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Abstract—In this paper, we develop energy-efficient schemes
for multi-user multiple-input single-output (MISO) broadcast
channels (BCs), assisted by reconfigurable intelligent surfaces
(RISs). To this end, we consider three architectures of RIS: locally
passive diagonal (LP-D), globally passive diagonal (GP-D), and
globally passive beyond diagonal (GP-BD). In a globally passive
RIS, the power of the output signal of the RIS is not greater than
its input power, but some RIS elements can amplify the signal. In
a locally passive RIS, every element cannot amplify the incident
signal. We show that these RIS architectures can substantially
improve energy efficiency (EE) if the static power of the RIS
elements is not too high. Moreover, GP-BD RIS, which has a
higher complexity and static power than LP-D RIS and GP-D
RIS, provides better spectral efficiency, but its EE performance
highly depends on the static power consumption and may be
worse than its diagonal counterparts.

Index Terms—Energy efficiency, reconfigurable intelligent sur-
face (RIS), beyond diagonal RIS, globally passive RIS, MISO
broadcast channels.

I. INTRODUCTION

Energy efficiency (EE) has been among the main concerns
of wireless communication systems for more than a decade
[1]. The high energy expenses and the global warming make
energy-efficient systems even more relevant in the future,
where one of the primary goals of 6G networks is to be around
100 times more energy-efficient than 5G systems [2], [3]. To
achieve this goal, 6G has to utilize promising technologies like
reconfigurable intelligent surfaces (RISs), which can control
the signal propagation, leading to coverage enhancement,
interference reduction, in a nearly passive manner, hence
enhancing the EE [4], [5].

The EE performance of RISs has been studied in [6]–[17],
where it was shown that RISs can substantially enhance the EE
under different network assumptions. For instance, the authors
of [6] showed that an RIS enhances the global EE (GEE)
of multiple-input single-output (MISO) broadcast channels
(BCs). The authors of [7] showed that RISs reduce the power
consumption, while ensuring minimum rate per user. In [8],
[9], it was shown that RISs increase the minimum EE of the
users and the GEE of the system in multi-cell multiple-input
multiple-output (MIMO) BCs. The authors of [10] proposed
robust designs to improve the EE of heterogeneous networks
aided by RISs. The authors of [16] showed that an RIS can

enhance the EE of an integrated sensing and communication
system.

In [6]–[8], [10], [11], [16], an RIS with a diagonal scattering
matrix and a locally passive (LP) constraint was considered.
However, there exist other RIS architectures with different
power supply assumptions and circuit designs. The perfor-
mance of an RIS can be enhanced in some scenarios if the RIS
elements are connected to a power amplifier, which allows the
RIS to increase the scattered power. This solution is known
as the active RIS [18]. Although an active RIS is a promising
technology, it needs a power supply, which may not be possible
in some practical scenarios. In contrast, nearly passive RISs
do not require a separate power supply for power amplification
and can operate almost autonomously. Hence, in this work, we
focus on different architectures for nearly passive RISs.

When an RIS operates in a nearly passive mode, its total
output power is less than or equal to the total input power.
There can be two possibilities to realize a nearly passive RIS.
The first possibility is to operate each RIS element in a nearly
passive mode, referred to as the LP RIS, where the amplitude
of the reflection coefficient of each RIS element is no greater
than one. The other possibility is to allow some elements
to amplify and attenuate the received signal as long as the
total power of the reflected signal is not greater than the total
power of the incident signal [19]–[21]. This RIS architecture
is referred to as globally passive (GP) RIS. It was shown in
[19] that a GP RIS can substantially outperform a LP RIS in
terms of GEE in a SIMO multiple-access channel (MAC).

To improve the performance of a nearly passive RIS (either
LP or GP), its elements can be connected to realize a non-
diagonal scattering matrix, referred to as BD-RIS architecture
[22], [23]. Making the matrix of the RIS coefficients non-
diagonal enlarges the set of optimization parameters, which
provides additional degrees of freedom at the cost of higher
computational and implementation complexities. In [24], [25],
it was shown that the BD-RIS architecture increases the signal-
to-noise ratio (SNR) of a point-to-point single- and multiple-
antenna system. Note that BD-RIS is more general than a
diagonal RIS (D-RIS), and an optimized BD-RIS architecture
never performs worse than any D-RIS design from a spectral
efficiency point of view. However, a BD-RIS architecture has



a more sophisticated circuit design with a significantly larger
number of circuit elements, which consumes much more static
power than a D-RIS architecture. Thus, a BD-RIS may not be
necessarily more energy-efficient than a D-RIS architecture
due to the higher static power required to operate it.

In this paper, we propose energy-efficient designs for the
three considered architectures of reflective RIS, i.e., LP-D,
GP-D, and GP-BD. In [19], it was shown that active and GP
D-RISs can increase the global EE of an uplink (UL) multi-
user SIMO system. In this paper, we consider the GP-BD
RIS architecture in addition to the LP-D RIS and GP-D RIS
architectures, and maximize the minimum EE of a downlink
(DL) multi-user MISO BC. We show that the three considered
RIS architectures can substantially improve the max-min EE
of the MISO BC if the static power consumption of the RIS
architectures is not high, which is a realistic assumption for a
nearly passive (either locally or globally) architecture. The GP-
BD architecture outperforms the LP-D and GP-D architectures
when the static power consumption is not too high. However,
as the static power of each RIS/circuit element grows, the GP-
BD RIS consumes much more power than the LP-D and GP-D
architectures, and thus the EE of the GP-BD architecture may
become less than the EE of the LP-D and GP-D architectures.

II. SYSTEM MODEL

We consider a BC with a K-antenna base station (BS)
serving L single-antenna users. We assume that an N -element
RIS assists the BS to serve the users. We consider three RIS
architectures, i.e., LP-D, GP-D and GP-BD. In all of these
architecture, the channel between the BS and user l is

hl(Ψ) = flΨF+ gl ∈ C1×K , (1)

where F is the channel between the BS and the RIS, fl is the
channel between the RIS and user l, gl is the channel between
the BS and user l, and Ψ is the matrix of the RIS reflection
coefficients. In an LP-D RIS, Ψ is a diagonal matrix in which
the absolute value of each diagonal element is equal to one.
Therefore, the set of feasible values of Ψ is

DLPD = {ψnj : |ψnn| = 1, ψnj = 0,∀n ̸= j}, (2)

where ψnj is the entry in the n-th row and j-th column of Ψ.
When we employ a GP RIS architecture (either diagonal or

not), the power of the reflected signal needs to be less than or
equal to the power of the incident signal. In analytical terms,
we obtain

pout − pin = Tr(E{ttH}(ΨHΨ− IN )) ≤ 0, (3)

where t is the incident signal, with power Tr(E{ttH}),
Tr(ΨE{ttH}ΨH) is the power of the reflected signal, E{t}
denotes the mathematical expectation of t, Tr(X) denotes the
trace of the matrix X, and IN denotes an N × N identity
matrix. Thus, the feasibility set of Ψ for the GP-D RIS
architecture is

DGPD={Ψ:Tr(E{ttH}(ΨHΨ−IN ))≤0, ψnj=0,∀n ̸=j}.
(4)

Moreover, the feasibility set of Ψ for GP-BD RIS is

DGPBD={Ψ : Ψ = ΨT,Tr(E{ttH}(ΨHΨ−IN ))≤0}. (5)

Note that we consider a symmetric matrix for GP-BD RIS,
since implementing beyond diagonal RISs with a symmetric
design is much simpler [23]. However, one can easily ex-
tend the model and the analytical scheme to a GP-BD RIS
with a non-symmetrical Ψ. The sets DGPD and DGPBD
are convex in Ψ; however, DLPD is non-convex. Moreover,
DLPD ⊂ DGPD ⊂ DGPBD, which means that GP-BD RIS
is more general than the two other RIS architectures, and an
optimal GP-BD RIS scheme does not perform worse than any
LP and GP diagonal RIS from a spectral efficiency perspective.
Hereafter, we denote the feasibility set of Ψ as D unless we
explicitly refer to one of the sets DLPD, DGPD or DGPBD.

A. Signal model and problem formulation

The transmit signal of the BS is x =
∑L
l=1 wlsl ∈ CK×1,

where sl ∼ CN (0, 1) is the data message intended for user
l, which is independent of sj for j ̸= l, and wl is the
beamforming vector corresponding to sl. Thus, the signal
x has zero mean and covariance matrix X = E{xxH} =∑
lwlw

H
l . Additionally, the transmit power of the BS is

Tr(X) =
∑
lw

H
l wl ≤ P , where P is the power budget of

the BS.
The received signal at the RIS is t = Fx, and E{ttH} =

F(
∑
lwlw

H
l )FH . Additionally, the output signal of the RIS

is ΨFx, where F is defined in (1). Thus, the GP constraint
in (3) can be written as

Tr

(∑
l

Fwlw
H
l FH(ΨHΨ− IN )

)
≤ 0. (6)

Moreover, the received signal at user l is yl =
hl(Ψ)

∑L
j=1 wjsj + nl, where nl ∼ CN (0, σ2) is the ad-

ditive white Gaussian noise. We assume that each user treats
interference as noise to decode its own signal. Thus, the rate
of user l is

rl = log

(
1 +

|hl(Ψ)wl|2
σ2 +

∑
j ̸=l |hl(Ψ)wj |2

)
. (7)

Additionally, the EE of user l is

el =
rl

Pc + βwH
l wl

=
log
(
1 + |hl(Ψ)wl|2

σ2+
∑

j ̸=l |hl(Ψ)wj |2
)

Pc + βwH
l wl

, (8)

where β−1 is the power efficiency of the BS, wH
l wl is the

power of the transmitted signal for user l, and Pc is the static
operational power per user, given by

Pc =
PBS + PRIS

L
+ PUE = Pt +

PRIS
L

, (9)

where PBS , PRIS , and PUE are the static power consumption
to operate the BS, the RIS and each user equipment, respec-
tively. The static power of the RIS depends on the considered
architecture and the number of circuit/RIS elements. For a



nearly passive diagonal RIS architecture, we have

PRIS = PDRIS,0 +NPDRIS,n, (10)

where PDRIS,0 is the static power of the diagonal architecture,
and PDRIS,n is the static power of each RIS element, and N is
the number of RIS elements, which coincides with the number
of circuit elements in this case. Moreover, the static power of
a GP-BD RIS is

PRIS = PBDRIS,0 +NcP
BD
RIS,n, (11)

where PBDRIS,0 is the static power of the BD architecture, and
PBDRIS,n is the static power of each circuit element for imple-
menting a BD-RIS, and Nc is the number of circuit elements
of GP-BD RIS. In this paper, we consider a fully-connected
architecture for GP-BD RIS, which has Nc = N(N − 1)/2
circuit elements. Note that the rate and EE of each user are
functions of {w} = {wl : ∀l}, and Ψ. However, we omit the
dependency to simplify the writing.

In this paper, we aim at maximizing the minimum EE of
the users by solving the following problem

max
{w},Ψ∈D

min
l
{el} s.t. rl ≥ rthl , ∀l, (12a)∑

l

wH
l wl ≤ P, (12b)

where rthl is the minimum required rate of user l. The
optimization problem in (12) is non-convex and falls into the
category of fractional programming (FP) problems. We refer
to the solution of (12) as the max-min EE.

III. PROPOSED ENERGY-EFFICIENCY SCHEMES

To derive a suboptimal solution for (12), we utilize itera-
tive numerical optimization tools like alternating optimization
(AO) and the generalized Dinkelbach algorithm (GDA). We
start with a feasible initial point {w(0)}, Ψ(0) and then update
either {w} or Ψ at each step. Specifically, at the iteration m,
we first update {w} by solving (12) while Ψ is kept fixed to
Ψ(m−1). Then to update Ψ, we solve (12) when {w} is kept
fixed to {w(m)}. We iterate this procedure until convergence.
A. Optimizing {w}

When Ψ is kept fixed to Ψ(m−1), (12) can be written as

max
{w}

min
l
{el} s.t. rl ≥ rthl , ∀l, (13a)∑

l

wH
l wl ≤ P, (13b)

which is an FP problem. To calculate a suboptimal solution
for (13), we first obtain appropriate lower bounds for rl, using
the bound in [26, Eq. (71)], which yields

rl ≥ r̃l({w}) = rl({w(m−1)},Ψ(m−1))− al

+
2R
{(

hl(Ψ
(m−1))w

(m−1)
l

)∗
hl(Ψ

(m−1))wl

}
σ2 +

∑
j ̸=l |hl(Ψ(m−1))w

(m−1)
j |2

− al
σ2 +

∑
j ̸=l |hl(Ψ(m−1))wj |2

σ2 +
∑
j ̸=l |hl(Ψ(m−1))w

(m−1)
j |2

, (14)

where R(x) denotes the real part of the complex variable x,
and

al =
|hl(Ψ(m−1))w

(m−1)
l |2

σ2 +
∑
j ̸=l |hl(Ψ(m−1))w

(m−1)
j |2

. (15)

Replacing rl with r̃l for all l gives the non-convex optimization
problem

max
{w}

min
l
{ẽl} s.t. r̃l ≥ rthl , ∀l, (16a)∑

l

wH
l wl ≤ P, (16b)

where ẽl = r̃l
Pc+βwH

l wl
. Since r̃l and the denominator of ẽl

are, respectively, concave and convex in {w}, we can derive
the optimum of (16) by using the GDA. Specifically, the global
optimal solution of (16) can be iteratively calculated by solving

max
{w}

min
l
{r̃l − η(t)(Pc + βwH

l wl)} (17a)

s.t. r̃l ≥ rthl , ∀l, (17b)∑
l

wH
l wl ≤ P, (17c)

and updating η(t) as

η(t) = min
l

{
rl
(
{w(t−1)}

)
Pc + βw

(t−1)H

l w
(t−1)
l

}
, (18)

where t is the index of the GDA iteration, and {w(t−1)} is
the solution of (17) at the iteration t− 1.

B. Optimizing Ψ

When {w} is kept fixed to {w(m−1)}, (12) can be written
as

max
Ψ∈D

min
l
{el} s.t. rl ≥ rthl , ∀l, (19)

which is non-convex since el is not a concave function of Ψ.
To tackle (19), we first optimize Ψ for DGPBD, which is the
most general case, and then discuss how the algorithms can
be applied to DGPD and DLPD. Note that the sets DGPD and
DGPBD are convex, and solving (19) for a convex set is much
simpler than for a non-convex set.

1) GP-BD RIS: To derive a suboptimal solution for (19),
we calculate an appropriate concave lower bound for el. When
{w} is fixed, the EE of user l is a scaled version of rl. Hence, a
concave lower bound for el is readily obtained from a concave
lower bound for rl. Upon leveraging the bound in [26, Eq.
(71)], we have

rl ≥ r̂l({w}) = rl({w(m)},Ψ(m−1))− bl

+
2R
{(

hl(Ψ
(m−1))w

(m)
l

)∗
hl(Ψ)w

(m)
l

}
σ2 +

∑
j ̸=l |hl(Ψ(m−1))w

(m−1)
j |2

− al
σ2 +

∑
j ̸=l |hl(Ψ)w

(m)
j |2

σ2 +
∑
j ̸=l |hl(Ψ(m−1))w

(m)
j |2

, (20)



where

bl =
|hl(Ψ(m−1))w

(m)
l |2

σ2 +
∑
j ̸=l |hl(Ψ(m−1))w

(m)
j |2

. (21)

Upon substituting rl with r̂l, we have

max
Ψ

min
l

{
r̂l

Pc + βw
(m)H

l w
(m)
l

}
(22a)

s.t. r̂l ≥ rthl , ∀l, (22b)

Tr

(∑
l

Fw
(m)
l w

(m)H

l FH(ΨHΨ− IN )

)
≤ 0, (22c)

Ψ = ΨT , (22d)

which is a convex optimization problem and can be solved
efficiently.

2) GP-D RIS: When D = DGPD, Ψ is a diagonal matrix.
In this case, we replace (22d) by ψnj = 0 for all n ̸= j, which
is a convex constraint, and the corresponding optimization
problem is also convex. In general, when D is a convex set,
the overall algorithm converges to a stationary point of (12)
[27].

3) LP-D RIS: The set DLPD is non-convex due to the con-
straint |ψnn| = 1, which can be written as the two constraints
|ψnn|2 ≤ 1 and |ψnn|2 ≥ 1. The constraint |ψnn|2 ≤ 1 is
convex and can be easily handled. However, the non-convex
constraint |ψnn|2 ≥ 1 makes the corresponding surrogate
optimization problem non-convex. To convexify |ψnn|2 ≥ 1,
we leverage the approach in [26]. Specifically, we approximate
|ψnn|2 ≥ 1 as

|ψ(m−1)
nn |2 − 2R

{
ψ(m−1)∗

nn (ψnn − ψ(m−1)
nn )

}
≥ 1− ϵ, (23)

where ϵ > 0. Upon employing (23), we obtain the convex
surrogate problem

max
Ψ

min
l

{
r̂l

Pc + βw
(m)H

l w
(m)
l

}
(24a)

s.t. r̂l ≥ rthl , ∀l, (24b)

(23), |ψnn|2 ≤ 1, ∀n, (24c)
ψnj = 0, ∀n ̸= j, (24d)

which can be easily solved. The solution of (24), Ψ(⋆), may
be non-feasible because of the relaxation in (23). To tackle
this issue, we first normalize Ψ(⋆) as ψnn =

ψ(⋆)
nn

|ψ(⋆)
nn |

. Then,
we update Ψ according to [26, Eq. (50)] to obtain a non-
decreasing sequence for the max-min EE, which guarantees
the convergence of the proposed algorithm.

IV. NUMERICAL RESULTS

We evaluate the proposed algorithm through Monte Carlo
simulations. The RIS-related links are assumed to be in line
of sight (LoS) and to follow a Rician distribution. Thus, the
channels F and fl can be modeled according to [28, Eqs. (55)-
(57)]. We assume that the Rician factor for the channels F and
fl is 3, similar to [28]. Furthermore, the direct link between the
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BS and each user is assumed to be in non-LoS (NLoS) and to
follow the Rayleigh distribution. The large-scale path loss of
each link is calculated based on [8, Eq. (59)]. The static powers
of D-RIS and BD-RIS are calculated based on (10) and (11),
respectively. We assume PDRIS,0 = PBDRIS,0 = PRIS,0 = 0.01

W and PDRIS,n = PBDRIS,n = PRIS,n. Additionally, the other
simulation parameters are chosen as in [8, Table II].

Fig. 1 shows the average max-min EE versus Pt for
PRIS,n = 1 dBm, K = 5, L = 5, N = 20 and P = 10 dB.
This figure illustrates that all the RIS architectures considered
in this paper substantially enhance the max-min EE if the
RIS elements are optimized based on the proposed schemes.
Indeed, even though the constant power consumption of the
system without RIS is assumed to be lower than the constant
power of the RIS-aided systems, all the RIS architectures
significantly improve the EE of the system. Moreover, GP-D
RIS outperforms LP-D RIS, while GP-BD RIS significantly
outperforms all the other schemes.

Fig. 2 shows the average max-min EE versus PRIS,n for
Pt = 3 W, K = 5, L = 5, N = 40 and P = 10 dB. As the
circuit power of each RIS/circuit element increases, the EE of
different RIS architectures decreases. The EE of GP-BD RIS is
more affected by increasing PRIS,n since this architecture has
many more circuit elements than LP-D RIS and GP-D RIS.
Interestingly, GP-BD RIS provides a lower max-min EE than
the D-RIS architectures when PRIS,n is not sufficiently low.
Moreover, GP-BD RIS may not improve the EE when PRIS,n
is too high. This result shows that the EE of GP-BD RIS



drastically depends on the energy efficiency of the hardware
implementation and circuits design. Indeed, the static power
consumption of the RIS/circuit elements has a more significant
impact on BD-RIS than D-RIS because BD-RIS has a large
number of circuit elements.

V. CONCLUSION

In this paper, we proposed energy-efficient schemes for
three RIS architectures, i.e., LP-D, GP-D, and GP-BD, for
application to MU-MISO BCs. We showed that these three
architectures can significantly increase the max-min EE if
the RIS elements are optimized according to the proposed
algorithms and if the static power consumption of the RIS
elements is not high. Moreover, GP-BD RIS substantially
outperforms GP-D RIS and LP-D RIS if the circuit elements
of GP-BD RIS are very energy efficient and consume a low
static power. Otherwise, GP-BD RIS may perform worse than
its diagonal counterparts. Furthermore, GP-D RIS is slightly
more energy-efficient than LP-D RIS. Additionally, the EE
benefits of RISs may be negligible if we do not appropriately
optimize the RIS elements.
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