed algorithm is remarkably resilient to the lack
of perfect CSI. Indeed, only a very limited gap is observed
in terms of EE provided that the NMSE is below —5dB,
which can be typically obtained with a fairly good channel
estimation method. Of course, if the channel estimation is
particularly poor and the NMSE further increases, the per-
formance inevitably degrades. However, the performance gap
remains quite limited even when the NMSE is as large as 5 dB.

NMSE = , (53)

»
o

—EE Max. - RHB(N;=N;;=4, M, =M_=128) - pCS|
13.8  4-EE Max. - RHB(N;=N =4, M,=M_=128) - iCS|
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Fig. 6. Achieved EE versus NMSE for N = Np =4, M7 = Mp = 128.

Next, Tab. I reports the average number of iterations to reach
convergence for Algorithms 1 and 2, for different values of
Mpr = Mp = M and P,,,,. In all cases, the convergence
tolerance is ¢ = 1073, The results are averaged over 100
independent channel realizations. It is seen that, even for very
large values of M, only a few iterations are required to reach
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convergence in all cases.

TABLE I
NUMBER OF ITERATIONS TO REACH CONVERGENCE FOR ALGORITHMS 1
AND 2. e = 1073, M = My = Mg.

Algorithm 1 M=64 | M =256 | M =1024
Praz = 0dBm 2.0 2.0 2.0
Praz = 30 dBm 2.0 2.0 2.1

Algorithm 2 M=64 | M =256 | M =1024
Prae = 0dBm 2.0 2.0 2.0
Prraz = 30 dBm 2.0 2.1 2.3

So far, we have presented results in which a data single-
stream is transmitted, which means that no multiplexing gain
is possible. As mentioned, this is always the case if either
the transmitter or the receiver is a mobile user with a single-
antenna, which is the typical assumption in massive MIMO
networks. On the other hand, in several practical scenarios,
both the transmitter and the receiver may be equipped with
multiple antennas. In this case, a multiplexing gain is possible,
and it is interesting to compare the EE and capacity of the
system with and without RHB, for different number of transmit
and receive antennas. Fig. 7 presents the achieved EE versus
the maximum available transmit power P,,,, for multi-stream
transmissions, considering the following scenarios:

e Maximization of the EE by Algorithm 5, with Np =
NR = 2, and MT = MR = 64.

e Maximization of the capacity by specializing Algorithm
5 as described in Remark 5.

e Maximization of the EE assuming that RHB is not used,
and Ny = N = 4,8, 16.

e Maximization of the capacity assuming that RHB is not
used, and N = N = 4,8, 16.

e Maximization of the EE assuming the RIS-aided MIMO
scenario in which two metasurfaces are deployed in the far
field of the transceiver antennas. Specifically, the transmit
RIS is deployed at a distance of 10\ beyond the Fraunhofer
region of the transmit antenna array, while the receive RIS at
a distance of 10\ before the Fraunhofer region of the receive
antenna array, with A the signal wavelength. Both metasurfaces
are equipped with 64 elements.

e Capacity maximization assuming the same RIS-aided
MIMO scenario described in the item above, where the two
metasurfaces are deployed in the far field of the transceiver
antennas, as described in the previous item. Both metasurfaces
are equipped with 64 elements.

o EE maximization assuming the RIS-aided MIMO scenario
in which a single metasurface is deployed at the midpoint of
the distance between transmitter and receiver, and is equipped
with 128 elements.

e Capacity maximization assuming the RIS-aided MIMO
scenario in which a single metasurface is deployed at the
midpoint of the distance between transmitter and receiver, and
is equipped with 128 elements.

The results indicate that using RHB provides the highest
EE, even if the system with RHB has a multiplexing gain of
2, while using a larger number of transmit/receive antennas

provides a larger multiplexing gain, equal to 4, 8, or 16. It
is also seen that the EE gain diminishes for higher values
of Pp,q., and the configuration with 16 antennas performs
similarly to the system with RHB. This result indicates that
while digital architectures can perform competitively at high
transmit power, they appear to incur higher energy consump-
tion due to the large number of RF chains, especially at low
and moderate transmit power levels, despite the presence of a
multiplexing gain. Moreover, it is seen that both the allocation
strategies based on the RIS-aided MIMO technology suffer a
performance gap compared to the use of RHB. Overall, these
results confirm that the use of RHB at both the transmitter
and receiver leads to significantly better EE in low/moderate
power regimes, and can maintain competitive EE even as the
transmit power increases.
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Fig. 7. Achieved EE versus maximum available transmit power Py, q, for
multiple stream

Fig. 8 considers the same resource allocation schemes as
Fig. 7, but shows the achieved capacity instead of EE. In this
case, the system with RHB provides better capacity levels than
the fully digital architectures only at low to moderate power
levels. Instead, at higher power levels, the RHB-based archi-
tecture suffers a significant gap compared to the fully digital
architectures, due to the higher multiplexing gain provided by
the use of a larger number of transmit/receive antennas. This
results was expected since the energy cost required to provide a
higher multiplexing gain is not accounted for, if capacity is the
goal of the resource allocation. Thus, if capacity maximization
is the objective of the resource allocation process, without
any concerns for EE or architecture complexity, then digital
beamforming provides better results. Moreover, it is also seen
that the use of RHB still outperforms the RIS-aided MIMO
technology, with both one and two RISs.

Fig. 9 parallels Fig. 5 for the multi-stream scenario. Specif-
ically, it shows the EE obtained by Algorithm 5 with My =
Mp = 64 and Ny = N = 2 versus the hardware power con-
sumption per RF antenna, and compares it to the EE achieved
when no RHB is used, but Ny = N = 4,8,16. Moreover,
the EE obtained by the RIS-aided technique with one and
two RISs is also reported. The comparison is made for three
values of P4z, namely P,q. = 20,30,35dBm. The results
show that, for P,,,, = 20dBm, the use of RHB provides
higher EE compared to the use of digital beamforming, despite
the fact that, in the multi-stream scenario, a multiplexing gain
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equal to the number of digital antennas is present. As P4z
increases, the EE of the RHB-based solution is still higher than
that obtained by digital beamforming for low and moderate
values of P, ., whereas, for higher values of P,,,, a crossing
point is observed as the number of antennas increase. This
is explained observing that, for large transmit powers, it
becomes optimal to transmit as many data-streams as the
system multiplexing gain allows. Moreover, it is also seen that
the RIS-aided MIMO solutions with far-field deployment are
always outperformed by the considered RHB technique.

Next, Tab. II shows the rank of the transmit covariance
matrix @ that is output by Algorithm 5, in the special case in
which the channel C has been randomly generated, but with
the constraint that it has rank equal to one. For this simulation,
it has been assumed N7 = Nr = 2 and Mr = Mg = 256.
The data shows that Algorithm 5 naturally outputs a matrix Q
with rank one, for all values of P,,,,. This is expected, since
it would be sub-optimal to use a matrix with higher rank in
the considered rank-deficient scenario.

TABLE 1T
RANK OF THE MATRIX Q OUTPUT BY ALGORITHM 5 WITH A RANK-ONE
CHANNEL C. Ny = Np = 2, M = Mp = 256.

Praz[dBm] | —30 | —10 | 10 | 30
rank(Q) 1 1 1 1

Finally, Tab. III analyzes the average number of iterations
to reach convergence for Algorithms 3, 4, and 5 for different
values of My = Mpr = M and P,,4,. In this case, given
the higher complexity of the resource allocation in the multi-
stream scenario, lower values of the number of reflecting
elements M are considered. In all cases, the convergence
tolerance is ¢ = 1073, The results are averaged over 100
independent channel realizations. The results show that the
Algorithm 5 for overall resource allocation converges in a
handful of iterations. Instead, a larger number, but still af-
fordable, number of iterations is required for Algorithms 3
and 4 to reach convergence. It is also noted that Algorithm 3
requires more iterations than Algorithm 4 to converge. This is
justified observing that Algorithm 3 is the first optimization
routine that is run within Algorithm 5, thus operating on a

non-optimized I'7, whereas Algorithm 4 is run always after
Algorithm 3, thus operating on an optimized TI'x.

TABLE III
NUMBER OF ITERATIONS TO REACH CONVERGENCE FOR ALGORITHMS 3,
4,AND 5. = 1073, M = My = Mg.

Algorithm 3 M=64 | M =281
Pra: = 0dBm 41.7 504
Praz = 30 dBm 48.3 51.6

Algorithm 4 M=64 | M =81
Proz = 0dBm 11.3 14.8
Praz = 30 dBm 10.9 15.7

Algorithm 5 M=64 | M =281
Praz = 0dBm 39 3.1
Praz = 30 dBm 4.0 4.2

VII. CONCLUSION

This work has considered the problem of EE maximization in
a MIMO wireless link aided by RHB implemented through
two metasurfaces with global power reflection constraints.
Closed-form solutions have been obtained for the single-
stream scenario, while provably convergent numerical algo-
rithms have been provided in the multiple-antenna case, with
multi-stream transmission. The analysis shows that, the use
of RHB provides significant EE gains in practical scenarios.
A future line of investigation is the consideration of system
optimization in the electromagnetic domain [63], which leads
to more complicated system models.
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