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ABSTRACT The initial access in Millimeter wave (mmWave) 5G communications is very challenging and
time consuming. In general, mmWave and terahertz communications require the use of directional antennas
to seek narrow beams. However, due to this directionality, many issues can impact the beam alignment
between transmitter and receiver. In this paper, we present a comprehensive survey of beam alignment and
initial access in mmWave and terahertz 5G/6G systems. First, we present a detailed overview of initial access
methods, techniques, and beam management procedures. Then, we classify recent works related to beam
alignment based on their objective functions (i.e., latency, power allocation, QoS, energy consumption, cost).
We also highlight the beam alignment in terahertz 6G, where we find that deep learning and reconfigurable
intelligent surface are the two protagonists that help to achieve fast beam alignment.

INDEX TERMS 5G/6G, mmWave, terahertz, beamforming, initial access, beam alignment, beam steering,
reconfigurable intelligent surface.

I. INTRODUCTION
A. MOTIVATION AND NEW TRENDS
With the exponential growth of data traffic and the high
number of connected devices predicted to reach 29 billion
in 2022 [1], future mobile networks are expected to improve
spectral efficiency, reduce latency, and provide a better
throughput experience across the radio cell. The 5G is
designed to achieve low latency, high data rate, and high
reliability. It can serve a large number of connected devices
with low deployment cost [2]. 5G is being planned not
only to support the various existing usage scenarios that
will continue beyond today’s networks but also to sup-
port a wide variety of new scenarios classified into three
types of services (i.e., EnhancedMobile BroadBand (eMBB),
massive Machine-Type Communications (mMTC), Ultra-
Reliable Low Latency Communication (URLLC)).

To meet these different requirements, many new
5G enabling technologies have been driven:
• Peer-to-Peer (P2P) communications;
• Millimeter Wave (mmWave);
• Massive Multiple-Input Multiple-Output (MIMO);
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• Beamforming;
• Full Duplex and green communications;
• Non-Orthogonal Multiple Access (NOMA);
• Virtualization: Network Function Virtualization (NFV)
and Software-Defined Networking (SDN);

• Network Slicing;
• Cloud Native.

5G networks will be composed of nodes with various
functionalities such as small cells and P2P user equip-
ment, leading to a multi-tiered architecture. Given the com-
plexity of network management and the hard coordination
between multiple network levels, the network nodes will
benefit from the feature of self-organization in resource allo-
cation, load balancing, network orchestration, etc. Besides,
a User Equipment (UE) will maintain multiple active con-
nections to more than one Base Station (BS) or Access
Point (AP) using the same or different Radio Access Tech-
nologies (RATs) [3]. Heterogeneous nodes (e.g., UE, BS,
intelligent machines) will be embedded by a cloud-based
unified network to provide seamless connectivity. Successful
communication in 5G systems will be achieved by incor-
porating techniques such as joint transmission and recep-
tion, full-duplex, network-assisted interference avoidance,
spectrum reuse (e.g., NOMA), and full-dimensional MIMO.
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The cloud-native is a new approach to develop architectures
and provide 5G slicing services on a global scale [4].

Millimeter-Wave (MmWave) communication is consid-
ered as the key element in the 5G mobile network to meet
the high data rate and scale up the system capacity due to its
abundant spectrum (30 GHz–300 GHz). However, mmWave
communications are susceptible to blockage (e.g., solid build-
ing, rain, plants, etc.), resulting in high signal attenuation
and severe path loss. Therefore, directional beamforming and
beam tracking technologies should be exploited to overcome
the severe propagation loss, achieve array gains and expand
the coverage area [5].

Initial Access (IA) is the key physical layer procedure that
allows the UE to detect the close BS and make synchroniza-
tion before continuing communication. In microwave sys-
tems, IA is performed by omnidirectional antennas that may
prevent UEs from reaching far BS [6]. In contrast, mmWave
5G communications require beamforming strategies to avoid
high signal attenuation and to target a narrow beam signal
between UE and BS.

In mmWave networks with narrow beams, successful com-
munication is established only when the transmitter and
receiver beams are well aligned. In this context, selecting
the best beam alignment is similar to finding the correct
phase setting for all phase shifters on both transmitter and
receiver. Beam alignment remains a crucial challenge impact-
ing mobile communications in 5G and even in 6G wireless
systems. Although the carrier frequency trend is evident,
mmWave systems are still unable to support TeraBytes Per
Second (Tbps) data rates, restricted by the total available
consecutive bandwidth (i.e., less than 10 GHz in mmWave
systems). Therefore, the terahertz band is emerging as a key
wireless technology to meet future demands for 6G systems.
However, the beam misalignment and outage are still chal-
lenging in 6G terahertz communications.

B. OUR CONTRIBUTION
The scope of this survey includes all research results on
the efficient initial access and beam alignment in mmWave
and terahertz 5G/6G systems to provide successful commu-
nication with high QoS. The performance can be affected
by many properties, including search method, antenna type,
beamforming, and access methods. Therefore, we present a
detailed overview of initial access strategies, beam search
techniques, and beam management procedures. This article
examines the related literature over the period 2016–2021.
The contributions of this survey are summarized as follows:
• We present the beamforming basics in mmWave
5G communications;

• We classify the papers providing beam alignment
solutions based on their targeted objective functions
(e.g., power allocation, latency, QoS, etc.). We also cat-
egorize the beam alignment methods in mmWave 5G
either with or without channel estimation;

• We provide an overview of the terahertz enabling tech-
nologies required to achieve key performance indicators;

• We provide the solutions proposed to solve the beam
alignment in terahertz communications.

C. RELATED SURVEYS
As summarized in Table 1, some previous surveys have
already explored the field of initial access, beamforming, and
beam alignment in mmWave and terahertz communications.
These survey papers cover different features of mmWave
and terahertz wireless channels, including devices, antennas,
physical layer aspects, etc. Ghafoor et al. [7] present a com-
prehensive survey of medium access control (MAC) proto-
cols for terahertz communications by providing the initial
access mechanisms, requirements, and design challenges for
different application areas. This survey highlights the deaf-
ness problem but not in a detailed way, and it does not present
and classify the proposed solutions for beam alignment.
In [8], authors present an overview of emerging technolo-
gies for 5G systems. They present various hybrid beamform-
ing architectures and approaches, multi-access technologies,
channel estimation methods, beam alignment, and selection
algorithms for mmWave 5G systems. This survey does not
tackle the terahertz band. Similarly, papers [9], [10] and [11]
provide a comprehensive survey of emerging technologies,
recent advances, and beam management in mmWave 5G.
Tekbiyik et al. [12] present a literature review of Reconfig-
urable Intelligent Surface (RIS) and terahertz communica-
tion. They also investigate the emerging challenges of RIS
empowered terahertz systems. In [13], authors provide a sur-
vey on MAC schemes for wireless networks in mmWave and
terahertz bands. They focus on critical challenges such as
deafness, blockage, control channel selection, and mobility
management. They also present a taxonomy of MAC pro-
tocols based on channel access mechanisms and network
topologies. Although this study is very similar to ours in terms
of initial access basics, techniques, features, and challenges,
the beam alignment problem in mmWave and terahertz is not
detailed, and the new approaches proposed to solve it have
not been cited. To the best of our knowledge, this paper is the
first one handling the initial access and beam alignment in
mmWave and terahertz communications in a detailed manner
and highlighting the new trends towards deploying reconfig-
urable intelligent surfaces and deep learning approaches.

D. ARTICLE STRUCTURE
This paper is organized as follows. Section II provides an
overview of the initial access procedure and beamforming
basics. Section III introduces a classification of beam align-
ment strategies based on their combination with important
features as latency, power allocation, performance, and QoS.
Section IV presents an overview of beamforming and beam
alignment in 6G terahertz communications, including ter-
ahertz basics, applications, and key challenges. Moreover,
we introduce the new viewpoint of using deep learning to
establish fast beam alignment and to provide intelligent ubiq-
uitous communications with a high data rate in the 6G wire-
less network. Also, we highlight the advantage of deploying

35364 VOLUME 10, 2022



W. Attaoui et al.: Initial Access & Beam Alignment for mmWave and Terahertz Communications

TABLE 1. Our work compared to recently published related surveys.

FIGURE 1. Pictorial view of this paper.

a reconfigurable intelligent surface to ensure beam align-
ment in 5G NR/6G communications. Section V provides hot
topics and open challenges that need more investigations in
future 6G terahertz communications, and section VI presents
a summary and insights. Finally, we conclude the paper
in section VII.

The organization of the paper is illustrated in Figure 1.

II. INITIAL ACCESS & BEAMFORMING BASICS IN
mmWave 5G SYSTEMS
The 5G new radio standards include new Physical (PHY)
and Medium Access Control (MAC) layer functions to
control directional communications and avoid mmWave
interference issues. In the following, we describe these pro-
cedures and present the beamforming basics in mmWave
5G communications.

A. INITIAL ACCESS BEAM MANAGEMENT PROCEDURES
Directional links between the BS and UE require beam
management procedures to achieve the initial access. These
procedures are divided into four stages described as follows
(See Figure 2):

1) BEAM SWEEPING
Beam sweeping is a technique to transmit and sweep beams
in multiple directions at predefined intervals to cover a
spatial area that holds the transmitter and receiver. The
5G NodeB (gNB) and UE carry out beam sweeping by
transferring information to establish a successful communi-
cation based on the strongest detected beam [17]. As depicted
in Figure 3, a Synchronization Signal (SS) burst set, that
contains numerous Synchronization Signal Blocks (SSBs),
is potentially used for gNB beam-sweeping transmission.
The gNB transmits a sequence of SSB beams with various
directions, and theUE detects the best beam among them. The
SS burst set is limited to a 5 ms interval, and it is forwarded
regularly. The UE assumes a default SS burst set periodicity
of 20 ms for initial cell selection [18].

2) BEAM MEASUREMENT
Beam measurement is the assessment of the quality of the
received signal at the UE or gNB. Different metrics could be
used for measurement (e.g., the Reference Signal Received
Power (RSRP) [19], the Reference Signal Received Quality
(RSRQ), and the Signal to Interference plus Noise Ratio
(SINR)). There are different methods of measurement based
on the beam management mode (i.e., idle or connected
mode).

• Idle mode: the measurement is based on SS;
• Connected mode: the measurement is based on Chan-
nel State Information Reference Signal (CSI-RS) in
DownLink (DL) and Sounding Reference Signal (SRS)
in UpLink (UL). The CSI-RS measurements in DL
are associated with time and frequency offsets accord-
ing to the corresponding SS burst. The SRS is sched-
uled by gNB, where UE will transmit SRS based on
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FIGURE 2. Beam management procedure.

FIGURE 3. Beam sweeping transmission of SS burst set.

gNB resources and directions which help to detect the
best uplink beam.

3) BEAM DETERMINATION
Beam determination is the selection of the convenient beam
at the UE and/or the gNB.

4) BEAM REPORTING
The UE reports the beam quality and decision parameters to
the Radio Access Network (RAN). There are twomethods for
beam reporting procedure:
• Non-StandAlonemode (NSA): the 5GNewRadio (NR)
is interfaced with the Long Term Evolution (LTE)
Evolved Packet Core (EPC) network, and the UE reports

the optimal beam directions to the gNBs. Then, the gNB
schedules an immediate random access opportunity to
determine the direction with full beamforming gain [20].

• StandAlone mode (SA): the 5G NR is interfaced to
the new 5G Core Network (5GC) (without LTE con-
nection). Here, the UE waits for gNB to program a
Random Access Channel (RACH). Each SS block des-
ignates one or more RACH with a specific direction and
time/frequency offset.

B. INITIAL ACCESS SEARCH METHODS
Initial access enables a UE to establish a connection with
a BS. The IA procedure, in mmWave frequencies, should
be performed directionally, allowing the UE to determine
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the appropriate initial directions required for successful
transmission.
In general, the IA enables the UE to:

- Determine (discovery) the carrier frequency;
- Synchronize the timing and the frequency;
- Compute the signal quality to ensure that the BS with
the best quality is selected throughout IA;

- Determine the BS’s preliminary operational informa-
tion, such as bandwidth.

According to [21], the IA procedure can be significantly
delayed due to the need to find suitable alignment and highly
directional transmissions between BS and UE. The choice of
an efficient search method is crucial to obtain the highest pos-
sible beamforming gains. Hence, several known approaches
are presented in the literature:

1) EXHAUSTIVE SEARCH
Exhaustive search is a brute force sequential search that
conducts a random beam direction search at both the UE
and BS nodes simultaneously [22]. The performed scans
cover the entire angular space by employing narrow beams
generated by a large number of antennas [23]. Once a
UE starts random network access, it basically analyzes the BS
beamforming vectors for synchronization signals. In addition,
the received signal levels at each narrow beam on the UE side
must be scanned for all beams on the BS side and inversely.
The data-plane transmission is then selected from the beam
vectors returning the highest signal levels. However, this
approach has a high computational complexity since it costs
extra cell discovery delays because of the random nature of
UE locations and the shortage of relevant information.

2) ITERATIVE SEARCH
Iterative search operates a two-phase scanning of the angu-
lar space [24]. The scanning direction is established using
a predetermined codebook [25]. In the first phase, the BS
conducts an exhaustive search through different sectors in a
sequential manner. After scanning the whole angular area,
the BS decides the best sector based on the highest received
SNR. The UE also determines the best direction to attain the
BS. In the second phase, the BS sweeps the best-opted sector
by using more antennas and narrow beams. The total number
of search sectors in both phases remains the same. Referring
to [26], the iterative search can decrease the delay of discov-
ery at the cost of increasing the misdetection probability.

3) HIERARCHICAL SEARCH
The hierarchical search offers a trade-off between omnidi-
rectional and exhaustive search approaches. This method is
resumed in three phases. The first one is when the BS and
UE nodes start with a single wide beam and then use the
same array size to perform a sequential search in other spatial
directions [27]. Following the completion of the scanning
cycle, a single wide beam is chosen at the UE and BS in the
initial stage. In the second phase, a group of restricted beams
is determined within an angular range of the best-detected

beam, and a further search is performed employing a single
narrow beam over specific directions opted from all beams
(e.g., four directions from 16 beams [28]). In the third phase,
the searching procedure is repeated in the codebook until the
highest signal is discovered using a pencil beam. The hier-
archical search scheme can offer fast discovery [29], where
refinements (e.g., selecting a correct combiner in the initial
scanning) are required to enhance its performance [30]. How-
ever, the hierarchical codebook search necessitates immense
computational complexity and extensive access time [28].

4) BISECTION SEARCH
A bisection search aims to identify the section with the
highest received power for further refinement. The Angle
of Arrival (AoA) or Angle of Departure (AoD) is split into
two equal-sized sectors; which are sequentially scanned and
progressively narrowing the beams in the succeeding stages
based on the estimation outputs [31]. However, when the
obtained result is affected by the noise, the deterministic
bisection algorithm will mostly fail, because a single incor-
rect answer will redirect the search away from the correct
path [32]. According to [33], in terms of enhancing through-
put during the communication phase, the bisection scheme
surpasses both iterative and exhaustive methods.

C. ANTENNA TYPE & RADIATION PATTERN
The beam detection process is classified into three steps,
namely, link-level device discovery, sector-level align-
ment, and beam-level refinement. The omnidirectional or
quasi-omnidirectional radiation pattern, wide or narrow beam
are invented to meet the demands of these three stages [34].

The beam direction is determined by the type of transmit-
ting and receiving antennas (i.e., omnidirectional or direc-
tional). The signal in omnidirectional antennas can radiate
in all directions with similar energy. However, in directional
antennas, the signal radiates in only one specific direction
forming narrow beams and helps to cover a long distance
as seen in Figure 4. As the gain of a directional antenna
increases, the coverage distance increases, but the effec-
tive beamwidth decreases. Directional antennas are always
used for long-range point-to-point and point-to-multi-point
links rather than omnidirectional antennas. The omnidi-
rectional antennas are recommended for sub-6 GHz net-
works, while directional antennas are advised for mmWave
communications.

Realistic directional antennas consist of one or two main
lobes and side/back lobes. For mathematical tractability,
three simplified analytical directional antenna models are
proposed in the literature, the sector model [35], the key-
hole model [36], and the lemniscate model [37]. The sector
model neglects the side lobes while the keyhole model is
unable to picture the nulling capability1 of realistic antennas
(see Table 2 and Figure 5).

1The capability of a directional antenna employing nulls to counteract
unwanted interference in some undesired directions.
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FIGURE 4. Directional antenna vs omnidirectional antenna.

TABLE 2. Summary of simplified directional antenna models.

D. ANALOG, DIGITAL & HYBRID BEAMFORMING
Beamforming is a spatial filtering scheme for transmit-
ting/receiving data signals from all antennas by manipulat-
ing phase and amplitude techniques at the BS to redirect
beams of several antennas to the intended UE, enabling the
implementation of Massive Multiple Input Multiple Output
(M-MIMO) systems. MmWave communication is challenged
by the issue of immense energy consumption due to the
considerable number of RF chains; thus, combining analog
and digital beamforming helps to reduce the number of RF
chains [38], [39].

Beamforming architectures are grouped into three
categories: analog, digital, and hybrid beamforming
(See Figure 6).

1) ANALOG BEAMFORMING
The analog beamforming is constructed by employing a small
number of quantized phase shifts to connect antennas over
a network of digitally managed phase shifters to a single
RF chain [40]. It should be taken into consideration that the
Analog-to-Digital (AD) converter and RF frontend can get
overloaded; thus, the self-interference has to be adequately
reduced in the analog domain. The analog beamforming is
less expensive and simpler than digital, although it reduces
the degrees of freedom due to a single beamformer [41], [42].

2) DIGITAL BEAMFORMING
In digital beamforming, each antenna is equipped with its
own RF chain. This offers a significant amount of freedom
since it allows to manipulate the amplitude and the phase
of the signal on each antenna. However, having a dedicated
RF chain for each antenna is a hardware limitation, par-
ticularly in mmWave communication. As a result, fully
digital beamforming in mmWave is costly and difficult to
implement [40].

3) HYBRID BEAMFORMING
Hybrid beamforming is a combination of digital and analog
beamforming, suggested for the mmWave M-MIMO system
because of its ability to reduce hardware complexity and track
the performance of fully digital beamforming.

Hybrid beamforming is cost-effective as it requires only a
few RF chains using a network of digitally controlled phase
shifters. Therefore, this can drastically decrease the hardware
cost, and power consumption [43]. Instead of using phase
shifters, the switching networks can be adopted [44].

E. ACCESS METHODS: OMA VS NOMA
During the initial detection phase, the BS may choose the
same beam pair to cover multiple users having the same
direction [45]. Nevertheless, the narrow beam may not be
the most appropriate solution because it serves only one
user [46]. Orthogonal Multiple Access (OMA) methods such
as Division Multiple Access (SDMA) or Time Division Mul-
tiple Access (TDMA) cannot be thoroughly used when mul-
tiple users select the same beam. Therefore, NOMAmethods
are proposed to meet simultaneously multiple users at the
same frequency and time [47]. As a result, using NOMA
can increase the spectral performance, and bandwidth effi-
ciency of mmWave mobile communications [48]–[50]. There
are two main methods of NOMA: power domain and code
domain [49]. The power domain NOMA is designed to cover
multiple users with different transmission powers at the same
time-frequency resource, while the code domain NOMA
builds a sparse codebook for each user and then maps its data
accordingly to the codebook [51]. NOMA uses superposition
coding at the transmitter and successive interference cancel-
lation (SIC) at the receiver.

Moreover, the high directionality of mmWave radiations
provides highly correlated user’s channels that make easy
integration of NOMA in mmWave 5G communications.
NOMA is considered as an effective multiple access method
in mmWave communications for several reasons:
• Strongly directional beams applied in millimeter-wave
communications lead to correlated channels, which can
degrade the performance of OMA schemes, thereby the
need of NOMA [52].

• NOMA can improve bandwidth performance and sup-
port massive connectivity [53].

• It can provide high cell-edge throughput and small
latency [54].

III. MmWave CHALLENGE: BEAM ALIGNMENT
This section introduces an overall categorization of the dif-
ferent beam alignment strategies presented in the literature.
The majority of related works handled the problem as a
multi-objective optimization approach between different fea-
tures, but the important objective is to achieve convenient
beam alignment in a small duration. In general, the beam
alignment is ensured if the transmitter and the receiver are
well aligned, as depicted in Figure 7. In the following,
we present a global overview of the tradeoff between beam
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FIGURE 5. Directional antenna patterns: asymmetric lemniscate, sector and keyhole models.

FIGURE 6. Analog, digital and hybrid beamforming.

alignment and other properties such as latency, power alloca-
tion, quality of service, and energy consumption.

A. BEAM ALIGNMENT TRADE-OFFS
1) BEAM ALIGNMENT & LATENCY
The current works highlight the interesting trade-off
between latency and beamforming efficiency in beam
alignment [55]–[57]. The narrow beamwidths provide high
directive gain and high sum-rate but require increased delay
for beam alignment. However, the wide beamwidths may
accelerate the alignment process but provide small gains,
limited coverage, and small throughput.

In [55], authors provide a comprehensive survey of initial
access techniques in mmWave 5G communications. The cru-
cial idea to avoid the poor propagation channel conditions
in the mmWave network is to include directionality also

in the initial synchronization phase. Their analyses prove
the existence of a strong compromise between initial access
delay and misdetection (or misalignment) probability. The
exhaustive search provides good coverage with a small delay.
On the other hand, the iterative techniques require a short time
slot for angular search but provide bad coverage, and they are
not suitable for edge users [58]. For specific scenarios such
as urban and multi-path mmWave channels, exhaustive tech-
niques are suitable, as they provide smaller total delay with
respect to other initial access techniques. These techniques
search the entire beam space to find the optimal beam pair,
which involves significant latency.

Therefore, in [56], a learning algorithm called Hierarchical
Beam Alignment (HBA) is proposed to reduce the beam
alignment latency. The proposed algorithm is an extension
of the Hierarchical Optimistic Optimization (HOO) algo-
rithm [59], that helps to select the best beam without having
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FIGURE 7. Beam alignment (sub-figure a) vs beam misalignment (sub-figure b).

any prior knowledge on the channel, where instead of
searching the entire beam space, the information is extracted
from neighboring beams to identify the best one. Authors
consider a P2P mmWave system in a static environment,
equipped with N antennas on the transmitter side as seen in
Figure 8. The system uses Uniform Linear Arrays (ULA) in
both the transmitter and receiver, and each antenna is linked
with a phase shifter to build narrow directional beams. The
channel contains L paths (i.e., one LoS and L − 1 NLoS) and
it can be expressed as follows:

hn = g0 · ej
2πd
λ
nv0 +

L−1∑
l=1

gl · ej
2πd
λ
nvl . (1)

where 0 ≤ n ≤ N − 1.
• d: is the array element spacing;
• λ: is the carrier wavelength;
• g0 and gl : are respectively the channel gains of the LoS
path and the l-th NLoS path;

• v0 and vl : are the corresponding spatial angles of the
channel for the LoS path and the l-th NLoS path.

The problem is formulated as a stochastic Multi-Armed
Bandit (MAB) aiming to select the beams sequentially
through maximizing the Received Signal Strength (RSS).
The system consists of T time slots with equal duration
t ∈ {1, 2, . . . ,T }. The set of candidate beams is denoted
by B = {b1, b2, . . . , bN } and are considered as arms in
the bandit theory. At the initial time slot t, the transmitter
selects a beam denoted bt ∈ B. At the end of time slot t,
the transmitter looks at the receiver’s noisy RSS (i.e., r(bt )),
which is treated as a reward. The main objective is to find the
optimal beam selection policy {π ∈ 5}with5 is the set of all
possible sequential beam selection policies, that maximizes
the expected cumulative reward RSS in a given time of T slots.
The expected cumulative regret is the difference between the
selected beam reward and the maximum reward obtained by
the optimal beam b∗ given by:

Rπ (T ) = E

[
T∑
t=1

(r(b∗)− r(bt ))

]
. (2)

The expected cumulative regret is defined as:

Rπ (T ) = T · E[r(b∗)]−
∑
bi∈B

Nπbi (T ) · E[r(bi)]. (3)

where Nπbi (T ) is the number of times where bi has been
selected up to time slot T. Then the optimization problem of
minimizing the expected cumulative regret (maximizing the
cumulative reward) is expressed as:

min Rπ (T ),

s.t. Nπbi (T ) 6 T ,∑
Nπbi (T ) ∈ Z ∀bi ∈ B. (4)

The experiment simulations prove the effectiveness of the
proposed bandit learning algorithm that helps to recognize
the optimal beam in low latency compared to traditional
techniques.
In the sameway, Haithem et al. [60] propose an Agile Link

algorithm to find the best beam pair in a logarithmic number
of measurements without scanning the entire beam space.
Instead of forming a narrow beam and scanning the power
along a single spatial direction each time, the Agile-Link
employs a combination of phase shifters generating random
multi-armed beams that scan multiple directions simultane-
ously and provide enough information to determine the RSS
in all spatial directions.
MmWave MIMO 5G communications often use a large

number of array elements to increase network gain and spatial
selectivity. However, the narrow beams can cause a misalign-
ment between the transmitter and receiver. The communica-
tion link between transmitter and receiver is established only
if the beams are well aligned. For future low latency applica-
tions (e.g., Augmented Reality, Virtual Reality, drone, vehi-
cle communications V2X), specific beamforming and beam
tracking techniques are required to satisfy beam alignment
with high reliability and low latency. For example, in V2X
communications, the beam sweeping latency remains a dom-
inating challenge to ensure beam alignment in mmWave 5G.
In this context, authors in [61] provide latency-based beam
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FIGURE 8. The P2P mmWave system [56].

sweeping sequences and geographic location for transmitter
and receiver. They present four scenarios as follows:

1) Scenario 1 (S1): A common geographic reference is
available;

2) Scenario 2 (S2): The beam sweeping sequence at the
transmitter is available;

3) Scenario 3 (S3): S1 and S2 are not available;
4) Scenario 4 (S4): S1 and S2 are both available.
For S2 and S3, where the geographic location is not avail-

able (i.e., a receiver may not know which beam direction can
achieve beam alignment even if a receiver has prior knowl-
edge about the beam sweeping sequence of a transmitter),
two algorithms are proposed to provide the optimal latency
of beam sweeping for both the transmitter and receiver.

In [62], authors handle the tradeoff between beam align-
ment and latency in mmWave V2V communications for a
dynamic topology related to the movement of vehicles. The
alignment time is given by:

τi,j(t) , τi,j( ϕ
tx
i,j, ϕ

rx
i,j) =

ψ
tx
i ψ

rx
j

ϕ
tx
i,jϕ

rx
i,j

Tp. (5)

where:
• ψ

tx
i and ψ

rx
j denote the sector-level beamwidths of

transmitter vehicle (vTx) i and receiver vehicle (vRx) j
respectively;

• Tp is the pilot transmission duration;
• ϕ

tx
i,j and ϕ

rx
i,j denote the beamwidth of vTx and vRx.

The achievable data rate for a time slot t of duration Tt is
given by:

ri,j(t) =
(
1−

τi,j(t)
Tt

)
·W · log

(
1+ SINRj(t)

)
. (6)

whereW is the bandwidth of mmWave band.

They propose a new framework based on matching the-
ory and swarm intelligence to optimize the beamwidth of
transmitter and receiver. The beam measurement is based on
CSI and Queue State Information (QSI), where CSI reflects
the transmission timeliness, and QSI indicates the traffic
property. The proposed Radio Resource Management (RRM)
framework considers the impact of the targeted beamwidths
on the interference at the vehicle receivers, the tradeoff
between throughput and beam alignment latency, the inter-
vehicle blocking, and the impact of the speed offset between
vehicles on the beam alignment delay. Simulation results
prove the high performance of the proposed scheme over
multiple scenarios with different configurations.

The beam discovery phase may take a long time when
the BS and the UE are using multiple directional antenna
elements and those forming narrow beams. In this regard,
authors in [57] address the tradeoff between beam alignment,
latency, and energy consumption during initial access. They
prove that using digital beamforming can reduce latency
and energy consumption compared to analog beamforming.
Also, they propose an RF architecture based on low-
resolution Analog-to-Digital Converters (ADCs) in fully dig-
ital front-ends, that ensures minimum energy consumption
and low latency for beam discovery, beam alignment, and data
transmission.

To overcome the disadvantage of overhead, in the case of
a large number of Mobile Stations (MS) or frequent han-
dovers between cells, the authors in [63] suggest Compressed
Sensing (CS)-based channel estimation method to retrieve
the signal direction with a non-negative least square. The
measurements are collected at the UEs from downlink bea-
con slots broadcasted by the BS in the initial acquisition
phase. Each UE selects its strongest AoA as the beamforming
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direction for potential data transmission. The proposed
method is especially appropriate for single-carrier multi-user
mmWave communication; however, under low SNR condi-
tions, the channels obtained by CS approaches tend to be
overwhelmed by noise, which deteriorates the performance.
Also, the complexity and accuracy are significant due to the
size of the used dictionaries.

The training overhead of adaptive search-based algorithms
remains high for large-scale antenna array systems. More
significantly, in dynamic environments, mmWave channels
vanish quickly, and the time duration of each coherence
block is too small to allow sufficient time for exact and
frequent beam alignment. A new integrated machine learning
approach is proposed to address this challenge based on coor-
dinated beamforming [64]. The main idea of the proposed
solution is to exploit the signals obtained at coordinating BSs
with merely omni or quasi-omni patterns, having negligi-
ble training load, to predict their RF beamforming vectors.
Moreover, the proposed solution allows harvesting the gains
of wide coverage and low latency coordinated beamforming
with small coordination overhead, making it a promising
solution for highly mobile mmWave applications.

In the same context, a predictive transmit-receive beam
alignment solution is proposed to achieve good performance
and low latency for small sample sets [65]. This algorithm is
based on Gaussian Process (GP) to build a predictive map-
ping between transmitter and receiver beams. An advanced
learning Bayesian algorithm is developed to handle the cor-
relation between transmitter and receiver and the cumulative
experience. Additionally, a novel mapping beam alignment
algorithm is proposed considering both the beam prediction
and the coordinate prediction to minimize the training time.

2) BEAM ALIGNMENT & POWER ALLOCATION
In beam alignment, the power allocation should be consid-
ered to reduce the beam training overhead emerging from
the global channel state information with massive antennas.
Several papers study the tradeoff between beam alignment
and power allocation for uplink and downlink mmWave
NOMA/OMA 5G communications. The problem has been
addressed using different methods and algorithms (e.g., game
theory, machine learning, optimization algorithms, etc). For
example, in [66], authors propose a quantum game theory
to achieve the beam alignment by maximizing the data rate
for D2D communications where each device can adjust the
antenna gain by scanning different beam directions. Having
the same purpose, authors in [67] propose a non-cooperative
game theory to get the best beam pair where each player
aligns his beam until achieving maximum throughput. The
utility function U of this game is defined as the capacity of
the communication link from transmitter k to its receiver j
multiplied by the probability of alignment. The utility func-
tion is given by:

U
(
ωk , ωj

)
= Pa

(
ωk , ωj

)
· log

(
1+

GR.GT .PL .PT
σ 2

)
. (7)

where:
• ωk andωj are respectively the beamwidths of transmitter
and receiver;

• Pa is the alignment probability (see Appendix in
paper [67]);

• GT and GR are the transmission and reception gains;
• PT is the transmit power;
• PL is the path loss;
• σ 2 is the constant thermal noise power.
They provide a gradient descent learning algorithm to

obtain the optimal beamwidths whilemaking beam alignment
decisions.

In [68] and [52], authors use exhaustive search to solve
the joint beam alignment and power allocation for 2 users in
downlink mmWave NOMA 5G. The issue is formulated as
an optimization approach aiming to maximize the sum rate
subject to power allocation constraint.

max
{ωt ,ωr ,P1,P2}

R1(ωt , ωr ,P1)+ R2(ωt , ωr ,P1,P2), (8a)

s.t. R1(ωt , ωr ,P1) > Rmin1 , (8b)

R2(ωt , ωr ,P1,P2) > Rmin2 , (8c)

P1 + P2 6 Pmax , (8d)

ωtmin 6 ωt (8e)

ωrmin 6 ωr , (8f)

T 6 Tt . (8g)

Ri is the achievable sum rate of each user i ∈ {1, 2},
expressed by:

Ri = 5(ωt , ωr ) ·
(
1−

T
Tt

)
· log(1+ γi). (9)

where:
• γi is SINR of user i;
• 5 is the alignment probability;
• T is the total duration of beam searching;
• Tt is the time duration of the two phases (beam align-
ment and data transmission);

• ωt and ωr are respectively the beamwidth of transmitter
and receiver;

• P1 and P2 are the transmit power of users 1 and 2
respectively.

The optimization problem in (8) was converted to a convex
one depending only on R1 and R2, and it is solved through an
exact mathematical calculation using Lagrange Multiplier.

Similarly, authors in [69] address the impact of beam
misalignment on downlinkHybrid Beamforming inmmWave
NOMA systems (HB-NOMA) for multiple users. They pro-
pose an algorithm to maximize the sum rate with a design
of digital and analog precoders. A lower bound for achiev-
able sum-rate is derived for each user analyzing the per-
fect/imperfect beam alignment for LoS and NLoS channel in
each group. Simulation results prove that HB-NOMA outper-
forms OMA, and the achievable sum rate can be impacted by
both the alignment factor and the effective channel gain.
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In [70], a joint initial access and power allocation problem
is handled for a 2-user uplink mmWave NOMA network to
achieve a high sum rate with minimum rate constraint for
each user. Similarly, in [71], authors focus on the joint power
allocation and beamforming design to achieve high energy
efficiency for 2-users uplink mmWave NOMA system. The
problem is decomposed into two sub-problems. As a result,
two sub-optimal schemes have been derived, providing high
energy efficiency compared to existing schemes and conven-
tional mmWave OMA.

Hashemi et al. [72], proposed a MAB learning algorithm
to increase the directivity gain through efficient beam align-
ment between the mmWave receiver and transmitter, consid-
ering that the probability of success is a unimodal function
of the pointing direction. However, in general, the unimodal
property is specific to mmWave and does not extend to mul-
tipath channel models.

In [73], a joint Tx-Rx beam alignment and power allocation
approach is proposed to maximize the achievable sum-rate
for multiple users. Authors consider analog beamforming for
downlink mmWave NOMA communication. The problem is
formulated as follows:

max
n∑

k=1

Rk , (10a)

s.t. Rk > Rmin
k ∀k, (10b)

n∑
k=1

pk 6 Pmax, pk ≥ 0, (10c)

|[w]b| =
1
√
Nbs

∀b, (10d)

|[zk]u| =
1
√
Nk

∀k, u. (10e)

where:
• Nbs is the number of antennas in BS side, and Nk is the
number of antennas in user side;

• Constraint (10b): describes the minimum rate to be
achieved for each user;

• Constraint (10c): is the total transmission power that
should not exceed the total power Pmax and the power
of each user k should be positive;

• Constraints (10d) and (10e): are the constant modulus
constraints for transmitted and received beamforming
vectors (i.e., [w]b and [zk]u), where b ∈ [0,Nbs] and
u ∈ [0,Nk ].

The problem is split into three sub-problems:

1) Finding the optimal power allocation for a fixed Tx-Rx
beamforming vectors;

2) Finding the optimal receiver beamforming vector for a
fixed transmitter beamforming vector;

3) Proposing a Boundary-Compressed Particle Swarm
Optimization (BC-PSO) algorithm to get a sub-optimal
solution.

Simulation results prove the efficiency of the sub-optimal
solution in terms of achievable sum rate compared to con-
ventional OMA mmWave.

Similarly, authors in [70] propose a Particle Swarm Opti-
mization (PSO) algorithm to solve the joint initial access
and power allocation problem for 2-users uplink NOMA
mmWave 5G communication. They also consider analog
beamforming with a single RF chain without knowledge of
CSI at both BS and UE. The problem is formulated as an
optimization approach to maximize the sum rate subject to
the minimum rate constraint for each user. This non-convex
problem is solved separately in two stages: PSO-based IA
problem to find the sub-optimal beamforming and PSO-based
power allocation problem to find the sub-optimal power allo-
cation for a NOMA system of 2 users. In [74], the mmWave
NOMA downlink performance was analyzed by assuming
random beamforming with a fixed power allocation for a
higher number of users and perfect CSI.

In [75], to reduce the beam training delay caused by outage
and beam misalignment, authors propose an optimization
approach to minimize the beam training delay by jointly
addressing power allocation and beamwidth subject to end-
to-end latency constraints. The problem is solved using an
iterative PSO algorithm combined with the primal decompo-
sition and penalty function method, where both the transmit
power and beamwidths are updated iteratively.

In [76], authors address the beam misalignment or deaf-
ness problem caused by the user’s mobility. They propose
a joint user scheduling and power allocation framework to
minimize the beam misalignment probability during user’s
mobility. They develop two scheduling algorithms: Static
Grouping (SG) and Dynamic Grouping (DG), and two power
allocation algorithms: Static Power Allocation (SPA) and
Dynamic Power Allocation (DPA) that can be applied jointly
or individually. Experiment results show that combining DG
and SPA yields better performance in terms of minimizing
outage probability, and conversely, combining DG and DPA
provides high throughput.

The architecture based on hybrid beamforming with
mmWave MIMO provides a high data rate for 5G service.
NOMA can be used further to increase spectral efficiency.
However, the narrow beams in mmWaveMIMONOMAmay
cause beam misalignment and thus degrade the data rate.
In [77], authors propose a beam aggregation system aiming
to generate virtual wide beams by combining the neighboring
analog beams. As seen in Figure 9, the multi-user signals are
conveyed in a single analog beam for conventional power-
domain NOMA. For example, in the lower of Figure 9(a), the
user, which is not aligned with the center of beam direction,
suffers from significant degradation on the received SNR.
This results in unfairness among NOMA users. Conversely,
with beam aggregation-based NOMA, as seen in Figure 9(b),
the multi-user signals are conveyed in an aggregated virtual
beam that serves all neighbor users. The authors also pro-
pose a multi-user pre-coding approach to enhance the sys-
tem fairness through maximizing the achievable sum rate of
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clustered users. An artificial intelligence approach is pro-
posed to solve the optimization problem based on Deep Neu-
ral Network (DNN) training.

3) BEAM ALIGNMENT & QoS
The mmWave applications for vehicular communications
face a number of issues such as high path loss, limited
communication range, and beam alignment overhead, etc.
To overcome the high path loss, mmWave communications
rely heavily on providing narrow directional beams with high
beamforming gains that require specific channel estimation.
However, the high mobility of vehicles results in fast envi-
ronment change and beam misalignment and requires beam
tracking procedure. Therefore, accurate channel estimation
and beamforming techniques are desired to satisfy Quality
of Service (QoS) for vehicular applications. A new frame-
work of channel estimation and beam tracking is presented
in [78]. Authors propose an algorithm for channel estimation
named Robust Adaptive multi-Feedback (RAF) to minimize
the beam alignment overhead and reduce the estimation error
probability. They also propose a practical model for beam
tracking based on Extended Kalman Filter (EKF) recursion,
position, and velocity that provides a high performance com-
pared to existing algorithms.

The beam misalignment between users in movement may
deteriorate the QoS in mmWave 5G communications. In this
context, authors in [79] consider a switching/resetting beam
serving method based on power allocation, taking into
account the contextual information of the vehicles. Simu-
lation results prove the performance of this power-based
switching method in terms of user throughput, connection
stability, and QoS.

In [80], a simulation framework of generating a 5G
mmWave MIMO dataset using ray tracing was proposed
to generate vehicular channels with temporally-correlated
vehicle trajectories. The authors have also investigated the
performance of various Machine learning (ML) algorithms
(e.g., Support Vector Clustering (SVC), Adaptive Boost-
ing (AdaBoost), Decision trees, Random forests, DNN, and
reinforcement learning) for beam pair selection in vehicle-
to-infrastructure settings. They have established that the
deep-learning structure surpasses shallow ones regarding the
precision for classification and root-mean-squared error for
regression. However, the design of the environment character-
istics was inexplicit, as well as the practical implementation
issues were disregarded. In the same context, to achieve a
high communication link of D2D devices, authors in [81]
propose a NOMA-based reinforcement learning approach to
maximize the throughput and minimize the outage proba-
bility. They propose two RL algorithms to allow devices to
self-organize and learn pure/mixed equilibrium strategies in a
wholly dispersed manner. Decentralized RL algorithms have
been demonstrated to play a key role in permitting devices to
self-organize and achieve sufficient performance even with
incomplete data or under uncertainty.

In [82], the beam alignment problem is formulated as
an optimization approach, aiming to enhance the quality of
coverage of vehicular users (i.e., the sum rate) and maximize
the number of mmWave links with high quality.

In general, the beam misalignment between BSs and UEs
deteriorates the communication performance. To address this
issue, many solutions have been proposed. In [83], authors
use stochastic geometry to analyze the SINR, the cell load,
and the user throughput in RAT small cells. To achieve
beam alignment, they optimize the SINR and balance loads
between tiers and RATs by proposing a cell association
mechanism using two biases. Simulation results prove the
effectiveness of deploying multi-RATs to ensure high QoS.
Another solution based on cell discovery positioning algo-
rithms is proposed in [84] that enables UE to reach mmWave
BS. Hence, beam alignment is achieved with high perfor-
mance, reduced overhead, and increased user tracking. Seam-
lessly, to support vehicle to infrastructure communications
in urban scenarios, authors in [85] analyze the tradeoff
between localization and data rate performance using theo-
retical bounds. They assign an algorithm to the operator to
adjust the transmission power of the mmWave BS to meet
the QoS requirements of various services.

4) BEAM ALIGNMENT & ENERGY CONSUMPTION
The mmWave 5G communications needs highly directional
links to compensate for high path loss. However, establishing
these links generates substantial latency and high energy
consumption. Besides, the employment of large antenna
arrays with beamforming requires accurate beam alignment
between transmitter and receiver, resulting in considerable
overhead. In [86], authors analyze the impact of resource
energy consumption on performing correct beam alignment.
Their study proves the effectiveness of exhaustive beam
search than hierarchical search for large coherence block
lengths.

In [87] and [88], an energy-efficient interactive beam
alignment and data communication approach is proposed
to minimize the energy consumption subject to minimum
achievable rate constraints. In [88], authors use a sectored
directional antenna model with uniform prior information on
AoD and AoA. They propose a fixed-length fractional search
method that decouples the beam alignment of transmitter and
receiver. Simulation results using analog beamforming prove
the performance of decoupled fractional search compared to
exhaustive and bisection search in terms of jointly reducing
power consumption and overhead.

In [87], the authors propose an optimization approach to
minimize the energy consumption at the BS over a frame
duration Tfr while ensuring the QoS of the UE (i.e., achiev-
able data rate and delay). Each frame is composed by N
slots indexed by I = {0, 1, . . . ,N − 1} of duration T =
Tfr/N . The slots I are partitioned into the indices of beam
alignment Is and data communication Id . The QoS require-
ments are defined by the constraints of minimum data rate
Rmin of the UE within an outage probability. Based on
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FIGURE 9. (a) Conventional power-domain NOMA, where multiple users are delivered in a single analog beam;
(b) Proposed NOMA based on beam aggregation, where multiple users are carried within an aggregated virtual beam.

Markov Decision Process (MDP) formulation, the optimiza-
tion problem is expressed as follows:

min
a0,...,aN−1

1
Tfr

E

[
N−1∑
k=0

Ek | f0

]
, (11a)

s.t. ak = (ξk ,Pk ,Bk ,Rk) ∀k, (11b)

Bk = Bt,k × Br,k ⊆ [−π, π]2 ∀k, (11c)

Ek ≥ φs |Bk | ∀k ∈ Is, (11d)
1
N

∑
k

Rk ≥ Rmin ∀k ∈ Id , (11e)

Pk = Ek/ [ξkTB + (1− ξk)T ] ∀k. (11f)

where:
• In (11a), Ek is the energy incurred for the transmission
of a beacon in slot k , f0 presents the prior knowledge of
the AoD/AoA pair;

• (11b) presents the design variables in slot k expressed
by the 4-tuple ak = (ξk ,Pk ,Bk ,Rk) where ξk is the
decision parameter of beam alignment (i.e., ξk=1) or
data transmission (ξk=0). Pk is the power, Bk is the
2-dimensional (2D) beam, and Rk is the achievable data
rate;

• (11c) denotes the 2D AoD/AoA defined by the BS-UE
beam Bk ;

• (11d) presents the energy consumption in the beam
alignment slots where φs is the energy/rad2 required to
achieve false-alarm and misdetection probabilities;

• (11e) presents the data rate constraints;
• (11f) denotes the relation between energy and power
where TB is the beacon signal duration.

For the case of uniform prior information on AoD/AoD
and perfect detection, authors prove the efficiency of a
fixed-length beam alignment phase followed by data com-
munication phase [87]. They demonstrate the optimality of
a decoupled fractional search method. On the other hand,

for the case of non-uniform prior on AoD/AoD, a heuristic
approach is proposed to achieve better performance which
proves that the uniform case is the worst one. The authors also
analyze the impact of beam misdetection errors on energy
consumption and throughput.

Another factor that may impact the beam alignment and
energy consumption is the beamforming scheme. In [57],
authors prove that both the discovery latency and energy con-
sumption can be decreased by using fully digital front-ends
with low resolution. They find that the energy consumed
for the analog front-end is six times more than that of
digital front-ends according to the size of the antenna
arrays.

B. BEAM ALIGNMENT METHODS
Based on the literature, the beam alignment techniques in
mmWave communications can be classified into two cate-
gories: with or without channel estimation. The mmWave
beamforming training based on Channel State Informa-
tion (CSI) estimation focuses on estimating the key features
of the mmWave channel (i.e., User location, AoA, AoD,
path gain, etc.) and then steering the transmitter and receiver
beams. On the other hand, the mmWave beamforming train-
ing without CSI estimation detects the optimal Tx/Rx beams
pair via spanning the whole or partial area around Tx/Rx
based on the predefined codebooks. The beam alignment
problem is handled for single user and multi-user perspec-
tives, where the radio devices coordinate their beam strategies
by using location information to reduce the coordination
overhead.

In this section, we present the important research aim-
ing to provide robust approaches for location-aided beam
alignment in mmWave communications. We also present
other beam alignment methods without prior knowledge
of CSI (e.g., machine learning, agile link, contextual
bandits, etc.).
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1) BEAM ALIGNMENT METHODS WITH CHANNEL
ESTIMATION
A hierarchical hybrid beamforming training is proposed
in [89]. The intuition consists in estimating the mmWave CSI
using Compressive Sensing (CS) to construct training beam-
forming vectors with different beamwidths. Authors pro-
pose adaptive estimation algorithms for single and multi-path
mmWave channels. Despite the low complexity, simulation
results prove that the proposed algorithms outperform the
conventional exhaustive search in terms of spectral efficiency
and precoding gain. However, this approach still suffers from
the problems of low coverage, low spectral efficiency, and
high outage. In [90], the adoption of the Continuous Basis
Pursuit (CBP) approach can construct a beamforming dic-
tionary matrices which in turn help to reduce the estimation
error probability for AoA/AoD and increase the estimation
accuracy. Two novel multi-path channel estimation algo-
rithms based on adaptive CS and CBP-based dictionary
are proposed, which provide better estimation accuracy and
higher spectral efficiency than the grid-based presented
in [89].

Location-based mmWave beamforming training using CSI
estimation based on CS was proposed in [91] and [92]. Some
important constraining factors affecting the performance of
location-aided beam alignment should be considered. First,
the MS and BS are not expected to obtain location infor-
mation with the same degree of accuracy. The position of
the BS can be deduced with high accuracy, as it is static.
On the other hand, the location of the MS, due to its mobil-
ity, is more difficult to derive. In [91], MS localization is
used to define the MS uncertainty area and to reduce the
number of beamforming training vectors needed for channel
estimation using CS. Based on the estimated location error,
a single-level beamforming training is performed to build the
sensing matrix, then the BS and MS estimate the AoD and
AoA of the mmWave channel. Besides, in [92], a location-
based mmWave multi-level beamforming using CS is pro-
posed to find out the Tx/Rx beams and not only define the
searching angle (i.e., AoA and AoD) but also adjust the used
beamwidth of each level regarding the uncertainty area of
the MS. This scheme provides low beamforming training
complexity than [91]. However, if the MS is far from the
BS, the beams searching angle from the estimated uncertainty
area ofMS location will be under the expected angular spread
of the mmWave channel. As a result, this underestimation
causes a high outage probability. Therefore, to overcome
this issue, an adaptive beamforming training algorithm is
presented in [93] to estimate the mmWave channel using
CS-based on defining the location uncertainty area of the MS
and considering the statistics of the angular spread of the
mmWave channel.

Due to the mobility in the estimation procedure, the loca-
tion state information received at the BS and UE is expected
to be noisy, which can lead to performance degradation for
beam alignment in mmWave massive MIMO communica-
tions. In [94], a robust location-aided beam alignment is

proposed to reduce the alignment overhead and provide fast
link establishment.

In urban micro-cell scenarios, the BS and the MS are
assumed to be located outdoors; here, the beam alignment
is realized using WiFi localization in mmWave communica-
tions. With the high accuracy of WiFi location, the mmWave
AP expected to find the MS can be easily located, which
overrides the search in all other existing mmWave APs.
MmWave beamforming training, cell discovery, and associa-
tion techniques using WiFi localization are proposed in [95]
to furnish a high MS location estimation accuracy. The
system architecture based on the WiFi/mmWave integration
is connected to an AP controller that collects all metrics
(e.g., RSS), carries out the MS localization, and provides
the efficient MS-mmWave link establishment [96]. Similarly,
in [97], a geometry-based scheme is proposed to mitigate
the high complexity of initial access and control of mmWave
communications.

2) BEAM ALIGNMENT METHODS WITHOUT CHANNEL
ESTIMATION
Some examples of the mmWave beam alignment methods
without channel estimation are already presented in the other
sections as exhaustive training, training-based beam sweep-
ing, user context information, adaptive beamwidth based on
multi-stage codebooks, deep learning, channel knowledge
map, etc.

The beam alignment based on beam sweeping [58] does
not depend on explicit channel estimation. Here, the transmit
and received beams from predefined codebooks are applied
sequentially with proper handling between the transmitter
and receiver, whereupon the optimal beam pairs are selected.
Although the beam scanning obviates sophisticated CSI esti-
mation and beam selection, it results in high training over-
head due to exhaustive search of Tx and Rx beamforming
codebooks.

The beam alignment techniques based on channel esti-
mation or beam sweeping lead to high training overhead,
specifically for wireless systems with an increasing number
of antennas. In [98], authors propose a new beam align-
ment approach, environment-aware and training-free, based
on Channel Knowledge Map (CKM) [99] combined with
user location information. CKM aims to enable knowledge of
the radio environment by providing all relevant information
about the inherent propagation channels. Two new CKM
instances have been proposed for environment-aware and
training-free beam alignment in mmWave massive MIMO
systems (i.e., channel path map (CPM) and beam index
map (BIM)). Compared to the existing beamforming training
methods, the CKM-based beam alignment provides a high
average data rate and helps to reduce the training overhead.

In [100], the authors design a new hierarchical codebook
for beam alignment in mmWave systems, where all code-
words are characterized by maximum main-lobe gain and
minimum side-lobe gain. Similarly, in [101], a new phase-
shifted DFT multi-resolution codebook design based on
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maximum beam gain was proposed to achieve beam align-
ment. However, the beam alignment methods based on code-
book design and traditional beam training (e.g., hierarchical
search, iterative search) do not provide high performance in
terms of data rate and spectral efficiency. Therefore, in [102],
authors study the impact of beam training on achieving max-
imum success rate, they propose an adaptive beam alignment
scheme for mmWave MIMO systems. Two adaptive algo-
rithms have been derived, Adaptive Hierarchical Traversal
Beam Search (AHTBS) algorithm and Adaptive Hierarchical
Iterative Beam Search (AHIBS) algorithm. These two algo-
rithms aim to reduce the training time by employing a beam
detection method and help to increase the average data rate.
Moreover, the maximum transmission data rate is exploited
as the beam training termination criterion.

In [103], a beam alignment method with partial beams
using the ML approach is proposed without any prior knowl-
edge of channel estimation, such as user location information.
The neural network of the proposed scheme is first trained
offline based on simulated environments and next online
training of partial beams to predict the distribution of beams
vectors. Unlike the beam alignment-based codebook designs,
the proposed ML aligns beams of all users simultaneously
while saving the training overhead.

C. BEAM ALIGNMENT IN mmWave COMMUNICATIONS:
ARCHITECTURES, SEARCH METHODS AND ALGORITHMS
This section presents a global classification of related papers
based on methods, design, and algorithms used for beam
alignment in mmWave 5G systems. First, we present a com-
parative analysis of different architectures based on hybrid,
analog, or digital beamforming and their influence on syn-
chronization signal tractability, energy consumption, and
beam training time (see Table 3). We analyze the impact of
hardware constraints architecture on handling the beam align-
ment issue at mmWave communications. We also classify the
papers based on the beam searching method and the type of
algorithms used to solve the problem. The majority of articles
attempt to solve the beam alignment problem with minimal
latency and overhead, but without denying the importance of
other factors such as energy consumption, power allocation,
and QoS (see Figure 10).
Based on the studied papers in this survey, we show that

digital beamforming outperforms analog and hybrid beam-
forming in terms of quality of service but might induce high
cost and high energy consumption. In comparison, the analog
beamforming, that employs a single RF chain to interconnect
all the network elements, has the benefits of low cost and
simple implementation. But, it does not have the flexibility
required for base-band signal processing. The hybrid beam-
forming technique strikes a balance between digital and ana-
log beamforming by deleting redundant RF chains to reduce
system costs while maintaining massive network gain and
serving multiple users with high performance.

The traditional beam searching methods as exhaustive,
iterative, hierarchical, and bisection search can cause a

FIGURE 10. Distribution of surveyed papers based on objective functions.

substantial training overhead at mmWave communications.
Therefore, many deep learning algorithms have been pro-
posed to achieve fast beam alignment for both 5G and 6G
wireless networks (see Figure 11). Researchers not only
consider the latency problem but also the power allocation
through converging toward NOMA access methods.

The dynamic environment for the vehicular network often
suffers from QoS degradation related to movement, whereby
fairness and machine learning schemes have been suggested
to guarantee the QoS and achieve a high data rate.

FIGURE 11. Sample of studied papers related to beam search methods.

IV. BEAMFORMING AND BEAM ALIGNMENT IN 6G
TERAHERTZ COMMUNICATIONS
Nowadays, researchers have already started the investigation
of 6G systems (i.e., vision, enabling technologies, and per-
formance metrics). Studies [105]–[107] provide an overview
of the enabling technologies required to achieve 6G key per-
formance indicators, such as terahertz communications, RIS,
Orbital Angular Momentum (OAM) based systems [108],
Ultra-Massive MIMO (UM-MIMO) and Cloud-Centric net-
work, etc.

This section presents the terahertz basics, including pre-
coding, beamforming, and the key challenges.We provide the
solutions proposed to solve the beam alignment in terahertz
communication with the importance of using DNN and RIS.
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TABLE 3. Classification of studied papers on Beam Alignment in mmWave 5G.

35378 VOLUME 10, 2022



W. Attaoui et al.: Initial Access & Beam Alignment for mmWave and Terahertz Communications

TABLE 3. (Continued.) Classification of studied papers on Beam Alignment in mmWave 5G.

A. TERAHERTZ BASICS: APPLICATIONS, BEAMFORMING,
PRECODING, CHALLENGES
By 2030, the entire world will be reliant on fast data speeds
where the use of terahertz frequencies will be the key poten-
tial to servemultiple devices at high speed of the Internet. The
terahertz or sub-millimeter band (0.1–10 THz) is considered
as the key technology to meet the high requirements of the
6G wireless network. The terahertz spectrum is characterized

by many features such as large bandwidth of tens to hundreds
of GHz, high data rates, pico-second latency, integration of
thousand of sub-millimeter antennas, small interference, etc.

1) TERAHERTZ APPLICATIONS
The terahertz frequencies have the potential to address the
spectrum shortage problem while greatly increasing the
capacity of conventional wireless systems (see Figure 12).

VOLUME 10, 2022 35379



W. Attaoui et al.: Initial Access & Beam Alignment for mmWave and Terahertz Communications

FIGURE 12. Spectrum decomposition and frequencies applications.

Terahertz communication can stimulate many promising
applications such as Tera-WiFi, Tera-IoT, Tera Integrated
Access and Backhaul (IAB), Tera space communications, etc.
• Tera-WiFi (The next generation TbpsWLAN systems):
Similar toWLAN systems, APs can be deployed in some
locations such as shopping mall lobbies, subway station
doors, and other indoor locations of high user mobil-
ity [109]. In terahertz bands, the AP offers the ability to
send information to multiple users in different directions
simultaneously by using the sub-array antenna structure.
The ongoing expansion of AP equipment helps to pro-
vide successful communication services and increase the
quality of the video (e.g., AR/VR services, HD holo-
graphic video conferences, ultra-high-resolution video
formats, the download of HD videos, etc.) [110].

• Tera-IoT (Tbps Internet of nano Things in a wireless
data center): Terahertz communications are predicted
to reach a transmission rate of 100 Gbps [111], which
can meet the communication rate requirement in future
wireless data centers. Hypersurfaces2 are potentially
applicable in IoT, forming the overall behavior of an
indoor or outdoor wireless programmable environment.

• Tera-IAB (Tbps Integrated Access Backhaul wireless
networks): The objective of IAB is to deliver sustain-
able wireless backhauling using the New 3GPP Radio
technology (NR) in the International Mobile Telecom-
munications (IMT) bands, also providing legacy cellular
services in the same node. Thus, IAB is considered as

2Materials that interact with electromagnetic waves in a fully software-
defined fashion.

a complement to microwave peer-to-peer backhauling
in dense urban and sub-urban rollouts [112]. With the
emerging deployments of small and pico-cells using
street-level BSs, there is a demand for a wireless back-
haul solution that allows backhauls to operate in NLoS
conditions, the type of propagation scenarios for which
the cellular radio access technologies were conceived.

• Tera Space Communications: In terahertz communi-
cations, the integrated satellite-terrestrial networks can
offer high-throughput and speed data connectivity to
people living in isolated areas with poor information
infrastructure [113]. The terahertz spectrum can also
provide high data rate space links between satellites and
BSs, airplanes or vehicles, etc.

2) TERAHERTZ PRECODING
Among the aforementioned terahertz application scenarios,
a major emerging issue is how to address the significant path
loss of terahertz signals. Hence, terahertz precoding is a key
technique to overcome this problem.

Terahertz precoding is a channel adaptation technique that
pre-patterns the transmitted signal according to the channel
information. It is characterized by directional beams to avoid
path loss. The main reason for creating a narrow pencil beam
in a particular direction is to form a crew surface of electro-
magnetic waves transmitted by different antenna elements,
and orthogonal to the target direction of propagation [114].
To achieve this goal, the incremental phase shifts which grow
as a function of the antenna element label must be compen-
sated at the individual antenna elements. In general, array
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TABLE 4. Terahertz precoding techniques.

gain refers to the power gain of the generated beam, which
is proportional to the number of antennas, and beamwidth
is related to the number of antennas. Terahertz precoding
approaches are mostly focused on low RF complexity solu-
tions by incorporating analog components. Based on the
literature, three precoding techniques have been studied for
6G deployment (i.e., Hybrid precoding, Analog beamforming
and Delay Phase precoding) [115]–[119]. Table 4 provides a
detailed description of these three techniques.

3) TERAHERTZ BEAMFORMING AND BEAM STEERING
ANTENNA PATTERNS
From a physical standpoint, beamforming is expected to
regulate the radiation pattern of the antenna array. Beam-
forming is a technique used to control the power distribution
of a single data stream in several directions. The use of
array response vectors to establish directional beamforming
in multiple directions is commonly named beam steering.
The relationship between precoding, beamforming, and beam
steering is illustrated in Figure 13. Most papers do not strictly
separate the terms beamforming and precoding. Beamform-
ing is sometimes treated as precoding.

Similar tommWave communications, digital beamforming
is not convenient for terahertz communications due to its
high cost and power consumption. Therefore, using analog
beamforming in the terahertz spectrum helps to minimize
the power consumption by reducing the number of phase
shifters required in the RF chain [120]. However, it is further
constrained by the fact that analog phase shifters are digi-
tally controlled and have only quantized phase values, which
will considerably limit the analog beamforming performance.
In contrast, hybrid beamforming is still the best method as it
can have fewer RF channels than antennas and can achieve
all-digital performance [120].

FIGURE 13. The relation between precoding, beamforming and beam
steering.

It is worth noting that the construction and commer-
cialization of a complete array architecture for real tera-
hertz frequencies with dynamic beamforming does not yet
exist. However, some successful prototypes of terahertz
antenna arrays based on new materials have been sampled in
testbed environments, and some theoretical designs have been
proposed.

In [121], the authors are speaking about technologies that
do not exist and are providing an instructive survey on the
deployment of these nonexistent technologies. They provide
a comparison of four beamforming techniques: path length
optics, phased arrays, leaky-wave antennas (LWA), and pas-
sive arrays (i.e., reflectarrays and transmitarays). Notable
demonstrations have involved a monolithic CMOS beam-
forming integrated circuit [122], although this is not suitable
for terahertz-range communications due to low antenna gain
and narrow bandwidth. Another example introduced tilt into
the pump beam of a photoconductive antenna to achieve
an outgoing phase gradient [123], but this requires a highly
advanced physical laser set-up that is not viable for network
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TABLE 5. Comparison between terahertz beam steering antennas.

deployment. Leaky-wave antennas have been deployed for
demonstrations of terahertz communications [124], but their
frequency-scanning nature imposes stringent restrictions on
achievable data rates and achievable beam patterns.

Various types of beam steering antennas based on dif-
ferent materials have been proposed, including horn anten-
nas, lens antennas, microstrip antennas [122], [125], and
on-chip antennas [126], reflectors [127], and slot antenna
arrays with cavity [128]. Besides, methods such as photo-
conductive antennas [129] and silicon-based lenses [130]
have been tried in the field of photonic. Other techniques for
improving the antenna’s performance have been proposed,
such as packing multiple carrier layers with varying dielectric
characteristics. Apart from metallic and dielectric antennas,
novel materials-based antennas, such as carbon nanotube-
based antennas, vanadium dioxide (VO2) [131] and planar
graphene antennas [132], [133]. As can be seen from Table 5,
Horn antennas are extensively applied in the low frequency
near to microwave band due to their efficient directivity, high
gain, and easy connection to the waveguide. Lens antennas
are characterized by higher gain, efficient directivity, and
their advantage to form an antenna array. On the other hand,
Microstrip antennas are small in size and are commonly used;
however, their weak directivity and low gain require further
investigations in the future. Nevertheless, the performance
of individual terahertz antennas (e.g., photoconductive anten-
nas) is typically restricted by their small power transmission
or limited dynamic beam steering capability. Hence, it is
necessary to study large-scale terahertz antenna arrays that
support high transmit power and tunable steering. The advan-
tage is that the ultra-short wavelength of the terahertz band
allows the integration of a large number of antenna arrays

with a small footprint, thereby enabling high gain directional
dynamic beamforming via antenna arrays. Despite the fact
that somemethods have been tested for the implementation of
terahertz antenna arrays [134], these arrays only improve the
directional gain and do not achieve dynamic beamforming.

4) TERAHERTZ DEVICES
The terahertz band’s position between the microwave and
infrared (IR) frequency ranges creates a challenge on signal
creation and detection. The frequency range between 0.1 and
10 THz has been known as the terahertz gap, as the methods
used for creating and detecting such radiation are presumed to
be less sophisticated. On the one hand, electron-transporting
transistors and other quantum devices are restricted at around
300 GHz. Devices operating above these frequencies tend
to be inefficient because semiconductor technologies are
unable to efficiently convert electrical energy into electro-
magnetic radiation at this specific spectrum [16]. High ter-
ahertz frequencies require fast alternating currents, whereby
the electronic devices will not be able to travel far enough
to operate before the polarity of the voltage changes and the
electrons change direction. On the other hand, the wavelength
of photonic devices may be reduced to just 10 µm (about
30 THz) [113]. This is owing to rapid transitions of electrons
between energy levels, making it difficult to regulate the
small discrete energy jumps required to produce photons at
terahertz frequencies. With high attenuation, devices with
strong performance, such as higher output power and low
noise level, are required to optimize the link budget and
enhance the communication data rate. There are three types of
devices that convert terahertz signals: electronic, plasmonic,
and photonic devices. Works on these technologies are in
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progress to choose the best one of each scenario based on
the required data rate, distance, and sensitivity; we present
in Table 6 a comparison of their features. In the following,
we present examples of each type considering their advan-
tages for beam steering in low and high terahertz frequencies:

a: ELECTRONIC APPROACH
The purpose of this strategy is to push the boundaries of
existing microwave and mmWave device technologies in
order to create terahertz systems. The most common devices
used to provide a terahertz carrier signal in an electronic
approach are Resonant Tunneling Diodes (RTDs), Travel-
ing Wave Tubes (TWTs), and IMPact ionization Avalanche
Transit Time (IMPATT) diodes using frequency multiplying
chains to convert lower-frequency signals [144]. In addition,
different device technologies can be used to construct fre-
quency multipliers:

1) ComplementaryMetal-Oxide-Semiconductor (CMOS):
In recent years, CMOS-based sources have advanced
quickly. The CMOS technology is characterized by
high-level integration, a tiny form factor, and a low cost.
The ability of CMOS to operate at high frequencies
allows solutions in the lower band of the terahertz
spectrum. This has been accomplished by putting an
active multiplier chain, or a voltage-controlled oscilla-
tor (VCO) into the CMOS device [145]. Various triplers
are used to double the frequency from a lower band to
the terahertz frequency band using nanoscale CMOS
technology, where the consideration for CMOS tera-
hertz circuits is enabled by technological scaling [146].
CMOS transmitters have reached up to 105 Gbps data
rates at 300 GHz utilizing a 40-nm CMOS technol-
ogy [147]. Silicon CMOS and Silicon-Germanium
(SiGe) BiCMOS technologies are highly compatible
with existing electronic systems [148]. However, at fre-
quencies up to a few hundreds of GHz, their highest
transmission power does not exceed a few milliwatts
per element [149].

2) Monolithic Microwave Integrated Circuits (MMIC):
The incorporation of a large number of tiny transis-
tors into a small chip enables creating circuits that
are several times smaller, cheaper, and faster than
those built with discrete electronic components. In this
context, to enhance the transmission power and the
maximum frequency, semiconductor materials such as
Indium Phosphide (InP), Gallium Arsenide (GaAs),
and Gallium Nitride GaN) are used to create different
MMIC compatible techniques, including Heterojunc-
tion Bipolar Transistors (HBTs) and High Electron
Mobility Transistors (HEMT) [150]–[152]. This leads
to higher doping density in the base, resulting in lower
base resistance while increasing gain. HBTs provide a
higher cutoff frequency, greater voltage handling capa-
bilities, and lower capacitive coupling with the sub-
strate compared to traditional bipolar transistors [153].

SiGe HBTs are predicted to reach 700 GHz cutoff fre-
quencies [154], and initial systems have already been
accomplished. The high-power performance of GaN
HEMTs has drawn interest in recent years. In compari-
son to rival technologies such as GaAs and InP devices,
GaN HEMT technology shows promise for broad-
band wireless communication systems due to its high
electrical breakdown field and fast saturation carrier
speed [155]. In [156], a fully integrated MMIC chipset,
using GaAs HEMT at 300 GHz, has been presented
for handling up to 64 Gbit/s in Quadrature Phase Shift
Keying (QPSK) signaling atmeter ranges. Compared to
CMOS, HBT and HEMT technologies have been used
in the literature to provide higher frequency sources
with larger output powers. However, CMOS, given its
cheaper cost and better integration densities, remains
an intriguing alternative for terahertz technology.

b: PHOTONIC APPROACH
The purpose of this approach is to extend the limits of pho-
tonic methods used in optical wireless systems down to the
terahertz range. In the following, we present three dominated
techniques for photonic generation, modulation, and detec-
tion of terahertz signals:

1) Quantum Cascade Lasers (QCLs): QCLs are semicon-
ductor lasers that generate low-energy photons with
mid-IR and terahertz frequencies [157]. Their fre-
quency range is above 2–3 THz. QCLs havemade rapid
advancements in frequency coverage, power output,
and operating temperature. QCLs are applied in most
Free Space Optical Communication (FSOC) systems,
achieving the highest data rates by using continuous
wave lasers driven by a Direct Current (DC) bias and
a radio frequency (RF) modulation signal. In [158],
the authors developed an all-photonic terahertz com-
munication link at 2.5–6.5 THz using a quantum well
photodetector at the transmitter and a QCL working in
pulse mode at the receiver. Also, the authors in [159]
were able to increase the frequency to 4.1 THz using a
QCL that runs in continuous wave mode. QCLs have a
huge potential in terms of being used as a light source in
future mid-IR FSOC transceivers and may be directly
modulated using a high-speed digital signal. Authors
in [160] review the QCL based FSOC by analyzing
experimental demonstrations of two advanced mod-
ulation formats, namely four-level Pulse Amplitude
Modulation (PAM-4) and Discrete Multitone (DMT)
modulation. They have proven the successful modula-
tion and reception of a transmission data rate of up to
4 Gb/s. Despite generating power outputs of up to a few
hundred mWs at cryogenic temperatures, the challenge
is to guarantee practical power figures when operating
at room temperature [113].

2) Unitravelling Carrier Photodiode (UTC-PD): With the
growth of photonics technology, the speed of signal
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processing systems has been improved drastically. Pho-
todiodes are instances of these devices that can achieve
both high speed and high saturation, enabling the pro-
cessing of high capacity communication systems [161].
Using a high-saturation-power photodiode in conjunc-
tion with an optical amplifier reduces the need for
post-amplification circuitry, increases bandwidth, and
simplifies receiver configuration. UTC works as a
down-converter to terahertz frequencies. The UTC-PD,
which was primarily designed as an ultrafast photodi-
ode for optical communications, has a greater output
power saturation than traditional photodiodes [162].
However, because of the space charge effect at the
carrier transport zone, even at the UTC-PD, the out-
put power is saturated over a certain amount. Hence,
arrayed UTC-PDs [163] can be used to avoid this issue.

3) Photoconductive antennas: The use of photoconductive
antennas is another method for downconverting optical
signals to the terahertz band [164]. A photoconduc-
tive antenna is typically a conventional terahertz metal
antenna printed on a photoconductive substrate [165].
Photocarriers are excited at the antenna gap when it
is irradiated by an optical signal. The carriers are sub-
sequently accelerated along with the antenna structure
by a DC bias field, generating the emission of ter-
ahertz photons. The performance of photoconductive
antennas is defined by the features of a femtosecond
laser pulse, the antenna electrodes geometry, and pho-
toconductive semiconductor substrate. In particular, the
shape of the electrodes may be tailored to regulate the
terahertz radiation’s operating bandwidth, polarization,
and beam pattern. The fundamental drawback of this
method is its low conversion efficiency, which results in
low emitted power. In [166], authors improve the output
power of terahertz photoconductive antennas array by
using improved arrays based on crossfingers structure.

c: PLASMONIC APPROACH (OR HYBRID APPROACH)
The objective of this approach is to construct devices that
work at terahertz frequencies without the need to up-convert
from the microwave range or down-convert from the optical
spectrum by utilizing the features of plasma waves. In addi-
tion to the electronic and photonic processes, new materials
provide another way to ensure the high-performance of ter-
ahertz antennas. In plasmonics, electromagnetic waves are
used to stimulate the electrons on the surface of a metal
and to produce oscillations at optical frequencies [167].
An advantage of these Surface Plasmon Polaritons (SPPs) is
their ability to be confined to an ultra-compact field much
smaller than optical wavelength [168]. SPPs also oscillate
at optical frequencies, allowing them to convey data over
wide bandwidths. In addition, Graphene is a two-dimensional
form of graphite that has unique electronic and optical fea-
tures [169]. Compared to traditional electronic materials,
Graphene is highly tunable in terahertz frequencies as carrier
densities can be easily managed by an electrical gating and

FIGURE 14. Operating speed of terahertz devices.

doping [170]; thus, it can be used to implement devices that
support dynamic beamforming. It has paved the way for
terahertz nano-devices capable of operating at room temper-
ature. Graphene-based terahertz components have demon-
strated highly promising results in terms of terahertz wave
generation, radiation, and detection by exploiting the features
of SPP waves [171].

The size gap between the two conventional technologies
(i.e., electronics and photonics) is an obvious barrier to
advances in many areas of modern science, but it can be
addressed by the emerging field of plasmonics [172]. Surface
plasmons have a speed equal to that of light as shown in
Figure 14 and a wavelength of a few tens of nano-meters.
Plasmonics will provide better synergy between electronic
and photonic devices. They have similar sizes of elec-
tronic components and similar operating speeds of photonic
devices.

5) TERAHERTZ KEY CHALLENGES
Despite the potential features of terahertz communications,
their operating conditions at sub-millimeter frequencies
cause several challenges, including wireless propagation loss,
signal coverage, deafness, terahertz wavelength, fast channel
fluctuation, intermittent connection and terahertz networking,
and processing power consumption [173]. In this section,
we focus only on the well-known problem of beam misalign-
ment (i.e., deafness), and the other terahertz challenges are
detailed in section V.

The deafness problem is induced by the directivity of razor-
sharp3 beams that makes the alignment between a trans-
mitter and receiver more challenging. In addition, selecting
the suitable control channel makes the procedure of network
identification and coupling more difficult due to the need to
avoid deafness issue and provide a large transmission cover-
age area. In the following, we present the different methods,

3Highly directional radiation.
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TABLE 6. Comparison of terahertz devices.

beamforming techniques, and algorithms used to solve the
beam alignment problem in the 6G wireless network.

B. BEAM ALIGNMENT IN TERAHERTZ COMMUNICATIONS
Beam misalignment is considered as one of the primary
obstacles in terahertz wireless networks. The communication
links in the terahertz spectrum suffer from high channel
attenuation whereby the use of beam tracking and beam-
forming approaches. Several factors can impact the beam
alignment in terahertz communication (e.g., the antenna
pattern, the distance between transmitter and receiver, the
antennamotionmodel, the beamforming design, themobility,
etc.). A study was carried out to determine the impact of
beam misalignment in terahertz communications using dif-
ferent antenna motion models [174]. Authors have focused
on deriving the predicted values of transmitter and receiver
gains in fronthaul and backhaul links in case of stochas-
tic beam misalignment considering four different models of
antenna motion: (i) Gaussian motion of a single antenna;
(ii) Gaussian motion of both transmitter and receiver
antennas; (iii) 2-Dimensional (2D) Gaussian motion of a
single antenna; and (iv) 2D Gaussian motion of one antenna
and one-dimensional Gaussian motion of the other [174].
Their results prove that the distance between transmitter and
receiver is an important factor as the relative antenna’s veloc-
ity depends on the distance. Also, the antenna movement
may deteriorate the antenna gain and therefore cause high
beammisalignment. Choosing the convenient antennamotion
model is a crucial parameter to reduce the impact of beam
misalignment.

The user equipment movement is a crucial challenge to
enable efficient and reliable terahertz communication links.
The fast mobility of terahertz UEs can cause beam misalign-
ment between transmitter and receiver beams, thus generat-
ing outages and leading to link capacity degradation [175].
Therefore, a new mathematical framework is proposed to
analyze the impact of micro-mobility on the capacity and
outage in terahertz communications.

The beam alignment procedure may introduce large
latency to find the optimal beam pair. Hence, a Hierarchical
Beam Alignment (HBA) algorithm based on multi-armed
bandit is proposed to minimize the beam alignment latency in
terahertz communications [176]. This hierarchical structure
is based on prior knowledge of channel frequency-selective
fading to accelerate the beam alignment process. Simulation
results prove the performance of HBA in terms of reducing
BA latency compared to the exhaustive search method.

C. DEEP LEARNING VIEWPOINT FOR FAST INITIAL
ACCESS AND RELIABLE BEAM ALIGNMENT
The 6G is expected to provide intelligent wireless connec-
tivity with sub-millisecond latency and a high data rate
(Terabits per second). However, communication in tera-
hertz frequencies suffers from high path loss and intense
shadowing where the necessity of beamforming meth-
ods. Therefore, beam alignment becomes more important
in the 6G network, where intelligent algorithms should
be developed to find the best beamwidth for high data
transmission.

In this context, a DNN framework named DeepAI is pro-
posed to achieve fast initial access through mapping the
RSS to get the best-oriented beam [177]. The authors pro-
pose a Sequential Feature Selection (SFS) algorithm that
provides efficient and reliable beam pairs for DeepIA’s
inputs in the case of the LoS mmWave channel. However,
in NLoS scenarios, the SFS is unable to improve the accu-
racy and performance of DeepAI. Simulation results prove
that DeepAI provides better performance than Conventional
Beam Sweeping (CBS). Similarly, authors in [178] propose
a deep learning-based beam selection algorithm suitable for
5G NR and 6G wireless networks.

Integrating localization information in mobile terminals
helps to improve communication efficiency regarding chan-
nel estimation, beam alignment, and network utilization.
Hence, the authors provide a detailed study on Integrated
Localization and Communication (ILAC) toward 6G sys-
tems [179] presenting the different localization approaches
and techniques.

The beam alignment methods can be classified into two
broad categories, namely interactive and non-interactive
methods. The interactivemethods depend on prior knowledge
where the probing beams for each packet can be changed
based on the feedback received from prior packets. However,
in non-interactive methods, the transmitter forwards a set of
packets through a fixed set of probing beams and then assigns
a data beam to the receiver based on the feedback received.
In general, the interactive beam alignment is more performant
than the non-interactive one. In [180], authors investigate a
scenario of a single-user uplink interactive beam alignment
where the BS employs various probing beams to sweep dif-
ferent angular directions. However, as the BS measurements
are noisy, it is difficult to detect the narrow beam achieving
the best AoA. Thus, the authors propose a DNN algorithm
based on a Recurrent Neural Network (RNN) that provides
high SINR.
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The 6G wireless network is supposed to support massive
Internet of Things (IoT) devices with a very high data rate,
whereby the requirement of a fast beam alignment. Hence,
to overcome the overhead issue and the high power con-
sumption, a Wireless Beam Modulation (WBM) process is
proposed in [181] to support multiple IoT devices. This pro-
cess helps to align the various signal’s transmission paths
with their corresponding antenna direction. For fast beam
alignment, authors use a shared multi-beam search algorithm
for beam alignment, which splits the search area into several
sectors. Subsequently, the RFmodule pairs of IoT devices are
pooled for parallel beam search.

D. RECONFIGURABLE INTELLIGENT SURFACE FOR BEAM
ALIGNMENT
The Reconfigurable Intelligent Surface (RIS), see Figure 15,
will play a crucial role in UM-MIMO systems with minimal
cost and negligible energy consumption [182]. RIS can han-
dle the relevant parameters of an arriving wave, such as fre-
quency, amplitude, and phase, and then reflect this received
wave to the desired destination without involving any sophis-
ticated signal processing. The beam alignment and channel
estimation for the RIS-aided mmWave MIMO system can
be achieved based on prior location information provided by
third-party tracking systems (e.g., satellite navigation) [183].

The authors of [184] examined combining the power
allocation, phase shift optimization, and hybrid beamform-
ing scheme for downlink multi-user RIS-aided mmWave-
NOMA. The purpose of this strategy was to increase the
network’s total sum-rate in a NOMA system, considering
the RIS phase shifts, power allocation at the AC, and hybrid
beamforming.

In [185] an alternative optimization and successive con-
vex approximation were employed to collectively optimize
the beamforming vectors and power allocation for the RIS-
assisted mmWave-NOMA system. The results show that
the RIS can improve the mmWave-NOMA system’s cover-
age range, precisely when the direct BS to users’ links is
obstructed.

RIS may even be able to dynamically use a subset of
their surface for beam alignment and signal reflection to
achieve a flexible equilibrium between reflection gain and
beamwidth [186].

During channel estimation, the user location information
can also help achieve fast beam alignment; however, this
privacy is often ignored in previous works using traditional
architecture. In [187], a new privacy-preserving design with
RIS and Federated Learning (FL) is proposed to improve
the spectrum efficiency in sub-mmWave communications by
maximizing the achievable sum rate.

The innovative RIS, also known as hyper-surfaces [10],
may be used to customize electromagnetic wave absorb-
ing, reflecting, polarization, and phase shifting, among other
things, to regulate the propagation of terahertz signals.

The RIS implementation in 5G NR/6G is particularly suit-
able for beam alignment, as the signals reflected from all the

FIGURE 15. Model with reconfigurable intelligent surface.

unit cells in RIS to the received can be phase-aligned, which
helps to improve the signal spectrum and throughput [188].
The intelligent reflecting surface in terahertz communication
can be employed to address the issues of signal blockage,
beam alignment, and propagation loss through exploiting
joint active and passive beam training [189].

To achieve beam alignment, three phases are required [190].
The first one aims to find the best codebook (i.e., the optimal
reflecting sector or wide beam) for RIS. There is a single pair
of wide beams that covers both the BS-RIS and the RIS-user
links. In the aligned case, the user tries to find the optimal
RIS codeword based on the pulse slot (the time slot of power
pulse) as seen in Figure 16.

The second phase consists of finding the narrow BS-user
beam pair while RIS is disabled. First, the user detects the
wide beam pair with maximum power. Then, a fast hierarchi-
cal search is used to find the narrow beam on the user side.
By the end, the user sends its optimal beam to the BS, and
this later uses also fast hierarchical search to find the optimal
narrow beam on the BS side (see Figure 17).
The third phase aims to find the BS-RIS-user narrow beam

pair where RIS is turned on. There exist two propagation
paths: the BS-user path, already reached in phase 2, and the
BS-RIS user path, determined using the three steps used in
phase 2 (see Figure 18).

The majority of works related to RIS involve single-
hop RIS-assisted systems, where a single RIS is typically
deployed between the BS and the users. In practice, similar to
multi-hop relay systems, several RISs can be used to address
the severe signal blockage between the BS and the users.
In [191], authors propose a multi-hop RIS-assisted com-
munication system to mitigate the significant propagation
attenuations. The problem is formulated as a non-convex opti-
mization based on hybrid beamforming aiming to maximize
the sum-rate while respecting the constraint of transmit signal
power. As the problem is NP-hard, the authors propose a
deep reinforcement learning framework to find the optimal
solutions. Simulation results prove that the proposed scheme
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FIGURE 16. Phase 1: Finding the best codebook.

FIGURE 17. Phase 2: Finding the narrow BS-user beam pair for passive RIS.

helps to increase the coverage range by 50% compared to
traditional alternating beamforming methods without RIS or
with single-hop RIS [192], [193].

E. BEAM ALIGNMENT TECHNIQUES IN TERAHERTZ
COMMUNICATIONS
This section provides a classification of papers related to
beam alignment in terahertz communications based on meth-
ods, designs, and algorithms used in B5G/6G systems.
As shown in Table 7, the papers dealing with the problem
of beam alignment in terahertz are few compared to those

related to mmWave. By analyzing the proposed solutions,
we notice that the deep learning algorithms are the common
ones able to achieve fast beam alignment in 6G systems. Also,
the deployment of RIS-based network systems can help to
avoid blockage, beam misalignment, and propagation loss.

V. HOT TOPICS AND OPEN CHALLENGES
This section presents other open issues that require further
investigations and must be addressed in future terahertz com-
munications, such as the complex transceiver design, the
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FIGURE 18. Phase 3: Finding the BS-RIS-user narrow beam for active RIS.

construction of the terahertz antenna array, the terahertz chan-
nel model, the terahertz beam tracking, the 3D networking
reliability, etc.

A. TERAHERTZ TRANSCEIVER DESIGN
The current transceiver design is not suitable for terahertz
communications, as the transceivers need to be wideband,
which is considered as a major challenge. The frequency
band of the signal to be generated is too high for con-
ventional oscillators and too low for optical photon emit-
ters. This issue is called the ‘‘Terahertz gap’’. The terahertz
band frequencies require highly advanced signal processing
to deal with massive propagation loss [194]; thus, strong
innovation is needed. Another critical challenge is designing
antennas and amplifiers that can handle the ultra-wideband
transmission for terahertz communications [113]. The semi-
conductor industry will help to overcome these issues; how-
ever, finding new designs for very dense antenna arrays is
required to address the tiny wavelengths and physical size
of RF transistors similar to the element spacing in terahertz
arrays. Other factors that must be considered when manu-
facturing terahertz-enabled transceivers are high power, high
sensitivity, and low noise. Hence, the distance and transmis-
sion power should be taken into account in the transceiver
design. Besides, a link budget analysis model for terahertz
communication system requirements can help to evaluate
prospective link distances, bit rates, system bandwidths,
and mobility support based on the technical specifications
of terahertz band transceivers and the physical character-
istics of the propagation medium, such as free-space loss
to provide an overview of the challenges and opportuni-
ties [195]. Among the standard alternatives for terahertz sig-
nal generators and detectors are Silicon-Germanium (SiGe),
Gallium Nitride (GaN), Gallium Arsenide (GaAs), and

Indium Phosphide (InP), but the transmission distance of
GaN, GaAs, and InP based transceivers is limited [196].
Therefore, designing a new terahertz transceiver that con-
siders the power gain, the transmission distance, the phase
noise, the non-linear amplifier, and modulation has become
a vital necessity. The nanomaterials (e.g., graphene) and the
CMOS can be used in innovative transceiver architectures
within terahertz-enabled equipment [197].

B. TERAHERTZ CHANNEL, PROPAGATION, PATH LOSS,
AND BEAM TRACKING
The terahertz channels features are highly dependent on the
characteristics and the density of the materials in the envi-
ronment. Therefore establishing a common channel model
is challenging, whereby further investigations on the channel
models are required. The high Free-Space Path Loss (FSPL)
can be compensated by the high gain antennas used in tera-
hertz communication due to the high directivity components
of the signal [198]. For example, using terahertz for indoor
WLAN applications, with a transmit power of 10 mW or
1 W, a terahertz wireless system could provide high-speed
Gbps WLAN services to space station crew modules [199].
Assuming that there is an additional path loss of 10 dB due
to atmospheric attenuation for 0.5 THz signals traveling over
a distance of 10 meters. Thus, to compensate the FSPL and
atmospheric attenuation, a 30 dB gain antenna is required.
Here, the dielectric and phased-array antennas can be used
to enhance the indoor terahertz applications by providing
high gain to mitigate the FSPL and furnishing alternative
propagation paths for NLoS links. The large-scale phased
array antennas can concentrate electromagnetic energy in
pre-defined directions by aligning the phases and amplitudes
of the array elements according to the beam interference
pattern. The transmission of higher frequencies increases
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TABLE 7. Classification of studied papers on Beam Alignment in mmWave/terahertz 6G communications.

the complexity and parallelism of the RF hardware, and the
narrower beamwidth leads to signal acquisition and beam
tracking difficulties in mobile applications [200]. In addi-
tion to these technological limitations, other factors must
be included in categorizing the RF spectrum as the pene-
tration through various materials and reflections from sur-
faces. Similar to mmWave communications, beamforming is

highly required to avoid the significant propagation losses
in terahertz communication systems. However, beamforming
requires channel state information, which is challenging to
get in the case of large array size [201]. In the terahertz spec-
trum, the beam alignment is achieved when beam switching
is realized before beam tracking. If the beam alignment fails,
the beam tracking system will require beam switching to
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re-establish communication links [202]. The existing beam
tracking schemes are based on user mobility, or codebook
design [203]. Despite achieving acceptable performance for
narrowband systems, these schemes are not suitable for ter-
ahertz wideband systems as the codebook design for beam
switching is computationally complicated due to the large
size of the networks. These schemes will suffer from signifi-
cant performance degradation as hybrid precoding structures
cannot compensate for the primary beam split effect in wide-
band terahertz largeMIMO systems [204]. The beam training
induces high overhead and delays when users are moving;
hence, an efficient beam tracking approach is required for
terahertz systems [205]. Furthermore, the small wavelength
and severe path loss significantly limit scattering in terahertz
communications. In addition, the 3D beamforming based on
a large-scale phased array may help to avoid severe path loss,
as scanning beams have higher directivity [206]. However,
this 3D scheme is inefficient and time-consuming during
the beam scanning procedure. From proposals, a fast beam
scanning strategy is provided by Peng et al. [207] to balance
between the precision and complexity and to achieve beam
alignment in a specific scenario of indoor terahertz commu-
nication through carrying out lower frequency via exhaus-
tive scanning. The arisen question is: can this approach be
applied for other 6G terahertz applications? The suggested
scheme uses a lot of frequency resources that induce high
power consumption. In this context, reinforcement learning
approaches are required to predict human movement and find
the most appropriate direction. Holographic beamforming is
also a dynamic advanced approach based on software-defined
antennas with low cost, low power hardware architecture, and
compact size. Therefore, more studies are needed to provide
beam tracking-based learningmethods for future 6G terahertz
scenarios.

C. TERAHERTZ COVERAGE/RANGE
The terahertz coverage planning faces challenges similar to
those of mmWave systems, for example, the availability of
LoS paths between transmitter and receiver, the high propaga-
tion losses, the directional terahertz beams, power limitations,
etc. Therefore, the terahertz systems should provide coverage
from various sites to guarantee connection reliability. Proper
tools would need to be created to facilitate the planning
process, which would require the use of exact 3D representa-
tions of the surroundings. As a result of the large number of
antennas that must be installed, automation of the planning
process will be required, as human planning of an ultra-dense
network is unacceptably laborious and time-consuming. The
reflectarray and UM-MIMO antenna systems can be con-
sidered as alternatives for power limitation and propagation
loss to extend coverage range [208]. The reflectarrays help
to provide directional terahertz beams, and the UM-MIMO
systems aim to expand the communication range and enhance
the achievable data rate using beamforming and spatial mul-
tiplexing techniques that help directing antenna beams to
multiple users.

D. TERAHERTZ NETWORKING
The 6G wireless network must be able to handle 3D commu-
nications. This requires coordinated studies on different top-
ics such as 3D propagation measurement and modeling, new
methods for 3D frequency and network planning for resource
management, mobility, and routing. At the network layer,
new routing approaches must be considered, including novel
RIS, active relaying nodes, and passive dielectric mirrors to
overcome LoS blockage and provide directional links. More-
over, a joint design and routing protocol-based deep learning
can be adopted to get dynamic routes in real-time with-
out impacting the network throughput. For classical macro-
scale applications, IPv6 is suitable. However, for nanoscale
communications, more sophisticated addressing paradigms,
such as hierarchical fashioned, must be investigated [113].
The aggregated traffic flowing over the network significantly
increases with the implementation of wireless ultra-high-
speed connections.

At the transport layer, congestion control and end-to-end
trusted transit are both heavily burdened. Therefore, to han-
dle the traffic dynamics in 6G terahertz communication net-
works, the TCP congestion control window techniques need
to be considerably reviewed and updated. Considering the
high data rate and ultra-low latency requirements in 6G ter-
ahertz systems, the mesh networking architecture should be
deployed to fully exploit concurrent transmission opportuni-
ties to extend the network coverage for different applications.
The link-layer can be merged with network and transport
layers in the mesh network, enabling direct communication
between a pair of nano-nodes, which helps to optimize MAC,
routing, and transport functions [209].

E. SECURITY
The terahertz communication spectrum has multiple features
that provide a much higher level of security and resiliency
against attacks due to the spread spectrum along with low
transmit power, beamforming with pencil-shaped beams, the
requirement for LoS, small user coverage, and frequency
hopping over a wide range of frequencies. Despite these
advantages, links can be damaged by blockages, reflec-
tions through surfaces and small-scale device mobility [210].
Terahertz communications may suffer from authentication
security [211], malicious behavior, and risks of attacks and
threats [212]. Hence, achieving a high degree of security and
privacy in 6G terahertz systems is a practical challenge [213].
The electromagnetic signature of terahertz frequencies can
be used for the physical layer authentication process [214].
Despite the fact that high-frequencies and pencil beams in ter-
ahertz communications present a challenge for eavesdroppers
compared to lower frequencies, the possibility of terahertz
eavesdropping has not yet been characterized. For a trans-
mitted signal in narrow beams, the eavesdropper could still
intercept it [215]. The blockchain-based technologies in 6G
applications can be relatively safe but still be the target of
malicious behaviors. In this regard, a comprehensive survey
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TABLE 8. Comparison between mmWave and terahertz.

in the literature presents the different promising emerging
technologies of the 6G network (i.e., real-time intelligent
edge computing, distributed artificial intelligence, quantum
communications, intelligent radio, and 3D intercom) and
their related security and privacy issues [211].

VI. SUMMARY AND INSIGHTS
Based on the studied papers in this survey, we realize that
the beam alignment in mmWave/terahertz systems can be
impacted by several factors, including beamforming, the type
of antenna models, the beamwidth, the cell boundary deter-
mined by RSS, blockage, the coverage area, the link dis-
tance, the transceiver design, the beam searching methods,
the access methods, the architecture design, the mobility, etc.

Achieving beam alignment and mobility management at
terahertz systems is more complex than at mmWave fre-
quencies. The mmWave communication range is 10x longer
than the terahertz range, the terahertz LoS beams are notably
narrower, and their links are less penetrating. Thus, more
sensitive blockage mitigation methods and highly accurate
prediction engines must be considered for terahertz bands.
For example, blockages need to be predicted with a marginal
error less than the pencil beam radius. Therefore, the guar-
antee of a durable LoS terahertz link is significantly related
to the available information on the user’s mobility. In par-
ticular, this will be crucial for future applications such as
holography and AR/XR that require stable terahertz links
at all times. The molecular absorption has a strong effect
at terahertz frequencies, but it has been often neglected for
lower frequencies (mmWave and below 6 GHz). Compared
to terahertz frequencies, the mmWave frequency band has
more multipath, high power NLoS links and requires larger
LoS beams. Table 8 provides a simple comparison between
mmWave and terahertz frequencies.

One potential strategy to facilitate the beam alignment
process in a high-energy efficient manner is the deploy-
ment of RIS-compatible terahertz architectures. It will design

hierarchical multi-resolution codebooks that help to find the
optimal phase-shift matrix. Besides, adopting specific anten-
nas as phased-array antennas can perform fast beam align-
ment. However, the choice of a convenient terahertz antenna
depends on the application, the use case, and the environment.
Deep learning algorithms can achieve fast beam alignment
and data transmission for multiple channel clusters in tera-
hertz systems. Dynamic scanning is also a highly desirable
target, as it could enable automatic beam alignment of future
terahertz links.

VII. CONCLUSION
With the deployment of 5G network, providing fast and reli-
able initial access in mmWave communications becomes a
necessity. The beam alignment becomes more challenging
when using narrow beams at higher frequencies, and IA needs
to be repeated frequently until finding the best beam pair
of transmitter and receiver. The IA is a costly process in
terms of latency, transmit power and computational costs,
and if it is not properly coordinated, the communications
system may fail to reach high data rates. This paper pro-
vides a contemporary survey of IA search methods, beam
management procedures, and beam alignment issues in 5G
communications and beyond. We present a classification
of papers on beam alignment, including their architectures,
methods, algorithms, and objective functions. However, with
the tremendous emergence of smart devices and the rapid
expansion of IoT networks, 5G will be unable to fully fulfill
the growing technological standards, such as autonomous,
ultra-large-scale, extremely dynamic, and fully intelligent
services. Therefore, 6G is envisioned to provide such services
with high quality of experience. In this paper, we present
the 6G enabling technologies, and we shed light on tera-
hertz basics, including terahertz applications, beamforming,
precoding, and key challenges. The beam misalignment is
one of the critical issues to be addressed in terahertz com-
munications where some solutions have been proposed, and
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more investigations are required. We also highlight the deep
learning viewpoint to enable fast initial access and reliable
beam alignment.

ACKNOWLEDGMENT
The authors would like to thank the editor and the four anony-
mous reviewers for their valuable comments and suggestions
that substantially improved the content and the presentation
of this article.

REFERENCES
[1] P. Collela. (2017). Ushering in a Better Connected Future.

[Online]. Available: https://www.ericsson.com/en/about-us/company-
facts/ericsson-worldwide/india/%authored-articles/ushering-in-a-better-
connected-future

[2] M.Giordani,M.Mezzavilla, andM. Zorzi, ‘‘Initial access in 5GmmWave
cellular networks,’’ IEEE Commun. Mag., vol. 54, no. 11, pp. 40–47,
Nov. 2016.

[3] S. Parkvall, E. Dahlman, A. Furuskar, and M. Frenne, ‘‘NR: The new 5G
radio access technology,’’ IEEE Commun. Standards Mag., vol. 1, no. 4,
pp. 24–30, Dec. 2017.

[4] S. Sharma, R. Miller, and A. Francini, ‘‘A cloud-native approach to 5G
network slicing,’’ IEEE Commun. Mag., vol. 55, no. 8, pp. 120–127,
Aug. 2017.

[5] M. Gao, B. Ai, Y. Niu, Z. Zhong, Y. Liu, G. Ma, Z. Zhang, and D. Li,
‘‘Dynamic mmWave beam tracking for high speed railway commu-
nications,’’ in Proc. IEEE Wireless Commun. Netw. Conf. Workshops
(WCNCW), Apr. 2018, pp. 278–283.

[6] H. Soleimani, R. Parada, S. Tomasin, and M. Zorzi, ‘‘Fast initial access
for mmWave 5G systems with hybrid beamforming using online statistics
learning,’’ IEEE Commun. Mag., vol. 57, no. 9, pp. 132–137, Sep. 2019.

[7] S. Ghafoor, N. Boujnah, M. H. Rehmani, and A. Davy, ‘‘MAC protocols
for terahertz communication: A comprehensive survey,’’ IEEE Commun.
Surveys Tuts., vol. 22, no. 4, pp. 2236–2282, 4th Quart., 2020.

[8] A. N. Uwaechia and N. M. Mahyuddin, ‘‘A comprehensive survey on
millimeter wave communications for fifth-generation wireless networks:
Feasibility and challenges,’’ IEEE Access, vol. 8, pp. 62367–62414, 2020.

[9] S. He, Y. Zhang, J. Wang, J. Zhang, J. Ren, Y. Zhang, W. Zhuang, and
X. Shen, ‘‘A survey of millimeter-wave communication: Physical-layer
technology specifications and enabling transmission technologies,’’ Proc.
IEEE, vol. 109, no. 10, pp. 1666–1705, Oct. 2021.

[10] Z. Chen, X. Ma, C. Han, and Q. Wen, ‘‘Towards intelligent reflecting
surface empowered 6G terahertz communications: A survey,’’ China
Commun., vol. 18, no. 5, pp. 93–119, May 2021.

[11] J. Bang, H. Chung, J. Hong, H. Seo, J. Choi, and S. Kim, ‘‘Millimeter-
wave communications: Recent developments and challenges of hardware
and beam management algorithms,’’ IEEE Commun. Mag., vol. 59, no. 8,
pp. 86–92, Aug. 2021.

[12] K. Tekbiyik, A. R. Ekti, G. K. Kurt, A. Gorcin, and H. Yanikomeroglu,
‘‘A holistic investigation of terahertz propagation and channel modeling
toward vertical heterogeneous networks,’’ IEEE Commun. Mag., vol. 58,
no. 11, pp. 14–20, Nov. 2020.

[13] C. Han, X. Zhang, and X. Wang, ‘‘On medium access control schemes
for wireless networks in the millimeter-wave and terahertz bands,’’ Nano
Commun. Netw., vol. 19, pp. 67–80, Mar. 2019. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S1878778918300814

[14] P. Yang, W. Wu, N. Zhang, and X. Shen, ‘‘Literature review of mmWave
networks,’’ inMillimeter-Wave Networks: Beamforming Design and Per-
formance Analysis. Cham, Switzerland: Springer, 2021, pp. 15–36, doi:
10.1007/978-3-030-88630-1_2.

[15] Z. Chen, X. Ma, B. Zhang, Y. X. Zhang, Z. Niu, N. Kuang,
W. Chen, L. Li, and S. Li, ‘‘A survey on terahertz communi-
cations,’’ China Commun., vol. 16, no. 2, pp. 1–35, Feb. 2019.
[Online]. Available: https://ieeexplore.ieee.org/document/8663550, doi:
10.12676/j.cc.2019.02.001.

[16] H.-J. Song and N. Lee, ‘‘Terahertz communications: Challenges in the
next decade,’’ IEEE Trans. THz Sci. Technol., vol. 12, no. 2, pp. 105–117,
Mar. 2022, doi: 10.1109/TTHZ.2021.3128677.

[17] A. Mazin, M. Elkourdi, and R. D. Gitlin, ‘‘Accelerating beam sweeping
in mmWave standalone 5G new radios using recurrent neural networks,’’
in Proc. IEEE 88th Veh. Technol. Conf. (VTC-Fall), Aug. 2018, pp. 1–4,
doi: 10.1109/VTCFall.2018.8690810.

[18] J. Liu, K. Au, A. Maaref, J. Luo, H. Baligh, H. Tong, A. Chassaigne, and
J. Lorca, ‘‘Initial access, mobility, and user-centric multi-beam operation
in 5G new radio,’’ IEEE Commun. Mag., vol. 56, no. 3, pp. 35–41,
Mar. 2018.

[19] E. Rastorgueva-Foi, M. Costa, M. Koivisto, K. Leppanen, and
M. Valkama, ‘‘User positioning in mmW 5G networks using beam-RSRP
measurements and Kalman filtering,’’ in Proc. 21st Int. Conf. Inf. Fusion
(FUSION), Jul. 2018, pp. 1–7, doi: 10.23919/ICIF.2018.8455289.

[20] M. Giordani, M. Polese, A. Roy, D. Castor, and M. Zorzi, ‘‘Stan-
dalone and non-standalone beam management for 3GPP NR at
mmWaves,’’ IEEE Commun. Mag., vol. 57, no. 4, pp. 123–129,
Apr. 2019.

[21] M. Giordani, M. Mezzavilla, C. N. Barati, S. Rangan, and M. Zorzi,
‘‘Comparative analysis of initial access techniques in 5G mmWave cel-
lular networks,’’ in Proc. Annu. Conf. Inf. Sci. Syst. (CISS), Mar. 2016,
pp. 268–273.

[22] F. J.Martin-Vega,M. C.Aguayo-Torres, G. Gomez, J. T. Entrambasaguas,
and T. Q. Duong, ‘‘Key technologies, modeling approaches, and chal-
lenges for millimeter-wave vehicular communications,’’ IEEE Commun.
Mag., vol. 56, no. 10, pp. 28–35, Oct. 2018.

[23] C. Jeong, J. Park, and H. Yu, ‘‘Random access in millimeter-wave beam-
forming cellular networks: Issues and approaches,’’ IEEECommun.Mag.,
vol. 53, no. 1, pp. 180–185, Jan. 2015.

[24] M.Giordani,M.Mezzavilla, andM. Zorzi, ‘‘Initial access in 5GmmWave
cellular networks,’’ IEEE Commun. Mag., vol. 54, no. 11, pp. 40–47,
Nov. 2016.

[25] A. Aldalbahi, F. Shahabi, and M. Jasim, ‘‘BRNN-LSTM for initial
access in millimeter wave communications,’’ Electronics, vol. 10, no. 13,
p. 1505, Jun. 2021.

[26] R. Zia-ul-Mustafa and S. A. Hassan, ‘‘Machine learning-based con-
text aware sequential initial access in 5G mmWave systems,’’ in Proc.
IEEE Globecom Workshops (GC Wkshps), Dec. 2019, pp. 1–6, doi:
10.1109/GCWkshps45667.2019.9024446.

[27] I. Kumar Jain, ‘‘Millimeter wave beam training: A survey,’’ 2018,
arXiv:1810.00077.

[28] M. Jasim, ‘‘Initial beam access schemes for millimeter wave cellular
networks,’’ Ph.D. dissertation, Dept. Elect. Eng., College Eng. Univ.
South Florida, Tampa, FL, USA, 2018.

[29] Y. Li, J. G. Andrews, F. Baccelli, T. D. Novlan, and J. C. Zhang,
‘‘Design and analysis of initial access in millimeter wave cellular net-
works,’’ IEEE Trans. Wireless Commun., vol. 16, no. 10, pp. 6409–6425,
Oct. 2017.

[30] V. Desai, L. Krzymien, P. Sartori, W. Xiao, A. Soong, and
A. Alkhateeb, ‘‘Initial beamforming for mmWave communications,’’
in Proc. 48th Asilomar Conf. Signals, Syst. Comput., Nov. 2014,
pp. 1926–1930.

[31] X. Song, S. Haghighatshoar, and G. Caire, ‘‘An efficient CS-based
and statistically robust beam alignment scheme for mmWave systems,’’
in Proc. IEEE Int. Conf. Commun. (ICC), May 2018, pp. 1–6, doi:
10.1109/ICC.2018.8422122.

[32] R. Waeber, P. I. Frazier, and S. G. Henderson, ‘‘Bisection search with
noisy responses,’’ SIAM J. Control Optim., vol. 51, no. 3, pp. 2261–2279,
May 2013.

[33] R. A. Hassan and N. Michelusi, ‘‘Multi-user beam-alignment for
millimeter-wave networks,’’ in Proc. Inf. Theory Appl. Workshop (ITA),
Feb. 2018, pp. 1–7, doi: 10.1109/ITA.2018.8503247.

[34] J. Wang, Z. Lan, C. woo Pyo, T. Baykas, C. sean Sum, M. Rahman, J.
Gao, R. Funada, F. Kojima, H. Harada, and S. Kato, ‘‘Beam codebook
based beamforming protocol for multi-Gbps millimeter-wave WPAN
systems,’’ IEEE J. Sel. Areas Commun., vol. 27, no. 8, pp. 1390–1399,
Oct. 2009.

[35] H.-N. Dai and Q. Zhao, ‘‘On the delay reduction of wireless ad hoc
networks with directional antennas,’’ EURASIP J. Wireless Commun.
Netw., vol. 2015, no. 1, p. 16, Jan. 2015.

[36] M. Kiese, C. Hartmann, and R. Vilzmann, ‘‘Optimality bounds of
the connectivity of adhoc networks with beamforming antennas,’’
in Proc. GLOBECOM IEEE Global Telecommun. Conf., Nov. 2009,
pp. 4142–4148, doi: 10.1109/GLOCOM.2009.5425735.

[37] W. Attaoui, E. Sabir, and E. Amhoud, ‘‘Characterizing antennas’ radia-
tion pattern using Bernoulli lemniscates,’’ in Hybrid Intelligent Systems.
Cham, Switzerland: Springer, 2021, pp. 204–213.

[38] R. Lopez-Valcarce and M. Martinez-Cotelo, ‘‘Analog beamforming
for full-duplex mmWave communication with low-resolution phase
shifters,’’ in Proc. IEEE Int. Conf. Commun., Jun. 2021, pp. 1–6, doi:
10.1109/ICC42927.2021.9500656.

35392 VOLUME 10, 2022

http://dx.doi.org/10.1007/978-3-030-88630-1_2
http://dx.doi.org/10.12676/j.cc.2019.02.001
http://dx.doi.org/10.1109/TTHZ.2021.3128677
http://dx.doi.org/10.1109/VTCFall.2018.8690810
http://dx.doi.org/10.23919/ICIF.2018.8455289
http://dx.doi.org/10.1109/GCWkshps45667.2019.9024446
http://dx.doi.org/10.1109/ICC.2018.8422122
http://dx.doi.org/10.1109/ITA.2018.8503247
http://dx.doi.org/10.1109/GLOCOM.2009.5425735
http://dx.doi.org/10.1109/ICC42927.2021.9500656


W. Attaoui et al.: Initial Access & Beam Alignment for mmWave and Terahertz Communications

[39] Q. Abdullah, A. Salh, N. S. MohdShah, N. Abdullah, L. Audah,
S. A. Hamzah, N. Farah, M. Aboali, and S. Nordin, ‘‘A brief survey and
investigation of hybrid beamforming for millimeter waves in 5G massive
MIMO systems,’’ 2021, arXiv:2105.00180.

[40] R. S. Sohal, V. Grewal, G. RC, J. J. Kaur, and M. L. Singh, ‘‘Deep
learning based analog beamforming design for millimetre wave
massive MIMO system,’’ Wireless Pers. Commun., 2021. [Online].
Available: https://www.researchsquare.com/article/rs-661112/v1, doi:
10.21203/rs.3.rs-661112/v1.

[41] R. W. Heath, Jr., N. González-Prelcic, S. Rangan, W. Roh, and
A. M. Sayeed, ‘‘An overview of signal processing techniques for millime-
ter wave MIMO systems,’’ IEEE J. Sel. Topics Signal Process., vol. 10,
no. 3, pp. 436–453, Apr. 2017.

[42] S. A. Busari, K. M. S. Huq, S. Mumtaz, L. Dai, and J. Rodriguez,
‘‘Millimeter-wave massive MIMO communication for future wireless
systems: A survey,’’ IEEE Commun. Surveys Tuts., vol. 20, no. 2,
pp. 836–869, 2nd Quart., 2018.

[43] J. Zhang, X. Yu, and K. B. Letaief, ‘‘Hybrid beamforming for 5G and
beyond millimeter-wave systems: A holistic view,’’ IEEE Open J. Com-
mun. Soc., vol. 1, pp. 77–91, 2020.

[44] M. Alouzi, F. Chan, and C. D’Amours, ‘‘Low complexity hybrid precod-
ing and combining for millimeter wave systems,’’ IEEE Access, vol. 9,
pp. 95911–95924, 2021.

[45] X. Sun, C. Qi, and G. Y. Li, ‘‘Beam training and allocation for multiuser
millimeter wave massive MIMO systems,’’ IEEE Trans. Wireless Com-
mun., vol. 18, no. 2, pp. 1041–1053, Feb. 2019.

[46] Q. Xue, X. Fang, and C.-X. Wang, ‘‘Beamspace SU-MIMO for future
millimeter wavewireless communications,’’ IEEE J. Sel. Areas Commun.,
vol. 35, no. 7, pp. 1564–1575, Jul. 2017.

[47] K. Chandra, A. S. Marcano, S. M. Mumtaz, R. V. Prasad, and
H. L. Christiansen, ‘‘Unveiling capacity gains in ultradense networks:
Using mm-wave NOMA,’’ IEEE Veh. Technol. Mag., vol. 13, no. 2
pp. 75–83, Jun. 2018.

[48] Z. Xiao, L. Zhu, Z. Gao, D. O. Wu, and X. Xia, ‘‘User fairness non-
orthogonal multiple access (NOMA) for millimeter-wave communica-
tionswith analog beamforming,’’ IEEE Trans.Wireless Commun., vol. 18,
no. 7, pp. 3411–3423, Jul. 2019.

[49] S. M. R. Islam, M. Zeng, and O. A. Dobre, ‘‘NOMA in 5G sys-
tems: Exciting possibilities for enhancing spectral efficiency,’’ 2017,
arXiv:1706.08215.

[50] Z. Ding, P. Fan, and H. V. Poor, ‘‘On the coexistence of non-
orthogonal multiple access and millimeter-wave communications,’’ in
Proc. IEEE Int. Conf. Commun. (ICC), May 2017, pp. 1–6, doi: 10.1109/
ICC.2017.7996397.

[51] N. M. Balasubramanya, A. Gupta, andM. Sellathurai, ‘‘Combining code-
domain and power-domain NOMA for supporting higher number of
users,’’ in Proc. IEEE Global Commun. Conf. (GLOBECOM), Dec. 2018,
pp. 1–6, doi: 10.1109/GLOCOM.2018.8647770.

[52] W. Attaoui and E. Sabir, ‘‘Combined beam alignment and power alloca-
tion for NOMA-empowered mmWave communications,’’ in Ubiquitous
Networking. Cham, Switzerland: Springer, 2020, pp. 82–95.

[53] M. Rihan, L. Huang, and P. Zhang, ‘‘Joint interference alignment
and power allocation for NOMA-based multi-user MIMO systems,’’
EURASIP J. Wireless Commun. Netw., vol. 2018, no. 1, p. 217, Sep. 2018,
doi: 10.1186/s13638-018-1226-y.

[54] S. Driouech, E. Sabir, M. Ghogho, and E.-M. Amhoud, ‘‘D2D mobile
relaying meets NOMA—Part I: A biform game analysis,’’ Sensors,
vol. 21, no. 3, p. 702, Jan. 2021. [Online]. Available: https://www.
mdpi.com/1424-8220/21/3/702

[55] M. Giordani, M. Mezzavilla, C. N. Barati, S. Rangan, and M. Zorzi,
‘‘Comparative analysis of initial access techniques in 5G mmWave cel-
lular networks,’’ in Proc. Annu. Conf. Inf. Sci. Syst. (CISS), Mar. 2016,
pp. 268–273.

[56] W. Wu, N. Cheng, N. Zhang, P. Yang, W. Zhuang, and X. Shen, ‘‘Fast
mmWave beam alignment via correlated bandit learning,’’ IEEE Trans.
Wireless Commun., vol. 18, no. 12, pp. 5894–5908, Dec. 2019.

[57] C. N. Barati, S. Dutta, S. Rangan, and A. Sabharwal, ‘‘Energy and latency
of beamforming architectures for initial access in mmWave wireless
networks,’’ J. Indian Inst. Sci., vol. 100, no. 2, pp. 281–302, May 2020,
doi: 10.1007/s41745-020-00170-9.

[58] M. Giordani, M. Polese, A. Roy, D. Castor, and M. Zorzi, ‘‘A tutorial
on beam management for 3GPP NR at mmWave frequencies,’’ IEEE
Commun. Surveys Tuts., vol. 21, no. 1, pp. 173–196, 1st Quart., 2018.

[59] S. Bubeck, R. Munos, G. Stoltz, and C. Szepesvari, ‘‘Online optimization
in X-Armed bandits,’’ in Proc. 22nd Annu. Conf. Neural Inf. Process.
Syst., vol. 21. Vancouver, BC, Canada, Dec. 2008, pp. 1–41. [Online].
Available: https://hal.inria.fr/inria-00329797

[60] H. Hassanieh, O. Abari, M. Rodriguez, M. Abdelghany, D. Katabi, and
P. Indyk, ‘‘Fast millimeter wave beam alignment,’’ in Proc. Conf. ACM
Special Interest Group Data Commun., Aug. 2018, pp. 432–445.

[61] S. Lien, Y.-C. Kuo, D.-J. Deng, H.-L. Tsai, A. Vinel, and A. Benslimane,
‘‘Latency-optimal mmWave radio access for V2X supporting next gener-
ation driving use cases,’’ IEEE Access, vol. 7, pp. 6782–6795, 2018.

[62] C. Perfecto, J. Del Ser, andM. Bennis, ‘‘Millimeter-wave V2V communi-
cations: Distributed association and beam alignment,’’ IEEE J. Sel. Areas
Commun., vol. 35, no. 9, pp. 2148–2162, Jun. 2017.

[63] X. Song, S. Haghighatshoar, and G. Caire, ‘‘Efficient beam alignment for
millimeter wave single-carrier systems with hybrid MIMO transceivers,’’
IEEE Trans.Wireless Commun., vol. 18, no. 3, pp. 1518–1533,Mar. 2019.

[64] A. Alkhateeb, S. Alex, P. Varkey, Y. Li, Q. Qu, and D. Tujkovic, ‘‘Deep
learning coordinated beamforming for highly-mobile millimeter wave
systems,’’ IEEE Access, vol. 6, pp. 37328–37348, 2018.

[65] J. Zhang and C. Masouros, ‘‘Learning-based predictive transmitter-
receiver beam alignment in millimeter wave fixed wireless access links,’’
IEEE Trans. Signal Process., vol. 69, pp. 3268–3282, 2021.

[66] Q. Zhang, W. Saad, M. Bennis, and M. Debbah, ‘‘Quantum game theory
for beam alignment in millimeter wave device-to-device communica-
tions,’’ in Proc. IEEE Global Commun. Conf. (GLOBECOM), Dec. 2016,
pp. 1–6, doi: 10.1109/GLOCOM.2016.7842190.

[67] W. Attaoui, K. Bouraqia, E. Sabir, M. Benjillali, and R. Elazouzi,
‘‘Beam alignment game for self-organized mmWave-empowered 5G ini-
tial access,’’ in Proc. 15th Int. Wireless Commun. Mobile Comput. Conf.
(IWCMC), Jun. 2019, pp. 2050–2057.

[68] W. Hao, F. Zhou, Z. Chu, P. Xiao, R. Tafazolli, and N. Al-Dhahir,
‘‘Beam alignment for MIMO-NOMA millimeter wave communication
systems,’’ in Proc. IEEE Int. Conf. Commun. (ICC), May 2019, pp. 1–6,
doi: 10.1109/ICC.2019.8762058.

[69] M. A. Almasi, M. Vaezi, and H. Mehrpouyan, ‘‘Impact of beammisalign-
ment on hybrid beamforming NOMA for mmWave communications,’’
IEEE Trans. Commun., vol. 67, no. 6, pp. 4505–4518, Jun. 2019.

[70] V. D. P. Souto, R. D. Souza, and B. F. Uchoa-Filho, ‘‘Power allocation and
initial access using PSO for uplink NOMA mmWave communications,’’
inProc. IEEE 30th Annu. Int. Symp. Pers., IndoorMobile Radio Commun.
(PIMRC), Sep. 2019, pp. 1–6, doi: 10.1109/PIMRC.2019.8904292.

[71] X. Yu, F. Xu, K. Yu, and N. Li, ‘‘Joint energy-efficient power allocation
and beamforming for uplink mmWave-NOMA system,’’ IEEE Trans.
Veh. Technol., vol. 69, no. 10, pp. 12291–12295, Oct. 2020.

[72] M. Hashemi, A. Sabharwal, C. Emre Koksal, and N. B. Shroff, ‘‘Effi-
cient beam alignment in millimeter wave systems using contextual ban-
dits,’’ in Proc. IEEE INFOCOM Conf. Comput. Commun., Apr. 2018,
pp. 2393–2401.

[73] L. Zhu, J. Zhang, Z. Xiao, X. Cao, D. O. Wu, and X. Xia, ‘‘Joint Tx–
Rx beamforming and power allocation for 5G millimeter-wave non-
orthogonal multiple access networks,’’ IEEE Trans. Commun., vol. 67,
no. 7, pp. 5114–5125, Jul. 2019.

[74] Z. Ding, P. Fan, and H. V. Poor, ‘‘Random beamforming in millimeter-
wave NOMA networks,’’ IEEE Access, vol. 5, pp. 7667–7681, 2017.

[75] C. Pradhan, A. Li, H. Chen, Y. Li, and B. Vucetic, ‘‘Low latency
mmWave backhaul via traffic dispersion,’’ in Proc. IEEE 10th Int. Symp.
Turbo Codes Iterative Inf. Process. (ISTC), Dec. 2018, pp. 1–5, doi:
10.1109/ISTC.2018.8625299.

[76] C.-H. Yao, Y.-Y. Chen, B. P. S. Sahoo, and H.-Y. Wei, ‘‘Outage
reduction with joint scheduling and power allocation in 5G mmWave
cellular networks,’’ in Proc. IEEE 28th Annu. Int. Symp. Pers.,
Indoor, Mobile Radio Commun. (PIMRC), Oct. 2017, pp. 1–6, doi:
10.1109/PIMRC.2017.8292649.

[77] N. Ye, X. Li, J. Pan, W. Liu, and X. Hou, ‘‘Beam aggregation-based
mmWave MIMO-NOMA: An AI-enhanced approach,’’ IEEE Trans. Veh.
Technol., vol. 70, no. 3, pp. 2337–2348, Mar. 2021.

[78] S. Shaham,M. Ding,M. Kokshoorn, Z. Lin, S. Dang, and R. Abbas, ‘‘Fast
channel estimation and beam tracking for millimeter wave vehicular
communications,’’ IEEE Access, vol. 7, pp. 141104–141118, 2019.

[79] S. Swain, J. P. Sahoo, and A. K. Tripathy, ‘‘Power allocation-based
QoS guarantees in millimeter-wave-enabled vehicular communications,’’
in Advances in Distributed Computing and Machine Learning. Cham,
Switzerland: Springer, 2021, pp. 35–43.

VOLUME 10, 2022 35393

http://dx.doi.org/10.21203/rs.3.rs-661112/v1
http://dx.doi.org/10.1109/ICC.2017.7996397
http://dx.doi.org/10.1109/ICC.2017.7996397
http://dx.doi.org/10.1109/GLOCOM.2018.8647770
http://dx.doi.org/10.1186/s13638-018-1226-y
http://dx.doi.org/10.1007/s41745-020-00170-9
http://dx.doi.org/10.1109/GLOCOM.2016.7842190
http://dx.doi.org/10.1109/ICC.2019.8762058
http://dx.doi.org/10.1109/PIMRC.2019.8904292
http://dx.doi.org/10.1109/ISTC.2018.8625299
http://dx.doi.org/10.1109/PIMRC.2017.8292649


W. Attaoui et al.: Initial Access & Beam Alignment for mmWave and Terahertz Communications

[80] A. Klautau, P. Batista, N. Gonzalez-Prelcic, Y. Wang, and R. W. Heath,
‘‘5G MIMO data for machine learning: Application to beam-selection
using deep learning,’’ in Proc. Inf. Theory Appl. Workshop (ITA),
Feb. 2018, pp. 1–9, doi: 10.1109/ITA.2018.8503086.

[81] S. Driouech, E. Sabir, M. Ghogho, and E.-M. Amhoud, ‘‘D2D mobile
relaying meets NOMA—Part II: A reinforcement learning perspec-
tive,’’ Sensors, vol. 21, no. 5, p. 1755, 2021. [Online]. Available:
https://www.mdpi.com/1424-8220/21/5/1755

[82] Z. L. Fazliu, F. Malandrino, C. F. Chiasserini, and A. Nordio, ‘‘MmWave
beam management in urban vehicular networks,’’ IEEE Syst. J., vol. 15,
no. 2, pp. 2798–2809, Jun. 2021.

[83] G. Ghatak, A. D. Domenico, and M. Coupechoux, ‘‘Coverage analysis
and load balancing in HetNets with millimeter wave multi-RAT small
cells,’’ IEEE Trans. Wireless Commun., vol. 17, no. 5, pp. 3154–3169,
May 2018.

[84] N. Garcia, H. Wymeersch, E. G. Strom, and D. Slock, ‘‘Location-
aided mm-wave channel estimation for vehicular communication,’’ in
Proc. IEEE 17th Int. Workshop Signal Process. Adv. Wireless Commun.
(SPAWC), Jul. 2016, pp. 1–5, doi: 10.1109/SPAWC.2016.7536855.

[85] G. Ghatak, R. Koirala, A. D. Domenico, B. Denis, D. Dardari, and
B. Uguen, ‘‘Positioning data-rate trade-off in mm-wave small cells
and service differentiation for 5G networks,’’ in Proc. IEEE 87th Veh.
Technol. Conf. (VTC Spring), Jun. 2018, pp. 1–5, doi: 10.1109/VTC-
Spring.2018.8417791.

[86] A. Alkhateeb, Y.-H. Nam, M. S. Rahman, J. Zhang, and R. W. Heath, Jr.,
‘‘Initial beam association in millimeter wave cellular systems: Analysis
and design insights,’’ IEEE Trans. Wireless Commun., vol. 16, no. 5,
pp. 2807–2821, May 2017.

[87] M. Hussain and N. Michelusi, ‘‘Energy efficient beam-alignment in
millimeter wave networks,’’ in Proc. 51st Asilomar Conf. Signals, Syst.,
Comput., Oct. 2017, pp. 1219–1223.

[88] M. Hussain and N. Michelusi, ‘‘Optimal interactive energy efficient
beam-alignment for millimeter-wave networks,’’ in Proc. 52nd Asilomar
Conf. Signals, Syst., Comput., Oct. 2018, pp. 577–581.

[89] A. Alkhateeb, O. El Ayach, G. Leus, and R. W. Heath, Jr., ‘‘Channel
estimation and hybrid precoding for millimeter wave cellular systems,’’
IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 831–846, Oct. 2014.

[90] S. Sun and T. S. Rappaport, ‘‘Millimeter wave MIMO channel estimation
based on adaptive compressed sensing,’’ in Proc. IEEE Int. Conf. Com-
mun. Workshops (ICC Workshops), May 2017, pp. 47–53.

[91] A. Abdelreheem, E. M. Mohamed, and H. Esmaiel, ‘‘Location-based
millimeter wave multi-level beamforming using compressive sensing,’’
IEEE Commun. Lett., vol. 22, no. 1, pp. 185–188, Jan. 2018.

[92] A. Abdelreheem, E. M. Mohamed, and H. Esmaiel, ‘‘Millimeter wave
location-based beamforming using compressive sensing,’’ in Proc. 28th
Int. Conf. Microelectron. (ICM), Dec. 2016, pp. 213–216.

[93] A. Abdelreheem, E. M. Mohamed, and H. Esmaiel, ‘‘Adaptive location-
based millimetre wave beamforming using compressive sensing based
channel estimation,’’ IET Commun., vol. 13, no. 9, pp. 1287–1296,
Jun. 2019, doi: 10.1049/IET-COM.2018.5797.

[94] F. Maschietti, D. Gesbert, P. de Kerret, and H. Wymeersch, ‘‘Robust
location-aided beam alignment in millimeter wave massive MIMO,’’ in
Proc. GLOBECOM IEEE Global Commun. Conf., Dec. 2017, pp. 1–6,
doi: 10.1109/GLOCOM.2017.8254901.

[95] A. S. A. Mubarak, E. M. Mohamed, and H. Esmaiel, ‘‘Millimeter wave
beamforming training, discovery and association using WiFi positioning
in outdoor urban environment,’’ in Proc. 28th Int. Conf. Microelectron.
(ICM), Dec. 2016, pp. 221–224.

[96] A. S. A. Mubarak, H. Esmaiel, and E. M. Mohamed, ‘‘Efficient mmwave
link establishment and maintaining using Wi- Fi/mm wave interwork-
ing,’’ in Proc. Int. Conf. Comput., Electron. Commun. Eng. (iCCECE),
Aug. 2018, pp. 220–225.

[97] A. S. Mubarak, O. A. Omer, H. Esmaiel, and U. S. Mohamed, ‘‘Geometry
aware scheme for initial access and control of mmWave communications
in dynamic environments,’’ in Proc. Int. Conf. Adv. Intell. Syst. Inform.,
Cham, Switzerland: Springer, 2019, pp. 760–769.

[98] D. Wu, Y. Zeng, S. Jin, and R. Zhang, ‘‘Environment-aware and training-
free beam alignment for mmWavemassiveMIMOvia channel knowledge
map,’’ in Proc. IEEE Int. Conf. Commun. Workshops (ICC Workshops),
Jun. 2021, pp. 1–7, doi: 10.1109/ICCWorkshops50388.2021.9473871.

[99] Y. Zeng and X. Xu, ‘‘Toward environment-aware 6G communications
via channel knowledge map,’’ IEEE Wireless Commun., vol. 28, no. 3,
pp. 84–91, Jun. 2021, doi: 10.1109/MWC.001.2000327.

[100] J. Zhang, Y. Huang, Q. Shi, J. Wang, and L. Yang, ‘‘Codebook design
for beam alignment in millimeter wave communication systems,’’ IEEE
Trans. Commun., vol. 65, no. 11, pp. 4980–4995, Nov. 2017.

[101] Z. Xiao, H. Dong, L. Bai, P. Xia, and X.-G. Xia, ‘‘Enhanced chan-
nel estimation and codebook design for millimeter-wave communi-
cation,’’ IEEE Trans. Veh. Technol., vol. 67, no. 10, pp. 9393–9405,
Oct. 2018.

[102] W. Zhang, H. Li, P. Liu, S. Wei, W. Cheng, and W. Wang, ‘‘Adap-
tive beam alignment method for millimeter-wave massive MIMO
communication systems,’’ Phys. Commun., vol. 41, Aug. 2020,
Art. no. 101101. [Online]. Available: https://www.sciencedirect.com/
science/article/pii/S1874490720301774

[103] W. Ma, C. Qi, and G. Y. Li, ‘‘Machine learning for beam alignment in
millimeter wave massive MIMO,’’ IEEE Wireless Commun. Lett., vol. 9,
no. 6, pp. 875–878, Jun. 2020.

[104] M. Kokshoorn, H. Chen, Y. Li, and B. Vucetic, ‘‘RACE: A rate adaptive
channel estimation approach for millimeter wave MIMO systems,’’ in
Proc. IEEE Global Commun. Conf. (GLOBECOM), Dec. 2016, pp. 1–6,
doi: 10.1109/GLOCOM.2016.7842193.

[105] H. Tataria, M. Shafi, A. F. Molisch, M. Dohler, H. Sjöland, and
F. Tufvesson, ‘‘6G wireless systems: Vision, requirements, challenges,
insights, and opportunities,’’ Proc. IEEE, vol. 109, no. 7, pp. 1166–1199,
Jul. 2021.

[106] E. Peltonen, M. Bennis, M. Capobianco, M. Debbah, A. Ding,
F. Gil-Castiñeira, M. Jurmu, T. Karvonen, M. Kelanti, A. Kliks,
T. Leppänen, L. Lovén, T. Mikkonen, A. Rao, S. Samarakoon,
K. Seppänen, P. Sroka, S. Tarkoma, and T. Yang, ‘‘6G white paper on
edge intelligence,’’ 2020, arXiv:2004.14850.

[107] L. Bariah, L. Mohjazi, S. Muhaidat, P. C. Sofotasios, G. K. Kurt,
H. Yanikomeroglu, and O. A. Dobre, ‘‘A prospective look: Key enabling
technologies, applications and open research topics in 6G networks,’’
IEEE Access, vol. 8, pp. 174792–174820, 2020.

[108] S. Chen, Y. Liang, S. Sun, S. Kang, W. Cheng, and M. Peng,
‘‘Vision, requirements, and technology trend of 6G: How to tackle
the challenges of system coverage, capacity, user data-rate and move-
ment speed,’’ IEEE Wireless Commun., vol. 27, no. 2, pp. 218–228,
Apr. 2020.

[109] B. Aghoutane,M. El Ghzaoui, andH. El Faylali, ‘‘Spatial characterization
of propagation channels for terahertz band,’’ Social Netw. Appl. Sci.,
vol. 3, no. 2, p. 233, Jan. 2021, doi: 10.1007/s42452-021-04262-8.

[110] T. R. Raddo, S. Rommel, B. Cimoli, C. Vagionas, D. Perez-Galacho,
E. Pikasis, E. Grivas, K. Ntontin, M. Katsikis, D. Kritharidis, E. Ruggeri,
I. Spaleniak, M. Dubov, D. Klonidis, G. Kalfas, S. Sales, N. Pleros, and
I. T. Monroy, ‘‘Transition technologies towards 6G networks,’’ EURASIP
J. Wireless Commun. Netw., vol. 2021, no. 1, pp. 1–22, Dec. 2021, doi:
10.1186/s13638-021-01973-9.

[111] F. Qi, W. Li, P. Yu, L. Feng, and F. Zhou, ‘‘Deep learning-based Back-
Com multiple beamforming for 6G UAV IoT networks,’’ EURASIP J.
Wireless Commun. Netw., vol. 2021, no. 1, pp. 1–17, Mar. 2021, doi:
10.1186/s13638-021-01932-4.

[112] M. Cudak, A. Ghosh, A. Ghosh, and J. Andrews, ‘‘Integrated access and
backhaul: A key enabler for 5G millimeter-wave deployments,’’ IEEE
Commun. Mag., vol. 59, no. 4, pp. 88–94, Apr. 2021.

[113] K. Tekbıyık, A. R. Ekti, G. K. Kurt, and A. Görçin, ‘‘Terahertz band
communication systems: Challenges, novelties and standardization
efforts,’’ Phys. Commun., vol. 35, Aug. 2019, Art. no. 100700.
[Online]. Available: https://www.sciencedirect.com/science/
article/pii/S1874490718307766

[114] C. Chaccour, M. N. Soorki, W. Saad, M. Bennis, P. Popovski,
and M. Debbah, ‘‘Seven defining features of terahertz (THz) wire-
less systems: A fellowship of communication and sensing,’’ 2021,
arXiv:2102.07668.

[115] L. Yan, C. Han, and J. Yuan, ‘‘Hybrid precoding for 6G terahertz
communications: Performance evaluation and open problems,’’ in Proc.
2nd 6G Wireless Summit (6G SUMMIT), Mar. 2020, pp. 1–5, doi:
10.1109/6GSUMMIT49458.2020.9083795.

[116] L. Yan, C. Han, and J. Yuan, ‘‘A dynamic array-of-subarrays architec-
ture and hybrid precoding algorithms for terahertz wireless communi-
cations,’’ IEEE J. Sel. Areas Commun., vol. 38, no. 9, pp. 2041–2056,
Sep. 2020.

[117] J. Tan and L. Dai, ‘‘Delay-phase precoding for THz massive MIMO
with beam split,’’ in Proc. IEEE Global Commun. Conf. (GLOBECOM),
Dec. 2019, pp. 1–6, doi: 10.1109/GLOBECOM38437.2019.9014304.

35394 VOLUME 10, 2022

http://dx.doi.org/10.1109/ITA.2018.8503086
http://dx.doi.org/10.1109/SPAWC.2016.7536855
http://dx.doi.org/10.1109/VTCSpring.2018.8417791
http://dx.doi.org/10.1109/VTCSpring.2018.8417791
http://dx.doi.org/10.1049/IET-COM.2018.5797
http://dx.doi.org/10.1109/GLOCOM.2017.8254901
http://dx.doi.org/10.1109/ICCWorkshops50388.2021.9473871
http://dx.doi.org/10.1109/MWC.001.2000327
http://dx.doi.org/10.1109/GLOCOM.2016.7842193
http://dx.doi.org/10.1007/s42452-021-04262-8
http://dx.doi.org/10.1186/s13638-021-01973-9
http://dx.doi.org/10.1186/s13638-021-01932-4
http://dx.doi.org/10.1109/6GSUMMIT49458.2020.9083795
http://dx.doi.org/10.1109/GLOBECOM38437.2019.9014304


W. Attaoui et al.: Initial Access & Beam Alignment for mmWave and Terahertz Communications

[118] Z. Zhuang, L. Xu, J. Li, J. Hu, L. Sun, F. Shu, and J. Wang, ‘‘Machine-
learning-based high-resolution DOA measurement and robust directional
modulation for hybrid analog-digital massive MIMO transceiver,’’ Sci.
China Inf. Sci., vol. 63, no. 8, Jul. 2020, doi: 10.1007/s11432-019-
2921-x.

[119] L. Dai, J. Tan, and H. V. Poor, ‘‘Delay-phase precoding for wideband THz
massive MIMO,’’ 2021, arXiv:2102.05211.

[120] H. Yuan, N. Yang, K. Yang, C. Han, and J. An, ‘‘Hybrid beamforming for
terahertz multi-carrier systems over frequency selective fading,’’ IEEE
Trans. Commun., vol. 68, no. 10, pp. 6186–6199, Oct. 2020.

[121] D. Headland, Y. Monnai, D. Abbott, C. Fumeaux, and
W. Withayachumnankul, ‘‘Tutorial: Terahertz beamforming, from
concepts to realizations,’’ APL Photon., vol. 3, no. 5, May 2018,
Art. no. 051101.

[122] Y. Tousi and E. Afshari, ‘‘A high-power and scalable 2-D phased array
for terahertz CMOS integrated systems,’’ IEEE J. Solid-State Circuits,
vol. 50, no. 2, pp. 597–609, Feb. 2015.

[123] K. ichiro Maki and C. Otani, ‘‘Terahertz beam steering and frequency
tuning by using the spatial dispersion of ultrafast laser pulses,’’ Opt.
Exp., vol. 16, no. 14, pp. 10158–10169, Jul. 2008. [Online]. Available:
http://www.osapublishing.org/oe/abstract.cfm?URI=oe-16-14-10158

[124] P. Lu, T. Haddad, J. Tebart, M. Steeg, B. Sievert, J. Lackmann,
A. Rennings, and A. Stöhr, ‘‘Mobile THz communications using
photonic assisted beam steering leaky-wave antennas,’’ Opt. Exp.,
vol. 29, no. 14, pp. 21629–21638, Jul. 2021. [Online]. Available:
http://www.osapublishing.org/oe/abstract.cfm?URI=oe-29-14-21629

[125] Y. He, Y. Chen, L. Zhang, S.-W. Wong, and Z. N. Chen, ‘‘An overview
of terahertz antennas,’’ China Commun., vol. 17, no. 7, pp. 124–165,
Jul. 2020.

[126] B. Aqlan, M. Himdi, L. L. Coq, and H. Vettikalladi, ‘‘Sub-THz circularly
polarized horn antenna using wire electrical discharge machining for
6G wireless communications,’’ IEEE Access, vol. 8, pp. 117245–117252,
2020.

[127] H. Wang, X. Dong, M. Yi, F. Xue, Y. Liu, and G. Liu, ‘‘Terahertz high-
gain offset reflector antennas using SiC and CFRPmaterial,’’ IEEE Trans.
Antennas Propag., vol. 65, no. 9, pp. 4443–4451, Sep. 2017.

[128] X.-D. Deng, Y. Li, W. Wu, and Y.-Z. Xiong, ‘‘340-GHz SIW cavity-
backed magnetic rectangular slot loop antennas and arrays in silicon tech-
nology,’’ IEEE Trans. Antennas Propag., vol. 63, no. 12, pp. 5272–5279,
Dec. 2015.

[129] N. Zhu and R. W. Ziolkowski, ‘‘Photoconductive THz antenna designs
with high radiation efficiency, high directivity, and high aperture effi-
ciency,’’ IEEE Trans. THz Sci. Technol., vol. 3, no. 6, pp. 721–730,
Nov. 2013.

[130] M. Alonso-delPino, T. Reck, C. Jung-Kubiak, C. Lee, and
G. Chattopadhyay, ‘‘Development of silicon micromachined microlens
antennas at 1.9 THz,’’ IEEE Trans. THz Sci. Technol., vol. 7, no. 2,
pp. 191–198, Mar. 2017.

[131] M. H. Loukil, H. Sarieddeen, M.-S. Alouini, and T. Y. Al-Naffouri,
‘‘Terahertz-band MIMO systems: Adaptive transmission and blind
parameter estimation,’’ IEEE Commun. Lett., vol. 25, no. 2, pp. 641–645,
Feb. 2021.

[132] J. M. Jornet and I. F. Akyildiz, ‘‘Graphene-based plasmonic nano-antenna
for terahertz band communication in nanonetworks,’’ IEEE J. Sel. Areas
Commun., vol. 31, no. 12, pp. 685–694, Dec. 2013.

[133] D. Correas-Serrano and J. S. Gomez-Diaz, ‘‘Graphene-based antennas for
terahertz systems: A review,’’ 2017, arXiv:1704.00371.

[134] E. García-Muñoz, K. A. Abdalmalak, G. Santamaría, A. Rivera-Lavado,
D. Segovia-Vargas, P. Castillo-Araníbar, F. Van Dijk, T. Nagatsuma,
E. R. Brown, R. C. Guzman, H. Lamela, and G. Carpintero, ‘‘Photonic-
based integrated sources and antenna arrays for broadband wireless links
in terahertz communications,’’ Semicond. Sci. Technol., vol. 34, no. 5,
May 2019, Art. no. 054001.

[135] K. Fan, Z.-C. Hao, and W. Hong, ‘‘A 325–500 GHz high gain antenna
for terahertz applications,’’ in Proc. Int. Symp. Antennas Propag. (ISAP),
Oct. 2016, pp. 780–781.

[136] T. Nagatsuma and G. Carpintero, ‘‘Recent progress and future prospect
of photonics-enabled terahertz communications research,’’ IEICE Trans.
Electron., vol. E98.C, no. 12, pp. 1060–1070, 2015.

[137] W. Fuscaldo, S. Tofani, D. C. Zografopoulos, P. Baccarelli,
P. Burghignoli, R. Beccherelli, and A. Galli, ‘‘Systematic design of
THz leaky-wave antennas based on homogenized metasurfaces,’’ IEEE
Trans. Antennas Propag., vol. 66, no. 3, pp. 1169–1178, Mar. 2018.

[138] Prince, G. Kaur, V. Mehta, and E. Sidhu, ‘‘Rectangular terahertz
microstrip patch antenna design for vitamin k2 detection applications,’’ in
Proc. 1st Int. Conf. Electron., Mater. Eng. Nano-Technol. (IEMENTech),
Apr. 2017, pp. 1–3, doi: 10.1109/IEMENTECH.2017.8076929.

[139] M. Dashti and J. D. Carey, ‘‘Graphene microstrip patch ultrawide band
antennas for THz communications,’’ Adv. Funct. Mater., vol. 28, no. 11,
Mar. 2018, Art. no. 1705925.

[140] S. Kong, K. M. Shum, C. Yang, L. Gao, and C. H. Chan, ‘‘Wide
impedance-bandwidth and gain-bandwidth terahertz on-chip antenna
with chip-integrated dielectric resonator,’’ IEEE Trans. Antennas
Propag., vol. 69, no. 8, pp. 4269–4278, Aug. 2021.

[141] X.-D. Deng, Y. Li, C. Liu, W. Wu, and Y.-Z. Xiong, ‘‘340 GHz
on-chip 3-D antenna with 10 dBi gain and 80% radiation effi-
ciency,’’ IEEE Trans. THz Sci. Technol., vol. 5, no. 4, pp. 619–627,
Jul. 2015.

[142] P. Wu, Z. Wei, Z. Jun, and Y. Xuan, ‘‘Design of multilayer stacked
terahertz communication lens antenna,’’ Opt. Precis. Eng., vol. 25, no. 1,
pp. 65–72, 2017.

[143] G. B. Wu, Y.-S. Zeng, K. F. Chan, S.-W. Qu, and C. H. Chan,
‘‘High-gain circularly polarized lens antenna for terahertz applications,’’
IEEE Antennas Wireless Propag. Lett., vol. 18, no. 5, pp. 921–925,
May 2019.

[144] Zhao, Zhu, Guo, Cong, Tee, Song, and Zheng, ‘‘Resonant tunneling
diode (RTD) terahertz active transmission line oscillator with graphene-
plasma wave and two graphene antennas,’’ Electronics, vol. 8, no. 10,
p. 1164, Oct. 2019. [Online]. Available: https://www.mdpi.com/2079-
9292/8/10/1164

[145] U. Chae, J. Park, J.-G. Kim, H.-Y. Yu, and I.-J. Cho, ‘‘CMOS voltage-
controlled oscillator with high-performance MEMS tunable inductor,’’
Micro Nano Syst. Lett., vol. 9, no. 1, p. 13, Dec. 2021.

[146] M. Fujishima, ‘‘A 300GHz CMOS transceiver targeting 6G,’’ in
Proc. IEEE 14th Int. Conf. ASIC (ASICON), Oct. 2021, pp. 1–4, doi:
10.1109/ASICON52560.2021.9620250.

[147] K. Takano, S. Amakawa, K. Katayama, S. Hara, R. Dong, A. Kasamatsu,
I. Hosako, K.Mizuno, K. Takahashi, T. Yoshida, andM. Fujishima, ‘‘17.9
A 105 Gb/s 300 GHz CMOS transmitter,’’ in IEEE ISSCC Dig. Tech.
Papers, Feb. 2017, pp. 308–309.

[148] D. Kissinger, G. Kahmen, and R.Weigel, ‘‘Millimeter-wave and terahertz
transceivers in SiGe BiCMOS technologies,’’ IEEE Trans. Microw. The-
ory Techn., vol. 69, no. 10, pp. 4541–4560, Oct. 2021.

[149] K. K. O., W. Choi, Q. Zhong, N. Sharma, Y. Zhang, R. Han, Z. Ahmad,
D.-Y. Kim, S. Kshattry, I. R. Medvedev, D. J. Lary, H.-J. Nam, P. Raskin,
and I. Kim, ‘‘Opening terahertz for everyday applications,’’ IEEE Com-
mun. Mag., vol. 57, no. 8, pp. 70–76, Aug. 2019.

[150] J. F. O’Hara, S. Ekin, W. Choi, and I. Song, ‘‘A perspective on terahertz
next-generation wireless communications,’’ Technologies, vol. 7, no. 2,
p. 43, Jun. 2019.

[151] J. Ajayan, D. Nirmal, R. Mathew, D. Kurian, P. Mohankumar,
L. Arivazhagan, and D. Ajitha, ‘‘A critical review of design and
fabrication challenges in InP HEMTs for future terahertz frequency
applications,’’ Mater. Sci. Semicond. Process., vol. 128, Jun. 2021,
Art. no. 105753.

[152] M. Božanić and S. Sinha, ‘‘Device technologies and circuits for 5G and
6G,’’ inMobile Communication Networks: 5G and a Vision of 6G. Cham,
Switzerland: Springer, 2021, pp. 99–154.

[153] M. Schröter, T. Rosenbaum, P. Chevalier, B. Heinemann, S. P. Voinigescu,
E. Preisler, J. Böck, and A. Mukherjee, ‘‘SiGe HBT technology:
Future trends and TCAD-based roadmap,’’ Proc. IEEE, vol. 105, no. 6,
pp. 1068–1086, Jun. 2017.

[154] M. Frounchi and J. D. Cressler, ‘‘A SiGe millimeter-wave front-end for
remote sensing and imaging,’’ in Proc. IEEE Radio Freq. Integr. Circuits
Symp. (RFIC), Aug. 2020, pp. 227–230.

[155] A. Banerjee, ‘‘Development of an active MMIC frequency tripler system
in a sub-millimeter to terahertz region receiver for planetary observa-
tion,’’ Adv. Mater. Future THz Devices, Circuits Syst., vol. 727, p. 277,
Jan. 2021.

[156] I. Kallfass, I. Dan, S. Rey, P. Harati, J. Antes, A. Tessmann, S. Wagner,
M. Kuri, R. Weber, H. Massler, and A. Leuther, ‘‘Towards MMIC-based
300 GHz indoor wireless communication systems,’’ IEICE Trans. Elec-
tron., vol. 98, no. 12, pp. 1081–1090, Dec. 2015.

[157] A. Khalatpour, A. K. Paulsen, C. Deimert, Z. R. Wasilewski, and Q. Hu,
‘‘High-power portable terahertz laser systems,’’ Nature Photon., vol. 15,
no. 1, pp. 16–20, Jan. 2021, doi: 10.1038/s41566-020-00707-5.

VOLUME 10, 2022 35395

http://dx.doi.org/10.1007/s11432-019-2921-x
http://dx.doi.org/10.1007/s11432-019-2921-x
http://dx.doi.org/10.1109/IEMENTECH.2017.8076929
http://dx.doi.org/10.1109/ASICON52560.2021.9620250
http://dx.doi.org/10.1038/s41566-020-00707-5


W. Attaoui et al.: Initial Access & Beam Alignment for mmWave and Terahertz Communications

[158] D. Shao, Z. Fu, Z. Tan, C. Wang, F. Qiu, L. Gu, W. Wan, and J. Cao,
‘‘Research progress on terahertz quantum-well photodetector and its
application,’’ Frontiers Phys., vol. 9, p. 581, Nov. 2021, doi: 10.3389/
fphy.2021.751018.

[159] Z. Chen, Z. Tan, Y. Han, R. Zhang, X. Guo, H. Li, J. Cao, and H. Liu,
‘‘Wireless communication demonstration at 4.1 THz using quantum cas-
cade laser and quantum well photodetector,’’ Electron. Lett., vol. 47,
no. 17, pp. 1002–1004, 2011.

[160] X. Pang, O. Ozolins, L. Zhang, R. Schatz, A. Udalcovs, X. Yu,
G. Jacobsen, S. Popov, J. Chen, and S. Lourdudoss, ‘‘Free-space com-
munications enabled by quantum cascade lasers,’’ Phys. Status Solidi A,
vol. 218, no. 3, 2021, Art. no. 2000407.

[161] J. P. Seddon, M. Natrella, X. Lin, C. Graham, C. C. Renaud, and
A. J. Seeds, ‘‘Photodiodes for terahertz applications,’’ IEEE J. Sel.
Topics Quantum Electron., vol. 28, no. 2, pp. 1–12, Mar. 2022, doi:
10.1109/JSTQE.2021.3108954.

[162] S. Nellen, T. Ishibashi, A. Deninger, R. B. Kohlhaas, L. Liebermeister,
M. Schell, and B. Globisch, ‘‘Experimental comparison of UTC- and
PIN-photodiodes for continuous-wave terahertz generation,’’ J. Infr., Mil-
lim., THz Waves, vol. 41, no. 4, pp. 343–354, Apr. 2020.

[163] H. J. Song, K. Ajito, Y. Muramoto, A. Wakatsuki, T. Nagatsuma,
and N. Kukutsu, ‘‘Uni-travelling-carrier photodiode module generating
300 GHz power greater than 1 mW,’’ IEEE Microw. Wireless Compon.
Lett., vol. 22, no. 7, pp. 363–365, Jul. 2012.

[164] N. T. Yardimci and M. Jarrahi, ‘‘Nanostructure-enhanced photoconduc-
tive terahertz emission and detection,’’ Small, vol. 14, no. 44, Nov. 2018,
Art. no. 1802437.

[165] C.-X. Wang, J. Wang, S. Hu, Z. H. Jiang, J. Tao, and F. Yan, ‘‘Key
technologies in 6G terahertz wireless communication systems: A survey,’’
IEEE Veh. Technol. Mag., vol. 16, no. 4, pp. 27–37, Dec. 2021.

[166] F. Moradiannejad, ‘‘Improvement of terahertz photoconductive antennas
array using crossfingers structure,’’ J. Comput. Electron., vol. 20, no. 2,
pp. 922–927, Apr. 2021.

[167] A. Singh, M. Andrello, N. Thawdar, and J. M. Jornet, ‘‘Design and
operation of a graphene-based plasmonic nano-antenna array for com-
munication in the terahertz band,’’ IEEE J. Sel. Areas Commun., vol. 38,
no. 9, pp. 2104–2117, Sep. 2020.

[168] Y. Zhang, S. Li, Q. Xu, C. Tian, J. Gu, Y. Li, Z. Tian, C. Ouyang, J. Han,
and W. Zhang, ‘‘Terahertz surface plasmon polariton waveguiding with
periodic metallic cylinders,’’Opt. Exp., vol. 25, no. 13, pp. 14397–14405,
Jun. 2017. [Online]. Available: http://www.osapublishing.org/
oe/abstract.cfm?URI=oe-25-13-14397

[169] P.-Y. Chen, M. Farhat, M. Sakhdari, and H. Bagci, ‘‘Graphene nano-
electromagnetics: From radio frequency, terahertz to mid-infrared,’’
in Carbon-Based Nanoelectromagnetics (Nanophotonics), A. Maffucci,
S. Maksimenko, and Y. Svirko, Eds. Amsterdam, The Nether-
lands: Elsevier, 2019, pp. 31–59. [Online]. Available: https://www.
sciencedirect.com/science/article/pii/B9780081023938000029

[170] M. Hasan, S. Arezoomandan, H. Condori, and B. Sensale-Rodriguez,
‘‘Graphene terahertz devices for communications applications,’’ Nano
Commun. Netw., vol. 10, pp. 68–78, Dec. 2016. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S1878778916300448

[171] Z. Shi, H. Zhang, K. Khan, R. Cao, Y. Zhang, C. Ma, A. K. Tareen,
Y. Jiang, M. Jin, and H. Zhang, ‘‘Two-dimensional materials toward ter-
ahertz optoelectronic device applications,’’ J. Photochem. Photobiol. C,
Photochem. Rev., vol. 51, Jun. 2022, Art. no. 100473. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S1389556721000721

[172] R. Zia, J. A. Schuller, A. Chandran, and M. L. Brongersma, ‘‘Plas-
monics: The next chip-scale technology,’’ Mater. Today, vol. 9,
nos. 7–8, pp. 20–27, Jul./Aug. 2006. [Online]. Available: https://www.
sciencedirect.com/science/article/pii/S1369702106715723

[173] Y. Lu and X. Zheng, ‘‘6G: A survey on technologies, scenarios,
challenges, and the related issues,’’ J. Ind. Inf. Integr., vol. 19, Sep. 2020,
Art. no. 100158. [Online]. Available: https://www.sciencedirect.
com/science/article/pii/S2452414X20300339

[174] J. Kokkoniemi, A.-A.-A. Boulogeorgos, M. Aminu, J. Lehtomäki,
A. Alexiou, and M. Juntti, ‘‘Impact of beam misalignment on
THz wireless systems,’’ Nano Commun. Netw., vol. 24, May 2020,
Art. no. 100302. [Online]. Available: https://www.sciencedirect.
com/science/article/pii/S1878778919301279

[175] V. Petrov, D. Moltchanov, Y. Koucheryavy, and J. M. Jornet, ‘‘Capac-
ity and outage of terahertz communications with user micro-mobility
and beam misalignment,’’ IEEE Trans. Veh. Technol., vol. 69, no. 6,
pp. 6822–6827, Jun. 2020.

[176] Y.Wu, J. Koch,M.Vossiek, andW.Gerstacker, ‘‘Hierarchical beam align-
ment in single-user MIMO single-carrier frequency division multiple
access terahertz communication systems,’’ in Proc. IEEE Int. Conf. Com-
mun. Workshops (ICCWorkshops), Jun. 2021, pp. 1–7, doi: 10.1109/ICC-
Workshops50388.2021.9473531.

[177] T. S. Cousik, V. K. Shah, T. Erpek, Y. E. Sagduyu, and J. H. Reed, ‘‘Deep
learning for fast and reliable initial access in AI-driven 6G mmWave
networks,’’ 2021, arXiv:2101.01847.

[178] M. S. Sim, Y.-G. Lim, S. H. Park, L. Dai, and C.-B. Chae, ‘‘Deep learning-
based mmWave beam selection for 5G NR/6G with sub-6 GHz channel
information: Algorithms and prototype validation,’’ IEEE Access, vol. 8,
pp. 51634–51646, 2020.

[179] Z. Xiao and Y. Zeng, ‘‘An overview on integrated localization and com-
munication towards 6G,’’ 2020, arXiv:2006.01535.

[180] A. Khalili, S. Rangan, and E. Erkip, ‘‘On single-user interactive beam
alignment in next generation systems: A deep learning viewpoint,’’ 2021,
arXiv:2102.10229.

[181] J. Chen, S. Li, J. Xing, J. Wang, and S. Fu, ‘‘Multiple nodes
access of wireless beam modulation for 6G-enabled Internet of
Things,’’ IEEE Internet Things J., vol. 8, no. 20, pp. 15191–15204,
Oct. 2021.

[182] C. Huang, S. Hu, G. C. Alexandropoulos, A. Zappone, C. Yuen, R. Zhang,
M. D. Renzo, and M. Debbah, ‘‘Holographic MIMO surfaces for 6G
wireless networks: Opportunities, challenges, and trends,’’ IEEEWireless
Commun., vol. 27, no. 5, pp. 118–125, Oct. 2020.

[183] J. He, H.Wymeersch, andM. Juntti, ‘‘Leveraging location information for
RIS-aided mmWave MIMO communications,’’ IEEE Wireless Commun.
Lett., vol. 10, no. 7, pp. 1380–1384, Jul. 2021.

[184] Y. Xiu, J. Zhao, W. Sun, M. D. Renzo, G. Gui, Z. Zhang, and
N. Wei, ‘‘Reconfigurable intelligent surfaces aided mmWave NOMA:
Joint power allocation, phase shifts, and hybrid beamforming optimiza-
tion,’’ IEEE Trans. Wireless Commun., vol. 20, no. 12, pp. 8393–8409,
Dec. 2021.

[185] J. Zuo, Y. Liu, E. Basar, and O. A. Dobre, ‘‘Intelligent reflecting sur-
face enhanced millimeter-wave NOMA systems,’’ IEEE Commun. Lett.,
vol. 24, no. 11, pp. 2632–2636, Nov. 2020.

[186] K. Heimann, A. Marsch, B. Sliwa, and C. Wietfeld, ‘‘Reflecting sur-
faces for beyond line-of-sight coverage in millimeter wave vehicular
networks,’’ in Proc. IEEE Veh. Netw. Conf. (VNC), Dec. 2020, pp. 1–4,
doi: 10.1109/VNC51378.2020.9318411.

[187] L. Li, D. Ma, H. Ren, D. Wang, X. Tang, W. Liang, and T. Bai,
‘‘Enhanced reconfigurable intelligent surface assisted mmWave com-
munication: A federated learning approach,’’ China Commun., vol. 17,
no. 10, pp. 115–128, Oct. 2020.

[188] W. Tang, M. Z. Chen, X. Chen, J. Y. Dai, Y. Han, M. Di Renzo, Y. Zeng,
S. Jin, Q. Cheng, and T. J. Cui, ‘‘Wireless communications with recon-
figurable intelligent surface: Path loss modeling and experimental mea-
surement,’’ IEEE Trans. Wireless Commun., vol. 20, no. 1, pp. 421–439,
Jan. 2021, doi: 10.1109/TWC.2020.3024887.

[189] W. Wang and W. Zhang, ‘‘Joint beam training and positioning for
intelligent reflecting surfaces assisted millimeter wave communica-
tions,’’ IEEE Trans. Wireless Commun., vol. 20, no. 10, pp. 6282–6297,
Oct. 2021.

[190] Z. Chen, B. Ning, C. Han, Z. Tian, and S. Li, ‘‘Intelligent reflect-
ing surface assisted terahertz communications toward 6G,’’ 2021,
arXiv:2104.02897.

[191] C. Huang, Z. Yang, G. C. Alexandropoulos, K. Xiong, L. Wei, C. Yuen,
Z. Zhang, and M. Debbah, ‘‘Multi-hop RIS-empowered terahertz com-
munications: A DRL-based hybrid beamforming design,’’ IEEE J. Sel.
Areas Commun., vol. 39, no. 6, pp. 1663–1677, Jun. 2021.

[192] Q. Wu and R. Zhang, ‘‘Intelligent reflecting surface enhanced
wireless network via joint active and passive beamforming,’’
IEEE Trans. Wireless Commun., vol. 18, no. 11, pp. 5394–5409,
Nov. 2019.

[193] S. Nie and I. F. Akyildiz, ‘‘Beamforming in intelligent environments
based on ultra-massive MIMO platforms in millimeter wave and tera-
hertz bands,’’ in Proc. IEEE Int. Conf. Acoust., Speech Signal Process.
(ICASSP), May 2020, pp. 8683–8687.

[194] Y. Yuan, Y. Zhao, B. Zong, and S. Parolari, ‘‘Potential key technologies
for 6G mobile communications,’’ Sci. China Inf. Sci., vol. 63, no. 8,
May 2020, Art. no. 183301, doi: 10.1007/s11432-019-2789-y.

[195] T. Schneider, A. Wiatrek, S. Preußler, M. Grigat, and R.-P. Braun, ‘‘Link
budget analysis for terahertz fixed wireless links,’’ IEEE Trans. THz Sci.
Technol., vol. 2, no. 2, pp. 250–256, Mar. 2012.

35396 VOLUME 10, 2022

http://dx.doi.org/10.3389/fphy.2021.751018
http://dx.doi.org/10.3389/fphy.2021.751018
http://dx.doi.org/10.1109/JSTQE.2021.3108954
http://dx.doi.org/10.1109/ICCWorkshops50388.2021.9473531
http://dx.doi.org/10.1109/ICCWorkshops50388.2021.9473531
http://dx.doi.org/10.1109/VNC51378.2020.9318411
http://dx.doi.org/10.1109/TWC.2020.3024887
http://dx.doi.org/10.1007/s11432-019-2789-y


W. Attaoui et al.: Initial Access & Beam Alignment for mmWave and Terahertz Communications

[196] R. Han, Z. Hu, C. Wang, J. Holloway, X. Yi, M. Kim, and J. Mawdsley,
‘‘Filling the gap: Silicon terahertz integrated circuits offer our best bet,’’
IEEE Microw. Mag., vol. 20, no. 4, pp. 80–93, Apr. 2019.

[197] X. You, C. X. Wang, J. Huang, X. Gao, Z. Zhang, M. Wang, Y. Huang,
C. Zhang, Y. Jiang, J. Wang, and M. Zhu, ‘‘Towards 6G wireless com-
munication networks: Vision, enabling technologies, and new paradigm
shifts,’’ Sci. China Inf. Sci., vol. 64, no. 1, 2021, Art. no. 110301.

[198] R. Xu, S. Gao, B. S. Izquierdo, C. Gu, P. Reynaert, A. Standaert,
G. J. Gibbons, W. Bosch, M. E. Gadringer, and D. Li, ‘‘A review of
broadband low-cost and high-gain low-terahertz antennas for wireless
communications applications,’’ IEEE Access, vol. 8, pp. 57615–57629,
2020.

[199] S. U. Hwu, K. B. deSilva, and C. T. Jih, ‘‘Terahertz (THz) wireless
systems for space applications,’’ in Proc. IEEE Sensors Appl. Symp.,
Feb. 2013, pp. 171–175.

[200] S. Saxena, D. S. Manur, N. Mansoor, and A. Ganguly, ‘‘Scalable and
energy efficient wireless inter chip interconnection fabrics using THz-
band antennas,’’ J. Parallel Distrib. Comput., vol. 139, pp. 148–160,
May 2020, doi: 10.1016/j.jpdc.2020.02.002.

[201] D. Headland, Y. Monnai, D. Abbott, C. Fumeaux, and
W. Withayachumnankul, ‘‘Tutorial: Terahertz beamforming, from
concepts to realizations,’’ APL Photon., vol. 3, no. 5, May 2018,
Art. no. 051101.

[202] C. Jia, H. Gao, N. Chen, and Y. He, ‘‘Machine learning empow-
ered beam management for intelligent reflecting surface assisted
mmWave networks,’’ China Commun., vol. 17, no. 10, pp. 100–114,
Oct. 2020.

[203] D. Zhu, J. Choi, Q. Cheng, W. Xiao, and R. W. Heath, Jr., ‘‘High-
resolution angle tracking for mobile wideband millimeter-wave systems
with antenna array calibration,’’ IEEE Trans. Wireless Commun., vol. 17,
no. 11, pp. 7173–7189, Nov. 2018.

[204] J. Tan and L. Dai, ‘‘Wideband beam tracking based on beam
zooming for THz massive MIMO,’’ in Proc. GLOBECOM IEEE
Global Commun. Conf., Dec. 2020, pp. 1–6, doi: 10.1109/GLOBE-
COM42002.2020.9348222.

[205] Z. Chen, C. Han, Y. Wu, L. Li, C. Huang, Z. Zhang, G. Wang, and
W. Tong, ‘‘Terahertz wireless communications for 2030 and beyond: A
cutting-edge frontier,’’ IEEE Commun. Mag., vol. 59, no. 11, pp. 66–72,
Nov. 2021.

[206] C. Han and I. F. Akyildiz, ‘‘Three-dimensional end-to-end modeling and
analysis for graphene-enabled terahertz band communications,’’ IEEE
Trans. Veh. Technol., vol. 66, no. 7, pp. 5626–5634, Jul. 2017.

[207] B. Peng, S. Priebe, and T. Kurner, ‘‘Fast beam searching concept for
indoor terahertz communications,’’ in Proc. 8th Eur. Conf. Antennas
Propag. (EuCAP), Apr. 2014, pp. 639–643.

[208] I. F. Akyildiz and J. M. Jornet, ‘‘Realizing ultra-massive MIMO
(1024×1024) communication in the (0.06–10) terahertz band,’’ Nano
Commun. Netw., vol. 8, pp. 46–54, Jun. 2016. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S1878778916000107

[209] F. Lemic, S. Abadal, W. Tavernier, P. Stroobant, D. Colle, E. Alarcón,
J. Marquez-Barja, and J. Famaey, ‘‘Survey on terahertz nanocommunica-
tion and networking: A top-down perspective,’’ 2019, arXiv:1909.05703.

[210] R. Singh and D. C. Sicker, ‘‘THz communications—A Boon and/or
bane for security, privacy, and national security,’’ in Proc. TPRC
48th Res. Conf. Commun., Inf. Internet Policy, 2020, pp. 1–34, doi:
10.2139/ssrn.3750493.

[211] M. Wang, T. Zhu, T. Zhang, J. Zhang, S. Yu, and W. Zhou, ‘‘Security and
privacy in 6G networks: New areas and new challenges,’’ Digit. Com-
mun. Netw., vol. 6, no. 3, pp. 281–291, Aug. 2020. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S2352864820302431

[212] P. Porambage, G. Gur, D. P. M. Osorio, M. Liyanage, A. Gurtov, and
M. Ylianttila, ‘‘The roadmap to 6G security and privacy,’’ IEEE Open
J. Commun. Soc., vol. 2, pp. 1094–1122, 2021.

[213] D. C. Nguyen, M. Ding, P. N. Pathirana, A. Seneviratne, J. Li, D. Niyato,
O. Dobre, and H. V. Poor, ‘‘6G Internet of Things: A comprehensive
survey,’’ IEEE Internet Things J., vol. 9, no. 1, pp. 359–383, Jan. 2022.

[214] I. F. Akyildiz, J. M. Jornet, and C. Han, ‘‘Terahertz band: Next frontier
for wireless communications,’’ Phys. Commun., vol. 12, pp. 16–32,
Sep. 2014. [Online]. Available: https://www.sciencedirect.com/
science/article/pii/S1874490714000238

[215] J. Ma, R. Shrestha, J. Adelberg, C.-Y. Yeh, Z. Hossain, E. Knightly,
J. M. Jornet, and D. M. Mittleman, ‘‘Security and eavesdropping in tera-
hertz wireless links,’’ Nature, vol. 563, no. 7729, pp. 89–93, Nov. 2018,
doi: 10.1038/s41586-018-0609-x.

WISSAL ATTAOUI (Student Member, IEEE)
received the degree in telecommunications and
network engineering from the National School
of Applied Sciences, Tangier, Morocco, in 2015.
She is currently pursuing the Ph.D. degree with
the National Higher School of Electricity and
Mechanics (ENSEM). She has published many
journals and conference papers. Her research
interests include mobile cloud computing, virtual
machine placement, VNF placement in 5G, initial

access, and beam alignment in mmWave/terahertz 5G/6G wireless com-
munication networks. She has received the Best Paper Award in IEEE
IWCMC’19. She has served as a Reviewer for many international confer-
ences and journals, such as IEEE ICC’21, IEEE GLOBECOM, and IEEE
ACCESS.

KHADIJA BOURAQIA (Member, IEEE) received
the master’s degree in networks and telecom-
munications from University Chouaïb Doukkali,
El Jadida, Morocco, in 2009, and the Ph.D. degree
from the National Higher School of Electricity and
Mechanics (ENSEM), in 2020. She has three con-
ference publications and a journal under submis-
sion. Her current research interests include quality
of experience, 4G and 5G networks, streaming ser-
vices, learning algorithms, and game theory. She

has served as a Reviewer for international and national conferences, such as
Unet’21, WF-IoT 2019, WINCOM’18, and DocSI’18.

ESSAID SABIR (Senior Member, IEEE) received
the B.Sc. degree in electrical engineering and
automation from the Mohammed V University
of Rabat, Morocco, in 2004, the M.Sc. degree
in telecommunications and wireless engineering
from the National Institute of Posts and Telecom-
munications, in 2007, the Ph.D. degree (Hons.)
in networking and computer engineering from the
University of Avignon, France, in 2010, and the
Habilitation degree (Hons.) from the Hassan II

University of Casablanca, in 2014. He was an Assistant Professor
(contractual) at the University of Avignon, from 2009 to 2012. He has
been an Adjunct Professor at the University of Quebec at Montreal, since
January 2020. He is currently a Full Professor at the Department of Elec-
trical Engineering, National Higher School of Electricity and Mechanics
(ENSEM), where he leads the Networking Embedded Systems and Tele-
coms Research Group. His Ph.D. thesis has been funded by an Excellence
Scholarship from INRIA-France. He is/was the main investigator of many
national projects. He has been involved in several other national and interna-
tional/European projects. His research interests include wireless networks
and mobile communications, 5G and beyond, the IoT, infrastructure-less
networking, ultra-reliable low latency communications, wireless artificial
intelligence, and networking games. His work has been awarded in many
international venues, such as IEEE 5GWF’21, IEEE IWCMC’19, and IEEE
WF-IoT’20. He was a recipient of the Excellence Scholarship from the
Moroccan Government. As an attempt to bridge the gap between academia
and industry, he founded the International Conference on Ubiquitous Net-
working (UNet) and co-founded the International Conference on Wireless
Networks and Mobile Communications (WINCOM). He has organized
numerous events and served as the general chair, the TPC chair, and other
executive roles for many major international events. He serves as an editor,
an associate editor, and/or reviewer for many international journals.

VOLUME 10, 2022 35397

http://dx.doi.org/10.1016/j.jpdc.2020.02.002
http://dx.doi.org/10.1109/GLOBECOM42002.2020.9348222
http://dx.doi.org/10.1109/GLOBECOM42002.2020.9348222
http://dx.doi.org/10.2139/ssrn.3750493
http://dx.doi.org/10.1038/s41586-018-0609-x

