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ABSTRACT

This work addresses the issue of energy efficiency maximiza-
tion in a multi-user network aided by a reconfigurable intel-
ligent surface (RIS) with global reflection capabilities. Two
optimization methods are proposed to optimize the mobile
users’ powers, the RIS coefficients, and the linear receive fil-
ters. Both methods are provably convergent and require only
the solution of convex optimization problems. The numerical
results show that the proposed methods largely outperform
heuristic resource allocation schemes.

Index Terms— RIS, energy efficiency, resource alloca-
tion, 6G wireless networks.

1. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) are emerging as a
promising technology for future 6G wireless networks [1-4].
Besides providing a large number of degrees of freedom for
signal transmission, RISs are particularly attractive from an
energy-efficient point of view for their nearly passive behav-
ior. Energy efficiency (EE) was already considered a key per-
formance indicator of 5G networks, and remains a major as-
pect of 6G networks, too. Indeed, recent studies argue that 5G
has not achieved the promised 2000x EE increased, actually
increasing the EE only by a factor four [5].

While RISs have the potential of drastically improving the
EE of wireless networks, due to their very limited hardware
power consumption, most research contributions on radio re-
source allocation for RIS-aided networks have focused on
maximizing the system rate [6—8] or on minimizing the power
consumption [9, 10], rather than optimizing the bit-per-Joule
EE. Only few contributions, on the other hand, have started
addressing the issue of radio resource allocation for EE maxi-
mization in RIS-based networks. In [11], the EE of the down-
link of an RIS-aided multi-user network is optimized, assum-
ing zero-forcing transmission. It is shown that an RIS can
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be more energy-efficient than an amplify-and-forward relay.
In [12], a single-user multiple-input multiple-output (MIMO)
link is considered, and it is shown that an RIS can provide
significant EE gains even using few transmit and receive an-
tennas. In [13], the trade-off between the EE and spectral
efficiency is addressed in the downlink of a MIMO multi-user
network, by optimizing the transmit beamforming and RIS
coefficients. In [14], the EE of a non-orthogonal multiple ac-
cess network is maximized, assuming successive interference
cancellation to remove multi-user interference. In [15] the EE
of a cell-free RIS-aided network is optimized by means of se-
quential optimization, with respect to the transmit beamform-
ing and the RIS phase shifts. In [16], the EE of an RIS-aided
network employing wireless power transfer is addressed, as-
suming a transmission over orthogonal carriers and applying
an outage rate constraint. In [17], a max-min EE maximiza-
tion problem is tackled by Dinkelbach’s method in a RIS-
aided heterogeneous network with hardware impairments.

In this paper, we analyze the issue of EE maximization in
an RIS-aided multi-user wireless network, by novel optimiza-
tion methods. Unlike previous works, the optimization is per-
formed assuming that the RIS is capable of global reflection,
i.e. the constraint on the power reflected by the RIS is not
applied to each reflecting element individually, but rather to
the complete surface [18]. Finally, EE optimization is tackled
not only with respect to the transmit powers and RIS reflec-
tion coefficients, as it is customary in the literature, but also
with respect to the linear receive filters. As described in the
rest of the work, this complicates the mathematical structure
of the function to maximize, especially when the optimal re-
ceive filters are embedded into the EE function.

2. SYSTEM MODEL

Let us consider the uplink of a multi-user system in which
K single-antenna mobile terminals communicate with a base
station equipped with Ny antennas, through an RIS with NV
reflecting elements (Fig. 1). Let us denote by hy the N x 1
channel from user k to the RIS, by G the Nr x N channel
from the RIS to the base station, by I' = diag(v1,...,7n),
the matrix whose diagonal contains the N RIS reflection coef-



ficients, and by pj, and s, the transmit power and information
symbol of user k.
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Fig. 1. Considered wireless network.

Related works in the literature consider RISs with local
reflection capabilities, i.e. they assume that each RIS element
is individually constrained to be less than a threshold, namely
|vn|? < P forallm = 1,..., N, with Pr < 1. Instead, this
work considers the more general scenario in which the RIS
is characterized by a global reflection constraints, i.e. a con-
straint on the total power reflected by all of the RIS elements,
namely S-°_ |yn]? < SN, Pr = N Pr. We should note
that in both cases the total power reflected by the RIS is equal
to N Pr. However, the global reflection constraint is more
general, as it allows for the modulus of some reflection coef-
ficients to be larger than one, while ensuring that the RIS is
still nearly-passive from the global point of view, i.e. the total
reflected power is not larger than the total incident power.

The k-th user’s signal-to-interference-plus-noise ratio
(SINR) after applying the receive filter cg, is

piley Ary)?
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where we have defined H, = diag(hy(1),...,hi(N)), v =
[v1,---,7n], and Ay, = GHy, forall k = 1,..., K. Then,
the k-th user’s achievable rate is R, = Blog, (1 + SINRy),
while the system global energy efficiency (GEE) is written as

SR log, (1 + SINRy,)
P.+ Zf:l HEkDPk

with B the communication bandwidth, P, = Py + Pgys the
total hardware power consumed in the system, with F, the
hardware power consumed by the base station and mobile ter-
minals, and Pr;g the hardware power consumed by the RIS,
ie, Ppris = NP, + FPo rrs, with P, , the static power
consumed by each RIS element, and Py rrs accounting for
all other sources of static power consumption at the RIS.
The problem of interest in this work is

max_ GEE(~,p,C) (3a)
v.p.C
st |72 < NPr,0 < pip < Prawx Ve =1,..., K (3b)

SINR;, = 1

GEE =B

; @)

wherein we have defined p = [py,...,pk],C = [c1, ..., K],
and Py,qz 1 is the k-th user’s maximum transmit power. In
order to tackle the non-convex Problem (3), two algorithms
are presented in Sections 3 and 4.

3. FIRST PROPOSED APPROACH

The first optimization method is based on the alternating op-

timization algorithm applied to the variables ~, p, and C'
Optimization of ~. Since the vector ~ affects only the

numerator of the GEE, the optimization of ~y is stated as

mp?X Zszl Ri ,s.t.|v]|>? < NPg. 4)

Problem (4) is challenging because the objective is not con-
cave in «. In order to provide a practical, but at the same
time theoretically grounded method for tackling (4), we re-
sort to the sequential approximation method [19]. To this
end, we need to find a concave lower-bound of (4). To this

end, we begin by applying the lower-bound log, (1 + %) >
log, (1 + %) + % (% — % — 1), which holds for any
x, Yy, & and ¥, and holds with equality whenever x = Z and
y = y. Elaborating yields

cl Apvy|?
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Ry =log, (1 +

K
A+ By <chkHAk7_EkZ pm|CkHAm7|2—Fk> =Ry,

m=1

with 4 any feasible vector of RIS coefficients, and Ay,
logy (1 + prles! Axy|*/1i), Br = pilcf Apy|?/Ix, Dy =
2/|C,I€{Ak:y, E, = 1/Ik, F. = Ek0'2||ck||2 + 1, I =
a?|lerll” + 32,2 Pmleil Am7|?. The function in (5) is not
1

concave in « due to the term \ckH Aj~y|, which is convex' in
~. However, being convex, |c,€H Aj~y| can be lower-bounded
by its first-order Taylor expansion around any point. Thus,
considering the Taylor expansion of |cs Aj~y| around 7, we
obtain the concave lower-bound

= — — AHCkCHAk’V
Ry >Ry, > By| Dy | |l ApAy| + R EFE 2 (y—5
( <' AT T leraa Y

K
fEkme|ckHAm’y|2 Fk> + Ar=Ri(vy) (6)

m=1

Thus, in each iteration of the sequential method, the following
convex problem is to be solved

max Y, Br(v) s st WP < NPr o ()

IRecall that the composition of a convex function with a convex and in-
creasing function is convex.



Optimization of p. Defining ay ,,, = |ci A,,|?, for all
m and k, and dy, = o2||cy||?, the power optimization problem
can be stated as

K PkOk Kk
_,logy [ 1+ :
> k—1108; ( dic + 2 sk p,nahm)
max Ve ) (8a)
p Zk}:l Mk + Pe
st.0<pr < Praei ,VE=1,...,K (8b)

Since the numerator of (8a) is not a concave function of p,
the objective in (8a) is not a pseudo-concave function and
thus it is computationally unfeasible to solve (8) by fractional
programming [20]. Then, we resort to the sequential frac-
tional programming method [20], in order to derive a pseudo-
concave lower-bound of (8a), which can be maximized by
fractional programming. To this end, we express (8a) as

> s log, (dk + Y5 Pkak,k)
ZkK:l HEpk + PP
91(p)
S, log, (dk + Dtk Pmak,m)
- Zle Pk + P .

92(p)

GEE(p) = ©

Then, a pseudo-concave lower-bound of GEE(p), which we
denote by GEE(p), can be obtained by replacing the numer-
ator of go(p) with its first-order Taylor expansion around any
feasible point p [20]. Thus, in each iteration of the sequential
method, the problem to be solved is the maximization of the
pseudo-concave function éﬁﬁ(p), subject to the power con-
straint py, € [0, Ppyga k], forall k = 1,..., K, which can be
globally and efficiently solved by fractional programming.
Optimization of C. The optimization of the receive fil-
ters affects again only the numerator of the GEE. Moreover,
it can be decoupled over the users, thus reducing the prob-
lem to the maximization of the individual rates of the users.
The solution to this problem is well-known to be the linear
minimum mean squared error (MMSE) receiver, which for
the case at hand, is expressed as ¢, = \/ﬁkMglAk’y, with

M, = Zm7§k PmAm’Y’yHA,Ii + O'QINR.

4. SECOND PROPOSED APPROACH

While the first proposed approach considers the alternating
optimization of three variables, namely, the transmit powers
p, the receive filters ¢q, . . . , ¢k, and the RIS reflection coeffi-
cients =, in this section we develop an algorithm that embeds
the optimal expression of the linear MMSE filters into the
GEE, and optimizes the resulting expression with respect to
p and ~. While this is expected to yield better performance,
an intuition that will be confirmed by numerical results, it also

leads to a more challenging optimization problem, due to the
more involved expression of the EE function.

To elaborate, plugging the expression of the linear MMSE
receive filters, i.e. ¢, = \/ﬁkMglAk'y, into (1) leads to

SRmmse = Zszl log, (1 +pk7HAkHM;ZlAk’Y) = (10
ZkK:110g2 }O2INR "‘25:1 pmAm’y'yHAg. - Zszllo& | M |
Thus, the GEE maximization problem becomes

SRmmse (Y, P)
WP K ®)
’ Ek:l MEDk + Pe
st [|[¥|?<NPg, pr € [0, Praoi), Ve =1,..., K (11b)

(11a)

Problem (11) is tackled by alternating optimization of p and
~, as discussed next.

Optimization of ~. Since ~ affects only the numerator of
(11a), when p is fixed the problem reduces to the maximiza-
tion of the system sum-rate, which is given by SRymse ()
in (10), subject to ||v||> < NPg. The objective is not con-
cave, but we can proceed by defining X = v+, B, =
kA X A and B = Y| By, which yields

K K
SRMMSE(X):Z log, |02INR+B|7ZIOg2 UQINRJFZ B,
k=1 =1 mtk

G1(X) Ga(X)

which can be lower-bounded by a concave function by ex-
panding Go(X) around any point X, i.e. SRymsg(X) >
G1(X) — Go(X)—R {tr (VGQ(X)H(X—X))} = SRMMmSE-
Then, relaxing the rank-one constraint on X, the resulting
problem in each iteration of the sequential method is

max SRuumse(X) st tr(X) < NP, X = 0. (12)

Upon convergence of the sequential procedure, if the conver-
gence point X ™ has unit-rank, it is feasible for the original
problem. Otherwise, a feasible solution can be obtained by
randomization or rank reduction techniques [21].
Optimization of p. When ~ is fixed, the problem can be
tackled by resorting to the sequential fractional programming
framework. Indeed, the sum-rate in (10) is the difference of
two concave functions of p, and thus the GEE in (11a) can
be lower-bounded by linearizing the negative term in (10), i.e.

K

the function F'(p) = Z logy 02 Iy, + Z P ApyyT AT
k=1 m#k

around any feasible point p. This leads to

Zk{(:l logy UzINR + ZZ=1 pmAm'Y'YHAfrIz
Zf=1 BEPE + Pc(p)
_ T _
B F(p) _ (VpF(®) (p—D)
K = P(P) K P(p)
> ket MeDk + Pe > he1 HkpPk + Pe

GEEmwmse(p) >
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Thus, in each iteration of the sequential fractional program-
ming algorithm, the problem to be solved is stated as

m}%XGEEMMSE(p), S.t.pg € [O, Pmm7k],Vk:1, - ,K, (13)

which has linear constraints and whose objective is the ratio
between a concave and an affine function [20]. Thus, (13) can
be solved by fractional programming.

5. NUMERICAL RESULTS

We consider an instance of the network described in Sec-
tion 2, with K = 4, Np = 4, N = 100, B = 20MHz,
Py = 40dBm, Py grs = 20dBm, P, ,, = 0dBm. The noise
power spectral density is —174 dBm/Hz, and the noise fig-
ure is 10dB. The users are randomly placed in an area with
radius 100 m around the RIS, and the base station is placed
50 m away from the RIS. The users are at a random height in
[0, 5] m, while the RIS and base station are at heights of 15 m
and 10m, respectively. The path-loss exponent is = 4,
and Rice fading is considered for all channels, with factors
K; = 4 for the channel from the RIS to the base station and
K. = 2 for the channels from the mobile users to the RIS.
Figure 2 shows the GEE achieved by: (a) maximizing the
GEE by the method from Section 3; (b) maximizing the GEE
by the method from Section 4; (c) the resource allocation ob-
tained by adapting the method from Section? 3 for rate maxi-
mization; (d) the resource allocation obtained by adapting the
method from Section 4 for rate maximization; (e) uniform
power allocation and random RIS phase shifts. As antici-
pated, the method from Section 4 significantly outperforms
the approach from Section 3, thanks to the exploitation of
the mathematical structure of the optimal receive filter, rather
than simply updating the receive filter within the alternating
maximization algorithm. Moreover, a large gain is obtained
compared to Case (e), in which radio resources are not opti-
mized. Figure 3 shows the rate achieved by: (a) maximizing
the rate by the method from Section 3; (b) maximizing the
rate by the method from Section 4; (c) the resource alloca-
tion obtained by adapting the method from Section 3 for GEE
maximization; (d) the resource allocation obtained by adapt-
ing the method from Section 4 for GEE maximization; Sim-
ilar considerations as for Fig. 2 can be made. Finally, Fig.
4 compares the maximum GEE achieved by the method from
Section 4 to the special case in which the same GEE maxi-
mization method from Section 4 is specialized to the bench-
mark scheme of a RIS with local reflection constraints, i.e.
replacing (3b) by |v,| < Pg, foralln = 1,...,N. The
comparison is made for K; = K, = 2;4. As expected, the
results show that a global reflection constraint provides a visi-
ble gain, since it widens the set of feasible RIS configurations.
Also, the gain is more significant for lower values of the Ri-
cian factor. Indeed, in this case the channel realizations tend

2Both the methods from Sections 3 and 4 can be be specialized to perform
sum-rate maximization by simply setting pp, = 0, forallk =1,..., K.

to be more spread out and an RIS with global reflections can
better adapt to this scenario.
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6. CONCLUSIONS

This work addressed the EE maximization problem in a multi-
user network aided by an RIS endowed with global reflection
capabilities. The results indicate that the proposed radio re-
source optimization algorithms provide large EE gains com-
pared to heuristic random resource allocations. Moreover, a
careful optimization of the receive filters and exploitation of
the RIS global reflection capabilities can provide significant
performance improvements.
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