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Abstract—Reconfigurable intelligent surface (RIS) based re-
flections is a promising approach to increase spectral efficiency
(SE) and reduce power consumption of wireless communications
systems. This paper investigates the trade-off between these two
metrics by considering the energy efficiency (EE) maximization
of an RIS-assisted multiuser downlink transmission from a
multiantenna base station (BS) to multiple single-antenna users
while satisfying constraints on quality-of-service (QoS), RIS
phase shifts, and BS maximum transmit power. We consider a
coordinated beamforming scheme and propose a joint optimiza-
tion procedure based on the Dinkelbach, fractional programming,
and semi-definite relaxation (SDR) methods. Simulation results
show that the RIS-assisted system is more energy-efficient than
its counterpart without RIS and that the RIS, particularly when
it is equipped with a large number of antenna elements, can
simultaneously improve the SE and power consumption of the
transmission. Furthermore, the presented algorithm achieves
good-quality solutions that are competitive to the obtained
via exhaustive search with branch-reduce-and-bound (BRnB)
methods and requires fewer iterations to converge.

Index Terms—Reconfigurable intelligent surfaces, radio access
networks, energy efficiency, multiuser transmissions, beamfor-
ming, sequential fractional programming, semi-definite relax-

ation.
I. INTRODUCTION

The current deployment of radio access networks (RANs)
raises concerns about the energy costs to operate the high-
capacity base stations (BSs) [1]-[3]. Although the fifth-
generation (5G) of mobile communications has more energy-
saving features than its predecessors such as reduced always-
on signaling, massive multiple-input multiple-output (MIMO)
beamforming, and BS sleeping techniques [4], the high amount
of energy required to compensate the path-loss of unfavo-
rable propagation environments and to perform the MIMO
operations still leaves room for improvement. In this regard,
reconfigurable intelligent surface (RIS) is a promising nearly-
passive antenna technology to enhance the wireless commu-
nication channel via passive beamforming [5]-[9]. Since it
reflects the incoming radio-frequency (RF) waves in the de-
sired directions without requiring power-hungry components,
it can enable non-line-of-sight access and might help to
alleviate such energy concerns. The received signals combine
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coherently, which increases the signal strength and the signal-
to-noise (SNR) ratio. For example, studies [10], [11] have
demonstrated that an N-element RIS increases the average
SNR and reduces the amount-of-fading (AF) by a factor of N?2
and N, respectively. In [12], it was shown that by increasing
N, it is possible to reduce the number of antennas at the BS
without deteriorating the achievable rate at the user equipment
(UE). That means fewer RF chains and fewer power amplifiers
(PAs) at the BS. In addition, the effect of channel correlations
on the SNR was analyzed in [13]. Other papers have shown
the RIS benefits also in multiuser settings in terms of trans-
mit power [10], signal-to-interference-plus-noise ratio (SINR)
[14], and spectral efficiency (SE) [15]. While these papers
studied the RIS contributions to either the SE or the power
consumption, from the point of view of sustainability, it is
worth noting that increasing the SE demands more power. The
trade-off between these two metrics, i.e., the energy efficiency
(EE), becomes then in a useful performance criterion that can
guide system design. Unfortunately, we note there are very
few studies that address this issue in the context of RIS.

The paper in [16] studies the EE of uplink multiuser MIMO
in which approximate solutions for the UE transmit covariance
matrices and RIS phase shifts are obtained jointly via frac-
tional programming (FP) and majorization-minimization steps
and it is shown that a RIS with 1-bit resolution phase shifts
provides an EE gain of a factor of 2 w.rt. the continuous
case. For the downlink, [17] obtains the transmit powers and
phase shifts via FP and gradient descent steps and reports an
EE gain of a factor of 3 w.r.t. an amplify-and-forward relay.
The application of RISs in cloud-RAN, which raises the EE
concerns even further, is studied in [18], [19]. The first focuses
on the EE fairness of a multicarrier uplink transmission and
reports an increase of 20% on the worst EE w.r.t. a setup
without RIS, whereas the second studies the downlink case
and reports an increase of 30% via BS sleep decisions, link
activations, and RIS reflections. Moreover, since it has been
shown that centralized-coordinated systems can have better
interference control than local processing approaches, the
present paper adopts this scheme where the BS and RIS
beamformers are jointly computed.

A. Scope and contributions

This paper investigates the EE maximization of an RIS-
assisted multiuser downlink transmission and proposes a new



algorithm to jointly optimize the BS and RIS beamformers.
Unlike [17], which assumes zero-forcing beamforming at the
BS, our algorithm optimizes them for the best EE trade-off.
Besides the reflected links, we consider the direct BS-UE
links, and also minimum quality-of-service (QoS) require-
ments, which however were omitted in [16]. We consider
the system is subject to a maximum BS transmit power and
RIS phase-shift constraints. Unlike the exponential-complexity
branch-reduce-and-bound (BRnB)-based algorithm in [19], our
solution shows faster convergence, which allows comprehen-
sive evaluation of the system performance. The associated
EE problem is verified to be non-convex and is solved as
an iterative algorithm that alternates the optimization of the
beamformers using Dinkelbach [20], fractional programming
[21] and semidefinite relaxation (SDR) [22] steps.

B. Paper outline and notation

The remainder of this paper is organized as follows. Section
IT presents the model of the RIS-assisted system as well as
the EE problem formulation. Section III presents the proposed
beamforming algorithm. Section IV presents the simulation
setup and performance results, and Section V concludes this
paper.

Notation: vectors, matrices, and sets are denoted as bold-
face lower case, boldface upper case and calligraphic letters,
respectively. R{-},S{}, ()", | - |, |||, diag (-) ,tr (-), denote
the real part, imaginary part, transpose, modulus, Euclidean
norm, diagonal, and trace operators. (-)' denotes either the
complex conjugate transpose or complex conjugate operator,
for vector and scalar argument, respectively. For any vector x,
T, represents its m-th element, and A > 0 denotes that A is
positive semidefinite.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. RIS-assisted communication system

We consider a multiuser downlink system consisting of one
N-antenna BS and K single-antenna UEs, as illustrated in
Fig. 1. One RIS with M antenna-elements is installed to assist
the communications. Each element m € M 2 {1,..., M}
has a continuously tunable phase shifter of unit-amplitude,
which can introduce a phase shift ¢,, to the incident wave to
change its direction. Let 6,,, be the respective phase change and
Dm 2 ¢i% . The UEs are served in the same time-frequency
resources using space division multiple access (SDMA) and
we consider frequency-flat channels. The channel between the
BS and the RIS is denoted by H € CM*¥ and, for each UE
kek2 {1, ..., K}, the channels to the BS and to the RIS are
denoted by d, € C**V and g, € C'*M | respectively. The BS
and the RIS connect to a central processing unit (CPU). From
knowledge of the channel responses, system requirements,
and available resources, the CPU designs the best energy-
efficient beamforming configurations and forward them to BS
and RIS. The composite channel between the BS and UE k
can be expressed as hy(¢) 2 dy, + g,diag(¢)H € C*N,
where ¢ 2 [e7% ..., %] For every UE k, sy ~ CN(0,1)
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Fig. 1: RIS-assisted multiuser wireless communication system

represents the data symbol, w; € CV*! is the beamforming

vector, and ny ~ CN(0,0?) is the receiver noise of variance
o2. The received signal can be modeled as y, = hpwys, +
Y jexciny haw;s; + ny, and if W = {wy}pex. the SE of
UE k can be expressed as

|hrwi|?

> |hrwj|* + 02
JER\{k}

e (W, @) =log,| 1+ bit's/Hz, (1)

where the ratio term inside the log function is the SINR at
UE k. We consider that each UE k has a minimum QoS
requirement T'min %, i.€.,

e W, @) > rmin k- 2

The power consumption of the considered system is composed
of the RIS circuit power dissipation, which is denoted by
P,, and the transmit power. Each RIS element has a power
consumption P, i.e., P, = M P,. Moreover, the PAs operate
in its linear region with constant efficiency denoted by 7,.
Therefore, the power consumption can be modeled as

pV) =337, wnl* + P ©)

We assume the BS has limited power resources and has a
maximum transmit power budget of Py, i.e.,

ZkEICHwkH2 < Prax- 4)

B. Problem formulation

For the proposed system, the maximum EE and joint BS-
RIS beamforming problem can be formulated as

ZkGIC Tk (W7 ¢)

Print = Iqr;‘%(—p(w) ; &)
s.t.: (2),(4),
| ¢m |=1,Ym € M, (6)

where the RIS unit-amplitude constraint is given by (6).
Observe that both the BS and RIS beamforming vectors are
coupled together in the SINR terms in (2) and (5), and (6)
is a non convex constraint. Moreover, the fractional objective
function does not have a concave-convex form and its numer-
ator is composed of the sum of ratio terms. For these reasons,
it is difficult to optimally solve P;. Therefore, the aim of
this paper is a stationary feasible solution of low complexity.
Particularly, the concavity of the logarithm function and the
convexity of the denominator are exploited to express (5) in



auxiliary concave functions suitable for alternating optimiza-
tion. In section III, we tackle the aforementioned difficulties by
employing Dinkelbach and quadratic FP transformations. We
apply a SDR to the RIS-related constraints plus an eigenvector-
based phase-shift recovery. The procedure is presented in an
iterative algorithm that alternates the optimization of the BS
and RIS beamformers.

III. RIS-ASSISTED BEAMFORMING FOR ENERGY
EFFICIENCY

In this section, we propose an alternating algorithm to find
a stationary feasible solution of P;.

A. BS beamforming optimization

Since r,(W,¢) > 0 and p(W) > 0, and both (2) and
(4) represent closed and bounded subsets, we can introduce
an auxiliary parameter o to express the objective function of
(5) as a difference of functions and reformulate P; via the
Dinkelbach transformation [20] as

Py 1 max Z ri (W, @) — ap(W), 7
Y ek

s.t.: (2),(4), (6).

However, since the original objective does not have a concave-
convex fractional form and the search set for ¢ is non-
convex, P, remains non-convex for given «. In this case
we use an approximate solution of P, for the update of «
in the next iteration. If we fix ¢, (7) remains non-concave
and we cannot decouple each k-th SINR inside the logarithm
because the objective value in (7) is not preserved across
successive iterations [21]. In this case, from the quadratic FP
transformation method [21, Corollary 1], we can introduce
an auxiliary variable zj to express each SINR term into an
auxiliary function

(W, 2) = 2R{z[hewr} — |2k 2( Y [haw;[* +0%). (8)
jER\{k}

Therefore, P2 can be equivalently represented as

P : max ];C log, (1 + max I (W.z)) —ap(W), (9)

s.t: (2), (4).

Note that for given W, the optimal z;; in the inner maximiza-
tion of (9) can be obtained via solving 8’9* = 0. Let n and
n—1 be the current and previous iteration 1ndexes, respectively.
Then 2} can be updated as

. hk-wn 1
2jer\ iy [haw ™2 + 0
With the recast objective (9), a can be updated as [20]
o™ — Zkelcl‘)gz (1+ ﬁk(W(n_l)’Z*)), (11)

n—1
Ly llw™ V)2 + P,

77PA

where the upper index n — 1 refers to the results from the
previous iteration. Then, P3 can be reformulated as

Py : m‘/%xg;clogQ (1+ 9, (W, 2%)) — ap(W),
€

s.t: Apwr = [Ymin,k Z (|hrw;|? +02),Vk, (13)
JER\{k}

(12)

%(hkwk) =
and (4),

0,Vk, (14)

where Ymin, k 2 2mmink — 1 is the required minimum SINR
for UE k and (13) and (14) are the second-order cone (SOC)
and linear forms from (2). Observe that since each logarithm
function is concave and increasing and its new quadratic
argument ¥ (W, z*) is also concave, Py is a convex problem
and can be solved, for instance, using CVX and Mosek [23].

B. RIS beamforming optimization

With W fixed, by introducing K auxiliary variables t;, k =
1,..., K, each SINR term in (7) can be rewritten as

Ui (¢, ) = 2R{tL hi(p)wr} —|t]® (Z i (p)w;|*+ 02)- (15)
JERN{k}

Therefore, similar to the BS beamforming optimization in Ps,

P> can be reformulated as

Ps :max Z logs (1 + max g (h,t)), (16)
tr
keK
s.t.: (2),(6),
where t; can be updated as
(n—1)

D jer\(k} |hk(¢(7l_l))w;|2 +0?

with qb("*l) and w* denoting the RIS phase-shifts obtained
in the previous iteration n — 1 and the optimal solution of

P4, respectively. If we fix ¢ and define cy; 2 dirw; € C,
ek 2 diag(g,)Hw; € CM*! P5 can be reformulated as

Pe : mgx Z log, (1 + 2§R{¢)Tak} - qude)* + §k> (18)

kel

s.t.: (2),(6),

where for each k € K, ay, Q; and & are given by

ar =thew — Y |tklex;cl; 19)
JERN{k}
Q. = [til? Z ekjelj, and (20)
JERN\{k}
& = 2R{thew} = [t6? D e = [tul?0®,  @21)

jer\{k}
respectively, with @, being Hermitian. Then, by defining
eijZj

A ekje;rcj
ije};j 0

A
¢T 2 x']‘ and Rk:] 2 c (CM+1><M+17



and introducing a new variable X 2 [#][%]", Ps can be
equivalently reformulated as

Pr: max, ;;clogQ (1+2%{z'ar} —2'Quz + &) (22)
€

st X =[7)[3), (23)

Xom = 1,Ym € M, (24)
tr(Rii X ) + |crn]® >

inge D (W(R; X) + |esl? + ) VR €K, 25)

JER\{k}

where for every k € K, (2) has been transformed to the SOC
constraint (25). Observe that P; is a unit-amplitude complex
quadratically-constrained quadratic problem (CQCQP), which
has been shown to be NP-hard [24], [25]. We apply the
semidefinite relaxation developed in [25] and rewrite the
constraint (23) as X + [%][%]", which, together with (24),
implies < 1, i.e., the obtained RIS phase shifts can have at
most unit amplitudes. The modified constraint allows to solve
‘P7 via semidefinite programming (SDP). Then, the best rank-
one approximation [22] of the upper-bound solution X * can be
expressed as X =V uuT, where X is the largest eigenvalue
of X™ and w is its corresponding eigenvector. Consequently,
we can extract an approximate solution for each phase-shift
via projection as ¢,, = ‘Z#,Vm € M. The steps for solving
P1 are summarized in Algorithm 1.

Algorithm 1: Iterative algorithm for solving P;.
Result: n*, W*, ¢*
1: initialize VW and ¢, set precision e, iteration n = 1
2. while (o™ —a" 1) /a""! > ¢ do
3:  compute optimal z* using (10)
4:  compute « using (11)
5 solve P4 of (12) — (14) and get W
6:  compute optimal £ using (17)
7:  solve P7 of (22) — (25) and get X*
8
9:

:  extract ¢ from the best eigenvector.
end while

IV. NUMERICAL RESULTS

We consider a picocell-based industrial setup composed of
one four-antenna BS, a M-antenna RIS and three single-
antenna UEs, i.e., N = 4 and K = 3. The RIS and BS
antennas are located at coordinates (0, 0, 8)m and (200, O,
10)m, respectively, i.e., the RIS and the BS are separated by a
horizontal distance of dgg =200m. The UEs are positioned
randomly on a circle of radius 25m between the BS and
the RIS and at a height of 1m, as illustrated in Fig. 1. The
center of such circle is set at the xy coordinates (26, 0)m. For
each UEg, the distances RIS-UE;, and BS-UE,;. are denoted as
dru, and dgy j, respectively. We consider that the composite
BS-RIS-UEj channel is double-fading with large-scale path-
loss coefficient Spruxe = Crudpg ' dg(),» and that the BS-
UEj, path-loss is Bpuk = CBUdESf}C, where Cgry = —30dB,

o
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I

2 s 4 5 & 1 8 o9
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Fig. 2: Convergence of the proposed algorithm and comparison

with the BRnB benchmark. N =4, M =4, K =3, P, =

5dBm, Ppax = 27dBm, 7min i = 0.

Cgy = —30dB, k1 = 2, ko = 2, and k3 = 3.5, as studied
in [10], [26]. Also, we consider small-scale Rayleigh fading
for the three sets of channels H, {g,}x and {d}ic. We set
0% = —96dBm, Pp.x = 33dBm, P, = 10dBm [17], [27],
No = 0.3. We consider the following benchmarks: 1) the
BRnB-based EE maximization method [19], which obtains
the BS and RIS beamformers and link activation decisions
via monotonic optimization; 2) baseline: the system without
RIS optimized for EE with a variant of our proposed algorithm
which bypass the RIS beamforming steps, i.e., lines 6,7 and 8
of Alg. 1; 3) fixed: the system with a RIS unable to reconfigure
its elements where the phase-shifts are initialized randomly
and kept fixed along the iterations; 4) SRMax: the system
configured for maximum rate using also a variant of Alg. 1
where the optimization is performed only over the numerator
of (5). The convergence of such algorithm is established by
the convergence of the objective function in (22).

We set rmin ;. = 0 bits/s/Hz Vk in order to let the algorithm
find the best rate-power tradeoff, and include a QoS case with
Tmin,k = 8, Vk. The algorithm precision € = 1073, system
parameters, and UE positions are the same for the proposed
method and for the benchmarks.

Fig. 2 presents the algorithm convergence for one channel
realization, with M = 4. The phase-shifts are all initialized
at 90° and each wj as a conjugated beamformer matched
to the respective direct channel hj with power Ppa/K.
We observe that Alg. 1 requires only a small number of
iterations for convergence and obtains a solution with an
EE of approximately 90% of the reference BRnB algorithm.
Therefore, it can be considered as a more efficient way to
evaluate the EE of RIS-assisted communication systems.

Fig. 3 compares the cumulative density function (CDF) of
the achieved EE over 2000 channel realizations when M = 16
and M = 32. For both RIS sizes, the system optimized with
Alg. 1 provides higher EE than the baseline. At the 90%
likely EE points, such gains are approximately a factor of 9
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Fig. 3: Comparison of the system EE with two RIS sizes and
different algorithm benchmarks.
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Fig. 4: Power consumption, SE, and EE of the RIS system.

and 7, respectively, and, in the QoS case, a factor of 5 and
8, respectively. This is because, with more antenna elements,
there are more channel paths, which the RIS manipulates to
increase the beamforming gains. It can be seen that the impact
of the QoS requirement on the achievable EE is higher when
the RIS is smaller. This is because a higher QoS requires
higher transmit power. On the other hand, the larger RIS
enables higher UE rates and power savings. It can also be
seen the performance loss in the cases Fixed and SRMax. For
the latter, the loss is approximately a factor of 11 w.r.t. Alg.
1 when M = 32 because the BS transmits with power Pp,x.
Fig. 4, presents the average power consumption, sum-rate and
EE achieved with Alg. 1 for two cases of RIS hardware power
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consumption P,: when it scales with RIS size, i.e., P, = M P,
(left) or when it is constant (right). In the first case, the EE
increases until a certain threshold on the number of elements
after which P, dominates the total power consumption. In the
second case, it can be observed that both the SE and the power
consumption improve when the RIS is equipped with more
antenna elements. In both cases the SE also increases with the
RIS size and the system achieves better EE than the baseline
system, which is in agreement with the results in Fig. 3.

Fig. 5 compares the EE performance of Alg. 1 and SRMax
for different transmit power budgets. We observe that the EE
increases with P, until a certain threshold, which corres-
ponds to the transmit power for maximum EE. An excess on
this power causes a rapid degradation of the performance when
the system is optimized via SRMax. On the other hand, Alg.
1 avoids using more power than necessary to preserve the
optimal state.

In order to study the QoS case, we introduce a minimum
sum SE requirement, which is denoted by p, by adding the
constraint Y, - log, (1 + 9x(W,2%)) > p to Py and the
corresponding feasibility verification to P7. We set ryinr =
0,Vk. Fig. 6 shows the EE performance for different values of
p- We observe that the system has also a SE threshold at which
it achieves its maximum performance. The EE is significantly
reduced above this threshold because the power consumption
increases with the SE requirement. Alg. 1 maintains the EE
performance for increasing values of p below the threshold.

Fig. 7 shows the EE for different UE positions. The value
of P, is set very low in order to analyze the trade-off between
SE and transmit power. The center of the cluster of UEs is
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set at the xy coordinates (d,, 0)m. The positions d, =26m
and d, =166m represent the scenarios when UEs are closer
to the RIS or to the BS, respectively. It can be observed that
the contribution of the RIS is higher when the UEs are closer
to it, i.e., the RIS extends the range of coverage and alleviates
the transmit power consumption. The contribution decreases
as the UEs get closer to the BS, where higher EE is possible
due to the reduced path-loss of the direct BS-UEs channels.

V. CONCLUSION

In this paper, we considered an RIS-assisted multiuser
downlink system and presented a procedure for joint opti-
mization of the BS and RIS beamformers for maximum energy
efficiency. The alternating algorithm was based on the Dinkel-
bach, fractional programming, and semidefinite relaxation
methods. Numerical simulations showed that the algorithm
is able to provide a solution with 90% of the achievable
EE obtained via exhaustive-search with BRnB methods while
requiring fewer iterations to converge. Benchmark algorithms
for maximizing the SE of the RIS-assisted system and the
EE of a baseline system without a RIS were presented as
special cases. With an RIS equipped with 32 antenna-elements
optimized for EE, the system is 11 and 7 times more energy
efficient than the mentioned benchmarks. It was observed that
higher QoS requirements can be met without deteriorating
the EE using a larger RIS and that both the SE and power
consumption can be simultaneously improved. Furthermore,
it was seen that EE grows with the available transmit power
budget until a certain threshold, which is optimized by the
proposed method. Moreover, it was seen that the RIS can
extend the coverage, and the closer it is to the UEs, the higher
its contribution to the EE.
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