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Passive Precoding and Power Allocation for Energy
Efficient Reconfigurable Intelligent Surface

Enhanced Millimeter Wave MU-MISO
Prabhat Raj Gautam, Member, IEEE, Li Zhang, Senior Member, IEEE, and Pingzhi Fan, Fellow, IEEE

AbstractÐWe consider narrowband downlink millimeter wave
(mmWave) multiple-user multiple-input single-output (MU-MISO)
communication assisted by several reconfigurable intelligent
surfaces (RISs). Hybrid precoding is performed instead of
conventional fully digital precoding to reduce the number of
expensive and power-hungry radio frequency (RF) chains. Passive
precoding. achieved by designing the reflecting coefficients of
RIS, is performed together with transmit precoding and power
allocation among different users to maximize energy efficiency of
the system. By considering the use of zero-forcing (ZF) fully digital
transmit precoder, the energy efficiency maximization problem is
reduced to solving only passive precoding and power allocation
which is achieved through alternating optimization technique. The
passive precoding is attained through greedy optimization in phase,
whereas power allocation is obtained by the method of Lagrange
multipliers using Karush-Kuhn Tucker (KKT) conditions. The
energy efficient passive precoding is further advanced through
switching off of individual RIS elements accomplished through a
low-complexity algorithm. Finally, hybrid ZF precoder is designed
from the fully digital precoder. We show, through simulation
results, that the proposed design delivers performance better than
the existing solution, while entailing lower complexity.

Index TermsÐReconfigurable Intelligent Surface (RIS), Millime-
ter wave (mmWave) communication, hybrid precoding, passive
precoding, power allocation, energy efficiency.

I. INTRODUCTION

M ILLIMETER wave (mmWave) communication can help

the future wireless communication technologies deliver

high data rates in order of tens of gigabits-per-second by

rendering large unused bandwidth [1]±[5]. The mmWave

signals are susceptible to large path loss, owing to their small

wavelengths [6], [7]. In order to recoup the huge propagation

loss, massive multiple-input multiple-output (MIMO) are

deployed to yield high array gain. Shadowing diminishes the

average received power so severely that it becomes a daunting

task to have a reliable communication in mmWave [8]. The user

may frequently find itself with no connection to the transmitter,

falling in the dead zone, particularly in the dense urban areas

[9]. Reconfigurable Intelligent Surface (RIS) can establish a

link between the base station (BS) and the receiver by creating

a virtual line of sight (LoS) path to circumvent the blockade
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between the BS and the receiver [8], [10]. RIS accomplishes

this by re-radiating the signal from the BS in the shape of

a beam toward the receiver [11]. The RIS can also operate

as centralized beamformer to increase channel gains where

received power is low [8].

RIS is a metasurface consisting of a number of elements

with the capability of reflecting the incident signal smartly

without requiring any RF processing, decoding, encoding, or

retransmission [10], [12], [13]. RIS introduces changes in the

phases of the incident signals to control how electromagnetic

wave behaves to beget a programmable, highly deterministic

radio environments from highly probabilistic wireless environ-

ment [14]±[17]. RIS, thus gives rise to an intelligent radio

channel that makes the communication between transmitter

and receiver more reliable [15], [18]. The RISs are operated

by evaluating the phase shift coefficients at the BS based on

the channel state information (CSI), and controlled through

a smart controller such as a field programmable gate array

(FPGA) [19]. The design of phase shift coefficients of RIS, also

known as passive precoding, can describe the phase response of

RIS to achieve useful signal enhancement and/or interference

suppression [20].

Ning et al. [21] propose to design passive precoding by sum-

path-gain maximization (SPGM) with the view to maximize the

sum of gains of different channel paths in an RIS-aided point-

to-point MIMO. [21] uses alternating direction of method of

multipliers (ADMM) in solving the SPGM problem to obtain

RIS coefficients, and subsequently performs singular value

decomposition (SVD) on the equivalent channel to construct

active precoder. Wang et al. [22] carries out joint optimization

of the transmitter precoder and RIS phase-shifts to maximize

the received signal power in an mmWave MIMO environment

assisted by multiple RISs. An optimal closed-form solution is

obtained for single RIS case, whereas near-optimal analytical

solution is derived for multi-RIS case by assuming near-

orthogonality of different steering vectors.

[23] seeks to maximize the weighted sum-rate in an RIS-

aided multiple user multiple-input single-output (MU-MISO)

downlink system through the joint design of the precoder at

the access point (AP) and the phases of the RIS elements by

proposing a solution based on fractional programming. Pan et al.

[19] consider the problem of maximizing weighted sum-rate of

all users in a multi-cell MIMO having multi-antenna users, and

solve the joint optimization of precoding at BS and RIS through

alternating optimization. [19] optimizes the phase-shifts of

RIS through majorization-minimization algorithm and complex
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circle manifold method, and determines the precoding matrices

in closed form after computing the phase shifts of RIS. Zhang

et al. [24] also aim to maximize weighted sum-rate of all users

through joint optimization of precoding at BS and RIS in a cell

free MIMO with multi-antenna users and multiple RISs. [24]

uses fractional programming to sever the problem into multiple

subproblems which are solved alternately. Zhang et al. [25] and

Wang et al. [9] both consider joint optimization of active and

passive precoding in point-to-point MIMO aided by a single

RIS. [25] alternately optimizes the transmit covariance matrix

and the phase-shift coefficients of the RIS. [9] capitalizes on

the structure of mmWave channel and reconstructs the complex

joint optimization problem into a simpler problem which is

solved by a manifold optimization algorithm. The authors adopt

manifold based optimization method [26] to generate hybrid

precoder.

Zhao et al. [27] jointly optimize the precoding at the AP and

discrete phase shifts of the RIS with the aim of minimizing

AP’s transmit power constrained to the outage probability for

the users. Liu et al. [28] decouples the joint symbol-level

precoding and reflection coefficients design problem in MU-

MISO systems, and solves the symbol-level precoding and

the reflection coefficients design subproblems by using algo-

rithms based on gradient-projection and Riemannian conjugate

gradient respectively. Yang et. al. [29] propose RIS-assisted

Federated Spectrum Learning (FSL) framework by performing

joint optimization of RIS phase shifts, user-RIS association

and bandwidth allocation. The RIS phase shifts are optimized

to maximize the achieved gain of each user served by the

RIS, a matching game-based association scheme is utilized to

associate the users with an RIS, and a bisection search method

is used for dynamic bandwidth allocation.

[30] provides a comprehensive survey on resource allocation

and energy efficiency strategies for RIS-aided MIMO systems.

Various algorithms for optimal antenna selection, beamforming

and power allocation are discussed as resource allocation

strategies, while strategies like power minimization, dynamic

power control, hybrid beamforming, and sleep/wake scheduling

are explored for energy efficiency optimization. In [31] and

[32], it is shown that the dynamic and careful selection

of transmit antennas from the available ones can enhance

energy efficiency while reducing hardware costs and complexity.

Similar to selection of active antennas for improving energy

efficiency, selection of active or ªONº RIS phase elements

has been explored in [33], [34]. The RIS controller in [33],

[34] dynamically configures ON/OFF status of RIS elements

to maximize received SINR based on spectrum learning

accomplished through convolutional neural network (CNN).

Huang et. al. [35] propose an algorithm based on alternating

maximization to maximize energy efficiency. In [35], two

algorithms based on conjugate gradient search and sequential

programming are presented to optimize the RIS phase shifts,

and the power allocated to different users is optimized using

the Dinklebach method. Wu et al. [36] aim to minimize

transmit power through joint active and passive precoding

design, subject to minimum SINR requirements at each user

in both single-user and multiple-user MIMO communication

assisted by an RIS with finite phase shifts. Yang et al. [37]

propose an iterative solution that utilizes successive convex

approximation to optimize RIS phase shifts and precoding at

BS, while calculating the optimal power using a closed form

solution to meet the goal of maximizing energy efficiency. In

addition, the authors of [37] consider the dynamic turning on

and off of RIS elements which is optimized through the dual

problem in case of a single user, and through low-complexity

search method in multiple users.

In this paper, we aim to design precoding at BS, power

allocation to users and passive precoding at the RIS that

optimize energy efficiency of the system in an RIS-aided

mmWave MIMO. The mmWave MIMO employs large antenna

arrays at the BS to counter huge path loss suffered by mmWave

signals. As radio frequency chains operating at mmWave

frequencies are very costly and power-consuming, hybrid

precoding is used instead of fully digital precoding. The earlier

works that aim to optimize energy efficiency through precoding

at BS and passive precoding at RIS mostly involve fully digital

precoder. In this work, we aim to determine hybrid precoder

at the BS, power allocation to the users and passive precoding

at RIS to maximize the energy efficiency of the system. We

consider a situation in which a BS is communicating with

multiple users in the mmWave channel. Communication is

facilitated through the distributed placement of RISs. The

contributions that we have made can be outlined as follows.

(i) We consider hybrid precoding at BS, power allocation to

the users and passive precoding at RIS to maximize the en-

ergy efficiency of an mmWave multiple user multiple-input

single-output (MU-MISO) system. The hybrid precoder

which is a product of analog precoder and digital precoder

makes the energy efficiency maximization problem more

complicated. To simplify the problem, hybrid precoder

is replaced by fully digital precoder from which hybrid

precoder is computed at the end. As the optimization

variables, fully digital precoder, power allocation matrix

and passive precoding matrix are all coupled, the energy

efficiency maximization problem is still complicated which

is eased by choosing zero forcing (ZF) precoder as the

fully digital precoder. The optimization problem is now

only in terms of power allocation matrix and passive

precoding matrix.

(ii) As both the optimization variables, power allocation matrix

and passive precoding matrix are coupled, we can not

optimize both at the same time to maximize energy effi-

ciency. Thus, we take the route of alternating optimization

technique to jointly optimize passive precoding matrix for

the RIS and power allocation matrix. Specifically, passive

precoding subproblem reduces into transmit power mini-

mization subproblem which is translated into a boolean

quadratic problem. The power allocation subproblem is

solved by method of Lagrange multipliers using Karush-

Kuhn-Tucker (KKT) conditions.

(iii) It is assumed that individual RIS elements can be switched

off through the controller. To further push for energy

efficient passive precoding, a computationally efficient

strategy is proposed to switch off some of the RIS elements

that leads to further enhancement in energy efficiency.
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(iv) To evaluate hybrid precoder from fully digital precoder,

analog precoder is first determined by minimizing the

Euclidean distance between the hybrid precoder and

the fully digital precoder using an algorithm based on

truncated singular value decomposition (SVD). The digital

precoder part of the hybrid ZF precoder is computed by

taking pseudoinverse of the combined channel with analog

precoder, and the power allocation is again calculated for

the hybrid ZF precoder.

(v) Simulations are performed to investigate how different

parameters affect the energy efficiency with the proposed

method. The performance of the proposed method is also

compared with the existing solution. The comparison

evinces that the proposed method outstrips the perfor-

mance of the existing solution.

A. Notations

x represents a vector, whereas X represents a matrix; xi

represents the ith element of x; Xi,j represents the (i, j)
th

element of X; X.k is the kth column of X; Xk. is the kth row

of X; X:,m:n is a submatrix of X with all rows and columns m

to n; ∥x∥2 is the ℓ2-norm of x; ∥X∥F is the Frobenius norm

of X; Tr [X] is the trace of X; exp (X) is a matrix whose

(i, j)th entry is exp (Xi,j), where exp (.) is the exponential

operator; X−1, X† and XH are the inverse, pseudoinverse and

Hermitian transpose of X respectively; ⊙ is the Hadamard

product of two matrices; diag (X) is a column vector containing

the diagonal elements of X; DIAG (a1, . . . , an) is an n × n
diagonal matrix with a1, . . . , an as the diagonal elements;

DIAG (x) is a diagonal matrix with the elements of vector

x as its diagonal elements; BLKDIAG(A1,A2, . . . ,An) is

a block-diagonal matrix in which A1,A2, . . . ,An form the

diagonal; IN is an N ×N identity matrix; R+ denotes the set

of positive real numbers; ℜ (·) represents the real part of the

argument; E[.] is the expectation operator; ∼ means ‘has the

probability distribution of’; ≜ means ‘is defined as’; N (µ, σ2)
represents complex Gaussian variable with mean µ and variance

σ2; CN (µ,C) represents complex Gaussian vector with mean

µ and covariance matrix C.

II. SYSTEM MODEL

We consider a downlink mmWave MU-MISO system with

a base station serving K single-antenna users with the aid of

R RISs. The BS employs Nt transmit antennas and each RIS

has NI elements. The transmit information signal s ∈ C
K×1,

such that E
[

ssH
]

= IK , is precoded before transmission to

produce transmitted signal as

x =

K
∑

k=1

F.k
√
pksk = FP1/2s, (1)

where sk is the symbol intended for the kth user, F is

the precoder, F.k is the kth column of F, and P =
DIAG(p1, p2, . . . , pK) is the power loading matrix with pk
being the power for the kth user. The transmit power constraint

forces the power of the transmitted signal to not exceed the

maximum permitted power Pmax, i.e.,

E
[

∥x∥2
]

= Tr
[

FPFH
]

≤ Pmax. (2)

We consider that there is no direct channel between the BS

and the users which is justified in mmWave communication.

The received signal at the kth mobile station (MS) is sum of

the signals received through various RISs,

yk =

(

R
∑

r=1

h
r,k
R ΦrHTr

)

x+ nk

=

(

R
∑

r=1

h
r,k
R ΦrHTr

)

FP1/2s+ nk,

(3)

where h
r,k
R ∈ C

1×NI is the channel between the rth RIS and

the kth MS, Φr is a diagonal matrix with the phase shift

coefficients of the rth RIS along its diagonal, HTr
∈ C

NI×Nt

is the channel between the BS and the rth RIS, nk ∈ C and

nk ∼ N
(

0, σ2
n

)

is the noise at the receiver of the kth user.

The receive vector can be formed by concatenating all y
k
s

vertically as y = [y
1
, y

2
, . . . , y

K
]
T

which can be expressed as

y =















R
∑

r=1
h
r,1
R ΦrHTr

...
R
∑

r=1
h
r,K
R ΦrHTr















FP1/2s+ n

=











R
∑

r=1







h
r,1
R
...

h
r,K
R






ΦrHTr











FP1/2s+ n

=

(

R
∑

r=1

HR·r
ΦrHTr

)

FP1/2s+ n

= HRΦHTFP
1/2s+ n, where

HR = [HR·1
, . . . ,HR·R

] , (4a)

Φ = BLKDIAG (Φ1, . . . ,ΦR)

= DIAG (φ1, . . . ,φRNI
) , (4b)

HT =
[

HT
T1
, . . . ,HT

TR

]T
, (4c)

where HR·r
is the rth column of HR and corresponds to the

channel from rth RIS to the K MSs, n ≜ [n1, n2, . . . , nK ]
T

and n ∼ CN
(

0, σ2
nI
)

. The channels from the BS to each RIS,

and each RIS to all the MSs are considered narrowband and

modeled by multi-path channel model. The channel from the

BS to the rth RIS and the channel from rth RIS to the kth

user are respectively given by

HTr
=

√

NtNI

Lr

Lr
∑

ℓ=1

αℓa
r
RIS(ϕ

RIS,r
ℓ,R , θRIS,r

ℓ,R )aBS(ϕ
BS
ℓ )H ,

(5a)

h
r,k
R =

√

NI

Lr,k

Lr,k
∑

ℓ=1

βℓa
r
RIS(ϕ

RIS,r
ℓ,T , θRIS,r

ℓ,T )H , (5b)

where arRIS(·) and aBS(·) are antenna array response vectors

of the rth RIS and BS respectively. ϕRIS,r
ℓ,R (θRIS,r

ℓ,R ), ϕBS
ℓ and

ϕRIS,r
ℓ,T (θRIS,r

ℓ,T ) are the azimuth (elevation) angles of arrival at

the rth RIS, azimuth angles of departure at the BS and azimuth
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Fig. 1: mmWave MU-MISO communication enhanced by distributed RISs

(elevation) angles of departure at the rth RIS respectively. The

antenna array response vectors of ULA with N antennas and

UPA with Ny ×Nz antennas are given by

aBS(ϕ) =
1√
N

[

1 ejζd(sinϕ) . . . ejζd((N−1) sinϕ)

]T

,

(6a)

aRIS(ϕ, θ) =
1

√

NyNz

[

1 . . . ejζd(y sinϕ sin θ+z cos θ) . . .

ejζd((Ny−1) sinϕ sin θ+(Nz−1) cos θ)

]T

.

(6b)

where ζ =
2π

λ
, λ being the carrier wavelength, and d is the

distance between antenna elements.

A. Power Consumption of the system

The total spectral efficiency of the system is

Rtot =

K
∑

k=1

log2(1 + SINRk), (7)

where SINRk is the SINR at the kth user given by

SINRk =
|Hk.F.k|2pk

K
∑

i=1,i ̸=k

|Hi.F.i|2pi + σ2
n

,
(8)

where Hk· = hk
RΦHT is the channel from the BS to the kth

MS where hk
R =

[

h
1,k
R , . . . ,hr,k

R

]

. Mathematically, the total

power consumption of the system with hybrid architecture at

the BS is

PThy
= ν−1Tr(FPFH) + Pcom + PMSK + PRFMt

+ PPAMt + PPSNPS + PnN
on
I ,

(9)

where, ν is the efficiency of the transmit power amplifier,

Pcom is the common power of the BS, PMS is the circuit

power consumed by each MS, PRF is the power consumed by

each RF chain, PPA is the power consumed by each power

amplifier, PPS is the power consumed by each phase-shifter,

Pn is the power consumed by each element of RIS, NPS

is the total number of phase-shifters, and Non
I is the total

number of RIS elements that are switched on. Non
I = RNI

when all the elements are switched on. Since, the RF chains

and power amplifiers are applied before analog precoder, the

number of RF chains and power ampliers is Mt [38]. If the

conventional MIMO architecture exists at the BS so that fully

digital precoding is possible, the number of RF chains, Mt =
Nt and NPS = 0 so that the total power consumption of the

system is

PTFD
= ν−1Tr(FPFH) + Pcom + PMSK

+ (PRF + PPA)Nt + PnN
on
I .

(10)

III. PROBLEM STATEMENT

The energy efficiency of the system is given by the ratio of

spectral efficiency to the total power consumption as,

η =

K
∑

k=1

log2(1 + SINRk)

PT

bits/Hz/Joule,
(11)
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where PT is the total power consumption, PT = PThy
in case

of hybrid precoding and PT = PTFD
in case of fully digital

precoding. The energy efficiency depends on the choice of

Φ, F and P. So, we design the precoder F, P and Φ to

maximize the energy efficiency of the system subject to quality

of service (QoS) constraint in terms of minimum guaranteed

spectral efficiency Rmink
for the kth user. Only the first term

of the denominator depends on F, P and Φ, so the rest of the

terms is represented by Prest = Pcom + PMSK + PRFMt +
PPAMt + PPSNPS + PnN

on
I for simplicity.

A. Choice of Precoder

Hybrid precoder is a combination of analog precoder FR ∈
C

Nt×Mt which is implemented by a network of phase-shifters

and low-dimensional digital precoder FD ∈ C
Mt×K so that

the hybrid precoder is F = FRFD. The optimization problem

for maximizing energy efficiency is

FR,FD,Φ,P

= argmax
FR,FD,Φ,P

K
∑

k=1

log2






1 +

|Hk.FRFD.k |2pk

K∑

i=1,i ̸=k

|Hi.FRFD.i |2pi+σ2
n







ν−1Tr(FRFDPFRF
H
D ) + Prest

(12a)

s.t. log2











1 +
|Hk.FRFD.k

|2pk
K
∑

i=1,i ̸=k

|Hi.FRFD.i
|2pi + σ2

n











≥ Rmink
,

(12b)

Tr(FRFDPFH
D FH

R ) ≤ Pmax, (12c)

|φr| = 1 ∀ r = 1, 2, . . . , RNI , (12d)
∣

∣FRi,j

∣

∣ = 1 ∀i = 1, . . . , Nt; j = 1, . . . ,Mt, (12e)

where FD.k
is the kth column of FD, (12b) represents the QoS

constraint guaranteeing minimum spectral efficiency Rmink

for kth user, (12c) represents transmit power constraint, (12d)

represents phase-only altering capability of RIS with φr

being the rth diagonal element of Φ, and (12e) represents

constant modulus constraint imposed by phase-shifters on

analog precoder.
Clearly, the optimization problem (12) is non-convex and

very challenging. One of the difficulties is introduced by the

hybrid precoder which has two optimization variables FR and

FD coupled. To tackle this challenge, instead of trying to

directly optimize FR and FD, we first determine fully-digital

precoder FFD and determine FR and FD later from FFD.
Even with FRFD in optimization problem (12) replaced with

FFD, the optimization is still complicated as the optimization

variables FFD, P and Φ are still coupled in both the objective

function and transmit power constraint as H depends on Φ.

To simplify the optimization problem, we choose FFD to be

a ZF precoder which is calculated as the right inverse of the

equivalent channel, i.e., FFD = H† = HH
(

HHH
)−1

. It is

guaranteed to exist if Nt ≥ K and RNI ≥ K [35]. The reason

behind the choice of ZF precoder stems from the fact that

application of ZF precoder makes interference zero, and SINR

for the kth user reduces to the ratio of useful power to the

noise power. Hence, SINR for the kth user looks like

SINRk = log2

(

1 +
pk
σ2
n

)

. (13)

The precoder needs to satisfy transmit power constraint (2),

which is accomplished through the appropriate choice of P.

Since the ZF precoder is used, the problem for determining Φ

and P to maximize energy efficiency can now be stated as

Φ,P =argmax
Φ,P

K
∑

k=1

log2(1 +
p
k

σ2
n
)

ν−1Tr
[

(HRΦHT)
†
P (HRΦHT)

†H
]

+ Prest

(14a)

s.t. p
k
≥ σ2

n

(

2Rmink
/10 − 1

)

, (14b)

Tr
[

(HRΦHT)
†
P (HRΦHT)

†H
]

≤ Pmax,

(14c)

|φr| = 1 ∀ r = 1, 2, . . . , RNI , (14d)

where the constraint (14b) represents the QoS constraint for

user k and the constraint (14c) represent the transmit power

constraint.

IV. MAXIMIZATION OF ENERGY EFFICIENCY

In this section, we solve the problem (14) of maximizing

energy efficiency. It is not possible to optimize both Φ and P

at the same time. The route of alternating optimization [39],

[40] is chosen where Φ and P are optimized alternately in a

series of iterations until convergence is achieved. We begin with

optimization of Φ for fixed P, and follow it with optimization

of P keeping Φ fixed.

A. Passive Precoding for Energy Efficiency

The subproblem for determination of RIS phase-shift matrix

or passive precoding matrix is defined when P is held constant.

It can be seen that with fixed P, maximizing the objective

function (14a) is equivalent to minimizing the first term of the

denominator. Hence if P is kept constant, the problem (14)

reduces to

Φ = argmin
Φ

Tr
[

(HRΦHT)
†
P (HRΦHT)

†H
]

, (15a)

s.t. Tr
[

(HRΦHT)
†
P (HRΦHT)

†H
]

≤ Pmax, (15b)

|φr| = 1 ∀ r = 1, 2, . . . , RNI . (15c)



6

We can simplify the objective function (15a) as

Tr
[

(HRΦHT)
†
P (HRΦHT)

†H
]

(a)
= Tr

[

H
†
TΦ

HH
†
RPHH†

R ΦHH†

T

]

(b)
= Tr

[

ΦH
(

HH
R P−1HR

)†
Φ
(

HTH
H
T

)†]

= Tr
[

ΦHC1ΦC2

]

(c)
= φHC1 ⊙CT

2 φ

= φHCφ,

where the reason behind (a) is (AB)
†

= B†A†, Φ† =

ΦH , (AB)
†H

= (AB)
H†

=
(

BHAH
)†

; the reason be-

hind (b) is Tr [AB] = Tr [BA]; C1 ≜
(

HH
R P−1HR

)†
,

C2 ≜
(

HTH
H
T

)†
; φ = diag (Φ) is a column vector; the

reason behind (c) is the matrix identity Tr
[

ΦC1Φ
HC2

]

=

φ
(

C1 ⊙CT
2

)

φH for the diagonal matrix Φ [41] and C ≜

C1 ⊙CT
2 is a Hermitian matrix. Thus, the passive precoding

subproblem can be written as

φ⋆ = argmin
Φ

φHCφ, (16a)

s.t. φHCφ ≤ Pmax, (16b)

|φr| = 1 ∀ r = 1, 2, . . . , RNI . (16c)

The optimization problem (16) is non-convex because of

constraint (16c). We solve for φ by starting with an initial

value and optimizing over each element φi at a time. The

objective function (16a) can be written as an optimization

problem in φi as [42]

min
φi

φ∗
iCi,iφi + 2ℜ









φi

RNI
∑

j=1
j ̸=i

φ∗
jCj,i









s.t. |φi| = 1, ∀ i = 1, 2, . . . , RNI ,

(17)

where Ci,i is a real quantity. We can rewrite the optimization

problem over φi as

φ⋆
i = argmax

φi

ℜ



φi

RNI
∑

j=1

φ∗
jb

i
j





s.t. |φi| = 1, ∀ i = 1, 2, . . . , RNI ,

(18)

where bi
j is the jth element of bi and given by

bi
j =







−Cj,i j ̸= i

−1

2
Ci,i j = i

(19)

The optimal solution to the problem (18) is obtained when

φi =

(

∑RNI

j=1 φ
∗
jb

i
j

)∗

∣

∣

∣

∑RNI

j=1 φ
∗
jb

i
j

∣

∣

∣

. (20)

Algorithm 1 Passive Precoding using Greedy Algorithm

Require: C,φinit.

1: Set δ = 1, ϵ = 10−3, a very small value. Iteration index,

m is set to 1.

2: while δ > ϵ do

3: for i = 1 to RNI do

4: Set bi(m) = −C.i

5: Set b
i(m)
i =

1

2
b
i(m)
i

6: Compute φ
(m)
i using (20).

7: end for

8: Compute δ =
∣

∣φ(m) − φ(m−1)
∣

∣.

9: m← m+ 1.

10: end while

11: return φ.

B. Power allocation optimization for energy efficiency

Once we determine Φ, we have the equivalent channel, and

we can determine the precoder using (12). The total transmit

power can then be expressed as

Tr
[

FPFH
]

=

K
∑

k=1

|F.k|2pk =

K
∑

k=1

akpk,

where ak ≜ |F.k|2. The power optimization subproblem can

be written as

{pk}Kk=1 =argmax
{pk}K

k=1

K
∑

k=1

log2

(

1 + pk

σ2
n

)

ν−1
K
∑

k=1

akpk + Prest

(21a)

s.t. pk ≥ pmink
, (21b)

K
∑

k=1

akpk ≤ Pmax, (21c)

where pmink
≜ σ2

n

(

2Rmink
/10 − 1

)

. We use following nota-

tions to make further computations tractable.

PT (pk) ≜ ν−1
K
∑

k=1

akpk + Prest, (22a)

R (pk) ≜

K
∑

k=1

log2

(

1 +
pk
σ2
n

)

, (22b)

f(pk) =
R (pk)

PT (pk)
. (22c)

The Kuhn-Tucker Lagrangian for problem (21) is formed as

L = f (pk)−
K
∑

k=1

µk (pmink
− pk)− λ

(

K
∑

k=1

akpk − Pmax

)

,

(23)
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where {µk}Kk=1 and λ are Lagrangian multipliers. The Karush

Kuhn-Tucker (KKT) conditions are

∂L
∂pk

=
∂f (pk)

∂pk
+ µk − λak where (24a)

∂f (pk)

∂pk
=

1

ln2
· 1

pk + σ2
n

· 1

PT (pk)
− ν−1akR (pk)

PT (pk)
2 , (24b)

∂L
∂µk

= − (pmink
− pk) (24c)

∂L
∂λ

= −
(

K
∑

k=1

akpk − Pmax

)

(24d)

The stationary point is given by equating (24a) to 0,

1

ln2
· 1

pk + σ2
n

· 1

PT (pk)
− ν−1akR (pk)

PT (pk)
2 + µk − λak = 0,

(25)

which gives

pk =
1

ln2
· PT (pk)

PT (pk)
2 {λak − µk}+ ν−1akR (pk)

− σ2
n,

(26a)

µk = λak +
ν−1akR (pk)

PT (pk)
2 − 1

ln2
· 1

pk + σ2
n

· 1

PT (pk)
.

(26b)

The complementary slackness equations are

µk
∂L
∂µk

= µk (pmink
− pk) = 0 (27a)

λ
∂L
∂λ

= λ

(

K
∑

k=1

akpk − Pmax

)

= 0 (27b)

pk
∂L
∂pk

= pk

(

∂f (pk)

∂pk
+ µk − λak

)

= 0 (27c)

Substituting the value of
∂f(pk)
∂pk

in (27c),

λakpk =
1

ln2
· pk
pk + σ2

n

· 1

PT (pk)
− ν−1akR (pk)

PT (pk)
2 pk + µkpk.

Taking
K
∑

k=1

on the both sides,

λ

K
∑

k=1

akpk =
1

ln2
· 1

PT (pk)

K
∑

k=1

pk
pk + σ2

n

−

ν−1R (pk)

PT (pk)
2

K
∑

k=1

akpk +

K
∑

k=1

µkpk.

Substituting µkpk = µkpmink
and λ

K
∑

k=1

akpk = λPmax from

(27a) and (27b) respectively,

λ =
1

Pmax

[

1

ln2
· 1

PT (pk)

K
∑

k=1

pk
pk + σ2

n

−

ν−1R (pk)

PT (pk)
2

K
∑

k=1

akpk +

K
∑

k=1

µkpmink

] (28)

We develop an iterative algorithm to determine {pk}Kk=1 using

the developments so far which is summarized in Algorithm 2.

Algorithm 2 Iterative power design using Kuhn Tucker

Lagrangian Method

Require: ak, pmink
, Pmax, pkinit

, Prest, σ
2
n, ν.

1: Set µk = 0
2: Choose initial value of p

(0)
k = pkinit

. Calculate P
(0)
T (pk)

using (22a) with pk = p
(0)
k .

3: Set ϵ = 10−4, a very small value, and set i← 1.

4: repeat

5: Compute λ(i) using (28).

6: Compute p
(i)
k using (26a). If p

(i)
k < pmink

, set p
(i)
k =

pmink
.

7: Compute δ =

√

K
∑

k=1

∣

∣

∣
p
(i)
k − p

(i−1)
k

∣

∣

∣

2

8: Set i← i+ 1.

9: until δ < ϵ
10: return pk.

C. Alternating Optimization

We begin with an initial random value for Φ, so we have the

equivalent channel H = HRΦHT. We also calculate a valid

initial value for P as

P =
p0

K
I, where p0 =

Pmax

Tr
(

H†H†H) , (29)

which ensures that the transmit power is Pmax. Then we

alternately optimize Φ and {pk}Kk=1 until {pk}Kk=1 converge.

After convergence is attained, we strategically switch off the

RIS elements that help us increase energy efficiency. The details

of the RIS elements switching off strategy is given in the next

subsection. The alternating optimization algorithm to maximize

the energy efficiency is summarized in Algorithm 3.

D. Low-complexity Strategy for Switching Off RIS elements

for Energy Efficiency

We have considered that RISs are equipped with switches

for each element which can be switched on and off using a

controller. The works in [37], [43] also employ the switching

off of some RIS elements to promote energy RIS. After

optimizing the RIS and power allocation for different users, we

strategically switch off the RIS elements which when switched

off increase the energy efficiency. If we set out to determine

such switches exhaustively, we would require to find new

equivalent channel, ZF precoder, power allocation for each user

and finally determine the energy efficiency to check which RIS

element is best suited to be switched off first. Then, we would

be repeating the same procedure to determine the second RIS

element to switch off. In this section, we propose a strategy to

switch off the RIS elements so as to increase energy efficiency.
To determine Φ we minimize the transmit power. To develop

an order to switch off RIS elements, we sort φis in descending

order in terms of their contribution to the term φHCφ, the

equivalent expression for transmit power of the system. It will

be in the same order we will switch off the elements of the

RIS. To determine the sorting order in terms of contribution

to the transmit power, we compute

di = φ
H
−iC−i,−iφ−i, (30)
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Algorithm 3 Alternating Optimization Based Algorithm for

Energy Efficiency

Require: HR,HT, pmink
, Pmax, Prest, Pnσ

2
n, ν.

1: Initialize Φ with Φ(0) = DIAG (exp (jψ)), where ψ is

an RNI -length vector and ψi,j are random phase angles.

2: Initialize P with P0 calculated using (29).

3: Compute η(0) using (11). Set ϵ = 10−3, a very small value,

and initialize iteration index i← 1.

4: repeat

5: Compute C = C
(i)
1 ⊙ CT

2 , where C
(i)
1 =

(

HH
R P(i−1)−1

HR

)†
and C2 =

(

HTH
H
T

)†
.

6: Compute Φ(i) = DIAG
(

φ(i)
)

where φ(i) is calcu-

lated using Algorithm 1.

7: Compute {pk}Kk=1 using Algorithm 2. Set P(i) =
DIAG (p1, . . . , pK).

8: Compute η(i) using (11).

9: Compute δ(i) =
∣

∣η(i) − η(i−1)
∣

∣

10: Set i← i+ 1.

11: until δ(i) < ϵ
12: Set P = P(i)

13: Compute FFD = H†.

14: if Tr
[

FFDPFH
FD

]

≤ Pmax then

15: Compute C = C1⊙CT
2 , where C1 =

(

HH
R P−1HR

)†

and C2 =
(

HTH
H
T

)†
.

16: Obtain Φ and {pk}Kk=1 using Algorithm 4.

17: Obtain hybrid precoder F from FFD using Algorithm 5.

18: Calculate {pk}Kk=1 using Algorithm 4 with F as

precoder.

19: if Tr
[

FPFH
]

≤ Pmax then

20: return Φ and P = DIAG (p1, . . . , pK).
21: else Declare infeasibility.

22: end if

23: else Declare infeasibility.

24: end if

where φ−i is the vector formed by removing ith element

from φ and C−i,−i is the matrix formed by removing ith row

and the ith column from C. The contribution of φi to the

transmit power is given by φHCφ − di. Thus, RIS element

‘i’ corresponding to the lowest di contributes the highest to

the transmit power. Hence, if we arrange the φis in ascending

order in terms of the di values we will get φis in descending

order in terms of contribution to the transmit power.

We now have the order to switch off RIS elements. We

calculate the energy efficiency when ith element is switched

off. If it is greater than the previous value of energy efficiency

with all elements switched on, we switch off the element. Then

we proceed to check if the energy efficiency increases when

the ªnext in queueº RIS element is switched off. If the energy

efficiency increases we proceed to check for next RIS element,

else we do not switch off the element and stop the process of

switching off the RIS elements. The RIS On-Off procedure is

summarized in Algorithm 4.

Algorithm 4 RIS Elements Switching Off Strategy for Energy

Efficiency

Require: HR,HT,C, pmink
,φ, {pk}Kk=1 , Pmax, Prest, Pn,

σ2
n, ν.

1: Set φ(0) = φ Compute di, i = 1, 2, . . . , RNI using (30).

2: Sort di in ascending order and store the sorting index order

in sort d.

3: Set δ = 1 and initialize iteration index i← 1.

4: while δ > 0 do

5: ℓ = sort d(i)

6: Set φ(i) = φ(i−1) and φ
(i)
ℓ = 0.

7: Compute Φ(i) = DIAG
(

φ(i)
)

and H(i) =
HRΦ

(i)HT.

8: F(i) = H(i)† , a
(i)
k =

∣

∣

∣
F

(i)
.k

∣

∣

∣

2

.

9: Compute
{

p
(i)
k

}K

k=1
using Algorithm 2. Set P(i) =

DIAG
(

p
(i)
1 , . . . , p

(i)
K

)

10: If Tr
[

F(i)P(i)F(i)H
]

> Pmax, go to step 15.

11: Compute η(i) using (11).

12: Compute δ = η(i) − η(i−1)

13: Set i← i+ 1.

14: end while

15: Revert to the previous values of pk and φ, i.e., {pk}Kk=1 =
{

p
(i−1)
k

}K

k=1
, φ = φ(i−1)

16: return {pk}Kk=1 and φ.

E. Hybrid Precoder from fully digital precoder

The hybrid precoder is computed by minimizing the Eu-

clidean distance between their fully digital counterpart, F
FD

.

The hybrid precoding problem [44] may be stated as

argmin
FR,FD

∥F
FD
− FRFD∥2F (31a)

s.t.
∣

∣FRi,j

∣

∣ = 1, ∀i, j. (31b)

The precoding problem (31) does not have the transmit power

constraint because it is satisfied through the choice of P. We

determine FR and FD in two separate stages. If FR is known,

FD is computed as

FD = (HFR)
†
. (32)

In fact, FD can also be computed as FD = FR
†F

FD
which

we substitute in the objective function (31a) to get the analog

precoding subproblem as [45],

argmax
FR

Tr
[

FH
R F

FD
FH

FD
FR

]

(33a)

s.t.
∣

∣FRi,j

∣

∣ = 1, ∀i, j, (33b)

FH
R FR = NtIMt

. (33c)

The constraint (33c) makes sense as FH
R FR ≈ NtIMt

in

mmWave MIMO as Nt is high. To solve problem (33), we
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define F̄R ≜ 1√
Nt

FR and rewrite the optimization problem

(32) in terms of F̄R as

max
F̄R

Tr
[

F̄H
R

(

F
FD
FH

FD

)

F̄R

]

(34a)

s.t.
∣

∣F̄Ri,j

∣

∣ =
1√
Nt

, ∀i, j, (34b)

F̄H
R F̄R = IMt

, (34c)

We compute FR as FR =
√
NtF̄R after solving the problem

(34). We use the iterative truncated SVD-based procedure

proposed in [46] to solve the problem (33). The outline of the

SVD-based algorithm is presented in Algorithm 5.

Algorithm 5 SVD-based Iterative Trace Maximization Method

Require: F
FD
,Mt.

1: Initialize F̄
(0)
R = 1√

Nt
exp (jΘ), where Θ is Nt × Mt

matrix and Θi,j are random phase angles, and set k = 1.

2: repeat

3: Compute A(k) = F̄
(k−1)H

R

(

F
FD
FH

FD

)

.

4: Compute truncated SVD : A(k) = U(k)S(k)V
(k)H

t .

5: Compute D(k) = V
(k)
t U(k)H .

6: Compute F̄
(k)
R = 1√

Nt
exp

(

j∠
(

D(k)
))

.

7: k ← k + 1.

8: until convergence, or k ≥ itermax, where itermax is the

maximum of number of iterations.

9: Compute FR =
√
NtF̄

(k)
R .

10: Calculate FD, using (32).

11: return F = FRFD.

Fig. 2: The arrangement of BS, RISs and UEs for performance

analysis.

V. COMPLEXITY OF THE PROPOSED ALGORITHM

The complexity of Algorithm 1 is O
(

(RNI)
2
)

[42]. Sim-

ilar to the Dinklebach’s algorithm to determine
{

pk}k=K
k=1

in [35], the complexity of Algorithm 2 that computes
{

pk}k=K
k=1 is NpO (Kq), where Np is the number of iter-

ations and 1 ≤ q ≤ 4. Thus, the alternating optimiza-

tion has complexity of NAOO
(

(RNI)
2
+NpK

q
)

where

NAO is the number of iterations required during alternat-

ing optimization. The alternating optimization is followed

by RIS switching off strategy which has a complexity

of RNIO
(

(K (RNI)
2
+KRNINt +NpK

q +KN2
t

)

. On

the other hand, the hybrid precoding has complexity of

NHyO
(

N2
t K + 2NtK

2
)

[46], where NHy is the number of

iterations.

VI. SIMULATION RESULTS

An mmWave MIMO with a single BS, R RISs and K single-

antenna UEs is considered. The BS is placed at (0, 0, z
B
),

where z
B

= 10 m. All the RISs are placed on the positive

side of x-axis at a distance dRIS m from the BS. The exact

placement of the RISs, however, is chosen randomly. The UEs

are randomly placed on the positive side of x-axis between the

distance d1UE m and d2UE m from the BS such that d2UE > d1UE >
dRIS. We take d2UE = 180 m, d1UE = 144 m and dRIS = 80 m.

The topview of the arrangement of BS, RISs and UEs looks

like Fig. 2. The height of RIS is chosen to be 10 m, whereas

the height of every UE is fixed to 1.8 m.

The BS is assumed to be equipped with uniform linear

array(ULA) having Nt antennas, whereas the RIS utilizes

uniform planar array (UPA) with NI = N
y

I × N
z

I antennas.

The number of RF chains at the BS, Mt is taken equal to K.

All the antenna elements are separated by a distance of half

wavelength. The noise power σ2
n = −90 dBm. The number

of paths in the BS-RIS link and RIS-UE link is chosen to be

L = 7 including the line of sight (LOS) path. The complex

gain of the LOS path is α1 ∼ CN (0, 10−κ) where κ indicates

the path loss given by [47]

κ = a+ 10b log10(dTR) + ξ, (35)

where dTR denotes the distance between the transmitter and

the receiver, and ξ ∼ N (0, σ2
ξ ). The values a = 61.4, b = 2,

and σξ = 5.8 dB are taken based on the results from real-world

measurements [47].

A. Impact of Strategic Switching Off of RIS elements on

Performance

In this section, we demonstrate how the strategic switching

off of RIS elements helps enhance the energy efficiency. We

consider two cases, one with a single RIS and the other with

two RIS’s with varying number of RIS elements to demonstrate

the effect of switching off strategy on performance. We only

consider the fully digital precoding at the transmitter. The

energy efficiency of the system and the average number of

switched ON elements per RIS are plotted as a function of

the number of RIS elements per RIS in Fig. 3. The proposed

method without using the switching off strategy is labeled

‘All ON’ and the proposed method with switching off strategy

is labeled ‘Switching Off Strategy’ in the figure. It can be

seen that the switching off strategy contributes to the energy

efficiency, and its impact is more significant when there is only

one RIS deployed.



10

20 30 40 50 60 70 80 90 100

Number of RIS elements per RIS

 a)

2

4

6

8

10

12

E
n

e
rg

y
 e

ff
ic

ie
n

c
y
 (

b
p

s
/H

z
/J

o
u

le
)

Switching Off Strategy (R=1)

All ON (R=1)

Switching Off Strategy (R=2)

All ON (R=2)

20 30 40 50 60 70 80 90 100

Number of RIS elements per RIS

 b)

0

20

40

60

80

100

A
v
e

ra
g

e
 N

u
m

b
e

r 
o

f 
'O

N
' R

IS
 e

le
m

e
n

ts
 p

e
r 

R
IS

All ON (R=1)

Switching Off Strategy (R=1)

All ON (R=2)

Switching Off Strategy (R=2)

Fig. 3: Impact of switching off strategy a) Energy efficiency

versus Number of RIS elements per RIS, b) Average Number

of ‘ON’ RIS elements per RIS versus Number of RIS elements

per RIS at Pmax = 40 dBm, Rmink
= 4.01 bps/Hz.

B. Energy efficiency and Spectral efficiency tradeoff

In this section, we show that there is a tradeoff between

energy efficiency and spectral efficiency. We establish this

through the simulation results in Fig. 4. The ªEE Maxº in

the figure represents the proposed method of maximizing

energy efficiency and ªSE Maxº in the figure represents the

method of maximizing sum spectral efficiency. Rmink
refers

to the minimum spectral efficiency for the kth user. We can

realize that replacing PT in (11) by 1 gives spectral efficiency

of the system. Thus, the method of maximimizing spectral

efficiency of the system can be developed in a way similar

to that of maximizing energy efficiency. As transmit power is

increased in Fig. 4, there is an increase in SINR, leading to

increase in system spectral efficiency. Energy efficiency will

also increase at the beginning because of increase in spectral

efficiency. However, when the increase in power is higher, the

increase in system’s spectral efficiency will not be sufficient

to increase energy efficiency. Energy efficiency will start to

decrease instead.

From the figures, we can see that even though spectral

efficiency is increasing with increase in power, energy efficiency

starts decreasing after a point, 30 dBm in this case. This tells

us that there is trade-off between system’s spectral efficiency

and energy efficiency.
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Fig. 4: Tradeoff between Spectral efficiency and Energy

efficiency, Nt = 32, NI = 36

C. Performance Analysis of Proposed Method

1) Hybrid Precoding’s Performance: We compare the per-

formance of the proposed hybrid precoding scheme with other

existing hybrid precoding methods in Fig. 5 and Fig. 6. The

chosen hybrid precoding techniques for comparison construct

hybrid precoders from fully digital precoder by minimizing the

Euclidean distance between the hybrid precoder and the optimal

fully digital precoder. In Fig. 5 and Fig. 6, MO represents

manifold optimization based hybrid precoder [48], MBCD

represents hybrid precoder based on modified form of block

coordinate descent method [45], and HD-LSR represents hybrid

design by least squares relaxation (HD-LSR) [49].

For the hybrid precoders under consideration, the optimal

fully digital precoder Fopt is constructed first to maximize

energy efficiency using the proposed method. From FFD, analog

precoder FR is constructed using respective algorithms and the

digital part of the hybrid precoder FD is computed using the

obtained analog precoder FR as FD = (HFR)
†
. FD may also

be computed as FD = F
†
RFFD. Finally, the hybrid precoder

is normalized and multiplied by a suitable factor so that the

Frobenius norm of the hybrid precoder is same as that of the

fully digital precoder as,

FHy = ∥FFD

√
P∥F

FRFD

∥FRFD∥F
, (36)

where ∥.∥F represents Frobenius norm.

It can be seen in Fig. 5 and Fig. 6 that the performance of the

proposed hybrid precoding method is better than the existing
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Fig. 5: Energy Efficiency Vs Number of BS antennas, R = 2,

NI = 36, K = 8, Pmax= 30 dBm, Rmink
= 3.7 bps/Hz.
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Fig. 6: Energy Efficiency Vs Maximum Transmit Power, Nt =

64, K = 8, R = 2, NI = 36, Rmink
= 2.67 bps/Hz.

ones. In this paper, we not only determine the hybrid precoder

but also the optimal power for each user to optimize energy

efficiency, given the hybrid precoder. This also contributes

hugely into achieving better energy efficiency performance in

comparison to existing hybrid precoding methods.

2) Performance of the proposed method Vs existing method:

We compare the performances of the proposed scheme with the

existing method [35] and ªBS Precoding Onlyº (both digital

and hybrid) at the BS. For ªBS Precoding Onlyº case, we

choose the phase-shifts of RISs randomly and then determine

the fully digital precoder that maximizes the energy efficiency

in similar way as the proposed algorithm. We determine hybrid

precoder from the fully digital precoder in a similar way as

described in VI-C1. The curves for the proposed method are

plotted with both the fully digital precoder and the proposed

hybrid precoder, whereas the existing method’s performance is

plotted with only the fully digital precoder.

The energy efficiency and spectral efficiency performances
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Fig. 7: Energy efficiency versus Maximum transmit power,

Nt = 64, R = 4, NI = 36, K = 8, Rmink
= 3 bps/Hz.

as a function of maximum transmit power are portrayed in Fig.

7 and Fig. 8 respectively. The energy efficiency increases with

maximum transmit power before gaining a maximum value

and finally decreasing. With the increase in maximum transmit

power, the BS can allocate more power to each user which

naturally increases the spectral efficiency as proven by Fig. 8

as well. This, however, comes with increase in transmit power

which lowers energy efficiency once the growth in spectral

efficiency is eclipsed by the increase in transmit power.
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Fig. 8: Spectral efficiency versus Maximum transmit power,

Nt = 64, R = 4, NI = 36, K = 8, Rmink
= 3 bps/Hz.

The energy efficiency plot of proposed method in Fig. 9

shows that the energy efficiency increases as the number of

RISs grows and starts to decline after reaching the maximum.

The higher number of RISs helps boost the spectral efficiency.

But the power consumed is also higher with the larger number

of RISs. The energy efficiency surges with the increasing

number of RISs as long as the increase in spectral efficiency

overcomes the increase in power consumed by the RISs. The

energy efficiency plot as a function of number of RIS elements
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per RIS in Fig. 10 is also similar to the Fig. 9. The increase in

the number of RIS elements per RIS helps enhance the spectral

efficiency but the power consumed by the RISs also increases

at the same time. As a result, the energy efficiency saturates

at some point and starts decreasing as the number of elements

per RIS increases further.
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Fig. 9: Energy efficiency versus Number of RISs, Pmax = 40
dBm, Rmink

= 3 bps/Hz.

4 6 8 10 12 14 16

Number of RIS elements per RIS

8

10

12

14

16

18

20

22

24

E
n
e
rg

y
 e

ff
ic

ie
n
c
y
 (

b
p
s
/H

z
/J

o
u
le

)

BS-Precoding Only (FD)

BS-Precoding Only (Hybrid)

Existing Fully Digital

Proposed Fully Digital

Proposed Hybrid

Fig. 10: Energy efficiency versus Number of elements per each

RIS, Nt = 64, R = 4, K = 8,Pmax = 40 dBm, Rmink
= 3

bps/Hz.

The performance plots in Fig. 9 and Fig.10 can be explained

better via channel hardening which is a phenomenon where

a wireless channel behaves like a deterministic channel rather

than a random one. The increase in number of RIS elements

in a MIMO system results in channel hardening [50]. As a

result, the spectral efficiency becomes more stable and does not

increase much even as the RIS elements grow. Thus, energy

efficiency increases with growing RIS elements in the beginning

as spectral efficiency is increasing rapidly. But after a certain

point, the channel starts to behave more deterministically, and

spectral efficiency only grows by a small amount as the number

of RIS elements increase. The power consumption increased

because of the increase in number of RIS elements makes sure

energy efficiency starts decreasing.
The Fig. 11 shows how energy efficiency varies when the

QoS constraint in the form of minimum spectral efficiency

Rmink
is increased. The minimum power required for each

MS, pmink
increases with Rmink

. As long as the value of

pmink
is smaller enough, it does not have a say in the power

allocated for each MS. But when pmink
reaches a large enough

value, it dictates the power allocated for each MS. Hence, it

increases the spectral efficiency while decreasing the energy

efficiency on the other hand, at higher values of Rmink
. Thus,

when Rmink
increases from 36.17 bps/Hz to 38.18 bps/Hz,

there is a sudden rise in spectral efficiency which comes at

the cost of abrupt rise in power consumed, causing a dip in

energy efficiency. The decline is more pronounced in existing

method compared to the proposed solution.
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Fig. 11: Energy efficiency versus Minimum rate for each user,

Nt = 64, R = 4, NI = 36, K = 8, Pmax = 40 dBm.

The Fig. 12 depicts the effect of the number of users on

energy efficiency. There is an amplification in the sum spectral

efficiency with the increase in number of users. The increase

in power consumed by users is significantly lower than the

increase in sum spectral efficiency, thus, increasing the energy

efficiency with the number of users.
The increase in BS transmit antennas definitely enhances

the spectral efficiency. But there is also an augmentation in the

number of power amplifiers and the number of RF chains. There

is no rise in the number of RF chains and power amplifiers

but only a rise in the number of phase shifters where hybrid

precoding is applied . The multiplication in the amount of power

consumed outweighs the amplification of spectral efficiency.

As a result, the energy efficiency decreases with the rising

number of BS antennas as shown by Fig. 13.
The Fig. 14 exhibits the energy efficiency performance as the

distance between BS and RIS is increased, keeping the distance

between BS and the MS constant. As the distance between BS

and RIS is increased, except the increase in pathloss between

the BS and RIS (and decrease in pathloss between RIS and MS)

all the parameters remains intact. There is no direct increase
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Fig. 12: Energy efficiency versus Number of users, Nt = 64,

R = 4, NI = 36, Pmax = 40 dBm, Rmink
= 3 bps/ Hz.

or decrease in power consumption as distance between BS and

RIS is increased except through precoder and power allotted

to different users which depend on the channel. As expected

the energy efficiency remains roughly the same except some

small changes.
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Fig. 13: Energy efficiency versus Number of BS transmit

antennas, R = 4, NI = 36, K = 8, Pmax = 40 dBm,

Rmink
= 3 bps/ Hz.

From all the performance comparison plots, we can deduce

that hybrid precoding provides better energy efficiency com-

pared to fully digital precoding which is expected because

of the fewer number of RF chains employed by the hybrid

precoding. In general, the proposed method performs better

than the existing method and the BS-Only precoding.
The proposed method, as well as the existing approach in

[35], employs a ZF precoder and jointly optimizes the phase

shift matrix Φ and the power allocation matrix P to maximize

energy efficiency via alternating optimization. In both cases,

the subproblem for determining Φ is formulated as a binary

quadratic problem. However, the dimensionality of this subprob-

lem in the proposed method is reduced to RNI , in contrast to

the higher dimensionality (RNI)
2

formulation in [35], thereby

achieving significant computational savings. To solve this

subproblem, the proposed method adopts a greedy algorithm in

phase, whereas [35] employs two alternative strategies: gradient

descent search and sequential fractional programming. For the

power allocation subproblem, the proposed method utilizes

the method of Lagrange multipliers with KKT conditions,

while [35] adopts the Dinkelbach algorithm. Furthermore, the

proposed framework introduces an RIS switching-off strategy

that selectively deactivates certain reflecting elements to further

enhance energy efficiency, resulting in updated values of Φ

and P. In addition, a hybrid precoding scheme is proposed,

which provides additional improvements in energy efficiency.
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Fig. 14: Energy Efficiency Vs Distance between BS and RIS,

Nt = 64, R = 4, NI = 36, K = 8, Pmax = 40 dBm,

Rmink
= 3 bps/ Hz.

VII. CONCLUSION

In this paper, an mmWave MU-MISO communication

enhanced by the distributed RISs is considered, with the

purpose of maximizing energy efficiency. The energy efficiency

maximization problem is shrunk into a simplified problem of

determining RIS phase shift coefficients and power allocated

to the users with the use of fully digital ZF precoding at the

BS. An algorithm that alternately optimizes RIS phase shift

coefficients and the power allocation is proposed, opting for

an alternating optimization route. A greedy algorithm in phase

is used to determine RIS phase shift matrix, and an iterative

algorithm based on the method of Lagrange multipliers using

KKT conditions is developed to optimize power allocation

matrix. Moreover, the energy efficiency is aggrandized by

switching off some of the RIS elements by proposing a

computationally efficacious RIS Switching Off strategy. The

impacts of different parameters on energy efficiency are studied

through simulations. The simulation results divulge that the

proposed algorithm manages to achieve better energy efficiency

as compared to the existing solution. It would be interesting

to explore the energy efficiency maximization problem by
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including the selection of active or ªONº RIS elements in the

optimization problem itself, and we would investigate it in our

future work.

REFERENCES

[1] W. H. Chin, Z. Fan, and R. Haines, ªEmerging technologies and research
challenges for 5G wireless networks,º IEEE Wireless Communications,
vol. 21, no. 2, pp. 106±112, 2014.

[2] A. L. Swindlehurst, E. Ayanoglu, P. Heydari, and F. Capolino, ªMillimeter-
wave massive MIMO: The next wireless revolution?º IEEE Communica-

tions Magazine, vol. 52, no. 9, pp. 56±62, Sep. 2014.
[3] T. S. Rappaport, J. N. Murdock, and F. Gutierrez, ªState of the art in

60-ghz integrated circuits and systems for wireless communications,º
Proceedings of the IEEE, vol. 99, no. 8, pp. 1390±1436, 2011.

[4] S. Rangan, T. S. Rappaport, and E. Erkip, ªMillimeter-wave cellular
wireless networks: Potentials and challenges,º Proceedings of the IEEE,
vol. 102, no. 3, pp. 366±385, 2014.

[5] A. Ghosh, T. A. Thomas, M. C. Cudak, R. Ratasuk, P. Moorut, F. W.
Vook, T. S. Rappaport, G. R. MacCartney, S. Sun, and S. Nie, ªMillimeter-
wave enhanced local area systems: A high-data-rate approach for future
wireless networks,º IEEE Journal on Selected Areas in Communications,
vol. 32, no. 6, pp. 1152±1163, 2014.

[6] C.-X. Wang, F. Haider, X. Gao, X.-H. You, Y. Yang, D. Yuan, H. M.
Aggoune, H. Haas, S. Fletcher, and E. Hepsaydir, ªCellular architecture
and key technologies for 5g wireless communication networks,º IEEE

Communications Magazine, vol. 52, no. 2, pp. 122±130, 2014.
[7] T. E. Bogale and L. B. Le, ªBeamforming for multiuser massive MIMO

systems: Digital versus hybrid analog-digital,º in 2014 IEEE Global

Communications Conference, 2014, pp. 4066±4071.
[8] M. A. ElMossallamy, H. Zhang, L. Song, K. G. Seddik, Z. Han, and

G. Y. Li, ªReconfigurable intelligent surfaces for wireless communica-
tions: Principles, challenges, and opportunities,º IEEE Transactions on

Cognitive Communications and Networking, vol. 6, no. 3, pp. 990±1002,
2020.

[9] P. Wang, J. Fang, L. Dai, and H. Li, ªJoint transceiver and large intelligent
surface design for massive MIMO mmwave systems,º IEEE Transactions

on Wireless Communications, vol. 20, no. 2, pp. 1052±1064, 2021.
[10] Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, ªIntelligent reflecting

surface-aided wireless communications: A tutorial,º IEEE Transactions

on Communications, vol. 69, no. 5, pp. 3313±3351, 2021.
[11] E. Bjºùrnson, O. ºézdogan, and E. G. Larsson, ªReconfigurable

intelligent surfaces: Three myths and two critical questions,º IEEE

Communications Magazine, vol. 58, no. 12, pp. 90±96, 2020.
[12] E. Basar, ªTransmission through large intelligent surfaces: A new frontier

in wireless communications,º in 2019 European Conference on Networks

and Communications (EuCNC), 2019, pp. 112±117.
[13] E. Basar, M. Di Renzo, J. De Rosny, M. Debbah, M.-S. Alouini, and

R. Zhang, ªWireless communications through reconfigurable intelligent
surfaces,º IEEE Access, vol. 7, pp. 116 753±116 773, 2019.

[14] C. Liaskos, S. Nie, A. Tsioliaridou, A. Pitsillides, S. Ioannidis, and
I. Akyildiz, ªA new wireless communication paradigm through software-
controlled metasurfaces,º IEEE Communications Magazine, vol. 56, no. 9,
pp. 162±169, 2018.

[15] M. D. Renzo, M. Debbah, D.-T. Phan-Huy, A. Zappone, M.-S. Alouini,
C. Yuen, V. Sciancalepore, G. C. Alexandropoulos, J. Hoydis, H. Gacanin
et al., ªSmart radio environments empowered by reconfigurable ai meta-
surfaces: An idea whose time has come,º EURASIP Journal on Wireless

Communications and Networking, vol. 2019, no. 1, pp. 1±20, 2019.
[16] M. Di Renzo, K. Ntontin, J. Song, F. H. Danufane, X. Qian, F. Lazarakis,

J. De Rosny, D.-T. Phan-Huy, O. Simeone, R. Zhang, M. Debbah,
G. Lerosey, M. Fink, S. Tretyakov, and S. Shamai, ªReconfigurable
intelligent surfaces vs. relaying: Differences, similarities, and performance
comparison,º IEEE Open Journal of the Communications Society, vol. 1,
pp. 798±807, 2020.

[17] M. Di Renzo, A. Zappone, M. Debbah, M.-S. Alouini, C. Yuen,
J. de Rosny, and S. Tretyakov, ªSmart radio environments empowered by
reconfigurable intelligent surfaces: How it works, state of research, and
the road ahead,º IEEE Journal on Selected Areas in Communications,
vol. 38, no. 11, pp. 2450±2525, 2020.

[18] X. Yuan, Y.-J. A. Zhang, Y. Shi, W. Yan, and H. Liu, ªReconfigurable-
intelligent-surface empowered wireless communications: Challenges and
opportunities,º IEEE Wireless Communications, vol. 28, no. 2, pp. 136±
143, 2021.

[19] C. Pan, H. Ren, K. Wang, W. Xu, M. Elkashlan, A. Nallanathan, and
L. Hanzo, ªMulticell MIMO communications relying on intelligent
reflecting surfaces,º IEEE Transactions on Wireless Communications,
vol. 19, no. 8, pp. 5218±5233, 2020.

[20] Q. Wu and R. Zhang, ªTowards smart and reconfigurable environment:
Intelligent reflecting surface aided wireless network,º IEEE Communica-

tions Magazine, vol. 58, no. 1, pp. 106±112, 2020.
[21] B. Ning, Z. Chen, W. Chen, and J. Fang, ªBeamforming optimization

for intelligent reflecting surface assisted MIMO: A sum-path-gain
maximization approach,º IEEE Wireless Communications Letters, vol. 9,
no. 7, pp. 1105±1109, 2020.

[22] P. Wang, J. Fang, X. Yuan, Z. Chen, and H. Li, ªIntelligent reflecting
surface-assisted millimeter wave communications: Joint active and passive
precoding design,º IEEE Transactions on Vehicular Technology, vol. 69,
no. 12, pp. 14 960±14 973, 2020.

[23] H. Guo, Y.-C. Liang, J. Chen, and E. G. Larsson, ªWeighted sum-
rate maximization for reconfigurable intelligent surface aided wireless
networks,º IEEE Transactions on Wireless Communications, vol. 19,
no. 5, pp. 3064±3076, 2020.

[24] Z. Zhang and L. Dai, ªA joint precoding framework for wideband recon-
figurable intelligent surface-aided cell-free network,º IEEE Transactions

on Signal Processing, vol. 69, pp. 4085±4101, 2021.
[25] S. Zhang and R. Zhang, ªCapacity characterization for intelligent

reflecting surface aided MIMO communication,º IEEE Journal on

Selected Areas in Communications, vol. 38, no. 8, pp. 1823±1838, 2020.
[26] H. Kasai, ªFast optimization algorithm on complex oblique manifold

for hybrid precoding in millimeter wave mimo systems,º in 2018 IEEE

Global Conference on Signal and Information Processing (GlobalSIP),
2018, pp. 1266±1270.

[27] M.-M. Zhao, A. Liu, and R. Zhang, ªOutage-constrained robust beam-
forming for intelligent reflecting surface aided wireless communication,º
IEEE Transactions on Signal Processing, vol. 69, pp. 1301±1316, 2021.

[28] R. Liu, M. Li, Q. Liu, and A. L. Swindlehurst, ªJoint symbol-level
precoding and reflecting designs for irs-enhanced mu-miso systems,º
IEEE Transactions on Wireless Communications, vol. 20, no. 2, pp.
798±811, 2021.

[29] B. Yang, X. Cao, C. Huang, C. Yuen, M. Di Renzo, Y. L. Guan, D. Niyato,
L. Qian, and M. Debbah, ªFederated spectrum learning for reconfigurable
intelligent surfaces-aided wireless edge networks,º IEEE Transactions

on Wireless Communications, vol. 21, no. 11, pp. 9610±9626, 2022.
[30] N. Baskar, P. Selvaprabhu, V. B. Kumaravelu, S. Chinnadurai, V. Raja-

mani, V. Menon U, and V. Kumar C, ªA survey on resource allocation
and energy efficient maximization for IRS-aided MIMO wireless com-
munication,º IEEE Access, vol. 12, pp. 85 423±85 454, 2024.

[31] A. Bereyhi, S. Asaad, and R. R. Mueller, ªStepwise transmit antenna
selection in downlink massive multiuser MIMO,º in WSA 2018; 22nd

International ITG Workshop on Smart Antennas, 2018, pp. 1±8.
[32] S. Asaad, A. M. Rabiei, and R. R. MÈuller, ªMassive MIMO with antenna

selection: Fundamental limits and applications,º IEEE Transactions on

Wireless Communications, vol. 17, no. 12, pp. 8502±8516, 2018.
[33] B. Yang, X. Cao, C. Huang, C. Yuen, L. Qian, and M. D. Renzo,

ªIntelligent spectrum learning for wireless networks with reconfigurable
intelligent surfaces,º IEEE Transactions on Vehicular Technology, vol. 70,
no. 4, pp. 3920±3925, 2021.

[34] B. Yang, X. Cao, C. Huang, Y. L. Guan, C. Yuen, M. Di Renzo, D. Niyato,
M. Debbah, and L. Hanzo, ªSpectrum-learning-aided reconfigurable
intelligent surfaces for ªgreenº 6g networks,º IEEE Network, vol. 35,
no. 6, pp. 20±26, 2021.

[35] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and C. Yuen,
ªReconfigurable intelligent surfaces for energy efficiency in wireless com-
munication,º IEEE Transactions on Wireless Communications, vol. 18,
no. 8, pp. 4157±4170, 2019.

[36] Q. Wu and R. Zhang, ªBeamforming optimization for wireless network
aided by intelligent reflecting surface with discrete phase shifts,º IEEE

Transactions on Communications, vol. 68, no. 3, pp. 1838±1851, 2020.
[37] Z. Yang, M. Chen, W. Saad, W. Xu, M. Shikh-Bahaei, H. V. Poor,

and S. Cui, ªEnergy-efficient wireless communications with distributed
reconfigurable intelligent surfaces,º IEEE Transactions on Wireless

Communications, vol. 21, no. 1, pp. 665±679, 2022.
[38] V. Venkateswaran and R. Krishnan, ªHybrid analog and digital precoding:

From practical RF system models to information theoretic bounds,º in
2016 IEEE Globecom Workshops (GC Wkshps). IEEE, 2016, pp. 1±6.

[39] I. CsiszÂar, ªInformation geonetry and alternating minimization proce-
dures,º Statistics and decisions, vol. 1, pp. 205±237, 1984.

[40] J. C. Bezdek and R. J. Hathaway, ªSome notes on alternating optimiza-
tion,º in Advances in Soft Computing Ð AFSS 2002, N. R. Pal and



15

M. Sugeno, Eds. Berlin, Heidelberg: Springer Berlin Heidelberg, 2002,
pp. 288±300.

[41] X.-D. Zhang, Matrix analysis and applications. Cambridge University
Press, 2017.

[42] I. Waldspurger, A. d’Aspremont, and S. Mallat, ªPhase recovery, MaxCut
and complex semidefinite programming,º Math. Program., vol. 149, no.
1-2, pp. 47±81, 2015. [Online]. Available: https://doi.org/10.1007/s10107-
013-0738-9

[43] T. Guo, X. Li, M. Mei, Z. Yang, J. Shi, K.-K. Wong, and Z. Zhang,
ªJoint communication and sensing design in coal mine safety monitoring:
3-d phase beamforming for ris-assisted wireless networks,º IEEE Internet

of Things Journal, vol. 10, no. 13, pp. 11 306±11 315, 2023.
[44] O. E. Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath,

ªSpatially sparse precoding in millimeter wave MIMO systems,º IEEE

Transactions on Wireless Communications, vol. 13, no. 3, pp. 1499±1513,
March 2014.

[45] P. R. Gautam and L. Zhang, ªHybrid precoding for millimeter wave
MIMO: Trace optimization approach,º IEEE Access, vol. 10, pp. 66 874±
66 885, 2022.

[46] P. R. Gautam, L. Zhang, and P. Fan, ªHybrid MMSE precoding for
millimeter wave MU-MISO via trace maximization,º IEEE Transactions

on Wireless Communications, vol. 23, no. 3, pp. 1999±2010, 2024.
[47] M. R. Akdeniz, Y. Liu, M. K. Samimi, S. Sun, S. Rangan, T. S. Rappaport,

and E. Erkip, ªMillimeter wave channel modeling and cellular capacity
evaluation,º IEEE Journal on Selected Areas in Communications, vol. 32,
no. 6, pp. 1164±1179, 2014.

[48] X. Yu, J. Shen, J. Zhang, and K. B. Letaief, ªAlternating minimization
algorithms for hybrid precoding in millimeter wave MIMO systems,º
IEEE Journal of Selected Topics in Signal Processing, vol. 10, no. 3, pp.
485±500, April 2016.
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