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Abstract: Reconfigurable intelligent surface (RIS) is widely accepted as a potential technology to assist in com-
munication between base stations (BSs) and users in edge areas. We study the energy efficiency of a RIS-assisted
multi-cell communication system with a realistic RIS power consumption model. With the goal of maximizing the
energy efficiency of the system, we optimize the transmit beamforming vectors at the BS and the RIS phase shift
matrix by a proposed alternative optimization algorithm. First, the transmit beamforming vector is optimized by
solving the transformed weighted minimum mean square error (WMMSE) problem. Subsequently, to solve the in-
convenience incurred by the discrete relationship between the RIS reflecting unit power consumption and its discrete
phase shift, we use a continuous function to approximate their relationship. With this approximation, we can use
the majorization minimization (MM) technique to optimize the continuous RIS phase shifts, and then quantize the
obtained phase shifts to discrete ones. Simulation results demonstrate that the energy efficiency of the system is
effectively optimized by the proposed algorithm.
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1 Introduction

In the past few decades, benefiting from various
technological advancements, fifth-generation wire-
less communication systems (5G) have achieved high
data rates, large system capacity, and low latency.
However, high hardware costs and increased energy
consumption are still key unresolved issues. There-
fore, people look forward to sixth-generation wire-
less communication systems (6G), and raise higher
performance requirements, such as ultra-high data
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rates, ultra-low latency, ultra-high reliability, and
large-scale connection. To meet these demands, var-
ious technologies have been proposed by academic
and industrial communities. Among them, the re-
configurable intelligent surface (RIS) is a new tech-
nology that can intelligently control the wireless
transmission environment, and has been recongnized
as one of the most promising technologies (Cui et al.,
2014, 2017; Tang et al., 2019, 2020).

Generally speaking, RIS is a metasurface com-
posed of many low-cost passive reflecting units, each
capable of independently modulating the amplitude
and/or phase of the incident signal (di Renzo et al.,
2020). The wireless propagation environment be-
comes controllable by deploying a RIS between trans-
mitters and receivers, and the RIS can lead to better
performance, such as higher received signal power,
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better coverage, and lower interference, through
proper design. In addition, the RIS has the ad-
vantages of light weight, easy installation, and high
flexibility. These advantages make the application
of the RIS in wireless communication systems very
promising (Sang et al., 2022, 2023).

There have been various research activities in
the literature recently, involving different aspects
of RIS application, such as channel modeling and
measurement (Tang et al., 2021), channel estima-
tion (You CS et al., 2021; Huang YW et al.,
2022), security communication (Feng et al., 2021b),
and artificial intelligent (AI) based design (Feng
et al., 2020). Feng et al. (2021a) studied a RIS-
assisted orthogonal frequency division multiplexing
(OFDM) system. Luo et al. (2021) concentrated on a
RIS-assisted multi-cell downlink multi-input single-
output (MISO) system with statistical channel state
information. Jiang et al. (2023) investigated a user
scheduling design in the RIS-assisted communication
system. These works proposed effective algorithms
to maximize the achievable rate (Gan et al., 2021,
2022; Huang CW et al., 2021).

Energy efficiency is also an important aspect
of investigation for RIS-assisted communication sys-
tems because green communication is one of the key
demands for 6G. The energy efficiency of the RIS-
assisted coordinated multi-point (CoMP) system was
studied in Chen et al. (2022), where user equipment
(UE) association, power allocation, and reflection co-
efficients were jointly optimized. For non-orthogonal
multiple access (NOMA) networks, Wang TQ et al.
(2022) investigated the transmit beamforming vec-
tors and RIS phase shift design algorithm to maxi-
mize energy efficiency. Liu et al. (2020) studied the
energy efficiency of a RIS-assisted simultaneous wire-
less information and power transfer (SWIPT) net-
work. In the above research, the energy efficiency in
different systems was improved through proper RIS
design. Nevertheless, almost all of the existing works
are based on hypothetical RIS power consumption
models, which have not been verified through mea-
surement. The RIS power consumption is assumed
to be a constant or even 0 in most existing works, and
is independent of the phase shift value of each RIS
reflecting unit. Recently, practical measurements of
RIS power consumption have been done in Wang JH
et al. (2022), where it was shown that the practical
RIS power consumption is closely related to the con-

trol circuit, the bit resolution of the RIS reflecting
units, the polarization direction, and the encoding
state of RIS reflecting units.

Thus, we study the RIS-assisted multi-cell
downlink transmission system, and try to maximize
its energy efficiency based on the practical RIS power
consumption model proposed in Wang JH et al.
(2022). Different from the model adopted in most
existing works, in this model, the RIS power con-
sumption is related to the phase shift values of its
reflecting units. To jointly optimize the transmit
beamforming vectors at each base station (BS) and
the RIS phase shift matrix, we propose an alternative
optimization algorithm. First, the weighted mini-
mum mean square error (WMMSE) transformation
is performed on the original problem, and we opti-
mize the transmit beamforming vector based on the
transformed problem. Then, we establish a continu-
ous function to approximate the discrete relationship
between RIS power consumption and phase shift.
Finally, we use the majorization minimization (MM)
algorithm to optimize the continuous phase shift and
discretize it. Numerical results indicate that the pro-
posed algorithm can effectively optimize the energy
efficiency of the system.

Notations: E {·} denotes statistical expectation
operation; tr (·) is the trace operation; Re (·) denotes
the real part of a complex number; ‖a‖ and |a| in-
dicate the norm and the absolute value of a, respec-
tively; � represents Hadamard product; the symbols
{·}∗, {·}−1, {·}T, and {·}H represent the conjugate,
inverse, transpose, and conjugate transpose opera-
tions, respectively; CN

(
μ, σ2

)
denotes the complex

Gaussian distribution with mean μ and variance σ2;
diag(·) denotes a diagonal matrix with the elements
in the brace as its diagonal elements.

2 System model

We consider a RIS-assisted multi-cell downlink
communication system in Fig. 1. It contains J cells,
each of which deploys a BS with M antennas. There
are K single-antenna users in each cell. A single
RIS with N = Nh × Nv reflecting units, arranged
in a uniform planar array (UPA) of Nh columns and
Nv rows, is deployed at the edge of adjacent cells.
We define N � {1, 2, · · ·, N}, K � {1, 2, · · ·,K}, and
J � {1, 2, · · ·, J} as the sets of RIS reflecting units,
users, and cells, respectively.



Xu et al. / Front Inform Technol Electron Eng 2023 24(12):1717-1727 1719

Fig. 1 RIS-assisted multi-cell communication system

2.1 Signal model

The direct path between the BSs and considered
users covered by the RIS in each cell is assumed to
be blocked by obstacles, or else very weak compared
to the reflected path through the RIS. We define the
channel from the jth BS to the RIS as Gj ∈ C

N×M

and the channel from the RIS to the kth user in
the jth cell as hj,k ∈ C

N×1, ∀j ∈ J , k ∈ K. Each
user suffers from inter-cell and intra-cell interference
simultaneously. Therefore, the received signal of the
kth user in the jth cell can be expressed as

yj,k =hH
j,kΦGjwj,ksj,k

+

K∑

l=1,l �=k

hH
j,kΦGjwj,lsj,l

︸ ︷︷ ︸
intra-cell interference

+

J∑

q=1,q �=j

K∑

l=1

hH
j,kΦGqwq,lsq,l

︸ ︷︷ ︸
inter-cell interference

+nj,k,

(1)

where sj,k represents the information symbol for the
kth user in the jth cell with E

{
|sj,k|2

}
= 1, wj,k ∈

C
M×1 represents the transmit beamforming vector

from the jth BS to the kth user,
∑

k∈K ‖wj,k‖2 ≤
Pmax,j , Pmax,j denotes the maximum power bud-
get of the jth cell, Φ = diag

(
ejθ1, ejθ2 , · · · , ejθN ) ∈

C
N×N denotes the phase shift matrix of RIS,

j denotes the imaginary unit, θn represents the
phase shift of the nth reflecting unit, and nj,k ∼
CN

(
0, σ2

j,k

)
represents the noise at the kth user in

the jth cell.

For simplicity, let fq,j,k = GH
q Φ

Hhj,k represent
the equivalent channel from the qth BS to the kth

user in the jth cell. Then, Eq. (1) can be simplified

to

yj,k =fH
j,j,kwj,ksj,k +

K∑

l=1,l �=k

fH
j,j,kwj,lsj,l

+

J∑

q=1,q �=j

K∑

l=1

fH
q,j,kwq,lsq,l + nj,k.

(2)

It follows from Eq. (2) that the signal-to-interference
plus noise ratio (SINR) of the kth user in the jth cell
is

γj,k =

∣
∣
∣fH

j,j,kwj,k

∣
∣
∣
2

∑∑
(q,l) �=(j,k)

∣∣
∣fH

q,j,kwq,l

∣∣
∣
2

+ σ2
j,k

. (3)

The achievable rate of the kth user in the jth cell is
given by

Rj,k = log2 (1 + γj,k) , (4)

and the achievable sum rate of the considered system
is obtained by

R =

J∑

j=1

K∑

k=1

Rj,k. (5)

2.2 Total power consumption model

According to Wang JH et al. (2022), the total
power consumption of RIS with discrete phase shift
can be modeled as

PRIS = Pstatic + Pdynamic, (6)

where Pstatic and Pdynamic represent the static power
consumption generated by the control circuit and
the dynamic power consumption generated by the
RIS reflecting units, respectively.

For the kind of RIS implemented by PIN diodes,
its dynamic power consumption is not only affected
by the bit resolution of the reflecting unit but also
related to the coding status. When the phase shift
resolution of each reflecting unit is B-bit, the set of
possible discrete phase shifts of each reflecting unit
is

θn ∈ F Δ
=

2πm

2B
,m ∈ [0, 2B − 1],m ∈ Z, ∀n. (7)

Each quantified phase shift value in the set F
has a unique B-bit encoding pattern. Let us denote
the encoding pattern of θn in binary as βn. The RIS
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phase shift coding for B = 1, 2, and 3 are listed in
Table 1.

Table 1 RIS phase shift coding

B-bit θn βn

1-bit
0 0
π 1

2-bit

0 00
π/2 01
π 11

3π/2 10

3-bit

0 000
π/4 001
π/2 011
3π/4 010
π 110

5π/4 111
3π/2 101
7π/4 100

The dynamic power consumption of a RIS im-
plemented by PIN diodes can be written as

Pdynamic =
N∑

n=1

bn (βn) · PPIN, (8)

where bn (βn) represents the number of bits encoded
as “1” in βn, and PPIN is the power consumption of a
PIN transistor when it is encoded as “1.” Taking 2-
bit resolution phase shift as an example, bn(βn) = 2

when βn = 11, bn(βn) = 1 when βn = 10 or 01,
and bn(βn) = 0 when βn = 00. Note that we will
consider the RIS with 1-bit phase shift resolution in
the rest of the paper.

The total power consumption of the system, in-
cluding the transmission power of each BS, the cir-
cuit power consumption of each BS and user, and the
total power consumption of the RIS, is then given by
(Huang CW et al., 2019)

Ptotal = ν−1
J∑

j=1

K∑

k=1

‖wj,k‖2 + PRIS + Pconst, (9)

where ν is the efficiency of the transmit power ampli-
fier, Pconst = J (PBS +KPuser), and PBS and Puser

represent the static circuit power dissipated at each
BS and user, respectively.

3 Energy efficiency optimization

3.1 Problem formulation

With the total power consumption and achiev-
able sum rate mentioned in the previous section, the
energy efficiency of the considered system is obtained
by δ = R/Ptotal, which is further written as

δ =

J∑

j=1

K∑

k=1

log2 (1 + γj,k)

ν−1
J∑

j=1

K∑

k=1

‖wj,k‖2 + PRIS + Pconst

. (10)

In this section, we aim to jointly optimize the
transmit beamforming vectors at each BS and the
RIS phase shift matrix to maximize the energy ef-
ficiency of the system. At the same time, each
user should satisfy the quality-of-service (QoS) con-
straint. Then, the optimization problem can be for-
mulated as

max
wj,k,θ

δ

s.t.
K∑

k=1

‖wj,k‖2 ≤ Pmax,j , ∀j,

Rj,k ≥ Rmin,j,k, ∀j, k,
θn ∈ F , ∀n = 1, 2, · · · , N,

(11)

where θ = [θ1, θ2, · · ·, θN ]
T is the RIS phase shift

vector and Rmin,j,k represents the QoS constraint of
the kth user in the jth cell.

Problem (11) is a non-convex problem due to
the RIS discrete phase shift constraints, and the cou-
pling of the transmit beamforming vectors at the BS
and RIS phase shift matrix makes it intractable. To
solve the above problem, we propose an alternative
optimization architecture to decompose the transmit
beamforming vectors at the BS and the RIS phase
shift matrix.

The objective function of the above optimiza-
tion problem, i.e., δ, is in fractional form, and is
difficult to solve. First, we need to transform it
into a more solvable form by introducing an aux-
iliary variable λ (Zeng et al., 2021). Problem (11) is
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transformed into

max
wj,k,θ,λ

J∑

j=1

K∑

k=1

log2 (1 + γj,k)− λPtotal

s.t.
K∑

k=1

‖wj,k‖2 ≤ Pmax,j , ∀j,

Rj,k ≥ Rmin,j,k, ∀j, k,
θn ∈ F , ∀n = 1, 2, · · · , N.

(12)

The optimal solution of λ is given by

λopt =
1

Ptotal

J∑

j=1

K∑

k=1

log2 (1 + γj,k). (13)

In this case, problem (12) is equivalent to the original
problem (11). Then we investigate the optimization
of wj,k and θ under fixed λ. Introducing the La-
grangian multiplier ρj,k, we transform the optimiza-
tion problem into

max
wj,k,θ

J∑

j=1

K∑

k=1

(1 + ρj,k)Rj,k − λPtotal

s.t.
K∑

k=1

‖wj,k‖2 ≤ Pmax,j , ∀j,

θn ∈ F , ∀n = 1, 2, · · · , N,

(14)

where ρ = [ρ1,1, · · · , ρJ,K ]
T, with ρj,k ≥ 0 (j =

1, 2, · · · , J, k = 1, 2, · · · ,K) being the Lagrangian
multiplier chosen to satisfy the QoS contraint Rj,k ≥
Rmin,j,k, ∀j, k.

Let us define the mean square error (MSE) of
the kth user in the jth cell under the receive filter
rj,k as

Ej,k =E

{
|ŝj,k − sj,k|2

}
, (15)

where ŝj,k = r∗j,kyj,k. Substituting ŝj,k into Eq. (15),
we have

Ej,k =

J∑

q=1

K∑

l=1

|rj,k|2fH
q,j,kwq,lw

H
q,lfq,j,k

− r∗j,kf
H
j,j,kwj,k −wH

j,kfj,j,krj,k

+ |rj,k|2σ2
j,k + 1.

(16)

Next, introducing an additional auxiliary vari-
able χj,k, problem (14) is equivalent to (Christensen

et al., 2008)

min
wj,k,θ,χj,k,rj,k

g(wj,k, θ, χj,k, rj,k)

s.t.
K∑

k=1

‖wj,k‖2 ≤ Pmax,j , ∀j,

θn ∈ F , ∀n = 1, 2, · · · , N.

(17)

The definition of g(wj,k, θ, χj,k, rj,k) is shown as

g(wj,k,θ, χj,k, rj,k)

=

J∑

j=1

K∑

k=1

[
χj,kEj,k − (1 + ρj,k) ln

(
(1 + ρj,k)

−1χj,k

)]

+ λPtotal.
(18)

Next, we propose an alternative optimization
algorithm to solve the transformed problem (17).

3.2 Transmit beamforming optimization

With the given phase shift matrix Φ, let us con-
sider the optimization of the transmit beamforming
vectors. In this case, the optimization problem (17)
can be reduced to

min
wj,k,χj,k,rj,k

g(wj,kθ, χj,k, rj,k)

s.t.
K∑

k=1

‖wj,k‖2 ≤ Pmax,j , ∀j.
(19)

To solve problem (19), we also use an alternative
optimization method. First, optimize χj,k with the
other parameters fixed. Let the first-order derivative
of g(wj,k, θ, χj,k, rj,k) with respect to χj,k equal zero;
we can obtain the optimal χj,k as

χopt
j,k = (1 + ρj,k)E

−1
j,k . (20)

When optimizing rj,k with other parame-
ters fixed, the objective function of problem (19)

can be simplified to min
rj,k

J∑

j=1

K∑

k=1

χj,kEj,k. It can

be further decoupled into JK sub-problems, i.e.,
min
rj,k

χj,kEj,k, ∀j, k. By setting the first-order deriva-

tive of these simplified objective functions to zero,
we can obtain the optimal rj,k as

roptj,k = �−1fH
j,j,kwj,k, (21)

where

� =

J∑

q=1

K∑

l=1

(
fH
q,j,kwq,lw

H
q,lfq,j,k

)
+ σ2

j,k. (22)
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With fixed rj,k and χj,k, problem (19) is simpli-
fied to

min
wj,k

J∑

j=1

K∑

k=1

(χj,kEj,k)+
(
λν−1 + ηj

) J∑

j=1

K∑

k=1

‖wj,k‖2,

(23)
where η = [η1, η2, · · · , ηJ ]T (ηj > 0, j =

[1, 2, · · · , J ]) is the Lagrangian multiplier related to
the transmit power constraint of the jth BS.

Substituting Eq. (16) into the objective func-
tion of problem (23), and after some manipulation,
problem (23) is decoupled into the following J inde-
pendent sub-problems:

min
wj,k

Lj (wj,k)

=

K∑

k=1

(
J∑

q=1

K∑

l=1

χq,l|rq,l|2wH
j,kfj,q,lf

H
j,q,lwj,k

)

−
K∑

k=1

(
χj,kr

∗
j,kf

H
j,j,kwj,k

)

−
K∑

k=1

(
χj,krj,kw

H
j,kfj,j,k

)

+
(
λν−1 + ηj

) K∑

k=1

‖wj,k‖2, ∀j.

(24)

Then, letting ∂Lj (wj,k) /∂wj,k = 0, we obtain
the optimal solution of the transmit beamforming
vector wj,k:

wopt
j,k = χj,krj,kΠ

−1fj,j,k, (25)

where

Π =
J∑

q=1

K∑

l=1

χq,l|rq,l|2fj,q,lf
H
j,q,l +

(
λν−1 + ηj

)
IM .

(26)
Finally, we use the bisection method to obtain

the Lagrangian multipliers η and ρ (Pan et al., 2020).

3.3 Phase shift matrix optimization

In this subsection, we optimize the RIS phase
shift matrix. With all the other parameters fixed,
problem (17) can be rewritten as

min
θ

y (θ) + λPdynamic

s.t. θn ∈ F , ∀n = 1, 2, · · · , N.
(27)

The expression of y (θ) is given as

y (θ)

=

J∑

j=1

K∑

k=1

χj,k

( J∑

q=1

K∑

l=1

|rj,k|2fH
q,j,kwq,lw

H
q,lfq,j,k

− r∗j,kf
H
j,j,kwj,k −wH

q,lfq,j,krj,k

)
.

(28)
Let us define

Y j,k = χj,k|rj,k|2hj,kh
H
j,k, (29)

Y =
J∑

j=1

K∑

k=1

Y j,k, (30)

Z =

J∑

q=1

K∑

l=1

Gqwq,lw
H
q,lG

H
q , (31)

Qj,k = χj,kr
∗
j,kGjwj,kh

H
j,k, (32)

Q =

J∑

j=1

K∑

k=1

Qj,k. (33)

Then, y (θ) can be converted to

y(θ) = tr
(
ΦHY ΦZ

)− tr (ΦQ)− tr
(
ΦHQH

)
. (34)

According to the matrix transformation, we can
obtain

tr
(
ΦHY ΦZ

)
= ϕH

(
Y �ZT

)
ϕ, (35)

tr (ΦQ) = ϕTq, (36)

where ϕ =
[
ejθ1, ejθ2 , · · · , ejθN ]T represents the RIS

phase shift vector, and q =
[
[Q]1,1, · · · , [Q]N,N

]T
is

a vector composed of diagonal elements of Q. Then
Eq. (34) can be further simplified to

y(θ) = ϕH
(
Y �ZT

)
ϕ− 2Re

{
ϕHq∗} . (37)

Note that the problem is still very difficult to
solve, due to the discrete relationship between the
power consumption of the RIS reflecting units and its
phase shift, as well as the discrete phase shift itself.
To solve this problem, we consider extending the
discrete phase shift into a continuous phase shift, and
then construct a continuous function to approximate
the relationship between the continuous phase shift
and dynamic power consumption.

Because bn(βn) = 0 when θn = 0 and bn(βn) =

1 when θn = π, we construct the following function
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to approximate the relationship between bn(βn) and
θn:

bn (βn) = −1

2
cos θn +

1

2
. (38)

To illustrate the relationship in Eq. (38) more
intuitively, graphical representation is used for clear
demonstration, as shown in Fig. 2.

Then, substituting Eq. (38) into Eq. (8), we can
obtain

Pdynamic =

N∑

n=1

PPIN

(
−1

2
cos θn +

1

2

)

= −1

2
PPIN

(
Re

{
ϕH1N×1

}−N
)
.

(39)
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Fig. 2 bn(βn) versus θn

Combining Eqs. (37) and (39), and relaxing the
discrete constraint of θn, optimization problem (17)
is transformed into

min
ϕ

(
ϕH

(
Y �ZT

)
ϕ− 2Re

{
ϕHq∗}

− 1

2
λPPINRe

{
ϕH1N×1

})

s.t. θn ∈ [0, 2π) , ∀n = 1, 2, · · · , N.

(40)

Subsequently, we apply the MM algorithm to
deal with the above non-convex optimization prob-
lem. The value of the objective function after the tth

iteration is denoted as f (ϕt). Then, at the (t+ 1)th

iteration, we need to introduce a more tractable up-
per bound u (ϕ,ϕt) of the objective function to re-
place the original one. However, the upper bound
u (ϕ,ϕt) should satisfy the following conditions:
(1) u (ϕt,ϕt) = f (ϕt), (2) ∇ϕu (ϕ,ϕ

t) |ϕ=ϕt =

∇ϕf (ϕt) |ϕ=ϕt , and (3) u (ϕ,ϕt) ≥ f (ϕ). Only

when the above conditions are met, will the results
obtained in each iteration make the objective func-
tion gradually decrease until convergence.

According to Sun et al. (2017), for any ϕ, we
have the following upper bound of the objective
function:

ϕH
(
Y �ZT

)
ϕ

≤ ϕHWϕ− 2Re
{
ϕH

(
W − Y �ZT

)
ϕt

}

+
(
ϕt

)H (
W − Y �ZT

)
ϕt = u1

(
ϕ,ϕt

)
,

(41)

whereW = ςmaxIN , and ςmax is the maximum eigen-
value of Y �ZT. Thus, we change the objective
function of problem (40) into the following one:

u
(
ϕ,ϕt

)
=u1

(
ϕ,ϕt

)− 2Re
{
ϕHq∗}

− 1

2
λPPINRe

{
ϕH1N×1

}
.

(42)

Note that ϕHWϕ = ςmaxN is a constant. After
removing all constants, we have the following opti-
mization problem:

max
ϕ

2Re
{
ϕHx

}

s.t. θn ∈ [0, 2π) , ∀n = 1, 2, · · · , N,
(43)

where x =
(
W − Y �ZT

)
ϕt + q∗ + 1

4λPPIN1N×1.
Therefore, the optimal solution can be directly ob-
tained as follows:

ϕopt = ej arg(x). (44)

Finally, we discretizeϕopt into the nearest phase
shift in F .

3.4 Algorithm summary

The proposed overall algorithm is given in Algo-
rithm 1. At each step of the proposed algorithm, the
objective function is ensured to be non-decreasing,
which can be proved by the following inequality:

δ
(
w

(r)
j,k ,Φ

(r)
)
≤ δ

(
w

(r+1)
j,k ,Φ(r)

)

≤ δ
(
w

(r+1)
j,k ,Φ(r+1)

)
,

(45)

where (·)(r) represents the rth iteration.
The objective function has an upper bound due

to the limitation of the transmit power at each BS,
so Algorithm 1 is guaranteed to converge to at least
a local optimal solution of problem (11).
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Subsequently, the complexity of the overall al-
gorithm is analyzed. The complexity of calcu-
lating the transmit beamforming vector wj,k is
O
(
JKM3

)
. The complexity of updating the RIS

phase shift vector ϕ is O
(
N3 + ItN

2
)
, where

It denotes the iteration number for optimiz-
ing the RIS phase shift. Therefore, the over-
all complexity of the proposed Algorithm 1 is
O
(
max

{
O
(
JKM3

)
, O

(
N3 + ItN

2
)})

.

Algorithm 1 Proposed algorithm for solving prob-
lem (11)
1: Initialize the threshold ζ, the iteration number r = 0,

Φ(0), w(0)
j,k = 1M×1

2: repeat
3: Set r = r + 1

4: Calculate r
(r)
j,k via Eq. (21)

5: Calculate χ
(r)
j,k via Eq. (20)

6: Calculate λ(r) via Eq. (13)
7: Calculate w

(r)
j,k via Eq. (25)

8: Initialize the threshold ξ and the iteration number
t = 0

9: repeat
10: Set t = t+ 1

11: Calculate ϕ(t) via Eq. (44)
12: until

∣∣∣
(
f
(
ϕ(t)

)
− f

(
ϕ(t−1)

))
/f

(
ϕ(t−1)

)∣∣∣ ≤ ξ

13: Discretize ϕ(t)

14: Update Φ(r) = diag
(
ϕ(t)

)

15: until the objective function of problem (11)
converges

4 Simulation results

In this section, we provide simulation results to
validate the performance of the proposed algorithm
for the RIS-assisted multi-cell communication sys-
tem. The considered system has two cells, each of
which is deployed with a BS of eight antennas, and
each cell has two users. A RIS with 8 × 8 reflecting
units is deployed at the edge of the two cells. The dis-
tance between each BS and the RIS is dBI =100 m,
and the distance between each user and the RIS is
dIU = 15 m. The channel from the jth BS to the RIS
is modeled as

Gj =
√
β(dBI)

(√
κj

1 + κj
Ḡj +

√
1

1 + κj
G̃j

)

,

(46)

and the channel from the RIS to the kth user in the
jth cell is modeled as

hj,k =
√
β(dIU)

(√
ρj,k

ρj,k + 1
h̄j,k +

√
1

ρj,k + 1
h̃j,k

)

,

(47)
where Ḡj and h̄j,k represent line-of-sight (LoS) com-
ponents, G̃j and h̃j,k denote non-LoS (NLoS) com-
ponents, κj = 3 dB and ρj,k = 6 dB are Rician fac-
tors, β(d) = C0(d/d0)

−α is the large-scale fading co-
efficient, C0 = −30 dB, d0 = 1 m, α is the path loss
factor, and we set 2.6 and 3 for the BS–RIS link and
RIS–user link respectively. In addition, we set the
noise variance σ2

j,k = −108 dBm, the transmission
bandwidth of 20 MHz, the efficiency of the transmit
power amplifier ν = 1/1.2, BS circuit power con-
sumption PBS = 9 dBW (Le et al., 2021), and user
circuit power consumption Puser = 20 dBm. Note
that the relationship between the number of reflect-
ing units and RIS static power consumption can be
approximately regarded as linear. In Wang JH et al.
(2022), the measured static power consumption of
a RIS with 512 reflecting units is 6.52 W. While
the number of RIS reflecting units used in this pa-
per is 64, we set the static power consumption to be
6.52/8 = 0.815 W in the simulation. Also, we set
Ps = (0.815/N + 0.01199) W, the power consump-
tion of PIN diode PPIN = 11.99 mW, based on the
measured value in Wang JH et al. (2022).

In Fig. 3, we set Rmin,j,k = 0; that is, there is
no QoS constraint for each user. We compare the
performance of the proposed algorithm EEmax with
those of three benchmark algorithms, EEmax TRM,
SEmax, and random phase shift.

1. EEmax: Based on the practical RIS power
consumption model mentioned above, we optimize
the communication system using the proposed algo-
rithm in this study to maximize its energy efficiency.

2. EEmax TRM: We use the proposed algorithm
to optimize the multi-cell communication system in
this study based on the theoretical RIS power con-
sumption model (TRM). The theoretical RIS power
consumption is commonly assumed to be a fixed
value or even negligible in the majority of existing
works. For example, in You L et al. (2021), the RIS
power consumption is modeled as

PRIS = NPs, (48)

where Ps is assumed to be the static power consump-
tion of each RIS reflecting unit. In the simulation, we
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Fig. 3 Energy efficiency versus Pmax for our proposed
algorithm and three benchmark algorithms

use this theoretical RIS power consumption model
for comparison.

3. SEmax: We revise the optimization objec-
tive to maximize the spectral efficiency of the system
and apply the proposed algorithm in this study for
optimization.

4. Random phase shift: The phase shift for each
reflecting unit is randomly generated and the trans-
mit beamforming vector of each BS is optimized by
our proposed algorithm.

From Fig. 3, it can be seen that the energy effi-
ciency of the EEmax algorithm continues to increase
to a certain threshold value with increasing Pmax.
The reason is that when the increase of power con-
sumption brought by the increase in Pmax is less than
the increase of rate gain, the algorithm will allocate
the full power of each BS to do the transmission, un-
til the energy efficiency reaches a maximum value.
After that, the increase in transmit power will lead
to higher increase of power consumption than that of
rate gain. In this case, the algorithm will not allocate
the full power for transmission, and the energy effi-
ciency will be maintained at that maximum value.
Compared with the random phase shift algorithm,
the energy efficiency of the system is significantly
improved by using the proposed algorithm.

Comparing the EEmax and SEmax algorithms,
it is obvious that the energy efficiency of our pro-
posed algorithm EEmax is better than that of the
SEmax algorithm. For Pmax ≤ 30 dBm, the en-
ergy efficiency of SEmax is similar to that of EEmax.
For Pmax > 30 dBm, the energy efficiency of SEmax
starts to degrade, which is due mainly to the larger

power loss caused by the high transmit power.
Furthermore, we compare the theoretical RIS

power consumption model with the practical RIS
power consumption model. It is observed that the
impact of RIS phase shift on RIS power consumption
is ignored in the theoretical RIS power consumption
model. This leads to an increase in the total power
consumption of the system, and thus a decrease in
the energy efficiency of the system.

Fig. 4 illustrates the energy efficiency of the sys-
tem under different numbers of RIS reflecting units
N . The other parameters are the same as those in
Fig. 3. From Fig. 4, we can see that, as the number
of reflecting units increases, the energy efficiency of
the system increases. Thus, increasing the number of
reflecting units is an effective way of improving the
energy efficiency of the system, because the power
consumption of each reflecting unit is extremely low.
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Fig. 4 Energy efficiency with different numbers of
RIS reflecting units

Figs. 5 and 6 plot the energy efficiency of the
system versus different numbers of users and BS an-
tennas, respectively, in each cell. In Figs. 5 and 6,
the other parameters are the same as those in Fig. 3.
As can be seen from Fig. 5, the energy efficiency
increases with the increase of the number of users.
Moreover, with the same transmit power, the energy
efficiency of the system is improved by increasing the
number of BS antennas.

Fig. 7 shows the energy efficiency with differ-
ent minimum rates Rmin,j,k. The simulation results
show that the maximum energy efficiency achieved
decreases as the QoS constraint Rmin,j,k increases.
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antennas

This is because, as the user’s minimum rate require-
ment increases, more BS power will be consumed to
meet the requirement for users with rough channel
conditions. In this case, the increase rate of the sys-
tem sum rate is lower than that of the system power
consumption; thus, the energy efficiency of the sys-
tem decreases.

5 Conclusions

In this paper, we study a RIS-assisted multi-
cell communication system based on a practical RIS
power consumption model. Specifically, the prob-
lem of maximizing energy efficiency is formulated by
jointly optimizing transmit beamforming vectors at
each BS and RIS phase shift matrix. We propose an
alternative algorithm to solve the non-convex prob-
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Fig. 7 Energy efficiency with different minimum rates

lem. First, we design the transmit beamforming
vector based on the converted WMMSE problem.
Then, to overcome the inconvenience of the disconti-
nuity relationship between RIS power consumption
and discrete phase shift, we establish a continuous
alternative function. Subsequently, we use the MM
algorithm to optimize the RIS continuous phase shift
and finally discretize it. Simulation results reveal
that the proposed algorithm has good performance.
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