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Joint Beamforming Design for IRS-Assisted
Beyond 5G Wireless Networks

Yuri Sales Ribeiro, Francisco Hugo Costa Neto, Paulo R. B. Gomes, and André L. F. de Almeida

Abstract— Intelligent reflecting surface (IRS) has emerged as
a promising technology to enhance wireless communications by
smartly shaping the radio propagation environment with reduced
hardware and energy costs. In this paper, we integrate the
IRS to a multiple-input single-output (MISO) fifth generation
(5G) system via the joint optimization of the IRS reflecting
coefficients and the transmit beamforming at the base station
(BS) to maximize the spectral efficiency in an urban micro (UMi)
propagation environment. Simulation results indicate that IRS
successfully enhances the performance of the wireless network
in terms of spectral and energy efficiencies compared with
traditional transmit beamforming and relay-assisted systems.

Keywords— Intelligent reflecting surface, beamforming, spec-
tral efficiency, energy efficiency.

I. INTRODUCTION

Intelligent reflecting surface (IRS) is envisioned as a promis-
ing technology to meet the challenging design requirements of
high spectral and energy efficiencies of beyond fifth genera-
tion (B5G) wireless networks [1]. IRS smartly modifies the
wireless propagation environment, controlling the scattering,
reflection, and refraction characteristics of electromagnetic
waves to overcome the adverse effects of natural wireless
propagation [1]. By the careful design of the reflection phase
shift and/or amplitude of a large number of passive reflecting
elements, IRS creates favorable signal paths between the
transmitter and the receiver (incident and reflected links), as
illustrated in Figure 1.

IRS differs significantly from the relaying technology. The
relay assists the transmitter-receiver link by actively processing
the received signal, then generating a new improved signal that
is transmitted. In contrast, the IRS does not use a transmitter
module since it only reflects the signals as a passive array.
Consequently, IRS does not require active hardware elements,
such as radio frequency (RF) chains, which implies reduced
additional power consumption [2]. Therefore, IRS can provide
performance enhancements to the wireless network without
any new signal generation or amplification, which reduces the
hardware cost and the power consumption [3]. The authors
of [4] have compared the performance of an amplify-and-
forward (AF) relay scheme with an IRS in a multiple-input
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Fig. 1: Model of an IRS-assisted wireless network. The
channel between the transmitter and receiver (direct link)
is represented by the dashed arrow. The IRS-assisted links
(incident and reflected) are indicated by solid arrows.

single-output (MISO) network. They demonstrated that the
IRS-assisted communication can provide large energy effi-
ciency gains compared to the relay-assisted one. Bjornson et
al. compared the ideal IRS with a decode-and-forward (DF)
relay scheme to determine the conditions under which an
IRS-assisted transmission to outweigh the conventional DF
relaying in a single-input single-output (SISO) network in
[5] and [6]. The authors demonstrated that, in a long term
evolution advanced (LTE-A) propagation scenario, IRS can
provide higher energy efficiency than DF according to the
required data rates and the number of reflecting elements. The
author of [7] extended this evaluation by considering a study
in a fifth generation (5G) propagation scenario. The presented
results supported the main conclusions of [5] and highlighted
the differences in the performance of each scheme according
to the path loss model, frequency operation, and geometric
aspects of the network.

In this work, we evaluate the downlink performance of an
IRS-assisted MISO communication system. Since the receiver
takes the superposed signals from the direct and IRS-assisted
links, it is necessary to jointly optimize the active beam-
forming at the transmitter and the passive beamforming (i.e,
reflecting coefficients) at the IRS to maximize the received
signal strength at the desired receiver. This problem was ini-
tially studied in [8] and extended by [9], in which the authors
formulated a convex optimization problem to maximize the
total received signal power at the receiver. They proposed
a centralized algorithm based on the semidefinite relaxation
(SDR) by assuming the availability of the channel state infor-
mation (CSI) at the IRS. Since the centralized implementation
requires excessive channel estimation and signal exchange
overheads, they developed a low-complexity distributed algo-
rithm, where the active and passive beamformers are adjusted
in an alternating manner until convergence is reached.
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Motivated by the above discussion, we investigate the
integration of an IRS in a MISO 5G network via the joint
optimization of the IRS reflecting coefficients and the active
beamforming to maximize the spectral efficiency in an urban
microcell (UMi) propagation environment. The main contri-
butions of this work can be summarized as follows:

1) Evaluation of a joint optimization of active and passive
beamforming to maximize spectral efficiency;

2) Comparison of the IRS-assisted network with traditional
transmit beamforming and DF relaying in a 5G-based
propagation environment.

The remainder of this work is organized as follows. We
present in Section II the main assumptions of our system
model. Section III presents the joint active and passive beam-
forming design. Simulation parameters and numerical results
are discussed in Section IV, and the main conclusions and
research perspectives are drawn in Section V.

Notation: Bold lowercase and uppercase letters represent
column vectors and matrices, respectively. (·)∗, (·)T , and (·)H
stand for complex conjugate, transpose, and Hermitian of a
matrix, respectively. || · || represents the Euclidean norm of
a complex vector. I represents the identity matrix. Πd =
d(dHd)−1dH is the orthogonal projection onto a vector d
and Π⊥d = I − Πd represents the orthogonal projection onto
the orthogonal complement of d.

II. SYSTEM MODEL

We consider the downlink of a MISO wireless network,
where a base station (BS) equipped with M antenna el-
ements serves a single-antenna user equipment (UE). The
communication link BS-UE is assisted by an IRS composed
of N reflecting elements. The IRS is equipped with a smart
controller, which dynamically adjusts the reflecting properties
of each reflecting element. The BS determines the reflecting
strategies performed by the IRS controller by a separated
control link, as indicated in Figure 2. We assume a quasi-
static flat-fading channel model for all channels involved in
this network. The channels are assumed to be statistically
independent. The channel corresponding to the BS-UE link,
also referred to as direct link, is represented as hBS-UE ∈
CM×1. The equivalent channels of the IRS-assisted links,
namely the BS-IRS link and IRS-UE link, are denoted as
HBS-IRS ∈ CN×M and hIRS-UE ∈ CN×1, respectively. We
consider that the CSI of all involved channels is perfectly
known at the BS.

The properties of the IRS are represented by the reflecting
matrix Θ = diag([ejθ1 , · · · , ejθN ]) ∈ CN×N , where ejθn is
the reflecting coefficient and θn ∈ [0, 2π] is the phase shift of
the n-th reflecting element. The signal received at the UE is
given by

y =
√
P (hHBS-UE + hHIRS-UEΘHBS-IRS)wx + z, (1)

where P is the transmit power, w ∈ CM×1 is the active
beamforming vector at the BS, x is the transmitted signal, and
z ∈ CN (0, σ2) is the additive white Gaussian noise (AWGN)
with zero mean and variance σ2. The spectral efficiency, also

known as achievable data rate, of the IRS-assisted network
can be written as

SE = log2

(
1 +

P |(hHBS-UE + hHIRS-UEΘHBS-IRS)w|2

σ2

)
. (2)

The energy efficiency of an IRS-assisted network can be
written as

EE =
B · SE

η · P + PBS + PUE +N · PRE
, (3)

where B is the bandwidth, η is the efficiency of the power
amplifier, P is the transmit power, PBS and PUE are the
hardware-dissipated power at the BS and UE, respectively.
PRE is the power dissipated per reflecting element due to the
circuitry required to adapt dynamically the phase shift.

To capture the impact of 5G scenario, we assume an
outdoor-to-outdoor radio propagation in an urban environment
modeled according to UMi specifications [10]. The BS is
mounted below the rooftop levels of surrounding buildings and
UE is placed in a street flanked by buildings on both sides.
The path loss models, defined in [10], for the line of sight
(LOS) and non-line of sight (NLOS) are

PLLOS = 32.4 + 21 · log10(d) + 20 · log10(fc), (4)

expression valid for for 10m ≤ d ≤ d′BP , where d′BP =
4(LBS − 1)(LUE − 1)fc/3 × 108, LBS is the height of the
BS and LUE is the height of the UE.

PLNLOS = max{PLLOS,PL′NLOS}, (5)

PL′NLOS = 22.4+35.3·log10(d)+21.3·log10(fc)−0.3(LUE−1.5)

where d is the distance (in meters) between the network
elements, and fc is the carrier frequency (in GHz). The channel
gains are calculated according to the following expressions

GLOS = GBS +GUE − PLLOS, (6)

GNLOS = GBS +GUE − PLNLOS, (7)

where GBS and GBS denote the antenna gains at the BS and
UE, respectively.

In the following, we detail how to perform the joint op-
timization of the active beamforming vector w and the IRS
reflection matrix Θ to enhance the performance of the MISO
system.

BS UE

IRS

Controller

hIRS-UE

hBS-UE

HBS-IRS

Fig. 2: IRS-assisted MISO wireless network.
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III. JOINT BEAMFORMING DESIGN

A. IRS-Assisted Design

In this paper, we aim to maximize the spectral efficiency
subject to the IRS phase shifts and transmit beamforming
vector constraints. For this purpose, the following optimization
problem can be formulated

max
θ,w

P |(hHBS-UE + hHIRS-UEΘHBS-IRS)w|2 (8a)

s. t. ||w||2 < 1, (8b)
0 ≤ θn < 2π, ∀n = 1, . . . , N. (8c)

Despite the convexity of the constraints, this is a non-
convex optimization problem due to the non-concave objective
function with respect to w and Θ, as it can be seen in Eq. (8a).
To overcome this issue, the authors of [8] proposed a low
complexity solution based on an alternating optimization (AO).
In this algorithm, the transmit beamforming vector w at the
BS and the phase shifts θn at the IRS are optimized in an
alternating manner with one being fixed and other updated at
each iteration.

In the first iteration, the active beamforming vector w is
initialized considering only the direct link BS-UE, that is

w(1) =
hBS-UE

||hBS-UE||
. (9)

Next, we calculate the reflecting coefficients and update the
beamforming vector. In other words, for a fixed transmit beam-
forming w(k−1), the optimal phase shifts can be computed as

θ(k)
n = ∠[hHBS-UEw

(k−1)]−∠[HBS-IRSw
(k−1)]n −∠[hHIRS-UE]n,

where ∠[·]n indicates the phase of the n-th element of a vector.
Then, for a fixed set of phase shifts, {θ(k)

n }, we determine the
optimal transmit beamforming vector using maximum ratio
transmit (MRT). In this point, we include the IRS-assisted
link. Making use of Θ(k), the the active beamforming vector
is updated at the k-th iteration as follows

w(k) =
(hHBS-UE + hHIRS-UEΘ(k)HBS-IRS)H

||hHBS-UE + hHIRS-UEΘ(k)HBS-IRS||
. (10)

The process is iterated until w(k) and Θ(k) reach the conver-
gence, or until maximum number of iterations is executed [9].
The main steps of IRS-assisted beamforming scheme are
shown in Algorithm 1.

Algorithm 1: Alternating Optimization Design [8]
k ← 1
Initialize beamforming vector w(k) = hBS-UE

||hBS-UE||
while stopping criteria not reached do

k ← k + 1
Calculate phase shifts θ(k)

n = ∠[hHBS-UEw
(k−1)]−

∠[HBS-IRSw
(k−1)]n − ∠[hHIRS-UE]n,

Calculate beamforming vector

w(k) =
(hHBS-UE + hHIRS-UEΘ(k)HBS-IRS)H

||hHBS-UE + hHIRS-UEΘ(k)HBS-IRS||
end

B. Relay-Assisted Design

We consider the repetition-coded DF relaying protocol as a
benchmark solution. It is divided into two transmission phases.
In the first phase, the BS transmits and the signal is received at
the UE and at the relay. Then, the relay uses the received signal
to decode the information and then encodes it again to transmit
to the UE in the second phase. The signals received at the UE
in the first and the second transmission phases are combined
to improve the achievable data rate. For this approach, the
spectral efficiency is given by

SE =
1

2
min(SER,SEUE), (11)

where SER and SEUE are the the spectral efficiency at the
relay and at the UE, respectively. These spectral efficiencies
are calculated according to

SER(w) = log2

(
1 +

PS |hHBS-Rw|2

σ2

)
, (12)

SEUE(w) = log2

(
1 +

Ps|hHBS-UEw|2

σ2
+
Pr|hR-UE|2

σ2

)
, (13)

where Ps and Pr are the transmit power at the BS and at
relay, respectively; the involved channels are hBS-UE ∈ CM×1,
hBS-R ∈ CM×1, and hR-UE ∈ C. The spectral efficiency is
maximized when there is a w ∈ CM×1 such that SER = SEUE.

We consider the beamforming design proposed in [11], in
which the authors developed an algorithm to balance direct and
relay links to maximize the spectral efficiency of the overall
system, as summarized in Algorithm 2.

The energy efficiency of a relay-assisted system is given by

EER =
B · SER

η · P +
1

2
PBS + PUE + ·PR

, (14)

where P = Ps+Pr

2 , PR is the power dissipated at relay. The 1
2

factor is due to the duty cycle loss in the half-duplex relaying.

Algorithm 2: Vector Estimation Design [11]

k ← 1, δ = 10−7, ε(k)
1 = 1, ε(k)

2 = 0
Initialize beamforming vector w(k) = hBS-R/||hBS-R||
Define D(k) = SER(w(k))− SEUE(w(k))
while D(k) < D(k−1) do

k ← k + 1
ε
(k)
1 = ε

(k−1)
1 − δ

ε
(k)
2 =

√
1− ε(k)

1 ej∠(hH
BS-UEhBS-R)

Update beamforming vector

w(k) = ε
(k)
1

hBS-R
||hBS-R|| + ε

(k)
2

Π⊥
hBS-R

hBS-UE

||Π⊥
hBS-R

hBS-UE||

end
ε∗1 = ε

(k−1)
1 , ε∗2 = ε

(k−1)
2

Define α∗ and β∗

α∗ = ε∗1 − ε∗2
||ΠhBS-RhBS-UE||
||Π⊥

hBS-R
hBS-UE||

, β∗ = ε∗2
||hBS-UE||

||Π⊥
hBS-R

hBS-UE||
Calculate optimal beamforming vector
w = α∗ hBS-R

||hBS-R|| + β∗ hBS-UE
||hBS-UE||

3
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IV. SIMULATION RESULTS

We consider the downlink of a MISO wireless network,
where the BS is equipped with M = 8 antenna elements and
serves a single-antenna UE. The network is assisted by an
IRS with a variable number of reflecting elements, namely
N = {100, 200, 400}. The BS and IRS are deployed at fixed
positions, separated by a distance dBS-IRS = 80 m. The UE
moves along a line parallel to the line connecting BS and
IRS. These two lines are separated by a distance dV = 10
m. The distance covered by the UE is denoted by dUE which
increases from 0 to 100 m. The BS has a height equal to
LBS = 10 m. The IRS is placed in front of BS, thus, have the
same height LIRS = LBS. The height of the UE is LUE = 1.5
m. The relay has the same coordinates as the IRS. Figure 3
depicts the spatial configuration of the evaluated network.

Movement 
Direction

IRS

UE

BS

dBS-IRS

dUE

dv

Fig. 3: Simulation setup.

The antenna gains have been set to 8 dBi at the BS and the
IRS, and to 0 dBi at the UE. The propagation conditions are
modeled as UMi according to the 3rd Generation Partnership
Project (3GPP) specifications [10]. The BS-UE link is modeled
as UMi NLOS to indicate the hard propagation conditions.
The BS-IRS and IRS-UE links are modeled as UMi LOS. The
carrier frequency is fc = 3 GHz, the bandwidth is B = 10
MHz, and the noise power is −94 dBm.

Figure 4 presents the spectral efficiency versus the horizon-
tal distance between the BS and UE for different values of the
transmit power P . In a system without IRS, the beamforming
is designed by considering only the direct link, as indicated in
Eq. (9). In this scheme, as the UE moves away from the BS,
the signal to noise ratio (SNR), and consequently the spectral
efficiency, is reduced due to the increasing attenuation. This
problem is alleviated with the deployment of an IRS to aid
the communication. In our simulation setup, as the UE moves
away from the BS, it approaches the IRS. Consequently, the
signal reflected by the IRS becomes stronger. We observe that
the spectral efficiency has its highest values when the UE
is near to the BS or to the IRS. In our model, the highest
spectral efficiency is observed when dBS-IRS = 80m, i.e., when
the UE is in front of the IRS. The increment of the spectral
efficiency when N = 400 is 75% and 53% with transmit
power P = 2 dBm and P = 12 dBm, respectively. The
relay-assisted network also experiences an increment of the
spectral efficiency as the UE is close to the relay. However, it
has limited capability to reduce the attenuation of the signal.
As we can observe in Fig. 4b, the IRS is more effective to
enhance the propagation conditions with the increment of the
transmit power. Consequently, the performance gap between
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Fig. 4: Spectral efficiency versus distance dUE with different
transmit powers.

IRS and relay at their best position (dUE = 80) increases, from
2 bit/s/Hz to 4 bit/s/Hz.

Figure 5 shows the transmit power P required to achieve
a predefined spectral efficiency versus the horizontal distance
dUE. The required transmit power for the MISO scheme in-
creases with the distance dUE since the propagation conditions
worsen and nothing is done to improve them. By its turn, the
DF relaying case requires the least transmit power the UE gets
closer to the relay. On the other hand, the required transmit
power in the IRS-assisted scenario reduces when N increases.
Moreover, the performance gap with respect to DF relaying
case is smallest when the UE is located close to (in front of)
the IRS. Note that higher spectral efficiency targets benefit the
IRS, which becomes more competitive. In this case, the IRS
reduces the required transmit power by approximately 12 dB
in comparison with DF relaying.

Figure 6 indicates the energy efficiency versus the achiev-
able data rate considering the UE located in front of the IRS,
i.e., dUE = 80 m. We consider η = 0.5, PBS = PUE =
PR = 100 mW and PRE = 5 mW [5]. Although the relay
has an improved spectral efficiency and requires less transmit
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Fig. 5: Transmit power as a function of dUE for different target
spectral efficiencies (4 and 8 bits/s/Hz).

power for lower rates, it does not compensate the added
dissipated power, making the MISO setup a better option
regarding energy efficiency. It is important to notice that IRS
has highest energy efficiency values when we consider higher
achievable rates, which in this scenario occurs when SE >
12.5 bit/s/Hz. For lower rates, the increase on the number
of reflecting elements reduces the energy efficiency due to the
power dissipated per reflecting element. However, when higher
rates are required, increasing the number of reflecting elements
increases the energy efficiency since the enhancement of the
channel conditions compensates the increment on the power
consumption.

V. CONCLUSIONS

In this paper, we evaluated the integration of the IRS to
MISO wireless network exploring an alternating optimization
algorithm to design the IRS reflection characteristics and the
transmit beamforming vector. Simulation results indicated that
IRS successfully enhanced the performance of the wireless
network compared with traditional transmit beamforming and
DF relaying. The IRS successfully improved the propagation

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Achievable rate [bit/s/Hz]

0

50

100

150

200

250

300

350

E
ne

rg
y 

ef
fic

ie
nc

y 
[M

bi
t/

Jo
ul

e]

MISO
IRS/ N=100
IRS/ N=200
IRS/ N=400
Relay

Fig. 6: Energy efficiency at dUE = 80 m.

conditions, providing an increment of the spectral efficiency
of 75% compared with the system without IRS and 20% to
the relay-assisted network when N = 400. In terms of energy
efficiency, the impact of the IRS on the network performance
is more pronounced under more restrictive spectral efficiency
requirements. As perspectives, we include the extensions to
the multiple-input multiple-output (MIMO) and multi-user
(MU) scenarios, a performance evaluation under more realistic
channel models, and the study of the impact of hardware
models for the IRS.
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