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ABSTRACT The sixth generation of mobile communication (6G) systems is recently rising a lot of interest,
introducing new futuristic and challenging use cases that will demand much more than just communications
to become a reality. Higher throughput, lower latencies, higher number of connections will push the
requirement of the future mobile networks to a new level, but also sensing, positioning and imaging will
play an important role in the new foreseen use cases. The integration of techniques developed for wireless
communications with those conceived for optical links will be essential to provide the infrastructure for the
6G networks. In this context, this paper presents a review on wireless and optical convergent access solutions
towards the 6G systems. The manuscript brings the use cases, requirements and enablers for 6G networks
including a discussion about the state-of-the-art on THz and sub-THz communications, wireless and optical
convergence, visible light communication, integrated and free-space optics, new antenna designs, power-
over-fiber deployments and the use ofmachine learning in the physical layer of future networks. By reviewing
the most relevant contributions available in the literature for wireless and optical communications and
presenting their main contributions, this paper clearly shows that, more than a technological trend, the
convergence of wireless and optical technologies is a fundamental step towards the development of the 6G
network infrastructure.

INDEX TERMS 6G, antennas, FSO, optical-wireless convergence, physical layer, PIC, PoF, THz, VLC.

I. INTRODUCTION
The evolution from the first generation of mobile com-
munications (1G) to the fourth generation of mobile com-

The associate editor coordinating the review of this manuscript and

approving it for publication was Leo Spiekman .

munications (4G) has been mainly focused on increasing
the system capacity in terms of data rate and number of
users. The fifth generation of mobile network (5G), on the
other hand, has been designed to support three main scenar-
ios according with international mobile telecommunications
(IMT)-2020 vision [1], [2], [3]: enhanced mobile broadband
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communication (eMBB); massive machine-type communi-
cation (mMTC); ultra-reliable low-latency communications
(URLLC) [1], [2], [3], [4], [5]. Additionally, remote and rural
access have been also triggering a lot of interest, mainly in
continental-sized countries [6].

The 5G network has been recently standardized in its first
release, 3rd generation partnership project (3GPP)-Release
15 [7], which focuses on eMBB. Release 16 [8] is focused
on the URLLC scenario, whereas Release 17 [9], scheduled
for early 2022, expects to address both mMTC and enhanced
remote area communication (eRAC) scenarios. Beyond 5G,
the sixth generation of mobile network (6G) is a vision for the
2030s, which will require a much wider and holistic approach
to identify the system needs [10], [11], [12], [13]. Latva-
aho et al. claim that the main idea for the future mobile
system is to be a network based on the term ‘‘Ubiquitous
Wireless Intelligence’’ [12], which means services following
users everywhere and seamlessly, with wireless connectivity
and context-aware smart services and applications for both
human and non-human users.

The advent of 5G networks brought the possibility of new
services that will increase the importance of mobile networks
for the modern society. Although these new generation is
still being deployed and evolving, it is clear that even more
profunding changes will be needed to support the application
scenarios foreseen for 2030. Several research projects around
the world have shown that innovative solutions for spectrum
allocation, network integration and coverage improvement
are key to provide solutions for applications that cannot be
supported by the restrictive frame and waveforms introduced
by the 5G new radio (NR). The next generation of mobile
communication needs to seamlessly connect the user by using
the proper available network, being it a satellite, optical,
wired or wireless network.

Particularly, our research group has contributed to 5G and
6G projects worldwide. The Radiocommunications Refer-
ence Center (CRR) has its goal of researching, evaluating,
and developing technologies and solutions aimed to Brazil-
ian society demands, considering specific demographics,
geographical, and economic features [14]. It is focused on
five subject areas including long-range, high-capacity radio
links, wireless broadband access, 5G networks and satellite
communication links [14]. Under the CRR scope, multiple
projects have been also proposed including the development
of a 5G transceiver using flexible and manageable waveform
applied to long-range communications [15], [16]. The 5G
Range project, for designing, developing, implementing and
validating mechanisms to enable 5G networks to provide an
economically effective solution for Internet access in remote
areas [15], [16], [17]. The 5G Internet of things (IoT) project,
which has aimed its research on developing IoT technical
solutions embedded into a 5G network [18] and, finally, the
‘‘6G Brasil’’ [19], [20], which is the first Brazilian project
focused on 6G and has established a formal partnership with
6G Flagship Project from University of Oulu in Finland,

which is one of the main 6G research group worldwide coor-
dinated by Latva-aho [21].

The requirements imposed by the future applications also
bring challenges for the transport network, the proposed
access network is nominated as centralized/cloud radio access
network (C-RAN), which needs to support high data rates
and low latency. The transport network also needs to sup-
port physical and virtual network functions, providing the
infrastructure for all foreseen use cases [5]. In C-RAN archi-
tectures [22], the core network is connected directly on a
central office (CO), containing the baseband unit (BBU) pool,
through a backhaul (BH), typically using wavelength division
multiplexing (WDM) systems. A BH can also connect multi-
ple COs to each other. COs provide the baseband processed
signals to a distributed unit (DU) or directly to remote radio
unit (RRU). The connections between BBUs and DUs are
named midhaul (MH) and between BBUs and RRUs are
named fronthaul (FH). FHs are also used to connect DUs
to RRUs and MHs are also used to provide high data traffic
to femtocells [23]. Some wireless FH could be assisted by a
photonic MH, resulting in a hybrid Xhaul [22], [23], [24].
The proposed architecture has to jointly use wireless [25]
and photonic [26], [27], [28] techniques for increasing the
spectral efficiency and, as a result, the data traffic in both
optical MH and wireless FH. Furthermore, supercells oper-
ating with reasonable throughputs (up to 600 Mbit/s) can
manage a massive number of micro and femtocells in its
coverage area, creating extremely high throughput hotspots
reaching up to 20 Gbit/s per user [29], [30], [31], leading to
a heterogeneous networks (HetNet).

Wireless and optical convergent technologies might enable
mobile network systems to meet the wireless systems needs,
such as high throughput, latency, coverage and geographi-
cal positioning. For example, eMBB can benefit from the
available wide bandwidth from optical communication fol-
lowed by millimeter waves (mmWaves) and tera-hertz (THz)
communications [24] in order to ensure very high throughput
wireless access. Latency might be reduced in HetNet sys-
tems, by employing analog radio-over-fiber (A-RoF) systems
for reducing processing time at remote radio head (RRH),
jointly with edge computing [32], bringing core functions
closer to the users to achieve dynamic orchestration, stor-
age, and computing resources [32], [33]. Additionally, cov-
erage can be enhanced by using new waveforms to increase
power efficiency and lower frequency bands in the wireless
domain, whereas fiber-based FH is potential to take RRHs
even further [15], [16], [17]. Finally, accurate positioning
becomes feasible by properly using visible light communica-
tion (VLC) communications as access technology [34], [35].

In this paper, we are focusing on identifying state-of-the-art
research related to radiofrequency (RF) and optical communi-
cation systems, to be applied in 6G networks. The manuscript
is structured in five sections, in which Section II presents
the use cases, requirements and enablers for 6G networks.
Section III describes the main wireless technologies trends
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and features, including channel losses and capacity, THz
communications, antenna design and high altitude platform
as IMT base stations (HIBS). The optical andwireless conver-
gent systems towards 6G are presented in Section IV, which
includes fiber/wireless systems, free space optical (FSO),
VLC, integrated optics, power-over-fiber (PoF) and also the
use of machine-learning (ML) in optical fronthauls. Finally,
Section V outlines the conclusions and future researches.

II. USE CASES, REQUIREMENTS AND ENABLERS FOR 6G
NETWORKS
During the conception of the 5G networks, the IMT
2020 defined several audacious and futuristic use cases sce-
narios that posed very challenging requirements for the physi-
cal layer (PHY). Contrasting requirements, i.e. high through-
put and low latency, were necessary to support applications
such as remote surgery, autonomous driving, and many oth-
ers. A very innovative PHY was necessary to provide the
flexibility demanded by those applications. However, the
standardization procedure that resulted in the 5G NR can be
considered conservative and the frame structure and wave-
forms might be seen as an evolution based on the 4G PHY.
As a result, several applications scenarios foreseen by IMT-
2020 are not feasible with the 5G networks.

Besides the technical limitations from the 5G networks
to cover all IMT-2020 visions, new applications have being
proposed for future mobile networks [10], [11]. For exam-
ple, during the COVID-19 pandemic, it was clear the
bi-dimensional video and stereo sound were not enough to
provide emotionally comforting communications. Multisen-
sory holographic communication enhanced by haptic data is
considered to be the next step for advanced remote com-
munication [11], requiring high data rate and fast response
from the network to achieve acceptable quality of experi-
ence (QoE). The International Telecommunication Union -
Telecommunication Standardization Sector (ITU-T) vision
for future remote communications agrees that holographic
and multi-sense media will have an important role in future
remote interactions [10]. ITU-T highlights four emerging sce-
narios, named as Holographic-Type Communications (HTC),
multi-sense networks (MSN), time engineered applications
(TEA) and critical infrastructure (CrI) [10], [11].

Clearly, personal communication is not the only class of
applications that will benefit from the expected high data rate
and low latency supported by 6G networks. The low latency
achieved by the future infrastructure can be exploited to
control remote devices, while instantaneous feedback allows
for precision operation. These are the key enablers for the
remote surgery, remote driving and many other applications.

Besides the enhanced communication capabilities, the 6G
networks will need new features to support all upcoming
services and applications. Imaging, sensing and mapping will
be as important as communications for the next generation of
mobile networks [36]. The use of frequencies in the sub-THz
and THz bands have being seeing as a solution for increas-
ing the data rate while also providing sensing, imaging and

mapping capabilities for the network. The tiny wavelength at
these high-frequency bands allows the signal to interact with
the materials at the molecular level, opening the opportunity
to exploit the RF front-end as a spectroscopic imaging sys-
tem. On the other hand, the use of such high frequencies leads
to several challenges where channel modeling and channel
attenuation deserve special attention.

Since the 6G networks must support a multitude of scenar-
ios, applications and services, it is clear that the future net-
work will need a multi-radio access network (RAN) approach
to deal with all demands. Fig. 1 depicts the main foreseen
applications, enablers and requirements, organized according
with the necessary cell size.

In this vision of the 6G networks, the small cells will
provide connectivity and functionalities to support the appli-
cations that require very high data rates (up to 1 Tbit/s),
very small latencies (below 0.1 ms) and very precise posi-
tioning and map resolutions (below 1 cm). Here, THz com-
munications, VLC and ultra massive multiple-input multiple-
output (umMIMO) are the key technologies to address these
requirements. The challenges within the macro cells are still
impressive. Because coverage now increases to up to 5 km
from the base station (BS), THz communications becomes
very difficult. Signals at millimeter wave are more likely to
succeed in providing data rates of up 100Gbit/s with latencies
below 1 ms and precision up to 10 cm. However, intelligent
reflecting surface (IRS) and smart beamforming aided by
artificial intelligence (AI)-based antennas will be important
to provide reliable communication over a doubly-dispersive
channel, while light detection and raging (LiDAR) can help
to increase the mapping and positioning capabilities of the
6G networks. In the future mobile systems, the super cell
is expected to provide reliable connectivity in remote and
rural areas, a task that, so far, has not been satisfactorily
performed by any network. In this case, long-range links of
up to 50 km are necessary to offer digital services for farms,
mines, planes, ships, trains and cars. Even in remote areas,
data rates up to 1 Gbit/s and latencies below 10 ms are neces-
sary for remote controlling and video and data acquisition,
while precision up to 0.1 m is necessary for autonomous
machinery operation in mines and farms. In this case, radio
over fiber (RoF) can be used to reduce deployment costs in
remote areas and multiple-input multiple-output (MIMO) for
diversity can improve the signal robustness to increase the
coverage range and feasibility. TV white space (TVWS) can
also play an important role in reducing the operational cost,
since licences are not required to exploit the vacant ultra high
frequency (UHF) channels. Finally, satellite networks can be
jointly usedwith terrestrial networks to complement coverage
or provide backhauling for terrestrial BS.

The 6G networks are being designed to fully fulfil the IMT
visions but also to support new applications. The require-
ments, architecture and enabling technologies are still under
discussion in several initiatives and research projects around
the world, but it is clear that THz and sub-THz communi-
cations, wireless-optical integration, VLC and new antennas
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FIGURE 1. Main use cases, enablers and requirements for the 6G networks.

designs are important players in the definition of the next
generation of mobile networks.

III. WIRELESS TECHNOLOGY TRENDS
Technologies for wireless communication will be the main
enablers for several applications and services. As mentioned
in Section II, new frequencies bands and new requirements
will demand innovative solutions. This Section describes the
main wireless technologies for the future mobile networks.

A. CHANNEL CHALLENGES AND CAPACITY FEATURES
As the data traffic increases throughout the mobile genera-
tion systems, exploitation of higher frequencies is necessary
as illustrated in Fig. 2. For example, from 1G to 4G the
mobile communication system has been allocated at differ-
ent frequencies between 400 MHz and 2.9 GHz worldwide.
Techniques of carrier aggregation has enabled throughput up
to 1 Gbit/s in 4G by using multiple channels of 5-, 10-, 15-
or even 20-MHz bandwidth simultaneously. By allocating
theses multiple channels, it has been possible to increase
the system capacity for enabling high-throughput applica-
tions [37], [38]. The 5G network was the first generation
of mobile communication that uses two different frequency
range (FR), i.e, FR 1 from 410 to 7,125 MHz and FR 2 from
24.25 to 52.6 GHz [7], [37]. 5G was the first network to
use mmWaves as a solution for the RAN, also employing

FIGURE 2. Evolution of wireless communication frequency range from 1G
to 6G.

bandwidth up to 400 MHz. These new frequency allocation
has increased the system complexity, requiring high cost RF
components. The high propagation and penetration losses in
in the FR 2 range is one of the biggest challenges related with
the use of mmWaves in the RAN [38].

Many techniques have been proposed in the literature to
overcome the high path loss from mmWaves. Classical meth-
ods ofMIMO technique can be used to improve the reliability
of the links, in which diversity can be achieved by multiple
transmitting and receiving antennas, increasing the signal-to-
noise ratio (SNR) at the reception and minimizing the outage
probability. Spatial multiplexing, on the other hand, consists
of using multiple transmitting and receiving antennas for
improving the spectrum efficiency by sending multiple paral-
lel data streams. Beamforming is another technique that can
use the multiple transmit antennas to create a well-defined,
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high-gain and manageable beam. The basic idea is to increase
the system link budget by pointing the beam to a specific
location, or, in other words, only to a specific user equipment
(UE) [37], [39].

The high operating frequency introduced by the mmWaves
allows for reducing the antenna sizes. A high number of
small antennas elements can be packed into antennas array,
resulting in massive MIMO (mMIMO). This large number of
antennas can be used to provide precise beamforming using
maximum ratio transmission (MRT), in which the data trans-
mitted to a given user is weighted by the complex conjugate
of the channel response among the transmit antennas and
the user receive antenna. This procedure allows for spac-
ing multiplexing, since the high number of transmit signals
will be cancelled out in any other location other than the
position of the desired user. Therefore, it is possible to take
advantage from the massive number of paths on scattering
environments for enabling alsomultiple access. If jointly used
with time-division duplexing (TDD), mMIMO can acquire
channel state information (CSI) from the uplink (UL) and
use it in the downlink (DL) due to the channel reciprocity.
No prior assumptions on the propagation environment and
no predetermined beams are needed. Pilot subcarriers are
transmitted by the UE, allowing for the BS to estimate the
channel responses in the UL, which will be used to precode
the data to be sent to the respective user. It is important to
guarantee that the total TDD frame duration is smaller than
the channel coherence time, which means that this technique
might suffer performance loss in high mobility scenario [40],
[41], [42].

The use of high frequencies bands in mobile communica-
tions brings several challenges for the RF front ends. Solu-
tions based on new algorithms for the base band processing
and integrated with new RF designs has shown to be promis-
ing. New antennas array design and precise channels esti-
mation algorithms based on AI has proved to be a powerful
tool for improving system capacity in mobile communication
systems [43], [44].

The 6G system should be even more ambitious.
Researchers are already expecting that 6G should be the first
mobile network to allocate sub-THz and even THz bands for
the RAN, as illustrated in Fig. 2. The idea is to provide Tbit/s
per user in the next decade [13], [45]. Due to the importance
of THz communications for future mobile networks, this
subject will be further detailed following.

B. THz COMMUNICATIONS
In this sub-section, we briefly review the fundamentals of
THz communications. In fact, following the use of the
mmWaves and sub-mmWaves band (above 20GHz) as carrier
frequencies for 5G, the need for tens of Gbit/s data rates
will require the use of THz (from 0.1 to 10 THz) carrier
frequencies in 6G. However, for this to become a reality, there
are several technological hurdles to be addressed. Consider-
ing the state-of-the-art in THz technologies, some of these

hurdles can be understood with the help of Shannon theorem,
which relates the channel capacity (C), with the available
bandwidth (B) and the SNR, in the form:

C = B log2(1 + SNR). (1)

Unlike current mobile systems operating below 6 GHz,
in the THz range themain issue is not the available contiguous
bandwidth, but rather the SNR, directly related to the output
power at the THz transmitter. An interesting consequence
is a shift in design paradigm, since the use of higher-order
modulation formats, which require a more stringent SNR,
is not necessarily advantageous in terms of system perfor-
mance [46].

Apart from that remark, THz behave as any other wireless
system: the link budget is mostly dictated by the very high
free-space path loss, which reaches 140 dB for a 1-km link
at 300 GHz [47]. In addition, atmospheric absorption and
rain attenuation (in outdoor applications) also come into play.
To circumvent this signal loss, an increase on the link budget
can arise from a combination of high gain antenna systems,
phased-array-based beamforming and ultra-mMIMO tech-
niques. Another way to improve SNR consists on the increase
of the transmitted power and/or the receiver sensitivity, focus
of the following discussion.

Historically, the THz band has not been widely considered
for communications applications, mostly due to the lack of
efficient THz transceivers. In fact, this portion of the elec-
tromagnetic spectrum (0.1-10 THz) has suffered from the so-
called THz technological gap. Specifically regarding the ana-
log front-end, the two most usual pathways present hurdles to
be overcome. On one hand, from the electronics side of the
spectrum, the output power of frequency-multiplier circuits
was too low at such high frequencies. On the other hand,
in the corresponding wavelength range from the photonics
side, apart from the quantum cascade laser [48], no efficient
laser was available to generate far-infrared and THz low-
energy photons required in those communications systems.

This is the reason why in most early demonstrations, the
THz signal carrier is generated in high-speed photoconduc-
tors and photodiodes, by means of down-conversion in a pho-
tomixing processes [49]. In other words, a down-converted
THz-wave carrier can be generated by heterodyning two
distinct wavelengths, arising from laser sources. The output
carrier frequency is widely tunable, being defined by the
difference between wavelengths λ1 and λ2. However, since
the two lasers are not synchronized, both frequency and phase
should be stabilized and the spectral distance between the
two laser lines has to be kept fixed, to assure low jitter and
low phase-noise [50]. Some of the most popular alternative
techniques to achieve this locked spectral behavior include
the use of dual-mode lasers [51] or optical frequency comb
generators [52], [53].

Before photomixing, the photonic modulation can be
based on two configurations: double sub-carrier modulation,
in which both sub-carriers are modulated, or single sub-
carrier modulation. The double modulation scheme usually
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provides higher SNR. However, the output power after pho-
tomixing is still low and most configurations require a elec-
tronic power amplifier operating in the THz range, before
the signal carrier can reach the transmitter antenna. Finally,
to establish a THz wireless link, the receiver can be based on
direct detection (typically Schottky or uni-traveling-carrier
photodiode (UTC-PD)) [54] or heterodyne detection, using
sub-harmonic diode mixers to obtain an IF frequency in the
mmWaves or microwave range [55].

There are other emerging photonic technologies capable
of generating THz waves. Among those, we can mention
quantum cascade laser (QCL) which operates emitting pho-
tons whose wavelength is dictated by electronic transitions
between conduction band energy-levels in a sequence of
quantum wells [48]. The operating principle results in photon
emission the high-frequency range, above 2 THz, and current
devices typically requires cryogenic operation in order to pro-
vide a useful output power, around a few hundred mW [56].
These drawbacks make very unlike that QCL-based THz
transmitters will be used in communications systems, at least
in the short and medium terms.

Another alternative would be to rely on the oscillation sur-
face plasmon-polariton (SPP) waves, particularly in graphene
or other two-dimensional (2D) materials such as molybde-
num disulfide (MoS2) [57]. This plasmonics-based approach
is very promising, particularly regarding the possibility of
small footprint and high frequency operation. Unfortunately,
this technology is still on its infancy, particularly concerning
output power and it is not likely to be mature enough for 6G.

Indeed, output power is also a limitation for photonic
systems based on photomixing. Even using state of the art
UTC-PDs for down-conversion, these system can typically
produce less than 10 mW at a few hundreds of GHz [58]. It is
then inevitable that even these photonics-based transceivers
will have to incorporate THz-electronics power amplifiers.
As a consequence, if that is the case, it is probably conve-
nient to approach the THz transceiver configuration from the
other end of the THz gap, namely, to seek an all-electronic
transceiver. As an additional advantage, such all-electronic
implementation would be much more familiar to the wireless
industry, thereby likely to facilitate future 6G deployments.

Although oscillators using two-terminal devices, such as
resonant tunneling diode (RTD), have already pushed the
1-THz boundary [59], most work on THz carrier genera-
tion by electronic means is based on the concatenation of a
chain of frequency multipliers, in such way to up-convert a
mmWaves carrier to the THz band. Early demonstrations of
such schemes have used radio-astronomy hardware on GaAs
technology [60]. Today, although Si-based technologies are
gaining ground, particularly on the basis of SiGe Heterojunc-
tion Bipolar Transistors [61], best results are achieved using
InP high electron mobility transistors (HEMT), as transmis-
sion powers of hundreds of mW at hundreds of GHz have
been already demonstrated [62], which are well above the
current results for photonic down-conversion. As the tech-
nology evolves and the maximum oscillation frequency of

TABLE 1. State-of-the-art on antenna for 5G towards 6G.

high-speed transistors has already surpassed 1 THz [63], the
short-term trends should favor all-electronic THz transceiver
configurations, due to the increasing availability of several
useful integrated circuits. For instance, an InP-based, higher
power density amplifier has been already demonstrated, with
a bandwidth as high as 235 GHz [64].

C. ANTENNA TECHNOLOGIES FOR SUB-6 GHz AND
mmWaves
This sub-Section presents the state-of-the-art on antennas
and antenna arrays for sub-6 GHz and mmWaves, focusing
on disruptive technologies and application-oriented antenna
proposals for 5G that could also be applied to 6G systems.
Manuscripts published from 2016 to 2021 have been pre-
ferred for this literature review, as complied in Table 1.
A 28 GHz switched-beam slot antenna based on surface

PIN (S-PIN) diodes has been proposed for 5G systems in
2017 by Yashchyshyn et al. [65]. This research goal was to
achieve multiple beams and enable switching among them.
The designed reconfigurable structure was composed of
15 reconfigurable slots with embedded S-PIN diodes. In this
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way, the slots could be reconfigured by appropriate biasing
them, with the purpose of enabling or not radiation through
them. The authors have been able to switch among five
beams, pointed towards 0◦, ±30◦ and ±45◦. In the worst-
case scenario, the proposed antenna has provided 600 MHz
bandwidth centered at 28.05 GHz, reaching up to 7 dBi gain.

In [66], Mao et al. have proposed a planar sub-mmWaves
array antenna with enhanced gain and reduced sidelobes for
5G broadcast applications at 26GHz. The proposed prototype
was based on two dipoles and a substrate integrated cavity
as a power splitter. The dipoles were placed side-by-side to
create an uniform pattern in the azimuth plane. The authors
have been able to combine the dipole and cavity resonance
to provide a wide bandwidth from 27 to 29.5 GHz. Finally,
they have structured an eight-element array for enhancing
its gain, reaching up to 12 dBi omnidirectional coverage
for broadcast applications. A wideband printed-circuit board
(PCB)-stacked Luneburg lens antennawith a flared open edge
for multi-beam scanning application at 5G mmWaves band
was proposed in 2021 by Wang et al. in [67]. They were
aimed to fulfill the increased data traffic in mobile communi-
cations, by proposing a high-gain (15.4 dBi) and wideband
antenna (from 26 to 37 GHz) for switched-beam applica-
tions. It consists of 11 resonant elements, shifted among
each other by 15◦, around a unique circular Luneburg lens.
We can notice the possibility of applying distinct technologies
for encompassing all 5G demands. For instance, multiple
probes [67] or S-PIN-based SWAAs [65] could be employed
for switched-beam applications, whereas waveguide-based
slot antennas [65], Luneburg lenses [67] and cavities could
be used for increasing the antenna gain [65].

There are also some important works from literature on
MIMO and mMIMO systems, which define the antenna array
requirements. In 2016, Gao et al. proposed a dual-polarized
patch antenna array with low mutual coupling [68], which
is a very important MIMO requirement [78]. The proposed
system was composed of 144 ports operating at 3.7 GHz
and 18 low-profile subarrays for allowing 360◦ coverage.
Each subarray was based on four patch antenna elements with
two ports, one for each polarization, which allowed to reach
mutual coupling lower than −35 dB.

A dipole-based and dual-polarized 16-elements antenna
array was proposed by Komandla et al. in 2017 [69]. They
have proposed the usage of cross-polarized dipoles, one on
each side of a substrate, with a back cavity acting as a reflec-
tor. The coupling among the array elements was kept lower
than −20 dB through the entire operating bandwidth from
4.9 to 6 GHz. Finally, they have numerically demonstrated
beam-steering feature over 50◦, four beams for a multi-user
environment and gain higher than 20 dBi for all evaluated
scenarios.

The research conducted by Yang et al. [70] in 2017 was
regarding the design and implementation of a TDD-based
128-element mMIMO system, including an analytical model
and a link-level simulation. The prototype was divided into
8 sub-arrays of 16 printed-dipoles mounted above metallic

reflectors and arranged as a planar antenna array spaced by
0.8λ (at 4.1 GHz). From the antenna point-of-view, 0.8λ spac-
ing is acceptable for creating a unique directive beam,without
prohibitive levels of grating lobes. However, such a spacing
could degrade mMIMO performance due to lack of channel
diversity. Nonetheless, since the array has been divided into
8 sub-arrays, the spacing among the array elements was
approximately 3.2λ, which ensured channel diversity and,
consequently, high mMIMO performance, as a result of a
maximum −25 dB mutual coupling. As a final result, authors
reached up to 69.12 bit/s/Hz spectral efficiency using quadra-
ture phase-shift keying (QPSK) modulation, which provides
only 1 bit/s/Hz in a conventional single antenna system.

Hu et al. have proposed a digital multi-beam array with
16 elements for the 26 GHz band in 2018 [71]. The
manuscript has focused on the beamsteering feature instead
of mMIMO application. The array element was a dual expo-
nentially tapered slot antenna (DETSA), which is a variation
of a conventional Vivaldi antenna. Each element was excited
by transverse electric (TE) propagation mode using substrate
integrated waveguide (SIW) in order to ensure mutual cou-
pling lower than −20 dB for an element spacing of 6 mm.
Moreover, a Jerusalem Cross planar lens enabled to increases
the array gain from 20 to 25 dBi and beamsteering from−50◦

to 50◦ , by properly managing the element phase.
In 2020, Li et al. [72] proposed the use of a metasur-

face lens antenna in a 64-element dual-polarization patch
antenna array, envisaging to cover both multibeam and
mMIMO applications. The manuscript reported bandwidth
form 5.17 to 6.1 GHz, a scanning angle of ±25◦, gain up to
22.4 dBi with 3.3 dB variation and mutual coupling lower
than −20 dB. The switched-beam feature comes from select-
ing a port or a combination of ports of the array feeding
network. In this way, either multiple beams at the same
frequency or frequency division multiplexing for each beam,
aiming to increase the system throughput, might be imple-
mented.

Two important researches on the array topology are pre-
sented in [73] and [74]. In [73], Temiz et al. investigated
the impact of the antenna array geometry in the mutual
coupling and channel correlation, by exploiting a directional
wideband single antenna element for the antenna array and
UE. Particularly, two planar antenna arrays were considered
in the channel correlation analysis: a uniform antenna array
and a shifted antenna array. The uniform one was composed
of equally distributed elements, aligned in both horizontal
and vertical directions, whereas the shifted array consisted of
shifting lines of radiating elements in the matrix, increasing
the spacing between adjacent elements without compromis-
ing the array area. The obtained results proved the shifted
array outperforms the uniform conventional array in terms
of network capacity, due to a lower level of mutual coupling
and lower channel correlation (lower than −15 dB for the
linear array and −20 dB for the shifted array), especially
in lineline-of-sight (LOS) propagation. Additionally, an ele-
ment spacing periodicity investigation on the array topology
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was made by Aslan et al. [74] in 2021. They considered
four different array topologies for evaluating the interference
among multiple users and demonstrating aperiodic element
distribution has the potential of increasing the system quality
of service (QoS) in terms of inter-user interference reduction.
Using element spacing of at least λ increases the inter-user
interference due to side-lobe level (SLL) increment in a LOS
environment. The advantages of using more spaced elements
in this scenario are thermal dissipation and creating space for
electronics in active antenna deployments at a limited impact
on quality of service (QoS).

Most papers on beamforming and MIMO applications
from literature are only regarding the array antenna ele-
ment (mainly patch, dipole or slot antennas) or feeding net-
work, as summarized by [68], [69], [70], [71], [72], [73],
and [74]. Regardless the application, reducing mutual cou-
pling is an important performance metric that was required
to be lower than −20 dB in most papers, using element
spacing from 0.5 to 1λ for beamforming and multiple beams
applications. On the other side, MIMO systems make use
of channel diversity, the array elements need to be further
spaced.

Operating frequency and application are also important
pieces of information from Table 1. Fig. 3 compiles the
most common antenna types related to their application and
frequency ranges. It is noticed that classical dipoles, patch
and Vivaldi antennas are mostly used in the sub-6 GHz
band, whereas in mmWaves more types of antennas and
antenna arrays, waveguide-based antennas, have been pro-
posed for encompassing different access scenarios. Undoubt-
edly higher frequencies enable high-order antenna arrays, due
to smaller wavelengths. However, most papers on antenna
arrays from literature are focused on the sub-6 GHz band,
probably due to the complexity and high-cost of mmWaves
components and pieces of equipment. Furthermore, it has
been noticed there are more published solutions for beam-
forming, beam steering and multiple-beam than TDD-based
digital mMIMO applications. Once again, this is related to
implementation costs, since beamforming techniques can be
applied with a smaller number of RF chains. However, it is
important to emphasize that analog beamforming and steer-
ing techniques consider communication with few users (some
manuscripts are applied to only one user). On the other hand,
TDD-based digital beamforming guarantees multiple-access
for multiple users, as a result of the channel diversity in a non
line-of-sight (NLOS) scenario, which is more realistic in a
dense urban environment.

Our research group from the Laboratory Wireless and
Optical Convergent Access (WOCA) has been intensely con-
tributing to the development of mmWaves antennas for 5G
in the past few years, as complied in Table 1 [22], [75],
[76], [77], [79], [80], [81], [82] and illustrated by prototypes
shown in Figure 4. In 2017, da Costa et al. have reported the
first optically controlled reconfigurable slotted-waveguide
antenna array (SWAA) (Fig. 4(a)) for mmWaves from lit-
erature [75]. The physics behind its design was managing the

FIGURE 3. Most common antenna types related to their usual
applications and frequency range.

slots electrical length by partially covering them with photo-
conductive switches in order to enable frequency tunability
and radiation pattern reconfiguration over the 28 and 38 GHz
bands.

Two novel mmWaves antenna designs were introduced in
2018 [79]. First, a 28-GHz omnidirectional SWAA based on
metallic rings for disturbing a traveling wave inside a dielec-
tric waveguide was manufactured, as displayed in Fig. 4(b).
Furthermore, dual-band and dual coverage SWAA (Fig. 4(c))
for simultaneous operation in the 28 and 38 GHz band was
proposed, using two groups of slots with different electrical
lengths on the opposite faces of a retangular waveguide.
Such dual-band SWAA has been applied to a switched-beam
MIMO system by Vilas Boas et al. [80] in 2019, by arranging
four SWAA elements as shown in Fig. 4(d). Experimental
results demonstrated mutual coupling lower than −35 dB
through the entire evaluated bandwidth (24 to 40 GHz).

Vilas Boas et al. have further investigated SWAA antennas
at mmWaves in 2020 [81]. In this new research, a low-profile
and high-gain SWAA (Fig. 4(e)) was developed for point-to-
point links and self-backhaul applications. Six pairs of metal
grooves have been integrated to the SWAA structure, which
implied in aperture efficiency of 20% and 9 dB gain enhance-
ment, reaching 27.7 dBi without using metallic parabolic
reflectors. Finally, the grooved-assisted prototype provided a
bandwidth of 900MHz, which is compatible with the 5G-NR
standard from 3GPP.

Another approach for point-to-point links was imple-
mented in 2019 [22], by making use of a dual-band wireless
fronthaul using a frequency selective surface (FSS)-based
focal-point/Cassegrain antenna (Fig. 4(f)) [25], assisted by
an optical midhaul. That innovative 5G-Xhaul fiber-wireless
architecture takes advantage of digital pre-distortion in order
to guarantee up to 18 Gbit/s throughput in accordance to the
3GPP requirements. Particularly, the antenna consisted of two
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feeders individually operating at 7.5 and 28 GHz, a main
reflector and a FSS based sub-reflector. The latter one acts as
a conductor at 28 GHz and is electromagnetic transparent at
7.5 GHz, enabling the dual-band feature using a unique main
reflector.

We have also developed an omnidirectional high-gain
SWAA (Fig. 4(g)) operating at 24 GHz for femtocell appli-
cations [76]. It was based on a novel approach for designing
wideband SWAA, which relies on using trapezoidal-shaped
slots with two different electrical lengths, as well as a twisted
distribution of slot groups along the array longitudinal axis.
The trapezoidal slots are formed by gradually increasing
the slot length between the waveguide interior and exte-
rior surfaces. In this way, a smoother impedance transition
between waveguide and air is obtained for increasing the
array operating bandwidth. In addition, the twisting technique
allows to improve the omnidirectional pattern, by reducing
the gain ripple in the azimuth plane. Experimental results
have demonstrated 1.09 GHz bandwidth centered at 24 GHz
(4.54% fractional bandwidth), gain up to 14.71 dBi over the
operating bandwidth and only 2.7 dB gain variation in the
azimuth plane. Such novel SWAA is promising for mmWaves
applications, including 5G eMBB communications in indoor
scenarios, as demonstrated in in 2021, as a result of its imple-
mentation in a 91-m2 indoor femtocell [82].

Recently, Filgueiras and Sodre Jr. [77] have conceived
and fabricated a 64-element, slot-based, dual-polarized and
substrate integrated coaxial line (SICL)-fed antenna array
applied to TDD-based digital mMIMO applications. The
prototype from Fig. 4(h) has 64 independent feeding points
and each radiating element provides a 2-GHz bandwidth,
from 25 to 27 GHz, beamwidth of approximately 85◦ in both
main orthogonal planes and 7.5-dBi gain.

D. ANTENNAS FOR THz
The specialized literature also presents antennas for THz,
as summarized in Table 2 [83], [84], [85], [86], [87], [88],
[89], [90], [91], [92], [93], [94]. Many of them are conven-
tional microwave and mmWaves antenna design, re-tuned
for higher frequencies. For instance, horn antennas, planar
antennas, dielectric lens-based antennas, reflectarrays and
resonant cavities designed for THz were exploited not only
in the Review Paper [91], which presented many manufactur-
ing techniques and antenna types, but also in [94]. Particu-
larly, 3D printing typically achieve up to 0.01 mm precision.
If higher precision is required, micro-milling still repre-
sents a more appropriate choice, such as Computer numeri-
cal control (CNC)-based manufacturing, electric erosion and
Low-temperature co-fired ceramic (LTCC). A conventional
cavity-based radiating structure at 135-GHz fabricated by
3D printing and a SWAA antenna operating at 141 GHz
were reported in [85] and [86], respectively. In the last one,
authors have used gap-waveguide for overcoming the electric
contact issue associated with mechanical mounting at high-
frequencies, enabling to manufacture it using simple micro-
milling techniques.

FIGURE 4. Laboratory WOCA antenna array prototypes for 5G and
towards 6G. (a) Optically-controlled SWAA from [75]; (b) Omnidirectional
SWAA from [79]; (c) Dual-band SWAA from [79]; (d) 4-element SWAA
from [80]; (e) High-gain SWAA from [81]; (f) Dual-band
Focal-point/Cassegrain from [22]; (g) Omnidirectional SWAA from [76],
[82]; (h) mMIMO slot antenna array from [77].

TABLE 2. State-of-the-art on THz antennas.

In [83], authors have proposed using a SIW feed-
ing line for exciting wideband dipole-based radiators
from 124 to 158 GHz. Similarly in [84], authors have
achieved a 20 GHz bandwidth at 550 GHz, by properly man-
ufacturing a PCB-based antenna with SIW. Additionally, A.
Kosogor and Y. Tikhov manufactured a Cassegrain parabolic
antenna with a polished gold-plated for reducing losses
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associated with its paraboloid roughness and conductiv-
ity [87]. It provided bandwidth from 220 to 310 GHz and gain
of 48 dBi at 265GHz. Beam-steering capability from−75◦ to
30◦ at 260 GHz in conjunction with 28.5 dBi gain have been
ensured by a waveguide-based antenna filled with dielectric
material [88]. Its authors claim the achieved high perfor-
mance and their silica micro-milling technique, aimed for
mass production, make their antenna a low-cost and potential
solution for many THz applications, including radars and 6G
systems. The fabrication of a travelling-wave antenna with
reduced SLL operating from 390 to 410 GHz was described
in [90], using CNC and PCB techniques. Finally, plasmonics-
based antennas [96], photoconductive antennas [94] and new
materials, including graphene [97], have also been inves-
tigated for THz generation and detection. A photoconduc-
tive antenna is basically composed of a gap-based antenna,
an electrode and a photoconductive substrate. On the other
hand, the main advantage of using graphene is its resistivity,
which is lower than that of copper and gold [97], [98].

E. HIBS - HIGH ALTITUDE PLATFORM AS IMT BASE
STATIONS
Studies involving high-altitude plataform systems (HAPS)
for communications started in the 1990s. The first spectrum
for their use in the Fixed Services from Radio Regulations
was made available in 1997. Industry initiatives have started
from 1990 to 2000, but the technological aspects blocked
the airborne platform evolution. Particularly, HIBS has the
potential of providing connection to the use many cases,
such as health emergencies, rural areas, natural disasters
and drone operations, as properly elucidated in our previ-
ous publication [99]. As a consequence, the HIBS-based
mobile network can complement terrestrial IMT services,
by covering remote and unconnected areas. The COVID-19
pandemic has demonstrated the major Internet inequalities
among countries, proving more then never the need for
increasing connectivity and guarantee digital inclusion in
poor regions [99], [100].

Non-terrestrial solutions are focused on global attendance.
In this context, low Earth orbit (LEO) satellites and HIBS
represent potential options for overcoming coverage flaws.
Even though LEO satellites have been gaining attention for
mobile communication services, due to the aerospace mar-
ket growth, their user equipment has to be specific. On the
other hand, HIBS shares the spectrum already in use by the
terrestrial IMT networks worldwide, allowing UE connection
using conventional handsets. The HIBS operational altitude
in the stratosphere, around 20 km, ensures lower propagation
delay compared with the LEO satellites, enabling low-latency
applications, such as industrial remote security sensing and
control [99], [101].

HIBS is versatile in terms of deployment and supporting
the existing network infrastructure. An airborne platform is
placed at a quasi-stationary position above the deployment
area, typically using a cruise speed of 110km/h. Further-

FIGURE 5. ‘‘Sunglider’’ HIBS Platform flying at the stratosphere during an
LTE video call communication test between United States and Japan.
[Courtesy of HAPSMobile/Loon].

more, they can be equipped with 4G, 5G, or even future
6G standard technologies, maintaining a reliable connection
over a cell coverage from 180 to 200 km. In September
of 2020, HAPSMobile has successfully tested a LEO-based
HIBS, by means of making a video call between members
in the United States of America and Japan. The flight at the
stratosphere spent 5 hours and 38 minutes at an altitude of
19.81 km, in which the wind speed reached around 30 m/s
and temperature was as low as −73◦ C [102]. Fig. 5 presents
the ‘‘Sunglider’’ camera spot perspective of the long-term
evolution (LTE) test flight with the Earth horizon view around
500 km of distance from HIBS Nadir. The LTE payload
test has been conducted at Spaceport America, New Mex-
ico (USA), where it was obtained the following experimen-
tal licenses from the Federal Communications Commission
(FCC): service link at the Band 28 (700 MHz); feeder links
at 5.8 GHz and from 70 to 80 GHz; payload control and
data collection channel from 902 to 928 MHz and 1200 to
1700 MHz, respectively [103].

The three-dimensional (3D) coverage expectation from the
future 6G technologies is one of the remarkable and unique
capabilities for HIBS. It is also important to highlight that
HIBS is a sustainable solution, due to the carbon neutrality,
the low impact on the environment and no use of any kind
of fossil fuel. Such unmanned platform uses solar panels to
generate energy during the day and uses batteries power dur-
ing the night flight. The IMT-2030 technical requirements,
aiming for future technologies as 6G, have been continuing
discussed in International Telecommunication Union (ITU)
Working Party 5D (WP 5D) in the document named as ‘‘IMT-
2030 to assess the trends of IMT for 2030 and beyond’’ [99],
[101], [102].

In 2014, Google and Facebook have launched HAPS
initiatives trying to provide global connectivity. In 2019,
HAPSMobile and Loon started an alliance and in February of
2020, a group of aerospace and telecommunications compa-
nies joined efforts to create HAPS Alliance, to promote HIBS
connectivity around the globe. Since then, HAPSAlliance has
been promoting the technology and some trials and flight tests
have been conducted. Fig. 6 presents the Sunglider airborne
platform in HAPSMobile facility [102], in which solar panels
cover the top of the HIBS fuselage.
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FIGURE 6. ‘‘Sunglider’’ HIBS Platform at HAPSMobile facility [Courtesy of
HAPSMobile].

According to the ITU Radio Regulations from the Article
No. 5.388A, HIBS may use the following frequency bands;
from 1,885 to 1,980 MHz, from 2,010 to 2,025 MHz and
2,110 to 2,170 MHz in ITU Regions 1 and 3; the 1,885 to
1,980 MHz and 2,110 to 2,160 MHz bands in Region 2.
The ITU Agenda Item 1.4, for the World Radiocommuni-
cations Conference 2023, addresses the discussions on the
HIBS technical and operational features, including sharing
and compatibility studies with other services in the frequency
bands lower than 2.7 GHz, identified for IMT.

The IMT terrestrial evolves to new requirements and uses
cases, due to the final user demand applications. HIBS is
a part of the IMT system, as the non-terrestrial solution is
categorized as unmanned aerial vehicles (UAV) equipped
with Base Stations, which was standardized by the 3GPP
Release 17 [99], [101], [102], [104], [105]. In this context,
looking forward to the future 6G technologies, HIBS could be
considered potential to provide the Global spectrum usability
for attending remote areas and complementing future 6G
terrestrial networks in order to reduce the digital divide.

Our research group has recently published a paper entitled
‘‘High- Altitude Platform Stations as IMT Base Stations:
Connectivity from the Stratosphere’’ [99], in which we have
explained into details the HIBS current scenario, use cases,
regulatory aspects and sharing studies. Furthermore, we have
presented a coexistence analysis between HIBS and Fixed
Services at adjacent channels to support decisions to be made
at the World Radiocommunication Conference 2023 (WRC-
23). In [105], authors have presented the HIBS concept,
spectrum aspects and initiatives in 3GPP. Furthermore, the
challenges associated with super macro base station constel-
lations using HAPS are discussed in [101]. Complementary,
Dong Zhou et.al. presented an overview of the HIBS regula-
tory aspects and challenges from the International Telecom-
munication Union - Radiocommunication Sector (ITU-R)
community and Study Groups [104]. Finally, Global Sys-
tem for Mobile Communications Association (GSMA) has
released a report on HIBS in 2022 on its use cases, benefits,

and opportunities, implementation scenarios, market analy-
sis, regulation and spectrum standard, comprising aviation
regulation and business model scenarios [106].

IV. OPTICAL AND WIRELESS TECHNOLOGY TRENDS
The RAN architecture has evolved over the years to support
mobile communications networks demands, which include
the recent 5G networks standardization efforts as well as early
discussions regarding 6G and its requirements, as mentioned
in Section II. The RAN evolution points out to the conver-
gence between fiber and radio system interfaces, as depicted
in Fig. 7, a configuration known as fiber-wireless (FiWi)
systems [23]. Important trends also include heterogeneous
networks (HetNets) [107] and C-RAN [108] architectures.
In addition, optical wireless communications (OWC) sys-
tems, which are based on FSO [109], have emerged as a
promising candidates for the next RAN generation, providing
a bandwidth of the order of GHz, to work in combination with
the other technologies mentioned above. Among the varia-
tions of OWC, VLC, and infrared communications, in par-
ticular, beam-steered infrared light communication (BS-ILC)
stand out [109].

The C-RAN deployment is very important for opti-
cal/wireless convergence. In distributed radio access net-
works (D-RANs), BBU and RRU are physically located at
BS, increasing the management effort and operational costs
in a scenario with a large number of small cells. On the other
hand, the C-RAN architecture allows the use of simplified
RRU at the antenna location, by means of moving BBUs to
a CO and, consequently, centralizing their baseband process-
ing, which gives rise to the concept of BBU pool [108].

A centralized network brings notable benefits, including
infrastructure reuse, operational and management simplifi-
cation, multiple technologies coexistence and lower energy
consumption, as well as lower capital expense (CAPEX)
and operating expense (OPEX) [107], [108]. In addition, the
C-RAN architectures also take benefits of innovative tech-
nologies such as software-defined networking (SDN) [110]
and network function virtualization (NFV) [111]. SDN
enables the physical/link layer functional splitting, such as
the separation of control and data planes at higher layers, sup-
porting advanced management techniques. The application
plane is based on network monitoring and security, which is
directly connected to the control plane. The latter consists of
SDN controllers, e.g., OpenNetworkOperating System [112]
and OpenDayLight [113], responsible for managing network
devices positioned in the data plane. The OpenFlow proto-
col has been widely adopted to achieve the interconnection
between control and data planes [114].

In addition, the NFV approach provides flexibility and
scalability, by sharing network resources in a dynamic
way [115]. These functionalities allow the deployment of
network functions as specialized devices or virtualized as
virtual network functions (VNFs) [116]. The optimal split
can be dynamically achieved by software-based orchestration
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FIGURE 7. Diagram of a fiber-wireless system: RF- radio-frequency; MH- midhaul; BH- backhaul; FH- fronthaul; A-RoF- analog radio over fiber; D-RoF-
digital radio over fiber; DU- distribution unit.

and control, based on the service requirements and failures.
Therefore, the optimal physical/link layer functional splitting
can be achieved depending on the vertical application, for
instance, low latency, reliability, or high throughput [117].
Overall, an optimal combination of network function virtu-
alization (NFV), SDN and C-RAN is fundamental for inte-
grating optical and wireless systems in a flexible and reliable
mobile network [118]. In this context, landmark C-RAN
solutions have been developed over the years, such as: Soft-
RAN [119], SoftAir [120], FluidNet [121], FlexCRAN [122]
and O-RAN [123].

The remaining of this Section encompasses the main
optical-wireless technology trends based on the C-RAN con-
cept. We describe challenges and potential solutions, dis-
cussing FiWi system implementations, incorporating tech-
nologies based on FSO and VLC. In addition, we also discuss
PoF and integrated optics applications.

A. FiWi—Fiber/WIRELESS SYSTEMS
FiWi systems play an important role in the current and future
mobile communication networks, since they can be used to
support a wide range of applications and services. Indeed,
a full integration of 5G enabling technologies with FiWi sys-
tems is expected [24], [28]. Fig. 7 illustrates a fiber/wireless
system within the C-RAN framework, in which the FH link
can be implemented using a series of distinct technologies:
radio link, radio-over-fiber (RoF), free-space optics (FSO) or
even a combination of those. The BH optical link connects
multiple COs to the core network and can also connect mul-
tiple COs to each other. A DU can be implemented as an
extension of the FH link. In this case, a MH link is used to
connect CO to the DU.

Table 3 summarizes the state-of-the-art on FiWi systems,
addressing diverse applications. All listed works are based on
the C-RAN architecture and demonstrate implementations to
enable 5G solutions integrated to FiWi systems. Remarkable
advances include carrier aggregation for 5G communications;
MIMO use for increasing capacity; 5G coexistence with

legacy technologies; distribution of 5G signals over passive
optical network (PON); and photonics-based signal amplifi-
cation and FiWi systems fed by a PoF scheme.

An important challenge from FiWi systems is the fiber-
radio integration, typically achieved by applying the RoF
technology, which is classified in at least two types: digi-
tal radio over fiber (D-RoF) and A-RoF [24]. The D-RoF
schemes digitize RF signals for launching them into the opti-
cal fronthaul using commercial interfaces, such as common
public radio interface (CPRI), open base station architecture
initiative (OBSAI) and open radio equipment interface (ORI).
CPRI-based D-RoF links found commercial success with
4G networks, supporting multiple radio standards and the
C-RAN functional split is expected for 5G. Such approaches
also bring the advantages of interoperability with diffused
small form-factor pluggable (SFP) modules and robustness
against dispersion-induced power fading from microwaves
and millimeter-waves over fiber [108]. However, the follow-
ing drawbacks arise from the D-RoF solution when consider-
ing the requirements of 5G and 6G: the need of digitization
equipment and RF conversion stages at the remote site, even
more critical when introducing the mm-waves access that
requires complex and expensive hardware remotely; the total
data rate that D-RoF links require, which is significantly
higher than peak rates achieved on the radio interface and
demands a huge fixed bandwidth in the optical fronthaul; the
increase on the number of optical transceivers for addressing
the data rate [108], [124].

On the other hand, the A-RoF schemes concentrate the
most complex radio functions at CO and distribute radio
signals at the wireless carrier frequency through the opti-
cal fibers. Such methodology has been gradually becoming
attractive as the envisaged throughput in the air increases
and the industry begins to deploy mm-waves access. The
A-RoF advantages include: the capability of transporting RF
signals through optical fibers at low processing complexity,
i.e. without the need for digitization and RF remote con-
version; optical bandwidth and computational power saving,
due to the digitization absence; remote site simplification.
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TABLE 3. State-of-the-art on FiWi systems.

Despite these remarkable advantages, drawbacks might also
be listed as follows: the non-direct compatibility with estab-
lished passive optical networks, since requires A-RoF mod-
ules instead of SFPs; susceptibility to nonlinear effects from
the electro-optic components; susceptibility to chromatic dis-
persion [24], [125].

To make D-RoF powerfull for 5G/6G, technical solutions
toward a bandwidth-efficient digital fronthaul have been pro-
posed, such as data compression, new functional splits and
enhanced CPRI interface design. High capacity (hundreds of
Gbit/s) optical transceivers have also been designed to deal
with the expected throughput in the optical link [108], [126],
[127], [128]. In parallel, techniques to compensate dispersion
and combat power fading have been successfully demon-
strated to maintain A-RoF attractive for 5G/6G [125], [129].
The possibility of using A-RoF in WDM overlay topologies
has also been highlighted as an alternative for integration with
PONs [26], [28].

Once there is no standardization for the 5G/6G transport
schemes, combinations of D-RoF and A-RoF in a hybrid
solution has been proposed as an optimum solution [130].
In this context, hybrid digital-analog transport approaches
based on diverse techniques have been developed in the last
years, including WDM overlay, polarization division multi-
plexing [131], subcarrier multiplexing [132], A-RoF signal
allocation at the null point of the D-RoF spectrum [133] and
non-orthogonal multiplexing [130].

B. FIBER-OPTICS-BASED FRONTHAUL ASSISTED BY
MACHINE LEARNING
As indicated in Fig. 7, the FH link might be implemented
using distinct technologies, including fiber-optics. In this
case, both D-RoF and A-RoF have been considered and

extensively discussed in the literature [143]. Although D-RoF
presents some scalability issues, it has been widely employed
in the FH link [108]. Scalability is an issue in D-RoF because
the radio signals are sampled and directly digitalized into
baseband data at the Remote Radio Head (RRH) from the
cell site. 5G and 6G systems, operating at mm-wave and
THz-wave ranges will demand ultra high-speed analog-to-
digital conversion (ADC) and digital-to-analog conversion
(DAC) components which are not available. To overcome this
problem, A-RoF becomes attractive, since it enables higher
spectral efficiency and remote radio unit simplification, when
compared to D-RoF configurations [24]. In addition, the
reduced signal processing in A-RoF results in diminished
latency.

Considering an A-RoF-based FH architecture, a seam-
less signal distribution is achieved by using linearization
techniques [28], [144], [145]. Fig. 8 illustrates an A-RoF
assisted by linearization techniques. Such techniques are
usually based on digital signal processing (DSP) solutions,
including digital pre-distortion (DPD) and equalization.More
recently, ML techniques have also been considered attractive
to implement the DPD and equalizer processing blocks, since
they are capable of performing complex computational tasks
without excessive computational effort.

The remarkable generalization and representation capa-
bility of ML algorithms might be considered a powerful
tool to further improve the development of convergent fiber-
wireless systems. However, there are a couple of technical
challenges to be overcome. Particularly for the fiber-optics
based fronthaul assisted by machine learning, one important
challenge is related to the need for representative data-set
for training neural networks. Researches have pointed out
reinforcement learning techniques, which do not demand a
previously generated data set, since the reinforcement learn-
ing model is trained on the fly [146]. In parallel, recent
mobile communication systems have embraced a plurality of
new services and applications, which increase the demand
for computing processing and storage capabilities. Moreover,
quantum computing with machine learning has been recently
proposed to increase efficiency, enhance and speed up the
system computing capabilities [147]. When considering the
ML-based linearization techniques, another important chal-
lenge must be considered. Once the response of the devices
that compose the A-RoF-based FH varies with time, a non-
re-calibrated linearization technique is desirable. Otherwise,
it will be necessary re-training the linearization algorithm,
which will generate considerable expenses, since the com-
munication system must be turned off for re-training, leav-
ing customers without coverage. To overcome this issue,
a ML-based scheme able to generalize possible variations
of the A-RoF response was proposed by our research group,
enabling a non-recalibrated linearization technique [148].

In this context, Andres Najarro et.al have demonstrated a
neural network-based approach to compensate the nonlinear
distortions in RoF systems. The neural network is employed
to compute the RoF system inverse response, which is

9244 VOLUME 11, 2023



H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

FIGURE 8. Block diagram of an A-RoF assisted by a linearization
technique.

then used to compensate the inherent nonlinear degradation.
Liu et al. and Liu et al. have employed a neural network as
an equalizer [149], [150]. In this case, the neural network
processing block is placed at the base station to eliminate the
signal nonlinear distortions before the wireless transmission.
Indeed, our research group have proposed and implemented
DPD and equalizer schemes based on amulti layer perceptron
(MLP) neural network [151]. The proposed implementation
allows increasing the operating RF power, with no significant
distortions, thereby providing more flexibility for telecom-
munication operators making use of dynamic RF power allo-
cation to the several antenna sites.

C. FSO—FREE SPACE OPTICS
FSO wireless communication systems have attracted increas-
ing interest and undergone strong development in the last
decade [152].Some of the key advantages of FSO tech-
nology are large bandwidth, immunity to electromagnetic
interference, no need for spectrum licensing, and high data
rates. These features make FSO highly attractive to meet
the increasing traffic demand [153]. However, a FSO trans-
mission requires tight alignment tolerances and it is prone
to impairments arising mainly from non-ideal propagation
conditions. In other words, a FSO beam is highly vulnerable
to weather conditions such as turbulence, rain, fog, haze, and
dust, which will attenuate the light beam or even disrupt the
entire propagation link [154]. Hence, the FSO system should
be thoroughly characterized under severe weather conditions,
to assure that the received optical power is higher than the
receiver sensitivity, allowing the signal processing.

FSO systems operate in the wireless medium, conse-
quently, alignment losses can be quite common [155], [156].
A precise alignment in an FSO system can be well-achieved
when transceivers operate in LOS with no physical obsta-
cles obstructing the optical beam propagation. In a practical
FSO system, the primary reason for misalignment is the
base motion (building sway) in buildings, especially for FSO
systems installed on skyscrapers, which are heavily subjected
to sway [155], [157]. To minimize the misalignment loss,
an automatic pointing and tracking system can be integrated

into the FSO apparatus, in such a way this tracking system
consistently adjusts the transceivers for an optimal alignment.

To minimize losses due to adverse weather conditions
one of the key methods for determining the FSO proper
operation is the link budget. The latter is used to predict
how much margin or extra power will be needed in a link
under any particular set of operating conditions. The margin
is then integrated with a model of atmospheric attenuation
to calculate the expected losses from both, scattering and
scintillation. Typically, a FSO link budget includes inputs
for the transmitted optical power, receive sensitivity, link
attenuation, geometric and alignment losses [158].

FSO systems can be used for high data rate communica-
tions between two fixed points over distances from hundreds
of meters up to a few kilometers. They have initially been
proposed as an efficient solution for the ‘‘last mile’’ problem,
in order to bridge the gap between the end-user and the
fiber optic infrastructure [159]. More recently, FSO systems
are also appealing for a wide range of applications such as
metropolitan networks, inter-building communication, back-
haul for wireless systems, indoor links, fiber backup, service
acceleration, security, military purposes and satellite commu-
nications [160].

Table 4 summarizes some of the state-of-the-art FSO-based
configurations for high transmission capacity links [139],
[161], [162], [163], [164], [165], [166]. In [161] the authors
combined FSO and FiWi techniques to transmit a 100 MHz
bandwidth signal using 64-QAMmodulation. Performance is
evaluated by exposing the RoF/FSO section to atmospheric
turbulence. The authors demonstrated that a 100-meters free-
space-optics link span, even under strong turbulence, can still
deliver acceptable error vector magnitude (EVM) below 9%
with SNR levels of 22 dB. Esmail et al. [162] have experimen-
tally analyzed the effect of dust storms on the performance
of an FSO link carrying a RF signal at 28 GHz. The results
indicate that the FSO link operating at an optical carrier
frequency of about 193 THz is significantly affected by low
visibility. In addition, the analysis showed that dust storms
condition introduces a flat fading over the frequency range
under study, i.e., 21–29 GHz bandwidth. Also, a comparison
between the FSO and RF channels under the same dusty
conditions was performed. The results showed that the effects
of the dust storm are negligible for the RF link which makes
it a suitable backup for FSO link in case of severe dust
conditions. Finally, a 8 Gbit/s transmission over the RoF/FSO
link has been demonstrated for a 40 GHz signal. System
penalties have been measured under distinct thermal-induced
turbulence distributions along the FSO channel [163].

A heterogeneous RoF/FSO/Wireless non-standalone
(NSA) transmission of LTE-A and 5G NR signals in the
2.2 and 3.5 GHz bands, respectively, has been carried out
in [139]. The experimental results demonstrated the benefits
of employing hybrid analog/digital heterogeneous transmis-
sion. The authors have achieved [164] the transmission of
high-speed radio signals in the 90 GHz band over a seamless
fiber–FSO system in both DL and UL directions, by using the
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TABLE 4. State-of-the-art FSO solutions for mobile fronthauls.

intermediate-frequency-over-fiber (IFoF) method. Specifi-
cally, a transmitted data rate of approximately 80 Gbit/s over
a seamless RoF/FSO/Wireless system in the DL direction
has been demonstrated. In addition, the authors established
reliable full-duplex transmission of millimeter-wave signals
over a hybrid single-mode fiber (SMF) and FSO link for
the 5G radio access networks [165]. 3 Gbit/s data rates
have been transmitted over a hybrid system, composed of
10 km SMF and 1.2 m FSO link. In particular, our research
group has proposed an architecture which relies on a novel
and efficient heterogeneous optical-wireless network using
RoF, FSO and wireless technologies for 5G and beyond
applications [166]. A hybrid fronthaul, which encompasses
a 12.5-km RoF link followed by a 1-m FSO link and an 8-m
indoor wireless access network, has been implemented. Spe-
cific combinations of multi-standard and multi-band optical-
wireless network reached throughputs up to 3 Gbit/s and
1.4 Gbit/s based on hybrid RoF/FSO and RoF/FSO/Wireless
configurations, respectively.

D. VLC—VISIBLE LIGHT COMMUNICATIONS
Visible light communications based on light emitting diodes
(LEDs) have emerged as a cost-effective, energy-efficient and
secure wireless access technology to address the demands
brought about by the future 6G network [167], [168].
In this technique, the lightning infrastructure can be exploited
for simultaneously providing multiple wireless services for
offices, aircrafts, homes, and hospitals, as well as vehicu-
lar applications such as vehicle to vehicle (V2V) and vehi-
cle to infrastructure (V2I) [109]. The VLC system offers
important advantages when compared to the conventional
RF systems, such as absence of licensing requirements and
immunity to electromagnetic interference, enabling access to
areas restricted to RF and frequency reuse. In addition, VLC
systems offer a huge amount of available bandwidth (BW) for
modulation, enhancing indoor security and privacy [169].

For these reasons, VLC technology represents an attractive
alternative to RF wireless communications. A carrier in the
visible light wavelength range (380-780 nm) enables a band-
width of up to one thousand times greater than RF communi-

cations [168], allowing high data throughput, in the order of
Gbit/s [170], [171]. Also, the use of the non-regulated visible
light spectrum allows for a reduced cost for the deployment
of the VLC technology.

The literature registers several investigations of LED-
based VLC systems for indoor applications. Sifaou
et al. [172] numerically demonstrated the benefits of using
precoding techniques. They also established the improve-
ment of the signal-to-interference-plus-noise ratio (SINR)
in systems with multiple MIMO users, when the receivers
are placed at different beam arrival angles. In [173], the
authors experimentally demonstrated the joint implemen-
tation of WDM and MIMO techniques to transmit modu-
lated data streams in discrete multitone (DTM). Mejia and
Georghiades [174] presented an overview of color-shift-
keying (CSK), based on red, green and blue (RGB) LEDs,
by considering different coding methods, with empha-
sis on CSK trellis-coded modulation (TCM) and CSK
finite-state-machines (FSM) codings, which provided higher
SNR. In [175], an experimental work discussed DPD and
pre-equalization techniques to mitigate the degrading non-
linear effects of VLC systems.

In the context of VLC systems applied to 5G networks,
many investigations are also available in the technical liter-
ature [176], [177], [178], [179], [180], [181], [182], [183].
In [176], the authors performed a numerical performance
analysis of the asymmetrically clipped DC-biased optical
OFDM (ADC-OFDM) waveform in a relay-assisted VLC
system employing two radiant sources. The simulation results
show that the proposed configuration improves the system
performance [176]. In [177], the researchers numerically ana-
lyzed the discrete wavelet transform OFDM (DWT-OFDM)
waveform performance for the combined use of power line
communication (PLC) and VLC technologies. The theoret-
ical and simulation results, as a function of bit error rate
(BER), show that the DWT-OFDM outperforms a OFDM-
based PLC-VLC system. In [178], a numerical study was
carried out to optimize the number of optical attocells accord-
ingly to the number of users and the required throughput. The
simulated results showed that an attocell can guarantee the
quality of service of up to four users with a large half-power
half-angle [178].

Chou and Tsai [179] implemented and experimentally
analyzed a micro-projection enabling short-range communi-
cation (SRC) system for a personal communication device
in a 5G application using LEDs with a micro liquid crys-
tal display. 4-PAM, 8-PSK and 16-QAM waveforms were
transmitted and a maximum throughput of 892 Mbit/s was
reached for a distance of 0,65 meters between transmitter and
receiver [179]. Shi et al. [180] experimentally demonstrated
the implementation of the 5G NR standard in a VLC system.
The transmission of QPSKmodulated signals was carried out,
and a maximum throughput of 14.4 Mbit/s was achieved for
a distance of 0.55 m [180]. Valluri et al. [181] experimen-
tally demonstrated the reduction of the peak average power
of the DC-biased optical OFDM (DCO-OFDM) waveform,
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FIGURE 9. Photograph of the visible light communication setup for
experiments.

by means of a channel estimation algorithm. The experimen-
tal results indicated a significant reduction in peak-to-average
power ratio (PAPR) without affecting the real-time channel
response [181]. Monteiro et al. [182] carried out a experimen-
tal performance analysis of the orthogonal frequency divi-
sion multiplexing (OFDM), generalized frequency division
multiplexing (GFDM) and filter bank multi-carrier (FBMC).
The results suggested that the GFDM provides improved
performance for the analyzed system, reaching a throughput
of 9.94 Mbit/s for a distance of 2 m [182].

Our research group has also contributed to the advance-
ment of the VLC technology. For instance, in [183],
we developed an RGB-based VLC system using the 5G
NR standard. In this proposition, a four LEDs array with
the red, green, blue and amber (RGBA) colors was used
in order to enable WDM transmission while still generat-
ing white light for environment illumination. During the
experiments, we decided not to use the amber wavelength,
due to its low optical output power. Yet, it was possible to
transmit signals at 872 Mbit/s. Transmission is based on the
VLC technique, operating simultaneously in three remain-
ing RGB colors. Additionally, M-QAM signals were also
transmitted, making use of the DPD in order to increase the
data throughput, which reached 1.92 Gbit/s. Fig. 9 depicts
a photograph of the experimental setup implemented in our
laboratory [183].

Although VLC systems present remarkable advantages in
comparison to traditional wireless links, there are several
implementation hurdles that must be overcome to enable a
commercial VLC system with all the required features. One
of the challenges refers to throughput enhancement since
there is a huge bandwidth available in the visible light spec-
trum and the commercial LEDs 3-dB bandwidth is limited,
reaching only a fewMHz [184], [185]. For this reason, several
techniques have been proposed to overcome the LED band-
width limitation. A simple and low-cost approach is to place
a blue optical filter at the received for enhancing the 3-dB
bandwidth, however, throughput remains low in contrast with
the available bandwidth [186]. Laser diodes have also been
employed as a VLC transmitter, enabling higher bandwidths.

For instance, Wei et al. reported a 6.9 Gbit/s VLC system
with functional transmission distance based on white-light
phosphor laser [187]. In addition, as reported in some of
the previously highlighted works, techniques to linearize and
compensate the LED response over the frequency can be
used, applying pre-distorter or equalizer, and also MIMO
techniques, to enhance the total throughput [172], [173],
[175], [183].

Other VLC systems challenges are concerning the uplink.
VLC links in an indoor environment focus on the use of white
LED broadcasting characteristics to enable lighting and com-
munication, typically downlink. Accordingly, there is a need
to establish an uplink, in order to create a bidirectional com-
munication [188]. The deployment of an uplink connection
using VLC is not an alternative, since the connected devices
might have multiple LEDs pointing in random directions,
which increases cost and can cause discomfort to the user
eyes [189]. In this context, a hybrid solution must be used
in bidirectional VLC links. Thus, the VLC provides a high
throughput downlink, whereas RF [190], [191], [192], [193]
or infrared [194], [195] communication enables the uplink,
combining the advantages of each technology.

E. IMWP—INTEGRATED MICROWAVE PHOTONICS
Integrated microwave photonics (IMWP) [196] can support
widespread applications in the fields of radar, broadband
wireless access networks, optical processing, as well as in
emerging areas such as FiWi convergence, Terahertz systems
for medical imaging, personal area networks (wireless-body),
among others [141], [197], [198], [199], [200]. Although part
of this potential can be unleashed by conventional microwave
photonics (MWP) [201], [202], several applications are lim-
ited by its high cost and complexity, which establishes typical
ranges of size, weight and power (SWaP), of the order of
0.04 – 0.2 m2, 1.5 – 10 kg, and 15 – 20W, respectively [112].
Such values are detrimental for practical applications and
unfeasible for large-scale production. Thus, approaches based
on integrated optics have emerged, aiming to reduce research,
development, and prototyping costs, as well as the photonic
integrated circuits (PICs) processing time, by more than an
order of magnitude [196], [203], [204], [205].

A major challenge in microwave photonics implies reduc-
ing SWaP characteristics of its devices, subsystems and
systems. However, all-in-one platform integration is also
challenging for this technology. Integrated photonics has the
potential to change the scaling laws of high-bandwidth sys-
tems through proper architectural choices, which combine
photonics with electronics to optimize performance, power,
footprint, and cost. Drastic space and weight reductions are
immediate gains from integration [206], [207]. This technol-
ogy is transformative as it enables the integration of com-
plete sets of microwave and optical components, such as
light sources, analog and digital signal processing circuits,
light detectors, optical control circuits, and others RF cir-
cuits, all-in-one platform to achieve high-performance and
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low-cost mixed signal optical links. In addition, integrated
photonics offers much more than a reduction in footprint and
complexity. For example, confining light in the small mode
volume enhances its interaction with matter, most of the time
through nonlinear optical processes, which resulted in new
technological tools for IMWP, such as Kerr microresonator
combs, hybrid organic–plasmonic modulators and on–chip
stimulated Brioullin scattering (SBS) [197].

Generally, such integration technologies are composed of
highly standardized photonic integration processes which
allow the implementation of a range of application-specific
photonic integrated circuits (ASPICs) from a small set of
basic building blocks (BBB) [203]. Then, it becomes possible
to support a number of different applications, reducing the
PICs development cost and achieving improved performance
and reliability [208]. Also, several different designs can be
combined on the same wafer, the so-called multi-project
wafer (MPW), also reducingmanufacturing costs, as theywill
be divided among different users [203], [208].

Technologies and integration platforms available for
IMWP can be classified into monolithic, heterogeneous, and
hybrid [196]. Monolithic approaches require either a single
material system or a single-chip implementation. Heteroge-
neous integration can be accomplished by combining two or
more materials technologies into a single PIC. Meanwhile,
hybrid integration is a process which employs two or more
PICs, generally from different materials technologies, into a
single package [209], [210]. Typical components manufac-
tured in integrated optics include lasers, modulators, pho-
todetectors, optical amplifiers and filters, as well as passive
components such as couplers, splitters, and delay lines. It is
worthmentioning that the performance characteristics of each
integrated component vary accordingly to the technological
platform used. Among the various available integration plat-
forms, the five most common are those based on indium
phosphide (InP), Silicon Photonics (SiPh), Silicon Nitride
(Si3N4), Lithium Niobate (LiNbO3) and polymers [196],
[209], [211]. Fig. 10 illustrates typical integrated components
within the PIC platform.

InP platforms enable the high-bandwidth lasers, modu-
lators, photodiodes, and optical amplifiers, offering a path-
way to optoelectronic monolithic integration and good
reliability [212], [213]. SiPh leverages existing complemen-
tary metal–oxide–semiconductor (CMOS) process technol-
ogy, thereby offering a more cost-effective implementation
and a more compact footprint [214], [215]. The Si3N4 plat-
form provides very low propagation losses, low fiber cou-
pling loss, enabling filtering and beam shaping applications,
at a potentially low cost [216], [217]. LiNbO3 technology
provides a strong E/O effect and relatively low loss, making it
suitable for wide-bandwidth modulators, by taking advantage
of a well-established technology base [218], [219]. Regarding
the electro-optic (EO) polymer technology, it offers intrinsic
advantages such as a large EO coefficients, low dielectric con-
stant and loss, as well as excellent compatibility with other
material systems [220], [221]. In recent years, transmitter

FIGURE 10. Integrated components within the photonic integrated
circuits platform.

and receiver modules using IMWP are being presented in the
literature as show in [222] and [223].

The development of photonic transmitters based on
wavelength-tunable lasers arrays is an example of integrated
optics research which has been addressed in the literature
because it is a required building block for many microwave
photonics applications. The multi-wavelength transmitter
(MWT) are considered promising for short-distance links
in data center networks, mobile backhaul, and access net-
works [201]. In addition, the MWTs can be employed to feed
phased array antennas, allowing beamforming/beam steering
capabilities [224].

The MWTs investigations reported in the literature are
based either on the directly modulated lasers (DMLs) or
externally modulated lasers (EMLs) configurations. Imple-
mentations based on EMLs are less compact, more complex
and expensive, requiring a larger footprint, due to the use of
external modulators. On the other hand, it offers the benefit of
low chirp, which is a limiting impairment in systems employ-
ing DMLs. In [225], the authors reported a transmitter based
on the integration of four widely tunable EMLs on a InP sub-
strate. Each generated beam passes through a semiconductor
optical amplifier (SOA) and an external electro-absorption
modulator at 10 Gbit/s in baseband operation [225]. Yao
et al. [226] demonstrated a six-channel array based on EML
using Mach-Zehnder modulators integrated into a InP plat-
form. The baseband non-return to zero (NRZ) optical signals
were transmitted at 20 Gbit/s and 30 Gbit/s throughputs. The
photodetected signals were analyzed using the eye diagram
and BER [226].

In [227], the authors implemented an array of eight InP-
based DMLs in the wavelengths around 1550 nm. A 231-1
NRZ pseudo random binary sequence (PRBS) was trans-
mitted at 10 Gbit/s in the back-to-back (B2B) condition
as well as for a baseband-over-fiber (BBoF) link of 2km
over SMF [227]. In [228], the authors described an array
of four DMLs with a 17 GHz electrical bandwidth, in the
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wavelength range between 1295 and 1310 nm, for Local
Area Network WDM (LAN-WDM) applications. Data trans-
mission tests was performed with the standard 231-1 NRZ
PRBS, at 25 Gbit/s per channel, analyzing the B2B condition
and the impact of 30-km propagation in BBoF link from
SMF [228]. Andriolli et al. [229] implemented an integrated
MWT, manufactured with eight channels with a 12 GHz elec-
trical bandwidth between 1541.4 and 1547.0 nm, in which
each laser could be tuned around 4 nm. The experiments
demonstrated baseband transmission of 15 Gbit/s over 2.1 km
of SMF [229].

It is noticed that the investigations described so far concern
the optical transmission of baseband signals. However, the
use of multi-wavelength transmitters is also promising for
WDM-based RoF and/or FiWi systems [24], [230]. Regard-
ing the 5G networks, MWTs can be useful for fronthaul
architectures using the WDM technnique.

In this regard, our research group described in [231], a
4G/5G shared optical fronthaul implementation on the basis
of an integrated MWT [229]. The experiments were carried
out in two conditions, the first scenario based on WDM,
where each RF signal was transmitted on a different opti-
cal carrier, and the second scenario based on subcarrier
multiplexing (SCM), where the RF signals were combined
in the electrical domain and then transmitted by a single
laser. Maximum throughput of 1.04 Gbit/s was demonstratd,
by means of two signals in the 5GNR standard and one signal
in the LTE standard, through a 12.5-km optical link [231].
Next, we reported a FiWi architecture using the integrated
MWT [232]. Three RF signals were transmitted in WDM
by a 12.5-km long RoF link and radiated through an indoor
wireless link within a 10 m range or an outdoor wireless link
of about 115 m. A maximum throughput of 1.36 Gbit/s and
230 Mbit/s were experimentally demonstrated, in the 10 m
and 115 m scenarios, respectively [232]. Finally, in [233] we
reported a RoF/FSO system employing the integrated MWT
combined with the use of BS-ILC. In these experiments,
an M-QAM signal was transmitted over a 12.5 km RoF link
followed by a 1.5 m FSO link. The RoF/FSO combination
achieved a maximum bit rate of 160Mbit/s using a bandwidth
of only 20 MHz [233].

F. PoF—POWER-OVER-FIBER
The PoF technology has become an attractive solution to
transport electrical power to remote locations. In short, this
technology consists of transmitting power by means of an
optical fiber, which provides excellent electrical isolation and
immunity to RF, magnetic fields, sparks, and interference.
Other features include galvanic isolation, weight reduction,
and resistance to corrosion, moisture, and extreme tempera-
tures [234], [235], [236]. In this context, PoF may be con-
sidered as an attractive alternative to increase safety and
reliability of a number of applications by replacing conven-
tional power supplies, metallic cables, and batteries. PoF sys-
tems typically employ three main components: a high-power

FIGURE 11. Optically-powered FiWi system towards 6G mobile networks
(modified from [142]). CO - central office; BH - backhaul; FH - fronthaul;
PoF - power-over-fiber; RoF - radio-over-fiber; RRU - remote radio unit.

laser diode (HPLD), responsible for generating high optical
power; an optical fiber as the light transmission medium;
a photovoltaic power converter (PPC), which performs the
optical-to-electrical (O/E) conversion [237]. One of the key
performance metrics in a PoF system is power transmission
efficiency (PTE), defined as the ratio between the HPLD
output power and total electrical power delivered by the
PPC [238]. As simultaneous data and power transmission
has become feasible, delivered power levels have reached
over 40 W [239], [240], PoF has been employed to power
devices in a wide range of applications, including 5G and
future mobile networks.

Cell densification is a promising approach to meet the
coverage and capacity requirements of future 6G networks.
An effective way to achieve the required desinsification is to
reduce the cell size and to increase the number of deployed
BSs. However, the BS typically consumes around 60% of the
total available power of mobile systems, leading to a sub-
stantial rise in power consumption [241]. Consequently, it is
crucial to provide solutions to properly supply the required
power to BSs, ensuring network operation stability, safety
and robustness. In this context, PoF may be considered a
potential approach to power BSs in future wireless networks.
Fig. 11 depicts an optically powered FiWi system based on
the C-RAN architecture and employing PoF and RoF tech-
nologies. This implementation consists of a CO from which
power and data are simultaneously transmitted through an
optical fiber cable, which can be composed of multimode
fibers (MMFs), SMFs or multicore fibers (MCFs). Although
the PoF technology typically provides lower PTE compared
to the conventional power lines, it can still be extremely effi-
cient, thereby contributing to the required significant increase
in the number of BSs across 5G and 6G networks [240].

Several architectures employing the PoF technology
have been reported in literature regarding mobile fronthaul
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configurations. Table 5 reports the main performance param-
eters for the state-of-the-art PoF solutions for mobile fron-
thauls. In particular, an optically-powered RoF system
employing a MCF link has been proposed [242]. A 12-Gbps
OFDM signal with intermediate frequency (IF) of 92 GHz
was simultaneously transmitted with a 0.8-W optical power
beam to feed an UTC-PD and an RF amplifier, aiming at
5G applications. Regarding high-power delivery, Matsuura
et al. [238] demonstrated a 150-W optical power transmission
over a 300-m double-clad fiber (DCF) link. Four 808-nm
HPLDs and 18 PPCs were used for providing 40 W of elec-
trical power, resulting in PTE of approximately 30%. A PoF
system capable of delivering roughly 2-W of electrical power
over a 100-mMMF linkwas reported in [243]. ARRHcontrol
board was developed and different sleep mode configurations
were implemented aiming at efficient 5G C-RAN fronthauls.
Al-Zubaidi et al. [244] reported the use of a SMF link for
optically powering remote antenna units (RAUs) of 5G sys-
tems. Approximately 870 mW was delivered to an optical
power meter (OPM). Also, a 5G fronthaul configuration has
been deployed in [245]. In this work, 10-W optical power
and 1.5-Gbit/s 5G NR signal carrier centered at 3.5 GHz
were simultaneously transmitted over a 1-km SMF link. Over
7 W electrical power was delivered to an OPM, resulting in
PTE of 25.1%. Lopéz-Cardona et al. [246] reported a PoF-
based 5G NR network employing RoF technology and a
MCF link. More recently, the simultaneous transmission of
a 5G NR signal and 60-W energy light has been reported
in [247] employing 1-km of weakly-coupled seven-core fiber
(WC-7CF). Over 11.5 W electrical power was delivered in
this scheme.

Our research group, WOCA, from National Institute of
Telecommunications (Inatel), has implemented an optically-
powered 5G NR FiWi system employing PoF and RoF
technologies, aiming at high-throughput short-range 5G NR
cells [142]. Our approach enabled the simultaneous transmis-
sion of a 5G NR signal at 3.5 GHz with bandwidth up to
100 MHz as well as a 2.2-W optical power signal employing
dedicated fiber-optics links. The proposed PoF system was
able to deliver up to 516 mW electrical power, by means
of a 100-m MMF link, in order to optically power a 5G
NR RAU. An overall PTE of 23.5% was achieved with this
configuration.

One may notice from Table 5 that the main challenge
regarding PoF systems is the fiber link reach. In a shared
scenario, in which a single optical fiber is used for simultane-
ous power and data transmission (see Fig. 11), long-distance
fronthaul links are not feasible due to the higher attenuation
at the shorter wavelengths employed in PoF systems, e.g.
808 nm and 980 nm, which limits the power transmission
link to a few kilometers. On the other hand, in a dedicated
configuration, data and high-power signals are individually
transmitted through dedicated fibers. In this context, a cen-
tralized power supply station (CPSS) could be implemented
for distributing power to each RRU by means of a dedicated
PoF link, as reported in [142], and the PoF link distance

TABLE 5. State-of-the-art PoF solutions for mobile fronthauls.

limitation would not have any impact on the fronthaul link
distance.

The PoF system capacity of delivering high power is also
critical. As reported in Table 5, the maximum electrical
power delivered by a PoF system reported in literature is
43.7 W. However, the typical maximum power consumption
of a 5G site is currently higher than 11 kW [248]. Conse-
quently, current PoF systems would not deliver enough power
to feed an RRU in 5G sites. On the other hand, PoF systems
could be employed to enable low-power small cells. For
instance, a commercial femtocell typically consumes up to
24W [249]. In addition, base stations operating in sleepmode
have been proposed, saving up to 60% energy in networks and
enabling PoF integration [238]. Nevertheless, PPCs conver-
sion efficiencies are expected to improve as the technology
matures, increasing the capacity of power delivery in PoF
systems.

V. CONCLUSION
This paper presented a review on wireless and optical con-
vergent access solutions towards 6G systems. Themanuscript
started with an brief overview on the mobile communication
systems evolution trends, focusing on the challenges and the
vision for the future 6G RAN. Next, the use cases, require-
ments and enablers for 6G networks were discussed. It was
pointed out that they are still under discussion worldwide,
suggesting that THz and sub-THz communications, wireless-
optical integration, VLC and new antennas designs can be
considered major building blocks for the future wireless
systems. The manuscript also presented the main wireless
technology trends, which encompassed the channel capac-
ity opportunities and issues, considering the expected high
frequencies, including mmWaves and THz communications
and last mile solutions such as HIBS technologies. Also,
the paper conducts a discussion on the state-of-the-art on
antenna design for sub-6 GHz, mmWaves and THz frequency
ranges. It was concluded that the literature on beamforming
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andMIMO applications from literature are usually concerned
with the array antenna element (mainly patch, dipole or slot
antennas), feeding network or scanning range enhancement.
In any case, regardless the application, reducing mutual cou-
pling is an important performance metric. Furthermore, THz
antenna design is divided in two main categories: conven-
tional microwave and mmWaves antenna design, re-tuned
for higher frequencies and photoconductive antenna design
for THz signal generation, by using antennas, photonics and
concepts and plasma physics concepts.

Next, the manuscript presented the RAN evolution towards
optical and wireless convergence, to support current and
futuremobile communications networks requirements. In this
context, FiWi systems within the C-RAN architecture and
fiber-optics-based fronthaul assisted by ML were consid-
ered candidates to solve flexibility and scalability issues.
In addition, OWC systems, specially FSO and VLC, have
emerged as promising candidates for enabling optical-fiber
like performance. Also, new approaches in photonic integra-
tion have emerged, aiming to reduce research, development,
and prototyping costs of MWP devices. Finally, the PoF
technology was proposed as a joint solution to transport data
and electrical power to remote locations.

All discussed technologies are still ongoing research,
which brings many opportunities as future works for
researchers worldwide. For example, the manuscript has
pointed out that antenna design is continuously evolving
towards higher frequencies, up to THz frequency range. This
leads to the conclusion that active and integrated circuits,
jointly with new materials, should be investigated for cover-
ing these unprecedented frequency bands. FiWi systems are
limited if employed as D-RoF due to the need for high-speed
ADCs and RF conversion in remote sites, whereas A-RoF
drawbacks are related to the compatibility issues with estab-
lished passive optical networks. If a ML-based linearization
technique is employed, FiWi systems challenges are related
to the need for a representative data set for training a neural
network. FSO systems can be unfeasible in case of low align-
ment precision and stability, whereas VLC systems provide
an extremely wide bandwidth in the optical domain, but are
limited by the electric bandwidth from the LED components,
which is quite narrow. A major challenge in microwave
photonics implies reducing the SWaP characteristics of its
devices, subsystems and systems. Finally, on joint deploy-
ment of PoF and communication links, the main challenge is
the fiber spam length. Long-distance fronthaul links are not
feasible due to the high attenuation at the shorter wavelengths
employed in PoF systems.

REFERENCES

[1] Cisco 5G Vision Series: Laying the Foundation for New Technologies,
Cisco, San Jose, CA, USA, 2016.

[2] 5G Vision, DMC R&D Center, Samsung Electronics, Suwon-Si,
South Korea, 2015.

[3] 5G; Study on Scenarios and Requirements for Next Generation Access
Technologies, 3GPP, document TR 38.913, 2017.

[4] E. Westerberg, ‘‘4G/5G RAN architecture: How a split can make the
difference,’’ Ericsson Technol. Rev., vol. 93, no. 6, pp. 1–15, 2016.

[5] A. De La Oliva, X. C. Pérez, A. Azcorra, A. Di Giglio, F. Cavaliere,
D. Tiegelbekkers, J. Lessmann, T. Haustein, A. Mourad, and P. Iovanna,
‘‘Xhaul: Toward an integrated fronthaul/backhaul architecture in 5G
networks,’’ IEEE Wireless Commun., vol. 22, no. 5, pp. 32–40,
Oct. 2015.

[6] I. Philbeck, ‘‘Connecting the unconnected: Working together to achieve
connect 2020 agenda targets,’’ ITU, Geneva, Switzerland, White Paper,
2017.

[7] Group Radio Access Network; NR; User Equipment (UE) Radio
Transmission and Reception; Part 1: Range 1 Standalone, 3GPP,
document TS 38.101-1, 2019.

[8] Technical Specification Group Services and System Aspects;
Release 16 Description; Summary of Rel-16 Work Items, 3GPP,
document TR 21.916, 2022.

[9] Technical Specification Group Services and System Aspects;
Release 17 Description; Summary of Rel-17 Work Items, 3GPP,
document TR 21.917, 2022.

[10] C. Han, Y. Wu, and Z. Chen. (2018). Network 2030 a Blueprint
of Technology, Applications and Market Drivers Towards the Year
2030 and Beyond. [Online]. Available: https://www.itu.int/en/ITU-
T/focusgroups/net2030/Documents/White_Paper.pdf

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

[12] M. Latva-aho, K. Leppänen, F. Clazzer, and A. Munari, ‘‘Key drivers
and research challenges for 6G ubiquitous wireless intelligence,’’ 6G
Flagship, Univ. Oulu, Oulu, Finland, White Paper, 2019.

[13] Z. Zhang, Y. Xiao, Z. Ma, M. Xiao, Z. Ding, X. Lei, G. K. Karagiannidis,
and P. Fan, ‘‘6G wireless networks: Vision, requirements, architec-
ture, and key technologies,’’ IEEE Veh. Technol. Mag., vol. 14, no. 3,
pp. 28–41, Sep. 2019.

[14] CRR. (2021). Radiocommunications Reference Center (CRR) From Ina-
tel. [Online]. Available: https://inatel.br/crr/

[15] W. Dias, D. Gaspar, L. Mendes, M. Chafii, M. Matthe, P. Neuhaus,
and G. Fettweis, ‘‘Performance analysis of a 5G transceiver implemen-
tation for remote areas scenarios,’’ in Proc. Eur. Conf. Netw. Commun.
(EuCNC), Jun. 2018, pp. 363–367.

[16] W. Dias, A. Ferreira, R. Kagami, J. S. Ferreira, D. Silva, and L. Mendes,
‘‘5G-RANGE: A transceiver for remote areas based on software-defined
radio,’’ in Proc. Eur. Conf. Netw. Commun. (EuCNC), Jun. 2020,
pp. 100–104.

[17] CRR. (2021). 5G Range. [Online]. Available: http://5g-range.eu/
[18] I. B. F. de Almeida, L. L. Mendes, J. J. P. C. Rodrigues, and

M. A. A. da Cruz, ‘‘5Gwaveforms for IoT applications,’’ IEEECommun.
Surveys Tuts., vol. 21, no. 3, pp. 2554–2567, 3rd Quart., 2019.

[19] Inatel. (2021). Evolving With Telecommunications, Inatel Integrates
a Pioneer Group in the World of 6G Research. [Online]. Available:
https://inatel.br/imprensa/noticias/pesquisa-e-inovacao/3426-inatel-
integra-grupo-pioneiro-no-mundo-de-pesquisas-sobre-6g

[20] Instituto Nacional de Telecomunicações. (2021). 6G Brasil. [Online].
Available: https://cursos.inatel.br/lp-workshop-de-6g

[21] University of Oulu. (2021). 6G Flagship. [Online]. Available:
https://www.oulu.fi/6gflagship/

[22] H. R. D. Filgueiras, R. M. Borges, M. C. T. H. Brandao, and
A. C. Sodre, ‘‘Dual-band wireless fronthaul using a FSS-based focal-
point/cassegrain antenna assisted by an optical midhaul,’’ IEEE Access,
vol. 7, pp. 112578–112587, 2019.

[23] A. Tzanakaki et al., ‘‘Wireless-optical network convergence: Enabling
the 5G architecture to support operational and end-user services,’’ IEEE
Commun. Mag., vol. 55, no. 10, pp. 184–192, Oct. 2017.

[24] G. Kalfas, C. Vagionas, A. Antonopoulos, E. Kartsakli, A. Mesodiakaki,
S. Papaioannou, P. Maniotis, J. S. Vardakas, C. Verikoukis, and N. Pleros,
‘‘Next generation fiber-wireless fronthaul for 5G mmWave networks,’’
IEEE Commun. Mag., vol. 57, no. 3, pp. 138–144, Mar. 2019.

[25] T. H. Brandão, F. Scotti, H. R. D. Filgueiras, A. A. de Castro Alves,
D. Onori, S. Melo, A. Bogoni, and A. C. Sodré, ‘‘Coherent dual-
band radar system based on a unique antenna and a photonics-based
transceiver,’’ IET Radar, Sonar Navigat., vol. 13, no. 4, pp. 505–511,
Apr. 2019.

VOLUME 11, 2023 9251



H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

[26] R. M. Borges, T. R. R. Marins, M. S. B. Cunha, H. R. D. Filgueiras,
I. F. da Costa, R. N. da Silva, D. H. Spadoti, L. L. Mendes, and
A. C. Sodré, ‘‘Integration of a GFDM-based 5G transceiver in a GPON
using radio over fiber technology,’’ J. Lightw. Technol., vol. 36, no. 19,
pp. 4468–4477, Oct. 1, 2018.

[27] C. Lim, Y. Tian, C. Ranaweera, T. A. Nirmalathas, E. Wong, and
K.-L. Lee, ‘‘Evolution of radio-over-fiber technology,’’ J. Lightw. Tech-
nol., vol. 37, no. 6, pp. 1647–1656, Mar. 15, 2019.

[28] R. M. Borges, L. A. M. Pereira, H. R. D. Filgueiras, A. C. Ferreira,
M. S. B. Cunha, E. R. Neto, D. H. Spadoti, L. L. Mendes, and
A. Cerqueira, ‘‘DSP-based flexible-waveform and multi-application 5G
fiber-wireless system,’’ J. Lightw. Technol., vol. 38, no. 3, pp. 642–653,
Feb. 1, 2020.

[29] G. Brown and H. Reading, ‘‘Exploring the potential of mmWave for 5G
mobile access,’’ Qualcomm, San Diego, CA, USA, White Paper, 2016.

[30] C. Wallace, ‘‘Bringing 5G networks indoors,’’ Ericsson, Stockholm,
Sweden, White Paper, 2019.

[31] G. Huawei, ‘‘Indoor 5G scenario oriented white paper,’’ Huawei,
Shenzhen, China, White Paper, 2019.

[32] J. Liu, G. Shou, Y. Liu, Y. Hu, and Z. Guo, ‘‘Performance evaluation
of integrated multi-access edge computing and fiber-wireless access net-
works,’’ IEEE Access, vol. 6, pp. 30269–30279, 2018.

[33] Q.-V. Pham, F. Fang, V. N. Ha, M. J. Piran, M. Le, L. B. Le, H. Won-Joo,
and Z. Ding, ‘‘A survey of multi-access edge computing in 5G and
beyond: Fundamentals, technology integration, and state-of-the-art,’’
IEEE Access, vol. 8, pp. 116974–117017, 2020.

[34] Z. Jiao, B. Zhang, M. Liu, and C. Li, ‘‘Visible light communication based
indoor positioning techniques,’’ IEEE Netw., vol. 31, no. 5, pp. 115–121,
Jul. 2017.

[35] Y. Zhuang, L. Hua, L. Qi, J. Yang, P. Cao, Y. Cao, Y. Wu, J. Thompson,
and H. Haas, ‘‘A survey of positioning systems using visible LED
lights,’’ IEEE Commun. Surveys Tuts., vol. 20, no. 3, pp. 1963–1988,
3rd Quart., 2018.

[36] C. De Lima, D. Belot, R. Berkvens, A. Bourdoux, D. Dardari,
M. Guillaud, andM. Isomursu, ‘‘Convergent communication, sensing and
localization in 6G systems: An overview of technologies, opportunities
and challenges,’’ IEEE Access, vol. 9, pp. 26902–26925, 2021.

[37] S. Ahmadi. (2019). 5G NR: Architecture, Technology, Implementation,
andOperation of 3GPPNewRadio Standards. Elsevier Science. [Online].
Available: https://books.google.com.br/books?id=N0hgtAEACAAJ

[38] A. Ghosh, A. Maeder, M. Baker, and D. Chandramouli, ‘‘5G evolution:
A view on 5G cellular technology beyond 3GPP release 15,’’ IEEE
Access, vol. 7, pp. 127639–127651, 2019.

[39] A. Gupta and R. K. Jha, ‘‘A survey of 5G network: Architecture and
emerging technologies,’’ IEEE Access, vol. 3, pp. 1206–1232, 2015.

[40] A. Sheikhi, S. M. Razavizadeh, and I. Lee, ‘‘A comparison of TDD and
FDD massive MIMO systems against smart jamming,’’ IEEE Access,
vol. 8, pp. 72068–72077, 2020.

[41] J. O. Nielsen, A. Karstensen, P. C. F. Eggers, E. De Carvalho,
G. Steinbock, and M. Alm, ‘‘Precoding for TDD and FDD in measured
massive MIMO channels,’’ IEEE Access, vol. 8, pp. 193644–193654,
2020.

[42] J. Flordelis, F. Rusek, F. Tufvesson, E. G. Larsson, and O. Edfors, ‘‘Mas-
sive MIMO performance—TDD versus FDD: What do measurements
say?’’ IEEE Trans. Wireless Commun., vol. 17, no. 4, pp. 2247–2261,
Apr. 2018.

[43] P. V. B. H. Asplund and D. Astely, Advanced Antenna Systems for 5G
Network Deployments. Amsterdam, The Netherlands: Elsevier, 2020.

[44] J. Gao, C. Zhong, G. Y. Li, and Z. Zhang, ‘‘Deep learning-based channel
estimation for massive MIMO with hybrid transceivers,’’ IEEE Trans.
Wireless Commun., vol. 21, no. 7, pp. 5162–5174, Jul. 2022.

[45] C. D. Alwis, A. Kalla, Q.-V. Pham, P. Kumar, K. Dev, W.-J. Hwang,
and M. Liyanage, ‘‘Survey on 6G frontiers: Trends, applications, require-
ments, technologies and future research,’’ IEEE Open J. Commun. Soc.,
vol. 2, pp. 836–886, 2021.

[46] H.-J. Song, ‘‘Terahertz wireless communications: Recent developments
including a prototype system for short-range data downloading,’’ IEEE
Microw. Mag., vol. 22, no. 5, pp. 88–99, May 2021.

[47] T. Nagatsuma, G. Ducournau, and C. C. Renaud, ‘‘Advances in terahertz
communications accelerated by photonics,’’ Nature Photon., vol. 10,
pp. 371–379, Jun. 2016.

[48] J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and
A. Y. Cho, ‘‘Quantum cascade laser,’’ Science, vol. 264, no. 5158,
pp. 553–556, 1994.

[49] 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.

[50] E. S. Lima, N. Andriolli, E. Conforti, G. Contestabile, and A. C. Sodre,
‘‘Low-phase-noise tenfold frequency multiplication based on integrated
optical frequency combs,’’ IEEE Photon. Technol. Lett., vol. 34, no. 16,
pp. 878–881, Aug. 15, 2022.

[51] G. Danion, C. Hamel, L. Frein, F. Bondu, G. Loas, andM. Alouini, ‘‘Dual
frequency laser with two continuously and widely tunable frequencies for
optical referencing of GHz to THz beatnotes,’’ Opt. Exp., vol. 22, no. 15,
pp. 17673–17678, 2014.

[52] Q. Lu, F. Wang, D. Wu, S. Slivken, and M. Razeghi, ‘‘Room temperature
terahertz semiconductor frequency comb,’’ Nature Commun., vol. 10,
no. 1, pp. 1–7, Jun. 2019.

[53] E. S. Lima, R. M. Borges, N. Andriolli, E. Conforti, G. Contestabile, and
A. C. Sodré, ‘‘Integrated optical frequency comb for 5GNRXhauls,’’ Sci.
Rep., vol. 12, no. 1, p. 16421, Sep. 2022.

[54] L. Lei, J. L. Hesler, H. Xu, A. W. Lichtenberger, and R. M. Weikle,
‘‘A broadband quasi-optical terahertz detector utilizing a zero bias Schot-
tky diode,’’ IEEE Microw. Wireless Compon. Lett., vol. 20, no. 9,
pp. 504–506, Sep. 2010.

[55] G. Ducournau, Y. Yoshimizu, S. Hisatake, F. Pavanello, E. Peytavit,
M. Zaknoune, T. Nagatsuma, and J.-F. Lampin, ‘‘Coherent THz commu-
nication at 200 GHz using a frequency comb, UTC-PD and electronic
detection,’’ Electron. Lett., vol. 50, no. 5, pp. 386–388, 2014.

[56] B. S. Williams, ‘‘Terahertz quantum-cascade lasers,’’ Nature Photon.,
vol. 1, no. 9, pp. 517–525, 2007.

[57] J. M. Jornet and I. F. Akyildiz, ‘‘Graphene-based plasmonic nano-
transceiver for terahertz band communication,’’ in Proc. 8th Eur. Conf.
Antennas Propag. (EuCAP), Apr. 2014, pp. 492–496.

[58] L. Zhang, X. Pang, S. Jia, S. Wang, and X. Yu, ‘‘Beyond 100 Gb/s opto-
electronic terahertz communications: Key technologies and directions,’’
IEEE Commun. Mag., vol. 58, no. 11, pp. 34–40, Nov. 2020.

[59] D. Cimbri, J. Wang, A. Al-Khalidi, and E. Wasige, ‘‘Resonant tunnelling
diodes high-speed terahertz wireless communications—A review,’’ IEEE
Trans. THz Sci. Technol., vol. 12, no. 3, pp. 226–244, May 2022.

[60] J. Federici and L. Moeller, ‘‘Review of terahertz and subterahertz wire-
less communications,’’ J. Appl. Phys., vol. 107, no. 11, Jun. 2010,
Art. no. 111101.

[61] P. Rodríguez-Vázquez, J. Grzyb, B. Heinemann, and U. R. Pfeiffer,
‘‘A 16-QAM 100-Gb/s 1-M wireless link with an EVM of 17% at
230 GHz in an SiGe technology,’’ IEEE Microw. Wireless Compon. Lett.,
vol. 29, no. 4, pp. 297–299, Apr. 2019.

[62] K. M. Leong, X. Mei, W. H. Yoshida, A. Zamora, J. G. Padilla,
B. S. Gorospe, K. Nguyen, and W. R. Deal, ‘‘850 GHz receiver and
transmitter front-ends using InP HEMT,’’ IEEE Trans. THz Sci. Technol.,
vol. 7, no. 4, pp. 466–475, Jul. 2017.

[63] R. Lai, X. B. Mei, W. R. Deal, W. Yoshida, Y. M. Kim, P. H. Liu, J. Lee,
J. Uyeda, V. Radisic, M. Lange, T. Gaier, L. Samoska, and A. Fung, ‘‘Sub
50 nm InP HEMT device with Fmax greater than 1 THz,’’ in IEDM Tech.
Dig., Dec. 2007, pp. 609–611.

[64] V. Radisic, D. Scott, S. Wang, A. Cavus, A. Gutierrez-Aitken, and
W. R. Deal, ‘‘235 GHz amplifier using 150 nm InP HBT high power
density transistor,’’ IEEE Microw. Wireless Compon. Lett., vol. 21, no. 6,
pp. 335–337, Jun. 2011.

[65] Y. Yashchyshyn, K. Derzakowski, G. Bogdan, K. Godziszewski,
D. Nyzovets, C. H. Kim, and B. Park, ‘‘28 GHz switched-beam antenna
based on S-PIN diodes for 5G mobile communications,’’ IEEE Antennas
Wireless Propag. Lett., vol. 17, no. 2, pp. 225–228, Feb. 2018.

[66] C. Mao, M. Khalily, P. Xiao, T. W. C. Brown, and S. Gao, ‘‘Planar sub-
millimeter-wave array antenna with enhanced gain and reduced sidelobes
for 5G broadcast applications,’’ IEEE Trans. Antennas Propag., vol. 67,
no. 1, pp. 160–168, Jan. 2019.

[67] X. Wang, Y. Cheng, and Y. Dong, ‘‘A wideband PCB-stacked air-filled
Luneburg lens antenna for 5G millimeter-wave applications,’’ IEEE
Antennas Wireless Propag. Lett., vol. 20, no. 3, pp. 327–331, Mar. 2021.

[68] Y. Gao, R. Ma, Y.Wang, Q. Zhang, and C. Parini, ‘‘Stacked patch antenna
with dual-polarization and low mutual coupling for massive MIMO,’’
IEEE Trans. Antennas Propag., vol. 64, no. 10, pp. 4544–4549, Oct. 2016.

9252 VOLUME 11, 2023



H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

[69] M. V. Komandla, G. Mishra, and S. K. Sharma, ‘‘Investigations on dual
slant polarized cavity-backed massive MIMO antenna panel with beam-
forming,’’ IEEE Trans. Antennas Propag., vol. 65, no. 12, pp. 6794–6799,
Dec. 2017.

[70] X. Yang, W. Lu, N. Wang, K. Nieman, C.-K. Wen, C. Zhang, S. Jin,
X. Mu, I. Wong, Y. Huang, and X. You, ‘‘Design and implementation
of a TDD-based 128-antenna massive MIMO prototype system,’’ China
Commun., vol. 14, no. 12, pp. 162–187, 2017.

[71] Y. Hu, W. Hong, C. Yu, Y. Yu, H. Zhang, Z. Yu, and N. Zhang, ‘‘A digital
multibeam array with wide scanning angle and enhanced beam gain for
millimeter-wave massive MIMO applications,’’ IEEE Trans. Antennas
Propag., vol. 66, no. 11, pp. 5827–5837, Nov. 2018.

[72] S. Li, Z. N. Chen, T. Li, F. H. Lin, and X. Yin, ‘‘Characterization of
metasurface lens antenna for sub-6 GHz dual-polarization full-dimension
massiveMIMO andmultibeam systems,’’ IEEE Trans. Antennas Propag.,
vol. 68, no. 3, pp. 1366–1377, Mar. 2020.

[73] M. Temiz, E. Alsusa, L. Danoon, andY. Zhang, ‘‘On the impact of antenna
array geometry on indoor wideband massive MIMO networks,’’ IEEE
Trans. Antennas Propag., vol. 69, no. 1, pp. 406–416, Jan. 2021.

[74] Y. Aslan, A. Roederer, and A. Yarovoy, ‘‘System advantages of using
large-scale aperiodic array topologies in future mm-wave 5G/6G base
stations: An interdisciplinary look,’’ IEEE Syst. J., vol.16, no. 1,
pp. 1239–1248, Mar. 2022.

[75] I. F. da Costa, A. Cerqueira, D. H. Spadoti, L. G. da Silva, J. A. J. Ribeiro,
and S. E. Barbin, ‘‘Optically controlled reconfigurable antenna array for
mm-wave applications,’’ IEEE Antennas Wireless Propag. Lett., vol. 16,
pp. 2142–2145, 2017.

[76] H. R. D. Filgueiras, J. R. Kelly, P. Xiao, I. F. da Costa, and A. C. Sodré,
‘‘Wideband omnidirectional slotted-waveguide antenna array based on
trapezoidal slots,’’ Int. J. Antennas Propag., vol. 2019, pp. 1–8, Oct. 2019.

[77] H. R. D. Filgueiras and A. C. Sodre, ‘‘A 64-element and dual-polarized
SICL-based slot antenna array development applied to TDD mas-
sive MIMO,’’ IEEE Antennas Wireless Propag. Lett., vol. 21, no. 4,
pp. 750–754, Apr. 2022.

[78] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, ‘‘Aspects of favorable
propagation in massive MIMO,’’ in Proc. 22nd Eur. Signal Process. Conf.
(EUSIPCO), 2014, pp. 76–80.

[79] A. C. Sodré, I. F. da Costa, R. A. D. Santos, H. R. D. Filgueiras, and
D. H. Spadoti, ‘‘Waveguide-based antenna arrays for 5G networks,’’ Int.
J. Antennas Propag., vol. 2018, pp. 1–10, Jan. 2018.

[80] E. C. V. Boas, H. R. D. Filgueiras, I. F. da Costa, J. A. J. Ribeiro,
and A. C. Sodre, ‘‘Dual-band switched-beam antenna array for MIMO
systems,’’ IET Microw., Antennas Propag., vol. 14, no. 1, pp. 82–87,
Jan. 2020.

[81] E. C. V. Boas, R. Mittra, and A. C. Sodre, ‘‘A low-profile high-gain slot-
ted waveguide antenna array with grooved structures,’’ IEEE Antennas
Wireless Propag. Lett., vol. 19, no. 12, pp. 2107–2111, Dec. 2020.

[82] H. R. D. Filgueiras, E. S. Lima, T. H. Brandao, and A. Cerqueira, ‘‘5GNR
FR2 femtocell coverage map using an omnidirectional twisted SWAA,’’
IEEE Open J. Antennas Propag., vol. 2, pp. 72–78, 2021.

[83] Z.-W. Miao, Z.-C. Hao, G. Q. Luo, L. Gao, J. Wang, X. Wang, and
W. Hong, ‘‘140 GHz high-gain LTCC-integrated transmit-array antenna
using a wideband SIW aperture-coupling phase delay structure,’’ IEEE
Trans. Antennas Propag., vol. 66, no. 1, pp. 182–190, Jan. 2018.

[84] K. Dhwaj, Y. Zhao, R. A. Hadi, X. Li, F. M.-C. Chang, and T. Itoh,
‘‘A 0.55 THz on-chip substrate integrated waveguide antenna,’’ in Proc.
43rd Int. Conf. Infr., Millim., THz Waves (IRMMW-THz), Sep. 2018,
pp. 1–2.

[85] C. Gu, V. Fusco, G. Gibbons, B. Sanz-Izquierdo, A. Standaert, and
P. Reynaert, ‘‘A D-band 3D-printed antenna,’’ IEEE Trans. THz Sci.
Technol., vol. 10, no. 5, pp. 433–442, Sep. 2020.

[86] D. Zarifi, A. Farahbakhsh, and A. U. Zaman, ‘‘A D-band center-feed
linear slot array antenna based on gap waveguide,’’ in Proc. 13th Eur.
Conf. Antennas Propag. (EUCAP), Mar. 2019, pp. 1–3.

[87] A. Kosogor and Y. Tikhov, ‘‘A 220–300 GHz offset dual-reflector antenna
for point-to-point radio,’’ in Proc. 14th Eur. Conf. Antennas Propag.
(EuCAP), Mar. 2020, pp. 1–3.

[88] A. Gomez-Torrent, M. Garcia-Vigueras, L. Le Coq, A. Mahmoud,
M. Ettorre, R. Sauleau, and J. Oberhammer, ‘‘A low-profile and high-gain
frequency beam steering subterahertz antenna enabled by silicon micro-
machining,’’ IEEE Trans. Antennas Propag., vol. 68, no. 2, pp. 672–682,
Feb. 2020.

[89] Z.-W. Miao, Z.-C. Hao, Y. Wang, B.-B. Jin, J.-B. Wu, and W. Hong,
‘‘A 400-GHz high-gain quartz-based single layered folded reflectarray
antenna for terahertz applications,’’ IEEE Trans. THz Sci. Technol., vol. 9,
no. 1, pp. 78–88, Jan. 2019.

[90] Y.-W. Wu, Z. Jiang, and Z.-C. Hao, ‘‘A 400-GHz low cost planar leaky-
wave antenna with low sidelobe level and low cross-polarization level,’’
IEEE Trans. THz Sci. Technol., vol. 10, no. 4, pp. 427–430, Jul. 2020.

[91] R. Xu, S. Gao, B. S. Izquierdo, C. Gu, P. Reynaert, A. Standaert,
G. J. Gibbons, W. Bösch, 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.

[92] X. Li, L. Lin, L.-S. Wu, W.-Y. Yin, and J.-F. Mao, ‘‘A bandpass graphene
frequency selective surface with tunable polarization rotation for THz
applications,’’ IEEE Trans. Antennas Propag., vol. 65, no. 2, pp. 662–672,
Feb. 2016.

[93] K.-M. Luk, S.-F. Zhou, Y. J. Li, F. Wu, K.-B. Ng, C.-H. Chan, and
S. W. Pang, ‘‘A microfabricated low-profile wideband antenna array for
terahertz communications,’’ Sci. Rep., vol. 7, pp. 1–11, Apr. 2017.

[94] 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.

[95] A. A. C. Alves, M. C. Melo, J. J. Siqueira, F. Zanella, J. R. Mejia-Salazar,
and C. S. Arismar, ‘‘Plasmonic nanoantennas for 6G intra/inter-chip
optical-wireless communications,’’ in Proc. 2nd 6GWireless Summit (6G
SUMMIT), Mar. 2020, pp. 1–4.

[96] F. Zanella, H. R. D. Filgueiras, G. Valerio, C. A. Dartora, A. A. Mariano,
and S. A. Cerqueira, ‘‘Nano-antenna modelling based on plasmonic
charge distribution for THz-based 6G applications,’’ in Proc. 2nd 6G
Wireless Summit (6G SUMMIT), Mar. 2020, pp. 1–4.

[97] M. C. Lemme, T. J. Echtermeyer, M. Baus, and H. Kurz, ‘‘A graphene
field-effect device,’’ IEEE Electron Device Lett., vol. 28, no. 4,
pp. 282–284, Apr. 2007.

[98] E. W. Hill, A. Vijayaragahvan, and K. Novoselov, ‘‘Graphene sensors,’’
IEEE Sensors J., vol. 11, no. 12, pp. 3161–3170, Dec. 2011.

[99] L. C. Alexandre, A. Linhares, G. Neto, and A. C. Sodre, ‘‘High-altitude
platform stations as IMT base stations: Connectivity from the strato-
sphere,’’ IEEE Commun. Mag., vol. 59, no. 12, pp. 30–35, Dec. 2021.

[100] How Many Children and Young People Have Internet Access at
Home?: Estimating Digital Connectivity During the COVID-19 Pan-
demic, UNICEF, New York, NY, USA, 2020.

[101] M. S. Alam, G. K. Kurt, H. Yanikomeroglu, P. Zhu, and N. D. Dao, ‘‘High
altitude platform station based super macro base station constellations,’’
IEEE Commun. Mag., vol. 59, no. 1, pp. 103–109, Jan. 2021.

[102] HAPSMobile. (2020). HAPSMobile’s Sunglider Succeeds in
Stratospheric Test Flight. [Online]. Available: https://www.hapsmobile.
com/en/news/press/2020/20201008_01/

[103] H. Alliance, ‘‘HAPS flight test results show path to unlock stratospheric
communications,’’ Bridging Digit. Divide Aviation Stratosphere, HAPS
Alliance, White Paper, 2021.

[104] D. Zhou, S. Gao, R. Liu, F. Gao, and M. Guizani, ‘‘Overview of devel-
opment and regulatory aspects of high altitude platform system,’’ Intell.
Converged Netw., vol. 1, no. 1, pp. 58–78, Jun. 2020.

[105] S. Euler, X. Lin, E. Tejedor, and E. Obregon, ‘‘A primer on HIBS—High
altitude platform stations as IMT base stations,’’ 2021, arXiv:2101.03072.

[106] High Altitude Platform Systems: Towers in the Skies, GSMA, London,
U.K., 2022.

[107] N. Zhang, N. Cheng, A. T. Gamage, K. Zhang, J. W. Mark, and X. Shen,
‘‘Cloud assisted HetNets toward 5G wireless networks,’’ IEEE Commun.
Mag., vol. 53, no. 6, pp. 59–65, Jun. 2015.

[108] I. Chih-Lin, H. Li, J. Korhonen, J. Huang, and L. Han, ‘‘RAN revo-
lution with NGFI (xHaul) for 5G,’’ J. Lightw. Technol., vol. 36, no. 2,
pp. 541–550, Jan. 15, 2018.

[109] T. Koonen, ‘‘Indoor optical wireless systems: Technology, trends, and
applications,’’ J. Lightw. Technol., vol. 36, no. 8, pp. 1459–1467,
Apr. 15, 2018.

[110] Q. Yan, F. R. Yu, Q. Gong, and J. Li, ‘‘Software-defined network-
ing (SDN) and distributed denial of service (DDoS) attacks in cloud
computing environments: A survey, some research issues, and chal-
lenges,’’ IEEE Commun. Surveys Tuts., vol. 18, no. 1, pp. 602–622,
1st Quart., 2015.

VOLUME 11, 2023 9253



H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

[111] J. G. Herrera and J. F. Botero, ‘‘Resource allocation in NFV: A com-
prehensive survey,’’ IEEE Trans. Netw. Service Manage., vol. 13, no. 3,
pp. 518–532, Sep. 2016.

[112] S. Badotra and S. N. Panda, ‘‘Evaluation and comparison of
OpenDayLight and open networking operating system in software-
defined networking,’’ Cluster Comput., vol. 23, no. 2, pp. 1281–1291,
Jun. 2020.

[113] Z. K. Khattak, M. Awais, and A. Iqbal, ‘‘Performance evaluation of
OpenDaylight SDN controller,’’ in Proc. 20th IEEE Int. Conf. Parallel
Distrib. Syst. (ICPADS), Dec. 2014, pp. 671–676.

[114] F. Hu, Q. Hao, and K. Bao, ‘‘A survey on software-defined network and
OpenFlow: From concept to implementation,’’ IEEE Commun. Surveys
Tuts., vol. 16, no. 4, pp. 2181–2206, 4th Quart., 2014.

[115] D. Pliatsios, P. Sarigiannidis, S. Goudos, and G. K. Karagiannidis,
‘‘Realizing 5G vision through cloud RAN: Technologies, challenges, and
trends,’’ EURASIP J. Wireless Commun. Netw., vol. 2018, no. 1, pp. 1–15,
Dec. 2018.

[116] S. Sun, M. Kadoch, L. Gong, and B. Rong, ‘‘Integrating network function
virtualization with SDR and SDN for 4G/5G networks,’’ IEEE Netw.,
vol. 29, no. 3, pp. 54–59, May/Jun. 2015.

[117] T. Ismail and H. H. M. Mahmoud, ‘‘Optimum functional splits for
optimizing energy consumption in V-RAN,’’ IEEE Access, vol. 8,
pp. 194333–194341, 2020.

[118] A. A. Barakabitze and R. Walshe, ‘‘SDN and NFV for QoE-driven mul-
timedia services delivery: The road towards 6G and beyond networks,’’
Comput. Netw., vol. 214, Sep. 2022, Art. no. 109133.

[119] A. Gudipati, D. Perry, L. E. Li, and S. Katti, ‘‘SoftRAN: Software defined
radio access network,’’ in Proc. 2nd ACM SIGCOMM Workshop Hot
Topics Softw. Defined Netw., Aug. 2013, pp. 25–30.

[120] I. F. Akyildiz, P. Wang, and S.-C. Lin, ‘‘SoftAir: A software defined net-
working architecture for 5G wireless systems,’’ Comput. Netw., vol. 85,
pp. 1–18, Jul. 2015.

[121] K. Sundaresan, M. Y. Arslan, S. Singh, S. Rangarajan, and
S. V. Krishnamurthy, ‘‘FluidNet: A flexible cloud-based radio access
network for small cells,’’ in Proc. 19th Annu. Int. Conf. Mobile Comput.
Netw., 2013, pp. 99–110.

[122] C.-Y. Chang, N. Nikaein, R. Knopp, T. Spyropoulos, and S. S. Kumar,
‘‘FlexCRAN: A flexible functional split framework over Ethernet fron-
thaul in cloud-RAN,’’ in Proc. IEEE Int. Conf. Commun. (ICC),
May 2017, pp. 1–7.

[123] A. Garcia-Saavedra and X. Costa-Perez, ‘‘O-RAN: Disrupting the virtu-
alized RAN ecosystem,’’ IEEE Commun. Standards Mag., vol. 5, no. 4,
pp. 96–103, Dec. 2021.

[124] T. Pfeiffer, ‘‘Next generation mobile fronthaul and midhaul architec-
tures,’’ J. Opt. Commun. Netw., vol. 7, no. 11, p. B38, 2015.

[125] S. Iezekiel, Microwave Photonics: Devices and Applications. Hoboken,
NJ, USA: Wiley, 2009.

[126] L. Li, M. Bi, H. Xin, Y. Zhang, Y. Fu, X. Miao, A. M. Mikaeil,
and W. Hu, ‘‘Enabling flexible link capacity for eCPRI-based fron-
thaul with load-adaptive quantization resolution,’’ IEEE Access, vol. 7,
pp. 102174–102185, 2019.

[127] A. Checko, H. L. Christiansen, Y. Yan, L. Scolari, G. Kardaras,
M. S. Berger, and L. Dittmann, ‘‘Cloud RAN for mobile
networks—A technology overview,’’ IEEE Commun. surveys Tuts.,
vol. 17, no. 1, pp. 405–426, 1st Quart., 2014.

[128] 100GbE CPRI QSFP28 MMF Transceiver, MMA1B00-C100C-
Datasheet, Mellanox Technologies, Sunnyvale, CA, USA, 2018.

[129] X. Zhang, D. Shen, and T. Liu, ‘‘Review of linearization techniques
for fiber-wireless systems,’’ in Proc. IEEE Int. Wireless Symp. (IWS),
Mar. 2014, pp. 1–4.

[130] S. Yao, Y.-W. Chen, S.-J. Su, Y. Alfadhli, S. Shen, R. Zhang, Q. Zhou,
and C. Hang, ‘‘Non-orthogonal uplink services through co-transport of
D-RoF/A-RoF in mobile fronthaul,’’ J. Lightw. Technol., vol. 38, no. 14,
pp. 3637–3643, Mar. 12, 2020.

[131] S. Shen, J.-H. Yan, P.-C. Peng, C.-W. Hsu, Q. Zhou, S. Liu, S. Yao,
R. Zhang, K.-M. Feng, J. Finkelstein, and G.-K. Chang, ‘‘Polarization-
tracking-free PDM supporting hybrid digital-analog transport for fixed-
mobile systems,’’ IEEE Photon. Technol. Lett., vol. 31, no. 1, pp. 54–57,
Jan. 1, 2018.

[132] X. Hu, C. Ye, and K. Zhang, ‘‘Converged mobile fronthaul and passive
optical network based on hybrid analog-digital transmission scheme,’’ in
Proc. Opt. Fiber Commun. Conf., 2016, pp. 3–5.

[133] C. Browning, A. Farhang, A. Saljoghei, N. Marchetti, V. Vujicic,
L. E. Doyle, and L. P. Barry, ‘‘5G wireless and wired convergence in a
passive optical network using UF-OFDM and GFDM,’’ in Proc. IEEE Int.
Conf. Commun. Workshops (ICC Workshops), May 2017, pp. 386–392.

[134] N. Argyris, G. Giannoulis, K. Kanta, N. Iliadis, C. Vagionas,
S. Papaioannou, G. Kalfas, D. Apostolopoulos, C. Caillaud,
H. Debregeas, N. Pleros, and H. Avramopoulos, ‘‘A 5G mmWave
fiber-wireless IFoF analog mobile fronthaul link with up to 24-Gb/s
multiband wireless capacity,’’ J. Lightw. Technol., vol. 37, no. 12,
pp. 2883–2891, Jun. 15, 2019.

[135] M. Morant, A. Trinidad, E. Tangdiongga, T. Koonen, and R. Llorente,
‘‘Experimental demonstration of mm-wave 5G NR photonic beamform-
ing based on ORRs and multicore fiber,’’ IEEE Trans. Microw. Theory
Techn., vol. 67, no. 7, pp. 2928–2935, Jul. 2019.

[136] M. Sung, S.-H. Cho, J. Kim, J. K. Lee, J. H. Lee, and H. S. Chung,
‘‘Demonstration of IFoF-based mobile fronthaul in 5G prototype with
28-GHz millimeter wave,’’ J. Lightw. Technol., vol. 36, no. 2,
pp. 601–609, Jan. 15, 2018.

[137] Z. Cao, X. Zhao, F. M. Soares, N. Tessema, and A. M. J. Koonen,
‘‘38-GHz millimeter wave beam steered fiber wireless systems for 5G
indoor coverage: Architectures, devices, and links,’’ IEEE J. Quantum
Electron., vol. 53, no. 1, pp. 1–9, Feb. 2017.

[138] P. T. Dat, F. Rottenberg, A. Kanno, N. Yamamoto, and T. Kawanishi,
‘‘3 × 3 MIMO fiber–wireless system in W-band with WDM/PDM
RoF transmission capability,’’ J. Lightw. Technol., vol. 39, no. 24,
pp. 7794–7803, Dec. 15, 2021.

[139] A. O. Mufutau, F. P. Guiomar, M. A. Fernandes, A. Lorences-Riesgo,
A. Oliveira, and P. P. Monteiro, ‘‘Demonstration of a hybrid optical
fiber–wireless 5G fronthaul coexisting with end-to-end 4G networks,’’
J. Opt. Commun. Netw., vol. 12, no. 3, pp. 72–78, 2020.

[140] K. Kanta, A. Pagano, E. Ruggeri, M. Agus, I. Stratakos, R. Mercinelli,
C. Vagionas, P. Toumasis, G. Kalfas, G. Giannoulis, A. Miliou,
G. Lentaris, D. Apostolopoulos, N. Pleros, D. Soudris, and
H. Avramopoulos, ‘‘Analog fiber-wireless downlink transmission of
IFoF/mmWave over in-field deployed legacy PON infrastructure for 5G
fronthauling,’’ J. Opt. Commun. Netw., vol. 12, no. 10, p. D57, 2020.

[141] E. S. Lima, R. M. Borges, L. A. M. Pereira, H. R. D. Filgueiras,
A. M. Alberti, and A. C. Sodre, ‘‘Multiband and photonically amplified
fiber-wireless Xhaul,’’ IEEE Access, vol. 8, pp. 44381–44390, 2020.

[142] L. C. D. Souza, E. S. Lima, and A. C. S. Junior, ‘‘Implementation of a
full optically-powered 5G NR fiber-wireless system,’’ IEEE Photon. J.,
vol. 14, no. 1, pp. 1–8, Feb. 2022.

[143] M. Xu, F. Lu, J. Wang, L. Cheng, D. Guidotti, and G.-K. Chang, ‘‘Key
technologies for next-generation digital RoF mobile fronthaul with statis-
tical data compression and multiband modulation,’’ J. Lightw. Technol.,
vol. 35, no. 17, pp. 3671–3679, Sep. 15, 2017.

[144] M. Noweir, Q. Zhou, A. Kwan, R. Valivarthi, M. Helaoui, W. Tittel,
and F. M. Ghannouchi, ‘‘Digitally linearized radio-over fiber transmitter
architecture for cloud radio access network’s downlink,’’ IEEE Trans.
Microw. Theory Techn., vol. 66, no. 7, pp. 3564–3574, 2018.

[145] X. Zhang, ‘‘Broadband linearization for 5G fronthaul transmission,’’
Frontiers Optoelectron., vol. 11, no. 2, pp. 107–115, Jun. 2018.

[146] I. Romdhane and G. Kaddoum, ‘‘A reinforcement-learning-based beam
adaptation for underwater optical wireless communications,’’ IEEE Inter-
net Things J., vol. 9, no. 20, pp. 20270–20281, Oct. 2022.

[147] T. Q. Duong, J. A. Ansere, B. Narottama, V. Sharma, O. A. Dobre, and
H. Shin, ‘‘Quantum-inspired machine learning for 6G: Fundamentals,
security, resource allocations, challenges, and future research directions,’’
IEEE Open J. Veh. Technol., vol. 3, pp. 375–387, 2022.

[148] L. A. M. Pereira, L. L. Mendes, and C. J. A. Bastos-Filho, ‘‘Machine
learning-based linearization schemes for radio over fiber systems,’’ IEEE
Photon. J., vol. 14, no. 6, pp. 1–10, Dec. 2022.

[149] S. Liu, X. Wang, W. Zhang, G. Shen, and H. Tian, ‘‘An adaptive
activated ANN equalizer applied in millimeter-wave RoF transmission
system,’’ IEEE Photon. Technol. Lett., vol. 29, no. 22, pp. 1935–1938,
Nov. 15, 2017.

[150] E. Liu, Z. Yu, C. Yin, and K. Xu, ‘‘Nonlinear distortions compensation
based on artificial neural networks in wideband and multi-carrier sys-
tems,’’ IEEE J. Quantum Electron., vol. 55, no. 5, pp. 1–5, Oct. 2019.

[151] L. A. M. Pereira, L. L. Mendes, C. J. A. Bastos-Filho, and
S. A. Cerqueira, ‘‘Linearization schemes for radio over fiber systems
based on machine learning algorithms,’’ IEEE Photon. Technol. Lett.,
vol. 34, no. 5, pp. 279–282, Mar. 1, 2022.

9254 VOLUME 11, 2023



H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

[152] H. Henniger and O. Wilfert, ‘‘An introduction to free-space optical com-
munications,’’ Radioengineering, vol. 19, no. 2, pp. 1–10, 2010.

[153] S. A. Al-Gailani, A. B. Mohammad, and R. Q. Shaddad, ‘‘Enhancement
of free space optical link in heavy rain attenuation using multiple beam
concept,’’ Optik, vol. 124, no. 21, pp. 4798–4801, Nov. 2013.

[154] A. Jahid, M. H. Alsharif, and T. J. Hall, ‘‘A contemporary survey on
free space optical communication: Potentials, technical challenges, recent
advances and research direction,’’ J. Netw. Comput. Appl., vol. 200,
Apr. 2022, Art. no. 103311.

[155] S. Bloom, E. Korevaar, J. Schuster, and H. Willebrand, ‘‘Understanding
the performance of free-space optics,’’ J. Opt. Netw., vol. 2, pp. 178–200,
Jun. 2003.

[156] Y. Kaymak, R. Rojas-Cessa, J. Feng, N. Ansari, M. Zhou, and T. Zhang,
‘‘A survey on acquisition, tracking, and pointing mechanisms for mobile
free-space optical communications,’’ IEEE Commun. Surveys Tuts.,
vol. 20, no. 2, pp. 1104–1123, 2nd Quart., 2018.

[157] X. Liu, ‘‘Free-space optics optimization models for building sway and
atmospheric interference using variable wavelength,’’ IEEE Trans. Com-
mun., vol. 57, no. 2, pp. 492–498, Feb. 2009.

[158] S. A. Al-Gailani, M. F. M. Salleh, A. A. Salem, R. Q. Shaddad,
U. U. Sheikh, N. A. Algeelani, and T. A. Almohamad, ‘‘A survey of free
space optics (FSO) communication systems, links, and networks,’’ IEEE
Access, vol. 9, pp. 7353–7373, 2021.

[159] E. Leitgeb, M. S. Awan, P. Brandl, T. Plank, C. Capsoni, R. Nebuloni, and
T. Javornik, ‘‘Current optical technologies for wireless access,’’ in Proc.
10th Int. Conf. Telecommun., 2009, pp. 7–17.

[160] M. A. Khalighi and M. Uysal, ‘‘Survey on free space optical communi-
cation: A communication theory perspective,’’ IEEE Commun. Surveys
Tuts., vol. 16, no. 4, pp. 2231–2258, 4th Quart., 2014.

[161] J. Bohata, M. Komanec, J. Spacil, Z. Ghassemlooy, S. Zvanovec, and
R. Slavik, ‘‘24–26 GHz radio-over-fiber and free-space optics for fifth-
generation systems,’’ Opt. Lett., vol. 43, no. 5, pp. 1035–1038, 2018.

[162] M. A. Esmail, A. M. Ragheb, H. A. Fathallah, M. Altamimi, and
S. A. Alshebeili, ‘‘5G-28 GHz signal transmission over hybrid all-
optical FSO/RF link in dusty weather conditions,’’ IEEE Access, vol. 7,
pp. 24404–24410, 2019.

[163] L. Vallejo, M. Komanec, B. Ortega, J. Bohata, D.-N. Nguyen,
S. Zvanovec, and V. Almenar, ‘‘Impact of thermal-induced turbulent
distribution along FSO link on transmission of photonically generated
mmW signals in the frequency range 26–40 GHz,’’ IEEE Photon. J.,
vol. 12, no. 1, pp. 1–9, Feb. 2020.

[164] P. T. Dat, A. Kanno, K. Inagaki, F. Rottenberg, J. Louveaux,
N. Yamamoto, and T. Kawanishi, ‘‘High-speed radio-on-free-space opti-
cal mobile fronthaul system for ultra-dense radio access network,’’ in
Proc. Opt. Fiber Commun. Conf. (OFC), 2020, pp. 1–3.

[165] D.-N. Nguyen, L. Vallejo, V. Almenar, B. Ortega, P. T. Dat, S. T. Le,
J. Bohata, and S. Zvanovec, ‘‘Full-duplex transmission of multi-Gb/s
subcarrier multiplexing and 5G NR signals in 39 GHz band over fiber
and space,’’ Appl. Opt., vol. 61, no. 5, pp. 1183–1193, 2022.

[166] C. H. D. S. Lopes, E. S. Lima, L. A. M. Pereira, R. M. Borges,
A. C. Ferreira, M. Abreu, W. D. Dias, D. H. Spadoti, L. L. Mendes, and
A. C. S. Junior, ‘‘Non-standalone 5G NR fiber-wireless system using
FSO and fiber-optics fronthauls,’’ J. Lightw. Technol., vol. 39, no. 2,
pp. 406–417, Jan. 15, 2021.

[167] A. Jovicic, J. Li, and T. Richardson, ‘‘Visible light communication:
Opportunities, challenges and the path to market,’’ IEEE Commun. Mag.,
vol. 51, no. 12, pp. 26–32, Dec. 2013.

[168] A.-M. Căilean and M. Dimian, ‘‘Current challenges for visible light com-
munications usage in vehicle applications: A survey,’’ IEEE Commun.
Surveys Tuts., vol. 19, no. 4, pp. 2681–2703, 4th Quart., 2017.

[169] P. H. Pathak, X. Feng, P. Hu, and P.Mohapatra, ‘‘Visible light communica-
tion, networking, and sensing: A survey, potential and challenges,’’ IEEE
Commun. Surveys Tuts., vol. 17, no. 4, pp. 2047–2077, 4th Quart., 2015.

[170] A. T. Hussein, M. T. Alresheedi, and J. M. H. Elmirghani, ‘‘20 Gb/s
mobile indoor visible light communication system employing beam steer-
ing and computer generated holograms,’’ J. Lightw. Technol., vol. 33,
no. 24, pp. 5242–5260, Dec. 15, 2015.

[171] H. Chun, S. Rajbhandari, G. Faulkner, D. Tsonev, E. Xie,
J. J. D. McKendry, E. Gu, M. D. Dawson, D. C. O’Brien, and H. Haas,
‘‘LED based wavelength division multiplexed 10 Gb/s visible light
communications,’’ J. Lightw. Technol., vol. 34, no. 13, pp. 3047–3052,
Jul. 15, 2016.

[172] H. Sifaou, A. Kammoun, K.-H. Park, and M.-S. Alouini, ‘‘Robust
transceivers design for multi-stream multi-user MIMO visible light com-
munication,’’ IEEE Access, vol. 5, pp. 26387–26399, 2017.

[173] R. K. Vs and I. B. Djordjevic, ‘‘MIMO-WDM visible light communi-
cations based on commercial RGBA LEDs,’’ in Proc. 20th Int. Conf.
Transparent Opt. Netw. (ICTON), Jul. 2018, pp. 1–5.

[174] C. E. Mejia and C. N. Georghiades, ‘‘Coding for visible light commu-
nication using color-shift keying constellations,’’ IEEE Trans. Commun.,
vol. 67, no. 7, pp. 4955–4966, Jul. 2019.

[175] L. C. Mathias, J. C. M. Filho, and T. Abrao, ‘‘Predistortion and pre-
equalization for nonlinearities and low-pass effect mitigation in OFDM-
VLC systems,’’ Appl. Opt., vol. 58, no. 19, pp. 5328–5338, Jul. 2019.
[Online]. Available: http://opg.optica.org/ao/abstract.cfm?URI=ao-58-
19-5328

[176] Z. Na, Y. Wang, M. Xiong, X. Liu, and J. Xia, ‘‘Modeling and throughput
analysis of an ADO-OFDM based relay-assisted VLC system for 5G
networks,’’ IEEE Access, vol. 6, pp. 17586–17594, 2018.

[177] S. Baig, H. Muhammad, S. Mumtaz, M. Shafiq, J.-G. Choi, and T. Umer,
‘‘High data rate discrete wavelet transform-based PLC-VLC design for
5G communication systems,’’ IEEE Access, vol. 6, pp. 52490–52499,
2018.

[178] A. M. Vegni and M. Biagi, ‘‘Optimal LED placement in indoor VLC
networks,’’Opt. Exp., vol. 27, no. 6, pp. 8504–8519, Mar. 2019. [Online].
Available: http://opg.optica.org/oe/abstract.cfm?URI=oe-27-6-8504

[179] H.-H. Chou and C.-Y. Tsai, ‘‘Demonstration of micro-projection enabled
short-range communications for 5G,’’ in Proc. 21st OptoElectron. Com-
mun. Conf. (OECC) Int. Conf. Photon. Switching (PS), 2016, pp. 1–3.

[180] L. Shi, W. Li, X. Zhang, Y. Zhang, G. Chen, and A. Vladimirescu,
‘‘Experimental 5G new radio integration with VLC,’’ in Proc. 25th IEEE
Int. Conf. Electron., Circuits Syst. (ICECS), Dec. 2018, pp. 61–64.

[181] S. P. Valluri, V. Kishore, and V. M. Vakamulla, ‘‘A new selective mapping
scheme for visible light systems,’’ IEEE Access, vol. 8, pp. 18087–18096,
2020.

[182] F. T.Monteiro,W. S. Costa, J. L. C. Neves, D.M. I. Silva, H. R. O. Rocha,
E. O. T. Salles, and J. A. L. Silva, ‘‘Experimental evaluation of pulse
shaping based 5G multicarrier modulation formats in visible light
communication systems,’’ Opt. Commun., vol. 457, Feb. 2020,
Art. no. 124693. [Online]. Available: https://www.sciencedirect.
com/science/article/pii/S0030401819308946

[183] M. A. de Oliveira, E. S. Lima, M. S. P. Cunha, and M. Abreu,
‘‘RGB-based VLC system using 5G NR standard,’’ Opt. Com-
mun., vol. 481, Feb. 2021, Art. no. 126542. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0030401820309603

[184] N. Chi, LED-Based Visible Light Communications. Cham, Switzerland:
Springer, 2018.

[185] J. Grubor, S. Randel, K.-D. Langer, and J. W. Walewski, ‘‘Broad-
band information broadcasting using LED-based interior lighting,’’ IEEE
J. Lightw. Technol., vol. 26, no. 24, pp. 3883–3892, Dec. 15, 2009.

[186] D. Karunatilaka, F. Zafar, V. Kalavally, and R. Parthiban, ‘‘LED based
indoor visible light communications: State of the art,’’ IEEE Commun.
Surveys Tuts., vol. 17, no. 3, pp. 1649–1678, 3rd Quart., 2015.

[187] L.-Y. Wei, Y. Liu, C.-W. Chow, G.-H. Chen, C.-W. Peng, P.-C. Guo,
J.-F. Tsai, and C.-H. Yeh, ‘‘6.915-Gbit/s white-light phosphor laser
diode-based DCO-OFDM visible light communication (VLC) system
with functional transmission distance,’’ Electron. Lett., vol. 56, no. 18,
pp. 945–947, Sep. 2020.

[188] O. Alsulami, A. T. Hussein, M. T. Alresheedi, and J. M. H. Elmirghani,
‘‘Optical wireless communication systems, a survey,’’ 2018,
arXiv:1812.11544.

[189] L. E. M. Matheus, A. B. Vieira, L. F. Vieira, M. A. Vieira, and
O. Gnawali, ‘‘Visible light communication: Concepts, applications and
challenges,’’ IEEE Commun. Surveys Tuts., vol. 21, no. 4, pp. 3204–3237,
4th Quart., 2019.

[190] G. Pan, H. Lei, Z. Ding, and Q. Ni, ‘‘3-D hybrid VLC-RF indoor IoT
systems with light energy harvesting,’’ IEEE Trans. Green Commun.
Netw., vol. 3, no. 3, pp. 853–865, Sep. 2019.

[191] Z. Huang and Y. Ji, ‘‘Design and demonstration of room division
multiplexing-based hybrid VLC network,’’Chin. Opt. Lett., vol. 11, no. 6,
2013, Art. no. 060603.

[192] S. Shao, A. Khreishah, M. Ayyash, M. B. Rahaim, H. Elgala,
V. Jungnickel, D. Schulz, T. D. Little, J. Hilt, and R. Freund, ‘‘Design
and analysis of a visible-light-communication enhanced WiFi system,’’
J. Opt. Commun. Netw., vol. 7, no. 10, pp. 960–973, 2015.

VOLUME 11, 2023 9255



H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

[193] P. Botsinis, D. Alanis, S. Feng, Z. Babar, H. V. Nguyen, D. Chandra,
S. X. Ng, R. Zhang, and L. Hanzo, ‘‘Quantum-assisted indoor local-
ization for uplink mm-wave and downlink visible light communication
systems,’’ IEEE Access, vol. 5, pp. 23327–23351, 2017.

[194] M. T. Alresheedi, A. T. Hussein, and J. M. H. Elmirghani, ‘‘Uplink design
in VLC systems with IR sources and beam steering,’’ IET Commun.,
vol. 11, no. 3, pp. 311–317, Feb. 2017.

[195] O. Z. Aletri, M. T. Alresheedi, and J. M. H. Elmirghani, ‘‘Infrared
uplink design for visible light communication (VLC) systems with beam
steering,’’ in Proc. IEEE Int. Conf. Comput. Sci. Eng. (CSE) IEEE Int.
Conf. Embedded Ubiquitous Comput. (EUC), Aug. 2019, pp. 57–60.

[196] S. Iezekiel, M. Burla, J. Klamkin, D. Marpaung, and J. Capmany, ‘‘RF
engineering meets optoelectronics: Progress in integrated microwave
photonics,’’ IEEE Microw. Mag., vol. 16, no. 8, pp. 28–45, Sep. 2015.

[197] D. Marpaung, J. Yao, and J. Capmany, ‘‘Integrated microwave photon-
ics,’’ Nature Photon., vol. 13, no. 2, pp. 80–90, Feb. 2019.

[198] W. Zhang and J. Yao, ‘‘Silicon-based integrated microwave photonics,’’
IEEE J. Quantum Electron., vol. 52, no. 1, pp. 1–12, Jan. 2016.

[199] S. Sung, E. R. Brown, W. S. Grundfest, Z. D. Taylor, S. Selvin, N. Bajwa,
S. Chantra, B. Nowroozi, J. Garritano, J. Goell, A. D. Li, and S. X. Deng,
‘‘THz imaging system for in vivo human cornea,’’ IEEE Trans. THz Sci.
Technol., vol. 8, no. 1, pp. 27–37, Jan. 2018.

[200] S. Movassaghi, M. Abolhasan, J. Lipman, D. Smith, and A. Jamalipour,
‘‘Wireless body area networks: A survey,’’ IEEE Commun. Surveys Tuts.,
vol. 16, no. 3, pp. 1658–1686, 3rd Quart., 2014.

[201] J. Yao, ‘‘Microwave photonics,’’ J. Lightw. Technol., vol. 27, no. 3,
pp. 314–335, Feb. 1, 2009.

[202] J. Capmany and D. Novak, ‘‘Microwave photonics combines two
worlds,’’ Nature Photon., vol. 1, no. 6, pp. 319–330, Jun. 2007.

[203] M. Smit et al., ‘‘An introduction to InP-based generic integration technol-
ogy,’’ Semicond. Sci. Technol., vol. 29, no. 8, Jun. 2014, Art. no. 083001,
doi: 10.1088/0268-1242/29/8/083001.

[204] T. Barwicz, Y. Taira, T. W. Lichoulas, N. Boyer, Y. Martin, H. Numata,
J.-W. Nah, S. Takenobu, A. Janta-Polczynski, E. L. Kimbrell, R. Leidy,
M. H. Khater, S. Kamlapurkar, S. Engelmann, Y. A. Vlasov, and P. Fortier,
‘‘A novel approach to photonic packaging leveraging existing high-
throughput microelectronic facilities,’’ IEEE J. Sel. Topics QuantumElec-
tron., vol. 22, no. 6, pp. 455–466, Nov. 2016.

[205] Z. Wang et al., ‘‘Novel light source integration approaches for silicon
photonics,’’ Laser Photon. Rev., vol. 11, no. 4, 2017, Art. no. 1700063,
doi: 10.1002/lpor.201700063.

[206] J. Yao and J. Capmany, ‘‘Microwave photonics,’’ Sci. China Inf. Sci.,
vol. 65, no. 12, pp. 1–15, Aug. 2022.

[207] D. J. Blumenthal et al., ‘‘Integrated photonics for low-power packet
networking,’’ IEEE J. Sel. Topics Quantum Electron., vol. 17, no. 2,
pp. 458–471, Mar. 2011.

[208] L. Augustin, M. Smit, N. Grote, M. Wale, and R. Visser, ‘‘Standardized
process could revolutionize photonic integration,’’ Euro Photon., vol. 18,
pp. 30–34, Sep. 2013.

[209] P. Kaur, A. Boes, G. Ren, T. G. Nguyen, G. Roelkens, and A. Mitchell,
‘‘Hybrid and heterogeneous photonic integration,’’ APL Photon., vol. 6,
no. 6, Jun. 2021, Art. no. 061102, doi: 10.1063/5.0052700.

[210] S. Zeng, X. Zhao, L. Sweatt, and L. Zhu, ‘‘Photonic integrated cir-
cuits based hybrid integration for wavelength beam combining,’’ Opt.
Lett., vol. 45, no. 22, pp. 6338–6341, Nov. 2020. [Online]. Available:
http://www.osapublishing.org/ol/abstract.cfm?URI=ol-45-22-6338

[211] Z. Zhang et al., ‘‘Hybrid photonic integration on a polymer platform,’’
Photonics, vol. 2, no. 3, pp. 1005–1026, Sep. 2015.

[212] M. Smit, X. Leijtens, E. Bente, J. Tol, H. Ambrosius, D. Robbins,
M. Wale, N. Grote, andM. Schell, ‘‘Generic foundry model for InP-based
photonics,’’ IET Optoelectron., vol. 5, no. 5, pp. 187–194, 2011.

[213] F. M. Soares, M. Baier, T. Gaertner, N. Grote, M. Moehrle,
T. Beckerwerth, P. Runge, and M. Schell, ‘‘InP-based foundry PICs for
optical interconnects,’’ Appl. Sci., vol. 9, no. 8, p. 1588, Apr. 2019.
[Online]. Available: https://www.mdpi.com/2076-3417/9/8/1588

[214] G. N. Tzintzarov, S. G. Rao, and J. D. Cressler, ‘‘Integrated
silicon photonics for enabling next-generation space systems,’’
Photonics, vol. 8, no. 4, p. 131, Apr. 2021. [Online]. Available:
https://www.mdpi.com/2304-6732/8/4/131

[215] A. Ayazi, T. Baehr-Jones, Y. Liu, A. E.-J. Lim, and M. Hochberg,
‘‘Linearity of silicon ring modulators for analog optical links,’’ Opt.
Exp., vol. 20, no. 12, pp. 13115–13122, Jun. 2012. [Online]. Available:
http://www.osapublishing.org/oe/abstract.cfm?URI=oe-20-12-13115

[216] K. Shang, S. Pathak, C. Qin, and S. J. B. Yoo, ‘‘Low-loss compact silicon
nitride arrayedwaveguide gratings for photonic integrated circuits,’’ IEEE
Photon. J., vol. 9, no. 5, pp. 1–5, Oct. 2017.

[217] S. Gundavarapu, M. Belt, T. A. Huffman, M. A. Tran, T. Komljenovic,
J. E. Bowers, and D. J. Blumenthal, ‘‘Interferometric optical gyroscope
based on an integrated Si3N4 low-loss waveguide coil,’’ J. Lightw. Tech-
nol., vol. 36, no. 4, pp. 1185–1191, Feb. 15, 2018.

[218] M. Li, J. Ling, Y. He, U. A. Javid, S. Xue, and Q. Lin, ‘‘Lithium nio-
bate photonic-crystal electro-optic modulator,’’Nature Commun., vol. 11,
no. 1, p. 4123, Aug. 2020.

[219] S. Sun, M. He, M. Xu, S. Gao, S. Yu, and X. Cai, ‘‘Hybrid silicon
and lithium niobate modulator,’’ IEEE J. Sel. Topics Quantum Electron.,
vol. 27, no. 3, pp. 1–12, May 2021.

[220] S. Yokoyama, G.-W. Lu, X. Cheng, and F. Qiu, ‘‘Long-term stable electro-
optic polymer for hybrid integration,’’ in Proc. Opt. Fiber Commun. Conf.
(OFC), 2019, pp. 1–4.

[221] D. de Felipe, M. Kleinert, C. Zawadzki, A. Polatynski, G. Irmscher,
W. Brinker, M. Moehrle, H. G. Bach, N. Keil, and M. Schell, ‘‘Recent
developments in polymer-based photonic components for disruptive
capacity upgrade in data centers,’’ J. Lightw. Technol., vol. 35, no. 4,
pp. 683–689, Sep. 16, 2016.

[222] S. Nellen, S. Lauck, E. Peytavit, P. Szriftgiser, M. Schell, G. Ducournau,
and B. Globisch, ‘‘Coherent wireless link at 300 GHz with 160 Gbit/s
enabled by a photonic transmitter,’’ J. Lightw. Technol., vol. 40, no. 13,
pp. 4178–4185, Jul. 1, 2022.

[223] S. Jia, M.-C. Lo, L. Zhang, O. Ozolins, A. Udalcovs, D. Kong, X. Pang,
R. Guzman, X. Yu, S. Xiao, S. Popov, J. Chen, G. Carpintero, T. Morioka,
H. Hu, and L. K. Oxenløwe, ‘‘Integrated dual-laser photonic chip for high-
purity carrier generation enabling ultrafast terahertz wireless communi-
cations,’’ Nature Commun., vol. 13, no. 1, pp. 1–8, Mar. 2022.

[224] M. Burla, D. A. I. Marpaung, L. Zhuang, M. R. Khan, A. Leinse,
W. Beeker, M. Hoekman, R. G. Heideman, and C. G. H. Roeloffzen,
‘‘Multiwavelength-integrated optical beamformer based on wavelength
divisionmultiplexing for 2-D phased array antennas,’’ J. Lightw. Technol.,
vol. 32, no. 20, pp. 3509–3520, Jun. 23, 2014.

[225] D. J. Kebort, G. B. Morrison, H. Garrett, J. N. Campbell, S. B. Estrella,
R. H. Banholzer, J. B. Sherman, L. A. Johansson, D. Renner,
and M. L. Mashanovitch, ‘‘Monolithic four-channel (QUAD) integrated
widely tunable transmitter in indium phosphide,’’ IEEE J. Sel. Topics
Quantum Electron., vol. 24, no. 1, pp. 1–7, Jan. 2018.

[226] W. Yao, B. Smalbrugge, M. K. Smit, K. A. Williams, and M. J. Wale,
‘‘A 6 × 30 Gb/s tunable transmitter PIC with low RF crosstalk from
an open-access InP foundry,’’ IEEE J. Sel. Topics Quantum Electron.,
vol. 25, no. 5, pp. 1–10, Sep. 2019.

[227] S. H. Oh, O. K. Kwon, K. S. Kim, Y. T. Han, C. W. Lee, Y. A. Leem,
J. W. Shin, and E. S. Nam, ‘‘Amulti-channel etched-mesa PBHDFB laser
array using an SAG technique,’’ IEEE Photon. Technol. Lett., vol. 27,
no. 24, pp. 2567–2570, Dec. 15, 2015.

[228] S. Kanazawa, W. Kobayashi, Y. Ueda, T. Fujisawa, K. Takahata, T. Ohno,
T. Yoshimatsu, H. Ishii, and H. Sanjoh, ‘‘30-km error-free transmission of
directly modulated DFB laser array transmitter optical sub-assembly for
100-Gb application,’’ J. Lightw. Technol., vol. 34, no. 15, pp. 3646–3652,
Aug. 1, 2016.

[229] N. Andriolli, P. Velha, M. Chiesa, A. Trifiletti, and G. Contestabile,
‘‘A directly modulated multiwavelength transmitter monolithically inte-
grated on InP,’’ IEEE J. Sel. Topics Quantum Electron., vol. 24, no. 1,
pp. 1–6, Jan. 2018.

[230] C. Liu, J. Wang, L. Cheng, M. Zhu, and G.-K. Chang, ‘‘Key microwave-
photonics technologies for next-generation cloud-based radio access net-
works,’’ J. Lightw. Technol., vol. 32, no. 20, pp. 3452–3460, Oct. 15, 2014.

[231] M. S. B. Cunha, E. S. Lima, N. Andriolli, D. H. Spadoti, G. Contestabile,
and A. Cerqueira, ‘‘5G NR RoF system based on a monolithically
integrated multi-wavelength transmitter,’’ IEEE J. Sel. Topics Quantum
Electron., vol. 27, no. 2, pp. 1–8, Mar. 2021.

[232] M. S. B. Cunha, E. S. Lima, N. Andriolli, D. H. Spadoti, G. Contestabile,
and A. Cerqueira, ‘‘Non-standalone 5G NR FiWi system based on a pho-
tonic integrated multi-wavelength transmitter,’’ IEEE Wireless Commun.
Lett., vol. 10, no. 5, pp. 1001–1004, May 2021.

[233] M. S. B. Cunha, E. S. Lima, N. Andriolli, D. H. Spadoti, F. B. Fidéles,
G. Contestabile, and J. Oliveira, ‘‘RoF/FSO system based on a monolithi-
cally integrated multi-wavelength transmitter,’’ in Proc. SBFoton Int. Opt.
Photon. Conf. (SBFoton IOPC), 2021, pp. 1–4.

9256 VOLUME 11, 2023

http://dx.doi.org/10.1088/0268-1242/29/8/083001
http://dx.doi.org/10.1002/lpor.201700063
http://dx.doi.org/10.1063/5.0052700


H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

[234] J.-G. Werthen, S. Widjaja, T.-C. Wu, and J. Liu, ‘‘Power over fiber:
A review of replacing copper by fiber in critical applications,’’
Opt. Technol. Arming, Safing, Fuzing, Firing, vol. 5871, Jan. 2005,
Art. no. 58710C.

[235] J.-G. Werthen, ‘‘Powering next generation networks by laser light over
fiber,’’ in Proc. Conf. Opt. Fiber Commun./Nat. Fiber Optic Eng. Conf.,
Feb. 2008, pp. 1–3.

[236] M.Dumke, G. Heiserich, S. Franke, L. Schulz, and L. Overmeyer, ‘‘Power
transmission by optical fibers for component inherent communication,’’
Systemics Cybern. Informat., vol. 8, no. 1, pp. 55–60, 2010.

[237] M. Matsuura, ‘‘Recent advancement in power-over-fiber technologies,’’
Photonics, vol. 8, no. 8, p. 335, Aug. 2021.

[238] M. Matsuura, H. Nomoto, H. Mamiya, T. Higuchi, D. Masson, and
S. Fafard, ‘‘Over 40-W electric power and optical data transmission
using an optical fiber,’’ IEEE Trans. Power Electron., vol. 36, no. 4,
pp. 4532–4539, Apr. 2021.

[239] C. Vazquez, J. D. Lopez-Cardona, P. C. Lallana, D. S. Montero,
F. M. A. Al-Zubaidi, S. Perez-Prieto, and I. P. Garcilopez, ‘‘Multicore
fiber scenarios supporting power over fiber in radio over fiber systems,’’
IEEE Access, vol. 7, pp. 158409–158418, 2019.

[240] M. Matsuura, N. Tajima, H. Nomoto, and D. Kamiyama, ‘‘150-W power-
over-fiber using double-clad fibers,’’ J. Lightw. Technol., vol. 38, no. 2,
pp. 401–408, Jan. 15, 2020.

[241] I. A. Alimi, A. M. Abdalla, A. O. Mufutau, F. P. Guiomar, I. Otung,
J. Rodriguez, P. P. Monteiro, and A. L. Teixeira, ‘‘Energy efficiency
in the cloud radio access network (C-RAN) for 5G mobile networks:
Opportunities and challenges,’’ in Optical and Wireless Convergence for
5G Networks, 2019, pp. 225–248.

[242] T. Umezawa, P. T. Dat, K. Kashima, A. Kanno, N. Yamamoto, and
T. Kawanishi, ‘‘100-GHz radio and power over fiber transmission through
multicore fiber using optical-to-radio converter,’’ J. Lightw. Technol.,
vol. 36, no. 2, pp. 617–623, Jan. 15, 2018.

[243] J. D. L. Cardona, P. Lallana, R. Altuna, A. Fresno-Hernandez, X. Barreiro,
and C. Vazquez, ‘‘Optically feeding 1.75Wwith 100 mMMF in efficient
C-RAN front-hauls with sleep modes,’’ J. Lightw. Technol., vol. 39,
no. 24, pp. 7948–7955, Dec. 15, 2021.

[244] F. M. A. Al-Zubaidi, J. D. Lopez-Cardona, D. S. Montero, and
C. Vazquez, ‘‘Optically powered radio-over-fiber systems in support of
5G cellular networks and IoT,’’ J. Lightw. Technol., vol. 39, no. 13,
pp. 4262–4269, Jul. 1, 2021.

[245] H. Yang, D. Peng, Y. Qin, J. Li, M. Xiang, O. Xu, and S. Fu, ‘‘10-W power
light co-transmission with optically carried 5G NR signal over standard
single-mode fiber,’’ Opt. Lett., vol. 46, no. 20, pp. 5116–5119, 2021.

[246] J. López-Cardona, S. Rommel, E. Grivas, D. Montero, M. Dubov,
D. Kritharidis, I. Tafur-Monroy, and C. Vázquez, ‘‘Power-over-fiber in
a 10 km long multicore fiber link within a 5G fronthaul scenario,’’ Opt.
Lett., vol. 46, pp. 5348–5351, Nov. 2021.

[247] S. Wang, H. Yang, Y. Qin, D. Peng, and S. Fu, ‘‘Power-over-fiber
in support of 5G NR fronthaul: Space division multiplexing versus
wavelength division multiplexing,’’ J. Lightw. Technol., vol. 40, no. 13,
pp. 4169–4177, Jul. 1, 2022.

[248] 5G Power White Paper, Huawei Technologies Co., HiSilicon, HI, USA,
2019.

[249] Alcatel-Lucent 9362 Enterprise Cell V2.2 2100 MHz, Alcatel-Lucent,
Colombes, France, 2012.

HUGO RODRIGUES DIAS FILGUEIRAS (Asso-
ciate Member, IEEE) received the B.Sc., M.Sc.,
and Ph.D. degrees in telecommunications from
the Laboratory Wireless and Optical Convergent
Access (WOCA), National Telecommunications
Institute (Inatel). He acted as a Researcher Engi-
neer of fifth and sixth generation mobile commu-
nications networks (5G and 6G) at the Radiocom-
munications Reference Center (CRR), Inatel, and a
Consultant at the Inatel Competence Center (ICC)

Training and Consulting Team. He has a teaching experience for being
a Monitor and a Professor in several subjects of the telecommunications
engineering graduation by means of the Teaching Internship Program.

He acts as an Invited Professor of the propagation discipline of Lato Sensu
Postgraduate Courses in Network Engineering and Telecommunications
Systems, Inatel. He worked on research and development projects in the
area of antenna development, analysis of high-intensity radiated fields for
aeronautical applications, and coexistence between IMT and satellite sys-
tems. He is currently a 5G and Information Security Innovation Manager
with VS Telecom, São Paulo. He has more than 30 publications in national
and international magazines and conferences of high scientific impact factor
and one patent pending. His research interests include the development of
antennas, propagation, mobile communication systems, digital modulation
schemes and topologies of optical, and wireless access networks stand out.

EDUARDO SAIA LIMA received the B.Sc. and
M.Sc. degrees in telecommunications engineering
from the National Institute of Telecommunications
(Inatel), Brazil, in 2017 and 2019, respectively,
where he is currently pursuing the Ph.D. degree in
telecommunications. Also, he acts as a Researcher
with the Laboratory WOCA, Inatel. His research
interest includes microwave photonics applied to
5G and 6G systems.

MATHEUS SÊDA BORSATO CUNHA received
the bachelor’s and master’s degrees in telecom-
munications from the National Telecommunica-
tions Institute (Inatel), Brazil, in 2015 and 2018,
respectively, and the Ph.D. degree in electrical
engineering from the Federal University of Ita-
jubá (UNIFEI), Brazil, in March 2022. Currently,
he is a Research Engineer with the Radiocom-
munications Reference Center (CRR), Inatel. His
research interests include the optical communica-

tions, microwave photonics, integrated optics, and optical wireless networks
applied to fifth and sixth generation mobile communications networks (5G
and 6G) stand out.

CELSO HENRIQUE DE SOUZA LOPES received
the B.Sc. degree in electrical engineering from
FAINOR, Brazil, in 2016, and the master’s
degree in telecommunications engineering from
the National Institute of Telecommunications (Ina-
tel), Brazil, in 2018, where he is currently pur-
suing the Ph.D. degree in telecommunications.
Also, he acts as a Researcher with the Labora-
tory WOCA, Inatel. His research interest includes
optical wireless communications applied to
communication systems.

VOLUME 11, 2023 9257



H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

LETÍCIA CARNEIRO DE SOUZA received the
B.Sc. and M.Sc. degrees in telecommunica-
tions engineering from the National Institute of
Telecommunications (Inatel), Brazil, in 2020 and
2022, respectively, where she is currently pur-
suing the Ph.D. degree in telecommunications.
Also, she acts as a Researcher with the Labora-
tory WOCA, Inatel. Her research interests include
optical communications, mobile communication
systems, wireless systems, microwave photonics,

and power-over-fiber systems.

RAMON MAIA BORGES received the B.Sc.
degree in electrical engineering and the M.Sc.
degree in telecommunications from the National
Institute of Telecommunications (Inatel), Brazil,
in 2012 and 2015, respectively, and the Ph.D.
degree in electrical engineering from the Federal
University of Itajubá (UNIFEI), Brazil, in 2020.
From 2015 to 2022, he worked as a Researcher
and a Professor with Inatel, where he is acting on
research and development projects at the Radio-

communications Reference Center and Brazil 6G. He is currently a Pro-
fessor with UNIFEI. His research interests include embrace diverse areas
of telecommunications, including 5G and 6G networks, optical-wireless
systems, and microwave photonics.

LUIZ AUGUSTO MELO PEREIRA received
the B.Sc. and M.Sc. degrees in telecommunica-
tions engineering from the National Institute of
Telecommunications (Inatel), Brazil, in 2017 and
2020, respectively, where he is currently pur-
suing the Ph.D. degree in telecommunications.
Also, he acts as a Researcher with the Labora-
tory WOCA, Inatel. His research interests include
optical communications, mobile communication
systems, wireless systems, microwave photonics,

and machine learning-based techniques applied to communication systems.

TIAGO HENRIQUE BRANDÃO received the
degree in mathematics from UNIVAS, Brazil,
in 2009, and the B.Sc. and M.Sc. degrees
in telecommunications engineering from Inatel,
Brazil, in 2016 and 2019, respectively, where
he is currently pursuing the Ph.D. degree in
telecommunication. He has experience in teach-
ing for being a Physics, Digital Transmission
and Stochastics Process Tutor on undergraduate
courses in the Teaching Internship Program at Ina-

tel, from 2012 to 2018. He acted as an Antenna Developer at Ideal Antennas
Company, from 2018 to 2019. Also, he acts as a Researcher with theWireless
and Optical Convergent Access (WOCA) Laboratory, Inatel. His research
interests include antennas, advanced antenna systems for mobile networks,
and mobile networks.

TOMÁS POWELL VILLENA ANDRADE received
the B.Sc. degree in engineering physics from
the National University of Engineering (UNI),
Lima, Peru, and the M.Sc. degree from Unicamp,
Brazil, in 2011. He is currently pursuing the
Ph.D. degree in telecommunications engineering
with the National Institute of Telecommunica-
tions (Inatel), Brazil. His research interests include
embedded electronics, microwave photonics,
and integrated photonics for telecommunications
applications.

LUCIANO CAMILO ALEXANDRE received the
M.Sc. degree in telecommunications from Inatel,
Brazil, where he is currently pursuing the Ph.D.
degree. He is also acting as a Spectrum Engineer-
ing Consultant, performing sharing and compati-
bility studies between space and terrestrial com-
munications systems. He participates in ITU-R
StudyGroups and the Inter-American Telecommu-
nications Commission (CITEL) meetings. He is
also a member of the Brazilian Communication

Commission–Radiocommunication Sector (CBC-2).

GERALDO NETO received the M.Sc. degree from
San Francisco State University, San Francisco,
CA, USA, in 2016. In 2016, he joined at TMG,
where he is currently the Director of technical and
policy. He actively participates in meetings of the
ITU and the Inter-American Telecommunications
Commission (CITEL), representing companies at
different study groups and committees on issues
related to mobile services, spectrum, the IoT, OTT,
ICTs, and holding leadership roles.

AGOSTINHO LINHARES received the Ph.D.
degree. He is currently an Advisor with the Secre-
tary of Telecommunications, Brazilian Ministry of
Communications. Before that, he was a Manager
of spectrum, orbit, and broadcasting at Brazilian
Telecommunications Regulatory Agency (Anatel)
and a Coordinator of the Brazilian Communi-
cation Commission, Radiocommunication Sector
(CBC-2). He has authored or coauthored more
than 30 scientific papers published in specialized

journals, magazines, and conferences. He was responsible for the Brazilian
preparation for the World Radiocommunication Conference 2023 (WRC-
23). He was the Head of the Brazilian Delegation at the WRC-15 and WRC-
19 and the Vice-Chair of the Radiocommunication Assembly 2019 (RA-19).
He is also the Vice-Chairperson of PCC.II/Citel, from 2018 to 2022.

9258 VOLUME 11, 2023



H. Rodrigues Dias Filgueiras et al.: Wireless and Optical Convergent Access Technologies Toward 6G

LUCIANO LEONEL MENDES (Member, IEEE)
received the B.Sc. and M.Sc. degrees in electrical
engineering from Inatel, Brazil, in 2001 and 2003,
respectively, and the Ph.D. degree in electrical
engineering from Unicamp, Brazil, in 2007. Since
2001, he has been a Professor with Inatel, where
he acted as the Technical Manager of the Hard-
ware Development Laboratory, from 2006 to 2012.
From 2013 to 2015, he was a Visiting Researcher
with the Vodafone Chair Mobile Communications

Systems, Technical University of Dresden, where he has developed his
postdoctoral research. In 2017, he was elected as a Research Coordinator of
the 5GBrazil Project, an association involving industries, telecom operators,
and academia which aims for funding and build an ecosystem toward 5G in
Brazil. He is also the Technical Coordinator of the Brazil 6G Project.

MURILO ARAUJO ROMERO (Senior Member,
IEEE) received the Electrical Engineering and
M.S. degrees from the Pontifical Catholic Univer-
sity of Rio de Janeiro, Brazil, in 1988 and 1991,
respectively, and the Ph.D. degree from Drexel
University, Philadelphia, PA, USA, in 1995.
He joined at the University of São Paulo, São
Carlos, in 1995, as a Faculty Member, where
he became an Associate Professor, in 2001, and
a Full Professor, in 2008. He was the Head of

the Electrical Engineering Department, EESC-USP, from 2009 to 2013.
From 2014 to 2017, he was the Head of electrical engineering area at
CAPES, an accreditation agency of the Brazilian Government, established
to regulate and carry out quality control of graduate studies in Brazil. His
research interests include semiconductor devices, optical communications,
and microwave-photonics. Samples of his research work can be found in
more than 50 journal articles. He served as the Chair for the Electrical and
Biomedical Engineering Committee, Brazilian Research Council (CNPq),
from 2011 to 2013. He is also an Associate Editor for Terahertz and
Microwave Photonics and the newly launched journalFrontiers in Photonics.

ARISMAR CERQUEIRA S. JR. received the B.Sc.
degree in electrical engineering from the Federal
University of Bahia, Brazil, in 2001, the M.Sc.
degree from Unicamp, Brazil, in 2002, and the
Ph.D. degree from Scuola Superiore Sant’Anna,
Italy, in 2006. He was an Invited Researcher and a
Professor for many world-recognized universities,
such as the University of Oulu, in 2017; Scuola
Superiore Sant’Anna, in 2015, 2017, and 2019;
Danish Technical University, Denmark, in 2013;

Max-Planck Institute, Germany, in 2010; and University of Bath, U.K.,
in 2004, 2005, and 2007. He was an Associate Professor at Unicamp, from
March 2009 to August 2011. He joined as an Associate Professor with
the Brazilian National Institute of Telecommunications (Inatel). Since 2009,
he has been acting as a Coordinator of research and development projects on
diverse areas of telecommunications, including 5G, 6G, antennas, radars, and
microwave photonics. He is a holder of 11 patents, transferred 25 products
to the industry, and published more than 300 scientific papers.

VOLUME 11, 2023 9259


