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Abstract
The Covid-19 pandemic showed forcefully the fundamental importance broadband data
communication and the internet has in our society. Optical communications forms the
undisputable backbone of this critical infrastructure, and it is supported by an interdisciplinary
research community striving to improve and develop it further. Since the first ‘Roadmap of
optical communications’ was published in 2016, the field has seen significant progress in all
areas, and time is ripe for an update of the research status. The optical communications area has
become increasingly diverse, covering research in fundamental physics and materials science,
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high-speed electronics and photonics, signal processing and coding, and communication
systems and networks. This roadmap describes state-of-the-art and future outlooks in the optical
communications field. The article is divided into 20 sections on selected areas, each written by a
leading expert in that area. The sections are thematically grouped into four parts with 4–6
sections each, covering, respectively, hardware, algorithms, networks and systems. Each section
describes the current status, the future challenges, and development needed to meet said
challenges in their area. As a whole, this roadmap provides a comprehensive and unprecedented
overview of the contemporary optical communications research, and should be essential reading
for researchers at any level active in this field.
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Acronyms

Acronym Meaning Section

3D Three-dimensional 5, 6, 12
4G Fourth generation 19
5G Fifth generation 1, 12, 15, 19
6G Sixth generation 1, 12, 15, 19
ACTN Abstraction and control of traffic-engineered networks 13
ADC Analog-to-digital converter 9
AI Artificial intelligence 7, 13
API Application programming interface 13
ASE Amplified spontaneous emission 12
ASIC Application-specific integrated circuit 4
AWGN Additive white Gaussian noise 10, 11
BBU Baseband unit 17
BCH Bose, Ray-Chaudhuri, Hocquenghem 10
BDFA Bismuth-doped fiber amplifier 3, 7
BER Bit error rate 10
BM Burst mode 15
BVT Bandwidth-variable transponder 12
C-Rx Coherent receiver 15
C-Tx Coherent transmitter 15
CD Chromatic dispersion 15
CDC Colorless, directionless, and contentionless 12
CDR Clock data recovery 14
CM Continuous mode 15
CMA Constant modulus algorithm 18
CMOS Complementary metal–oxide–semiconductor 4
CPO Co-packaged optics 5
CV Computer vision 8
CWDM Coarse wavelength-division multiplexing 14
DAC Digital-to-analog converter 4, 9
DAS Distributed acoustic sensing 18
DC Data center 12
DFE Decision-feedback equalization 14
DPD Digital pre-distortion 9
DS Downstream 15
DSP Digital signal processing 1, 4, 15, 18, 21
DT Digital twin 13
DWDM Dense wavelength-division multiplexing 16
EDFA Erbium-doped fiber amplifier 1, 6, 7, 12
EDWA Erbium-doped waveguide amplifier 3
EGN Enhanced Gaussian noise 9, 11
EON Elastic optical network 12
FA Fiber amplifier 3
FBA Fiber Brillouin amplifier 3
FEC Forward error correction 1, 10, 15, 16
FFE Feedforward equalization 14
FM-MCF Few-mode multi-core fiber 6
FMF Few-mode fiber 2, 6
FOPA Fiber-optical parametric amplifier 3
FRA Fiber Raman amplifier 3
FSO Free-space optical 19
FT-LO Fast tunable local oscillator 15
FTTA Fiber through the air 19
GN Gaussian noise 7, 9
GS Geometric shaping 11
HAPS High-altitude platform station 19
HCF Hollow-core fiber 2, 12
HD Hard decision 10
HNLF Highly nonlinear fiber 3
IEEE Institute of Electrical and Electronics Engineers 15

(Continued.)

3



J. Opt. 26 (2024) 093001 Roadmap

Acronyms (Continued.)

IF Intermediate frequency 17
ILA In-line amplifier 13
IM/DD Intensity modulation and direct detection 1, 15, 21
InP Indium phosphide 4
IP Internet protocol 13
ISD Information spectral density 7
ISRS Interchannel stimulated Raman scattering 7, 12
ITU-T International Telecommunication Union Telecommunication Standardization Sector 6, 12
LD Laser diode 21
LDPC Low-density parity-check 10, 15
LED Light-emitting diode 21
LO Local oscillator 15, 17
MB Multiband 12
MC-EDFA Multicore erbium-doped fiber amplifier 6
MCF Multicore fiber 2, 6, 12, 13, 16
MD-GS Multidimensional geometric shaping 11
MDL Mode-dependent loss 6
MF Multifiber 12
MIMO Multiple-input multiple-output 6, 12, 21
ML Machine learning 8, 12, 13
MMF Multimode fiber 2, 6, 12, 13
MPLC Multiplane light conversion 6
MPLS Multiprotocol label switching 12, 13
MPO Multifiber push-on 6
MSA Multisource agreement 15
MUI Multiuser information theory 11
MZM Mach–Zehnder modulator 4, 5, 17
NBI Northbound interface 13
NCG Net coding gain 10
NFV Network function virtualization 12
NLI Nonlinear interference 7, 12
NLP Natural language processing 8
NN Neural network 8
NPR Noise-to-power ratio 9
NRZ Non-return-to-zero 15
NTN Nonterrestrial network 19
O-OFDM Optical orthogonal frequency division multiplexing 21
OA Optical amplifier 3
OBI Optical beat interference 15
ODN Optical distribution network 15
OGGS Optical ground gateway station 19
OH Overhead 10
OLS Optical line system 13
OLT Optical line termination 15
ONU Optical network unit 15
OOK On–off keying 15
OSFP Octal small-form-factor pluggable 14
OSNR Optical signal-to-noise ratio 8, 12
OTSi Optical tributary signal 13
P2MP Point-to-multipoint 15
P2P Point-to-point 15
PAM Pulse amplitude modulation 14, 15
PAS Probabilistic amplitude shaping 11
PAT Positioning, acquisition, and tracking 19
PD Photodiode 4
PDFA Praseodymium-doped fiber amplifier 3
PDL Polarization-dependent loss 10
PIA Phase-insensitive amplifier 3
PIC Photonic integrated circuit 3, 20

(Continued.)
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Acronyms (Continued.)

Acronym Meaning Section

PON Passive optical network 15
PPLN Periodically poled lithium niobate 3
PS Probabilistic shaping 11
PSA Phase-sensitive amplifier 3
PSM Parallel single-mode 14
QAM Quadrature amplitude modulation 10, 11
QC Quantum communication 20
QKD Quantum key distribution 12, 13, 20
QoE Quality-of-experience 12
QoT Quality-of-transmission 12
RE Rare earth 3
RF Radio frequency 4, 19, 21
RIS Reconfigurable intelligent surface 21
RL Reinforcement learning 8
ROADM Reconfigurable optical add–drop multiplexer 12, 13
RRH Remote radio head 17
RS Reed–Solomon 10, 15
Rx Receiver 15
SBI Southbound interface 13
SC-MCF Strongly coupled multicore fiber 6
SD Soft decision 10
SDM Space-division multiplexing 1, 2, 3, 4, 6, 7, 12, 13, 16
SDN Software-defined networking 12, 13
SE Spectral efficiency 1, 11
SerDes Serializer/deserializer 14
SiGe Silicon germanium 4
SiP Silicon photonics 4, 14
SMF Single-mode fiber 2, 6, 12
SNR Signal-to-noise ratio 7, 10, 11
SOA Semiconductor optical amplifier 3, 7
SOH Silicon-organic hybrid 4
SSE Spatial spectral efficiency 6
SSMF Standard single-mode fiber 15
SXC Spatial cross-connect 6
T-LO Tunable local oscillator 15
TDFA Thulium-doped fiber amplifier 3, 7
TDM Time-division multiplexing 15
TE Transverse electric 5
TIA Transimpedance amplifier 9
Tx Transmitter 15
US Upstream 15
UWB Ultrawideband 7
VLC Visible light communication 21
WC-MCF Weakly-coupled multicore fiber 6
WDM Wavelength-division multiplexing 1, 3, 6, 7, 11, 12
WSS Wavelength-selective switch 12
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be required to provide power-efficient, practical, and cost-
effective interconnections to the traditional SMF, and ways to
perform these in the field.

All fibers that differ from the standard single-core,
125 micrometer glass diameter will also need the support of
a dedicated ecosystem of customized optical components and
test-and-measurement equipment, which might slow down
their widespread diffusion.

Finally, new fiber design challenges (and related oppor-
tunities) will emerge to enable the growth of new func-
tionalities supported by the telecom network, such as long-
distance distributed sensing or improved data transmission
security through quantum-secure transmission protocols coex-
isting with classical signals.

Advances in science and technology to meet
challenges

One of the main research directions for single-core SMF
will be towards reduced-diameter fibers. After decades where
space in ducts and cables was abundant and the 125/250 µm
glass/coating diameter of fibers seemed adequate, there is
now a strong incentive to reduce the fiber’s outer diameter.
This will allow more compact terrestrial cables, fitting more
fibers into existing congested micro-ducts, as well as ‘cable
SDM’ solutions resulting in larger and denser terrestrial cables
containing well over 1000 fibers, and in submarine cables
housing an increasing number of fiber pairs in the stand-
ard 17 or 20 mm diameter format. While 125/200 µm fibers
are already established, research is pushing towards even
smaller dimensions, with 125/180, 125/165, and 80/165 µm
options currently under investigation [20, 21]. By working in
synergy with coating and cabling developers, fiber research
will need to identify and standardize the minimum prac-
tical dimension that still ensures adequate optical perform-
ance. Puncture resistance of thin coatings, microbend-induced
penalties, backward compatibility, and the cost/benefit of
introducing more expensive but more bend-robust trench pro-
files in the core will be the main challenges in the near future.
In addition, SMF research will investigate the path towards
fibers with even larger core effective area for improved non-
linear penalty mitigation. Fibers with effective areas beyond
150 µm2 start to operate in a quasi-single-mode regime. Here,
the downside for a reduction in nonlinear-induced penalties
will be the onset of multipath interference from parasitic high-
order modes; this creates linear impairments and the poten-
tial need for DSP compensation [22]. Only time will tell if the
advantages outweigh the disadvantages.

Single-core MMF, in combination with vertical-cavity
surface-emitting lasers (VCSELs), will still be the cost-driven
solution of choice for the smallest enterprise data centers.
Researchmust investigate designs and standards beyondOM5,
capable of transmitting 800 or 1600 Gb s− 1 over up to 100 m
distances, for example through cores larger than 50 µm [23].

Multicore SDM fibers have achieved impressive progress
over the last decade. An ITU study group has started working
on their standardization, and the technology is now nearing

commercial deployment. In long haul, after initial explora-
tions of large core counts, research seems to have settled onto
more practical versions with a lower number of cores (e.g.
4) that can fit in the standard 125 µm glass diameter. Both
coupled and uncoupled core varieties have now approached
the loss of single-core versions, ∼0.155 dB km− 1 [24, 25].
Techno-economic considerations will likely determine which
version will be ultimately favored by the market. Submarine
MCF cable prototypes have been shown to be able to support
transoceanic transmission distances in loop experiments with
multicore amplifiers [26], indicating that the technology will
compete with SMFs with reduced outer dimensions to become
the solution of choice for submarine SDM cables. The win-
ner will be determined by the performance of the whole
link, including fan-in and fan-out devices and splices (for
which the MCF loss is still high), as well as by practicalities
and techno-economic considerations. For shorter reaches, the
MCF technology will keep developing large-core-count fibers
for improved connectivity in fiber-hungry data-center applic-
ations. Research will focus on practical ways to intercon-
nect them to transceivers or integrated optoelectronics chips.
Bidirectional transmission in a single MCF, as opposed to the
more standard use of fiber pairs, will likely receive further
attention beyond current exploratory studies [27], due to the
resulting reduction in crosstalk and consequent increase in the
allowed core density. Few-mode single-core fibers will aim to
carve themselves some space in the data center interconnect
(DCI) space, where information spatial density is key and the
short distances might require no or only light multiple-input
multiple-output (MIMO) processing [28].

Over the next decade, HCF technology will also consolid-
ate. New designs will be proposed and tested for high-volume
production and ultra-wideband long-haul transmission. They
will need to demonstrate the capacity to reproduce in large
volumes and at a low production cost the impressive loss val-
ues of<0.11 dB km− 1 reported in a hero experiment [29], and
potentially improve the loss further. Their low-latency, virtu-
ally non-existent nonlinearity, and potential for many tens of
THz of ultralow-loss bandwidth can in principle impact many
application areas. Hybrid HCF–SMF spans for link extension
through nonlinear mitigation, and petabit/second (Pb/s) unre-
peatered transmission through 2–300 km [30] could be some
of their first applications; long-haul transmission at 3–5 times
the SMF throughput seems also possible but requires the con-
current development of efficient ultra-wideband amplifiers.
No immediate roadblock seems apparent from early recircu-
lating loop experiments reaching several thousand kilometers
[31], but more work on splice loss and fiber outer diameter
reduction, as well as some initial standardization will be
needed. While the transmission ecosystem will naturally drive
the alignment of HCF technology to the spectral bands of cur-
rent interest for solid core fibers, e.g. around 850–1000 nm
as well as in the O, C and L band, the ultrawide bandwidth
of these HCFs and their apparent ability to achieve ultralow
loss anywhere between 800 and 2000 nm [32] might cre-
ate opportunities for new transmission windows at alternat-
ive wavelengths where novel amplifiers and/or optoelectronics
components can provide technological advantages.
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Figure 3. Categorization of OA technologies. PSA: phase sensitive amplifier; PIA: phase insensitive amplifier; FOPA: fiber-optical
parametric amplifier; RE: rare earth; FA: fiber amplifier; EDF(W)A: erbium-doped fiber (waveguide) amplifier; FWM: four-wave mixing;
SOA: semiconductor optical amplifier; OPA: optical parametric amplifier; PPLN: periodically poled Lithium Niobate.

improve the quality of local oscillators for coherent detection
[38].

Current and future challenges

Further dramatic increases in the network capacity, network
coverage, and computing power are required to realize the
future digital infrastructure in the forthcoming 6G mobile
era. Consequently, optical fiber communication systems must
enhance both the per-fiber capacity and parallelism to signi-
ficantly increase the overall data-transfer/processing capabil-
ity of the digital infrastructure. Therefore, OA technologies
need to expand the operating band from the present C-/L-band
to other bands [39] and better support parallelism associated
with the newly deployed multi-fiber cable systems, including
SDM systems. SDM systems require the optical gain and noise
characteristics to be equalized over all WDM and SDM chan-
nels. It depends on system configurations how to increase the
overall capacity by optimally combining the expansion of the
transmission band and SDM (see section 6 for details).

Another important challenge is the integration of the
higher functionalities. Next-generation optical transport
will no longer be point-to-point or static but will be
highly virtualized and reconfigurable to form complex

multi-point-to-multi-point optical networks, based on disag-
gregated hardware platforms that deal with easy-to-use, cost-
effective, pluggable ‘white-box’ optical modules. Generally,
integration conceals the difficulty of handling photonic
devices on a mass-production basis. Consequently, the integ-
ration of optical amplifiers into highly functional PICs such
as optical transceivers, co-packaged optics, optical switches,
and photonic accelerators to aid massive computing will be
important. Subsequently, the expansion of the gain band and
integration are addressed.

Advances in science and technology to meet
challenges

(i) Expansion of the gain band: figure 4 shows the gain band
map for various OA technologies. First, we discuss O-
band amplifiers because the short-reach data center optical
interconnects operating in the O-band will require optical
amplification for further scaling. For this purpose, praseo-
dymium (Pr3+)-doped FAs (PDFAs) have been developed
[40]. However, PDFAs are based on fluoride fibers that
must be hermetically sealed for reliability, thus hinder-
ing their widespread use. Recently developed BDFAs are
based on silica fibers. Unlike RE-doped FAs, the gain band
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Figure 4. Gain band map of various OA technologies.

of BDFAs is determined by the pump wavelength and
the composition of the host silica fiber (see section 5 of
[39]). For O-band operation, the pump wavelength ranges
between 1200 and 1300 nm. BDFAs and SOAs operat-
ing in the O-band have been commercialized. For coarse
WDM signals, SOAsmust be operated in the linear regime
such that nonlinear gain response does not degrade the sig-
nal quality [37].

To further expand the signal bandwidth beyond the
C + L-band, SOAs whose gain spans continuously over
100 nm containing the C + L-band have been demon-
strated to successfully amplify more than 100 Tb s− 1

WDM signals [41]. A higher operating power with many
WDM signals suppresses the SOA nonlinear gain dynam-
ics (see section 3 of [37]). The FRAs are also useful for
expanding the gain band. The virtue of FRAs is that the
gain profile is continuously broad because of the amorph-
ous nature of silica glass, and the pump wavelength
dictates the wavelength of the gain without changing the
profile. In fact, properly preparedmulti-wavelength pump-
ing achieves a continuous flat gain profile spanning over
100 nm without employing gain-flattening filters [42].

Thulium (Tm3+)-doped FAs (TDFAs) have been stud-
ied to amplify S-band signals. However, the host glass
of TDFAs is non-silica glass for S-band amplification,
whereas TDFAs operating from 1620 to 2000 nm are
based on silica fiber [43]. FOPAs can also operate over
a broad band in the low-loss window of the optical fiber
by optimizing the dispersion profile of the fiber and
pump wavelengths. FOPAs operate unidirectionally, mak-
ing isolators unnecessary to obtain a high gain. Extremely
low-noise PSA operation is also beneficial for cases such
as space communication where the incoming signal levels
are very low [44]. For efficient FOPAs, highly nonlinear
fibers (HNLFs) have been extensively studied and com-
mercialized. FOPAs are also used as optical phase conjug-
ator or wavelength converter for WDM signals [45].

(ii) Integration of optical amplifiers: To date, SOAs have been
the only successful OA technology integratable onto PICs

by not only monolithic but also heterogeneous integration.
For example, SOA-integrated silicon photonic switches
have been reported [36]. However, technologies to integ-
rate SOAs onto silicon photonics at a mass-production
level have not been widely developed, mostly because
of limited demand as well as its technical difficulty to
optical alignment, thermal dissipation, and reliability.
Recently, wafer-scale heterogeneous integration of active
devices on silicon photonics has attracted considerable
attention.

Apart from SOAs, research activities have recently been
revisited to develop integrated OAs other than SOAs, for
instance, those exploiting the parametric gain of peri-
odically poled LiNbO3 (PPLN) [46] and silicon nitride
[47]. Silicon nitride waveguides are characterized by low
loss and high optical confinement and are suitable for
optical amplification purposes that require long interac-
tion lengths. Realizing parametric amplification on a chip
is inherently advantageous over FOPAs, considering that
the optical phases and states of polarization are consider-
ably more stable on the chip than in the fiber.

Concluding remarks

Optical amplifiers are and will be one of the most import-
ant and indispensable building elements for constructing
digital infrastructure in modern and future information soci-
eties. Owing to the continuous demands of increasing data
transfer and processing capacity, optical amplification needs
to explore technologies to expand operating bands fur-
ther and integrate with other optical devices to dramat-
ically improve both system performance and cost–benefit
trade-offs.
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Current and future challenges

SDM system research has undoubtedly shown the potential for
SDM fibers to increase the information-carrying potential of
optical fibers by orders of magnitude over SMFs. However,
the techno-economic case for widespread deployment depends
on clear demonstration of cost-per-bit savings and a plaus-
ible migration path with different fiber choices offering vari-
ous advantages and disadvantages. In particular, the choice
of strong or weak-coupling directly impacts on switching,
multiplexing and integration strategies. SMF arrays have the
advantage of potentially utilizing existing deployed fibers;
however, despite efforts to redesign cables with increasing
numbers of fiber pairs [104], it is unlikely to match the number
of spatial channels that MCF and FMF can support in the same
cable area. Further, relying on SMFwill also mean the number
of connections increases with the traffic. A crucial advantage
of SDM fibers in space-restricted network sites such as data
centers is their higher spatial density allowing higher-density
connectors [105]. High-density multifiber push-on (MPO)-
type connectors have shown up to 256 core connections in a
single connector using arrays of WC-MCFs [106]. However,
the need to maintain a relatively large core pitch to ensure
acceptable crosstalk levels [107] places a limit on the connec-
tion density.

Coupled SDM fibers offer both the greatest opportunity for
integration and high SSE but also the greatest challenge in
achieving it. These systems generally require high-speed elec-
tronics to undo crosstalk using MIMO processing, the com-
plexity and cost of which scales with the spatial channel counts
[108]. Furthermore, small differences between the propaga-
tion characteristics of different cores or modes may lead to
mode-dependent loss (MDL), which fundamentally limits the
capacity of such systems [109].

A further ongoing challenge for all SDM solutions is real-
izing the potential of SDM amplifiers for power and com-
ponents savings. Core-pumped multicore erbium-doped fiber
amplifiers (MC-EDFAs) have been demonstrated with trans-
mission characteristics similar to conventional EDFAs [110].
Such amplifiers allow hardware sharing through components
such as isolators and pump couplers, but there is no reduc-
tion in the number of required pump lasers. The efficiency
of cladding pumped MC-EDFAs has been improved through
various pump-light recycling techniques [111], but the smal-
ler diameter of coupled SDM fibers are more likely to provide
desirable pump conversion efficiencies. The challenge for
coupled amplifiers is achieving sufficiently uniform character-
istics between spatial channels to prevent capacity reduction
from spatial channel gain variation.

In addition to point-to-point links, SDM technologies also
offer potential to simplify and increase efficiency in switching
and networking. Replacing conventional wavelength switch-
ing in WDM networks with highly efficient spatial switching
in SDM networks has been proposed and experimentally
demonstrated [112, 113], as illustrated schematically in
figure 10(b). A growing research area is identifying the
optimum networking and control-plane technologies to fully

Figure 10. (a) Potential migration paths from parallel fibers to
integrated SDM link and (b) example of spatial bypass for network
with uncoupled SDF fibers and spatial cross-connect (SXC).

exploit the spatial domain, such as the spatial-bypass shown
in figure 10(b).

Advances in science and technology to meet
challenges

To fulfill their potential as the backbone of future optical
transmission systems, SDM technologies must continue to
demonstrate clear cost scaling and resource efficiency over
conventional approaches. In this respect, technologies such as
compact, energy-efficient optical transceiver arrays and amp-
lifiers are crucial targets, but a better understanding of cost and
energy efficiency comparison metrics for different SDM solu-
tions is also key.

Amplifier development could particularly benefit from
standardized metrics. The optical power-conversion efficiency
and the wall-plug efficiency have been used to track improved
power efficiency for specific amplifier variants, but direct com-
parisons of power efficiency between amplifiers with differ-
ent SDM fibers and pumping schemes are less clear. Whilst it
is attractive from an integration point of view to adopt SDM
amplifiers that can be connected or spliced to the correspond-
ing transmission fiber, it is also necessary to demonstrate better
integration, power saving, and uniformity than low-cost amp-
lifier arrays [114]. Optical amplifiers are further covered in
section 3.

With large-scale production only just beginningwith 2-core
fibers [103], the cost of MCFs relative to SMFs is hard to
predict, particularly for advance trench assisted designs. As
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or about the system behavior in general? Answering these
questions would turn ML from a simple optimization
framework into a versatile tool that can actually help
us shape and understand fiber-optic communication sys-
tems in a much deeper sense, with yet unforeseeable
impact.

Due to the enormous data rates at which optical com-
munication systems operate, complexity is a major concern
when implementing ML systems. Most modern ML systems
employing NNs are not specifically tailored to these high data
rates, as the applications driving their development are mostly
computer vision (CV) and natural language processing (NLP).
However, their structure which leads to simple paralleliza-
tion makes them attractive for implementation. A future chal-
lenge will be the development of ultra-low-complexity hard-
ware platforms with low power dissipation that can be used in
highly integrated, high-speed optical transceivers. In particu-
lar, it will be important to not only integrate the inference part
(which uses the ML model), but also the learning part of the
ML systems into a transceiver to enable continuous adaptation
to varying conditions.

Advances in science and technology to meet
challenges

To improve explainability and interpretability of ML
algorithms in optical communications, and to gain novel
knowledge about fiber-optic communications, we need to
invent novel ML methods that are specifically tailored to
(fiber-optical) communications. Today, the field of ML is
mostly driven by applications from the fields of CV and
NLP. In these applications, models are often missing, hence
the black-box approach to ML is very fruitful. In the field
of telecommunications in general, we are often in posses-
sion of models that either fully or approximately describe
the system behavior. Hence, we may use the knowledge of
the underlying physics and the models at our disposal to
derive new ML methods that are specifically tailored to com-
munications. A first attempt in doing so has been presen-
ted in [152], which introduces a novel ML structure based
on the split-step Fourier method to model both nonlinear
propagation on the optical fiber and nonlinearity compens-
ation at the receiver. Deriving specifically optimized ML
components for telecommunications will need to bring the
fields of optical communications, traditionally rooted in phys-
ics and the field of ML, rooted in computer science, closer
together.

A major challenge that needs to be solved before deploy-
ing ML algorithms is the challenge of complexity. Modern
ML systems built upon NNs are usually prohibitively com-
plex to be used in optical communication systems, unless spe-
cifically optimized. The complexity reduction can be either
done algorithmically or by tailored hardware platforms. The
algorithmic approach is currently explored in the ML com-
munity and has been used in the field of communications in

Figure 14. Low-complexity NN based on pruning. (a) Typical NN
where each node computes the weighted sum of the incoming edges
and applies a nonlinear function. The shade of the node depicts the
importance of the node on the final result. (b) Resulting NN after
pruning the less important nodes.

the context of ML-aided forward error-correction decoding
[160]. This approach, which is based on pruning NNs, is illus-
trated in figure 14. ML systems that are specifically tailored
to communications will likely need to be built around some
complexity optimization.

Besides algorithmic advances, the success of NNs has
driven large research efforts to find efficient hardware imple-
mentations of NNs. Fiber-optic communications will need
either low-complexity digital ML implementations that can be
incorporated in the transceiver signal processor or completely
novel processing architectures. The latter can be build using
either analog hardware or even photonics, which has the
potential of integration in a fully photonic integrated circuit.
In particular photonic integration of so-called neuromorphic
hardware promises unprecedented energy efficiency [161].
Such systems could integrate both inference and learning for
constant system adaptability.

Concluding remarks

ML and in particular the application of ML in fiber-optic
communications are rapidly growing and evolving fields with
widespread applications throughout all the layers of the net-
work. There are many open research and engineering chal-
lenges that need to be overcome before ML will be ubi-
quitously employed in live networks: The application of ML
in the physical layer will require novel high-speed, high-
throughput ML methods, which are specifically tailored to
high-speed fiber-optic communication systems. Additionally,
these should be developed in conjunction with novel hardware
platforms (so-called neuromorphic processors) implementing
the ML schemes. The application of ML in the network will
require new learning paradigms, allowing the optimization
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Figure 16. Challenges in the characterization and mitigation of
fiber and device nonlinearities.

Current and future challenges

As shown in figure 16, the nonlinearity characterization
and mitigation still have many challenges. The nonlinear-
ity characterization in single-mode fiber is relative mature;
however, the situation in new fibers, such as the few-mode
fiber, is much more complicated. If multi-band transmission
is considered, stimulated Raman scattering and frequency-
dependent loss should be considered in the GN or EGN
model.

The device nonlinearity characterization has much more
challenges. One fundamental challenge is that the nonlinear
distortion not only depends on the device nonlinear status
but also on the input signal characteristics [166]. Thus, the
nonlinear distortion measured by a test signal, such as a sinus-
oidal signal, usually differs from the actual nonlinear distor-
tion in real-world communication [173]. Estimating nonlinear
system performance from the device nonlinear characterist-
ics is quite challenging [174]. Counter-intuitively, the non-
linear term cannot be considered as an equivalent nonlinear
noise, because the nonlinear term contains information about
the input signal. The nonlinear distortion measured by the
NPRmethod is usually not consistent with the actual nonlinear
noise in real-world communication, because the notch process
changes the signal. The orthogonal component is a good way
to describe the equivalent nonlinear noise; however, it is hard
to measure.

To mitigate the fiber and device nonlinearities, it is
more practical to reduce the nonlinear distortion through a
proper selection of system parameters. Nonlinear compens-
ation has two fundamental challenges: high complexity and
compensator updating. Additionally, the benefit of practical
nonlinear compensation is usually insignificant. For fiber non-
linearity, the cross-phase modulation cannot be compensated
if the receiver has no information about the copropagating
channels. For device nonlinearity, the effects of high-order
nonlinear terms and long memory cannot be compensated by
a low-complexity compensator.

The compensator updating is another big challenge, in
particular for the device nonlinearity. The dominant device
nonlinear distortion occurs in the transmitter. The com-
pensator updating needs a dedicated receiver to calculate
the compensation error, which significantly increases the
cost.

Finally, most nonlinear compensation algorithms show a
trade-off between performance and complexity. Thus, it would
be desirable to know an upper bound of the compensation
benefit given the complexity limitation. However, it is still
unclear how to obtain such a bound.

Advances in science and technology to meet
challenges

To solve the above challenges, many new technologies are
expected. The nonlinear distortion in the few-mode fiber has
been studied in [175]. The stimulated Raman scattering is con-
sidered to improve the accuracy of the EGN model [176]. To
practically and accurately estimate the nonlinear system per-
formance from the device nonlinear characteristics, a new test
signal other than the conventional single-tone or multi-tone
signal is expected. For example, the probability-maintained
notch method accurately and practically measures the equi-
valent nonlinear noise [177]. Moreover, new fiber, device, and
system designs are still a more practical way to mitigate the
nonlinear distortion. For example, the nonlinear distortion in
hollow-core fiber is almost zero (see section 2). The thin-film
LiNbO3 modulator (see section 4) has a much weaker nonlin-
ear distortion than the silicon-photonics or indium-phosphide
modulator. The optical phase sensitive amplifier regenerates
the signal during amplification. Machine learning may be use-
ful for nonlinear system identification and nonlinear compens-
ation [178, 179] (see section 8). Many algorithms for com-
pensating device nonlinearities have been developed in wire-
less communication and automatic control system, such as
maximum-likelihood sequence estimation and DPD methods
based on iterative learning control, direct learning, and indir-
ect learning. Some of them could be used in optical commu-
nication [180, 181]. Phase retrieval could recover the complex
optical field from the intensity information obtained from the
photodetector [182]. This may facilitate the transmitter-side
DPD updating.
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called the multifiber (MF) solution), namely multiband (MB),
i.e. exploitation of the fiber’s remaining low-loss spectrum
beyond the C-band (from O to L) (see section 7) and SDM
(see section 6) with MF or multicore and/or multimode fiber
(MCF/MMF) transmission, the latter for shorter-distance com-
munications. MB transmission allows brownfield deployment
through reuse of existing fiber infrastructures (i.e. the widely
deployed ITU G.652.D and other optical fibers) by exploiting
the entire low-loss spectrum range—encompassing the O, E,
S, C, and L bands (see section 7). Migration from C-band-only
systems to MB systems can provide 10x higher capacity vs.
C-band-only systems [220]; hence, in conjunction with EON-
compatible systems, MB can utilize the full potential of stand-
ard SMFs. However, new technologies are required to support
the usage of the additional bands, the main challenges being
low maturity of key components (filters, switches, transpon-
ders, amplifiers, etc) and additional complexity in terms of
wavelength-dependent fiber parameters such as attenuation
and dispersion coefficient, and use of diverse lumped ampli-
fication technologies. As MB systems enable co-propagation
of many spectral bands, this increase in network capacity
comes at the cost of higher NLI due to ISRS along with
amplified spontaneous emission (ASE) noise generated by
different in-line amplifiers. This limits a lightpath’s quality-
of-transmission (QoT); hence, we need robust physical-layer
models, leveraging ML-based QoT estimation techniques, to
accurately predict the OSNR of lightpaths. Other important
and intertwined aspects include spectral efficiency, advances
in modulation formats that can be supported, baud rates, etc.

On the other hand, SDM solutions with MF or MCF/MMF
transmission can attain data rates in Pb/s/fiber [221] (see
section 6). However, these solutions require greenfield deploy-
ment through rolling out new fibers, lighting up existing dark
fibers, or deploying novel types of fibers requiring new trans-
ceivers and physical-layer modeling (e.g. considering interfer-
ence due to inter-core/inter-modal crosstalk). Note that MB
andMF transmissions are not mutually exclusive, as MBmax-
imizes per-fiber transmission, which can be combined with
SDM by activating additional fibers.

It is imperative that optical networks (long-haul and metro)
be resilient against failures and disruptions (e.g. fiber cuts) as
their impact can be catastrophic considering the dependence of
other networks and services. As shown in figure 20, consumers
get services from enterprises (traditionally) and/or cloud ser-
vice providers (with evolution towards cloud and edge), which
host and deliver their services via the supporting carrier back-
bone optical networks.With networks becoming progressively
content or service-centric, metro network resiliency is crucial
to ensure connectivity and reliability across the network, so
that a link or data-center failure does not cause loss of critical
content or service [222]. Regarding long-haul vs. metro links,
note that their distances and objectives are different, e.g. the
shorter metro links need to provide increased connectivity for
edge computing, with low latency requirements, whereas the
long-haul links might evolve to point-to-point fat pipes con-
necting data centers (DCs).

Figure 20. Dependency and relationship of network users
(consumers), enterprises, cloud service providers, and carriers.

Advances in science and technology to meet
challenges

Recent advances in coherent optical transmission have brought
unprecedented elasticity in tuning transponder parameters
such as baud-rate, modulation format, forward-error cor-
rection overhead, etc. Other emerging technologies such as
bandwidth-variable transponders (BVTs) with adaptive baud-
rate and modulation format, tuned dynamically to the required
transmission distance, and bandwidth-variable optical cross-
connects can bring significant benefits to network capa-
city with a flex-grid [223]. The optical switch architectures
should evolve towards fiber switching to handle a large
number of fiber inputs, each with dynamically varying spectral
utilization.

Towards MB evolution, upgrades of existing C-band sys-
tems can benefit from maturing C + L band systems, e.g. by
re-use of EDFAs, which can operate across the L band [224].
High performance has also been achieved in case of hybrid
EDFA + Raman amplifiers for C + L. Gradual progres-
sion from the C band to the L, S, E, and O bands is envi-
sioned as a longer-term solution as technology matures, start-
ing with the L band (or C + L bands) as the next-most
promising candidate. Future systems may have a combina-
tion of spatial channels and wavelength channels. From a net-
working perspective, the choice between a spatial channel
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Figure 23. High level view of Google’s data-center network. OCS: optical circuit switch; CWDM: coarse-wavelength-division
multiplexing.

25.6 Tb s− 1 (256× 100 Gb s− 1). Two fundamental challenges
limit the switch I/O scaling. The first is related to ASIC
package size and minimum all grid array (BGA) dimension
requirements [249], which determine how many parallel elec-
trical lanes of switch silicon can accommodate. The second
is how fast the signal can be transmitted over the chip-to-
module (C2M) channels. The achievable lane speed depends
on the CMOS serializer/deserializer (SerDes) capability and
electrical channel performance. The state-of-the-art switch
ASIC has 512 electrical lanes, each operating at 100 Gb s− 1

using PAM4 and digital CMOS SerDes.
Data-center network interconnects face bandwidth and

reach-scaling challenges. Fundamentally, there are only three
orthogonal technical axes to scale bandwidth [250]: (1) higher
baud-rate; (2) more spectrally efficient modulation formats;
and (3) more parallel lanes/dimensions. These three axes have
been used to scale the bandwidth, from 10 Gb s− 1 using
10 Gbaud, non-return-to-zero (NRZ), and a single lane to
800 Gb s− 1 using 50 Gbaud, PAM4, and 8 lanes. Historically,
bandwidth cost reduction in terms of cost per bit was mostly
achieved by serial data rate scaling through (1) and/or (2),
because only serial data rate scaling allows us to scale band-
width without increasing optical/electrical component counts.
But it is becoming increasingly more challenging to scale the
serial data rate to 200 Gb s− 1 or beyond, because higher-
bandwidth components and wider channels are needed to scale
the baud-rate, while higher SNR is needed for higher-order
modulation formats.

The reach-scaling challenges are illustrated in figure 24.
For the direct attach copper channel, the supported reach
is reduced from 7 m at 10 Gb s− 1 lane using PAM2 to
only 2 m at 100 Gb s− 1 lane using PAM4. The reach is
expected to be less than 1 m at 200 Gb s− 1 lane. Fiber
chromatic dispersion (CD) will limit the 20 nm-spaced 4-
wavelength CWDM4 based IM/DD optics reach to about 1 km
at 200 Gb s− 1 lane and 0.25 km at 400 Gb s− 1 lane by using
PAM4, low-cost (higher chirp) EMLs and low-power linear
equalization, although CD-limited reach can be extended by
using chirp-managed MZM in combination with more power-
hungry nonlinear equalization technologies [251].

Figure 24. Reach-scaling challenges facing data-center networks
(assuming low-power linear equalization). MZM: Mach–Zehnder
modulator. IM/DD: intensity modulation-direct detection.

Advances in science and technology to meet
challenges

Continual advancement in CMOS technology is critical to
scale the switch ASIC capacity with reduced cost and
improved energy efficiency. To scale the ASIC switch capacity
to 100 Tb s− 1, 3 nm or 2 nm CMOS and 200 Gb s− 1 SerDes
technology that can support at least the C2M channel have
to be developed. This may require the use of more powerful
digital equalization techniques such as maximum-likelihood
sequence estimation, floating-tap decision-feedback equal-
ization (DFE) or feedforward equalization (FFE), and the
development of more advanced packaging, PCB, and con-
nector technologies. To scale the switching capacity bey-
ond 100 Tb s− 1, more disruptive electrical or optical
I/O [technologies such as the CMOS compatible high-
density parallel optical IO technology [252] may have to be
developed.

Network architecture level innovations are also needed
to close the gap between the traffic growth and the techno-
logy growth. For instance, the hybrid OCS/EPS architecture
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Figure 25. Conventional IM/DD-based TDM-PON architecture. BM = burst mode, CM = continuous mode, Tx = transmitter
Rx = receiver, US = upstream, DS = downstream.

more and more difficult to upgrade the line-rate of PON over
the same ODN [254].

To enable the upgrade from 10 Gb s− 1 to 25 Gb s− 1 and
2 × 25 Gb s− 1 PON in a cost-effective way, a high-gain
FEC code based on a LDPC code replaced the lower gain
Reed–Solomon FEC (RS-FEC) code to achieve the optical
power budget, and O-band transmission was introduced in
both upward and downward direction to avoid high CD penal-
ties. See section 10 about FEC and section 7 about transmis-
sion in new bands.

The 50 Gb s− 1 line-rate PON standard [255] assumes the
introduction of DSP and optical amplification in addition to
LDPC and bi-directional O-band transmission to enable the
stringent >29 dB optical power budget and up to 20 km of
standard single-mode fiber (SSMF) reach requirements for a
typical ODN. DSP also enables the use of bandwidth-limited
25 Gb s− 1 grade transceiver components, which can be reused
from high-volume data center and short-reach eco-systems for
improved cost-effectiveness [254, 256].

Current and future challenges

As stated above, the main challenge for next generations of
PON will be accommodating the already installed ODN in a
cost-effective way. Until now, transmission technologies for
PONs were developed for the worst-case OLT to ONU chan-
nel in the PON. However, the point-to-multipoint (P2MP)
nature of PON results in a different channel for each ONU,
which can be used to effectively relax the worst-case ODN
requirement. A flexible-rate IM/DDPON,which optimizes the

rate per ONU for higher overall data throughput using same
transceiver hardware as used for a fixed rate 50 Gb s− 1 PON,
was analyzed in [257, 258].

A 50 Gb s− 1 NRZ-OOK PON aligns well with 50 Gbaud 4-
level PAM4 transceiver technology from data centers, but there
are still challenges. Cost-effective small-form-factor transmit-
ters with high optical modulation launch amplitudes and cost-
effective optical pre-amplified receivers for improved receiver
sensitivity need to be developed. And to enable receiver
DSP in the upstream, a linear burst-mode (BM) receiver
and fast converging DSP are needed [254]. Another chal-
lenge is the power consumption and real-estate on the OLT
side of the PON, which complicates the introduction of the
required transceiver technologies. Upstream BM transmission
further complicates implementation of these technologies at
the OLT.

Coherent PON has been on the research radar for a while,
because it can solve several of the challenges that we see in
IM/DD, but it is as of now too costly for access. However, it has
the potential to enable higher line-rate due to the availability
of phase modulation and polarization multiplexing in addition
to amplitude/intensity modulation. It can also provide larger
optical power budgets due to the coherent gain and CD pen-
alties can be completely mitigated as the optical field is fully
recovered.

Unfortunately, coherent detection also introduces new chal-
lenges. For example, the P2MP architecture means that the
upstream signal from each ONU needs to be aligned to the
local oscillator (LO) at the OLT receiver. In addition, the ONU
transmitter is typically not wavelength-stable (λ-stable) due to
it being bursted [259].
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Figure 26. Coherent TDM-PON architecture. C-Tx = coherent transmitter, C-Rx = coherent receiver, FT-LO = fast-tunable local
oscillator, T-LO = tunable local oscillator.

The first challenge has been addressed in [260], where a
colorless phase-retrieval full-field recovery technique was pro-
posed to avoid the wavelength-alignment requirement at the
cost of no coherent amplification. In [261], frequency-comb
lasers were proposed to enable quasi-colorless coherent detec-
tion but with coherent amplification.

A fast tuneable LO laser at the OLT would be another
alternative to colorless coherent detection, but operation of
such a solution would likely require wavelength locking of
the upstream signals to a fixed wavelength grid, and ONU
wavelength drift due to bursting would still need to be
mitigated.

Advances in science and technology to meet
challenges

In the medium term, the focus will be on developing techno-
logy to extend the lifetime of the cost-effective IM/DD PON.

One technology that will be considered to achieve this is
flexible multi-rate PON, which effectively relaxes the worst-
case ODN limits to extend the usage of low-cost IM/DD tech-
nology beyond 50 Gb s− 1. PAM-based modulation would be
the first choice to enable compatibility with currently stand-
ardized single-rate PON, but an alternative flexible-rate PON
could also be based on multi-carrier transmission. Multi-
carrier transmission has a power budget penalty relative to
single-carrier transmission, but it provides higher-density rate
resolution, and one could even think about using the subcarri-
ers for media access, whichwould requiremitigation of optical
beat interference (OBI) between the ONU transmitters but
would eliminate BM transmission.

Another way to extend the usage of IM/DD technology
is to stack two or more wavelengths for increasing over-
all throughput on the PON. In IEEE 802.3ca, this has been
already standardized for 50 Gb s− 1 PON by stacking two
25 Gb s− 1 wavelengths [262]. Because a doubling of line-rate
typically results in a significant excess penalty due to lower-
performing transceiver parts at the higher rate, stacking of two
wavelengths results in a better optical power budget compared
to a single wavelength with doubled line-rate.

In the longer term, a coherent PON needs to be developed
to further upgrade the PON bandwidth beyond the capabilit-
ies of IM/DD. For cost-effectiveness, reduced coherent DSP
complexity compared to DSP for long haul coherent trans-
mission has been proposed for PON in, for example, [263].
A scheme based on Alamouti coding to reduce complex-
ity of a coherent ONU receiver has been proposed in [264].
In [265] an overview is provided of technologies to sim-
plify the ONU in coherent TDM-PON. Moreover, close align-
ment of coherent PON to coherent technology for data cen-
ters is needed for volume. However, alignment with data cen-
ters is not guaranteed, as there are principal requirement dif-
ferences between the two networks; PON architectures are
based on single fiber, so bi-directional transmission is needed,
which is not the case for dual-fiber data center networks.
This complicates sharing of one laser for signal and LO in
PON. Also, power-budget requirements for PON are much
more stringent than for data-center point-to-point (P2P) net-
works. Furthermore, the P2MP nature of PON results is addi-
tional requirements, as already described above. On top of
this, existing coherent technology needs to be adapted to
BM transmission. See figure 26 for a coherent TDM-PON
architecture.
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Figure 27. Capacity per fiber pair on transatlantic systems over the
last decades showing a compound annual growth rate of 47%.

of complete fiber pair independence and sharing pump power
across multiple fiber pairs [274] also brought costs down by
decreasing the number of required pumps (laser diodes operat-
ing near 980 nm used for inverting the erbium-doped fiber—a
key component in subsea systems) in subsea repeaters, while
simultaneously increasing system reliability. In modern sys-
tems, repeaters are erbium-doped fiber amplifiers, but the leg-
acy term ‘repeater’ remains from earlier days when the signal
was regenerated.

SDM increases the amount of wet plant hardware (number
of fiber paths and amplifiers) and, as such, wet plant costs will
shift the balance between hardware cost and installation cost,
making it a significant challenge for the industry to continue
the trend of decreasing cost per bit, especially when also con-
sidering the cost of capital.

One other major challenge exists: there is no undersea
power grid. Subsea systems are typically powered from shore,
limiting the total available power to support the transmission
capacity on the cable. The logarithmic nature of the Shannon
limit can help in this case. Since capacity only depends log-
arithmically on signal power, which depends linearly on the
cable electrical power, at the power limit we can continue to
increase cable capacity by lowering spectral efficiency and
increasing the number of spatial paths, i.e. amount of wet plant
hardware [275, 276]

Advances in science and technology to meet
challenges

Several technology options exist that should enable the
industry to continue expanding cable capacity for the next
decade. On the terrestrial side, fiber exhaustion on certain
routes and shifting ownership patterns have led to major capa-
city users leasing fiber instead of owning fiber plants, leading
to the widespread use of the long wavelength band or L-band.
Erbium-doped fiber not only amplifies over the 4.5 THz of
bandwidth in the conventional C-band but also, under suitable
conditions, on the long wavelength side of the C-band with a
similar available bandwidth (see section 7).

The L-band can be considered another spatial path in this
case. This technology has been commercialized in subsea sys-
tems and first deployed on a 13 000 km transpacific link [277],
but widespread penetration into the subsea market is still
pending. While the technology can nearly double the available
capacity per fiber pair, erbium amplification in the L-band is
less power-efficient than in the C-band, compounding poten-
tial power limitations for very long and very high-capacity
systems.

To improve the powering solutions from shore and provide
more power to subsea elements, more capable power feed
equipment has been introduced that increases maximum
voltage from 15 kV to 18 kV [278]. Since power for a given
load depends quadratically on voltage, this increase provides
up to 44% higher available power. Of course, more power-
efficient repeaters or lower-resistance cable can also mitigate
power limitations.

Due to its low resistivity and good processing characterist-
ics, most cable designs today use copper as the main conductor
to provide power to the repeaters and other undersea elements.
Lower cable resistance can be easily achieved by adding more
copper to the cable design, relieving some of the power lim-
itations, albeit while also increasing cable cost. An attractive
alternative as a conductor material is aluminum. While alu-
minum has a higher resistivity than copper, its significantly
lower commodity price potentially provides a lower resistance
at similar material cost. That lowermaterial cost is offset, how-
ever, by the fact that aluminum is more difficult to process
and, especially, to weld than copper, thus impacting line speed
in volume production. Cable with aluminum as a power con-
ductor is now commercially available in subsea systems [279],
but cable with a lower resistance than the copper-based coun-
terpart is still pending.

Cable capacity can also be increased by using smaller-
diameter fibers. Standard fiber dimensions are 125 µm glass
diameter and 250 µm coating diameter. Fibers with stand-
ard glass diameter but reduced coating diameter are now
being used in terrestrial applications where duct space is lim-
ited. Using fiber with a similar coating diameter in subsea
cables can yield an increased fiber count by a factor of 1.5 at
constant packing density. Further improvement is possible by
optimizing both glass and coating diameter, as much as doub-
ling the fiber count in existing cable designs.
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Figure 29. Millimeter-wave radio-over-fiber architecture showing evolution of base station from left to right. [285].

that is transmitted over an optical fiber link, which benefits
from high bandwidth, low transmission loss, and immunity
to electromagnetic interference. In turn, such advantages
allow high-capacity and extended-reach distribution of RF
signals to be realized. The initial push for RoF techno-
logy development was motivated by the need to address
spectral congestion in lower-frequency bands, so that the
increasing capacity needs of mobile networks can be met
through employing themillimeter-wave (mm-wave) frequency
region.

Figure 29 illustrates a mm-wave RoF architecture. On the
left, an early RoF deployment shows an optical fiber back-
haul to transport ultrabroadband wireless signals in the mm-
wave region to a cell site comprising an antenna tower with a
base station located at its base. Note that the antenna elements
situated atop the tower are connected to the base station via
a copper cable. This section of the architecture is known as
the fronthaul. With mobile standards pushing towards 5G and
beyond mobile systems, which envision the support of higher
capacity and lower-latency applications, the mm-wave RoF
architecture has evolved into a cloud/centralized radio access
network architecture (C-RAN), which is shown on the right
of figure 29 [283]. The conventional base station functionality
is now split into a baseband unit (BBU) and a geographically
separated radio remote head (RRH) or radio unit. In a C-RAN,
the cell site comprises only an RRH with an optical fiber con-
nection to the BBU. The segment of the network that forms the
BBU, RRH, and the optical fiber connection is thus known as
the optical fronthaul.Moreover, the centralized nature of entire
architecture lends itself to efficient pooling of BBUs, central-
ized mm-wave generation, cooperative processing, manage-
ment, control, and signal distribution, giving rise to effect-
ive energy savings for the operators and infrastructure cost-
sharing among those users [284].

Current and future challenges

Current optical fronthaul links are based on the Common
Public Radio Interface transport protocol, which employs
uncompressed digitization for signals up to 24Gb s− 1 [286]. In
digitized RoF, RF signals are first digitized at a high sampling
resolution and then used to directly modulate the optical laser
at the transmitter. The optical bandwidth required in digit-
ized RoF is dependent on physical parameters of the antenna
at the RRH, specifically the number of antenna ports and
the actually wireless bandwidth. With 6G promising an order
of magnitude improvement in capacity and device density,
and two orders of magnitude of improvement in energy effi-
ciency over 5G, increasingly smaller cell sizes which improve
data rates through higher SNR and reduced transmit powers,
have been recognized to meet 6G requirements [287]. Further,
high counts of antenna ports that support beam-forming and
massive MIMO, to support the improvement of performance
and energy efficiency [287]. In that respect, the fronthaul link
therefore must accordingly be able support optical bandwidths
much higher than that of the RF signal, ensuring the ability
to scale and future-proof against increasing capacity demands
beyond 6G. More Importantly, the factors of increased com-
plexity at the RRHs, unavailability of cost-effective analo-
g/digital and digital/analog converters in the mm-wave fre-
quency region, and high numbers of RRHs to support increas-
ingly small cell sites as mobile networks evolve towards 6G
deployments, collectively incentivize the use of analog RoF
over digitized RoF [288].

Analog transport of mm-wave signals can be based on RF-
over-fiber or intermediate frequency (IF)-over-fiber schemes.
In the RoF transport scheme shown in figure 30(a), mm-
wave signals at the desiredwireless transmission frequency are
transmitted directly along the optical fiber. At the cell site, the
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Figure 30. (a) Radio-over-fiber and (b) intermediate frequency over fiber transport schemes.

RRH configuration is straightforward, without requiring fre-
quency up- or down-conversion. In the IF-over-fiber transport
scheme, light is modulated by an intermediate frequency radio
signal and transported over the optical link. At the cell sites,
the configuration is slightly more complex due to the require-
ment of frequency up/down-conversion. As an example, in the
downlink direction, the IF-over-fiber signal is required to be
up-converted to RF before wireless transmission. However,
as compared to the RoF scheme, IF-over-fiber requires lower-
speed optoelectronic devices, which in turn are not as suscept-
ible to fiber chromatic dispersion.

Analog RoF links are not without its challenges. Generally,
analog transport of mm-wave signals is susceptible to fiber
chromatic dispersion, which degrades transmission perform-
ance. When RF signals are optically modulated using optical
double-sideband modulation, the two sidebands of the optical
carrier will undergo phase shift and phase decorrelation as
it propagates along the dispersive fiber medium. This phe-
nomenon results in dispersion-induced RF power fading at the
receiver, whose severity depends on transmission length, sig-
nal frequency, and fiber dispersion parameter. Furthermore,
nonlinearities in the optoelectronic devices in the front-end of
an RoF link limit the modulation depth of wireless signals in
addition to intermodulation distortion, which in turn causes
the wireless signals to be weakly modulated onto the optical
carrier.

Advances in science and technology to meet
challenges

The motivation to improve analog RoF transmission perform-
ance, in the face of inherent impairments, has given rise to
innovative mitigation strategies. Among them are proposals of
optical single-sideband modulation [289] and optical carrier-
suppression modulation [290], using strategically biased

dual-electrode MZM and optical filtering using chirped fiber
grating [291] to alleviate dispersion-induced RF power fading.
As for mitigating nonlinear impairments, proposals include
optical feedback, optical feedforward and dual parallel mod-
ulation schemes, in addition to predistortion, gain modu-
lation, and, in lieu of the MZM, the use of dual electro-
absorption modulators and semiconductor optical amplifiers.
Moreover, with the confluence of advanced data acquisition
and monitoring capabilities, availability of advanced pro-
cessing hardware and open-source tools, and the advent of
multi-access edge computing, the application ofmachine intel-
ligence to enhance the performance of RoF links is gaining
momentum.

With the IF-over-fiber transport scheme, the need for a mm-
wave LOs and correspondingly high-speed mixers limits the
upgradability and scalability of the RoF link when additional
mm-wave wireless channels are required or when wireless car-
rier frequencies need to be modified. Innovations involving
remote delivery of mm-wave LOs and centrally generated
mm-wave LOs, especially for uplink transmission, have been
explored using uncooled distributed feedback lasers [292],
resonantly enhanced mode-locked lasers [293], and vertical-
cavity surface-emitting lasers [294].

In employing digitized RoF, the urgency to overcome the
optical fronthaul bottleneck to support significantly higher
optical bandwidths than the actual wireless bandwidth has
yielded several explorations in the functional split between
BBU and RRH. Specifically, the 3rd Generation Partnership
Project [295] outlined eight options of functional splits, with
each unique functional split defining the required optical band-
width as well as latency requirements between the two entities,
BBU andRRH.As an example, whenOption 8 is chosen, more
than 800 Gb s− 1 of bandwidth is expected to be supported by
the optical fronthaul, as all the functionalities are placed at
the BBU. In contrast, an Option 1 deployment only requires
1 Gb s− 1 of bandwidth, as all functionalities are placed at the
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Figure 32. Spectrograms of the three components of the rotation vector of the Mueller matrix extracted from the receiver of the experiment
in [308], showing as vertical stripes the effect of mechanical perturbations along the fiber route. Horizontal lines are an artifact of the
measurement.

Advances in science and technology to meet
challenges

Although coherent receivers are well established devices, they
have been designed for reliable and efficient transmission.
Very few studies have been devoted to the investigation of the
fidelity of the reconstruction of the channel performed by the
DSP at the receiver. One of the main challenges for the prac-
tical use of a coherent receiver as a sensing device is there-
fore understanding the dependence of the parameters extrac-
ted from the receiver on the external perturbations acting upon
the optical cable. For this purpose, it is particularly important
to characterize how all the intrinsic sources of noise involved
in the signal generation, transmission, and reception (laser
noise, linear and nonlinear propagation impairments) affect
the reconstruction of the fiber-optic channel performed by the
receiver. When polarization is measured, the main propaga-
tion nonidealities arise from the fiber random birefringence,
and their effect on channel reconstruction have been addressed
in [301]. An extension of this study to other transmission
impairments would allow a more accurate discrimination of
the effects of environmental perturbations from the intrinsic
noise sources.

An important aspect of environmental monitoring is loc-
alizing the perturbations. While in principle this would be
possible performing measurements at more than one fre-
quency, the processing of the information extracted from
the receiver of a one-way transmission link does not easily
allow localizing a perturbation. For this reason, the poten-
tial of coherent receivers has very recently been exploited
in a DAS configuration, where a specially designed coher-
ent receiver is used to detect the backscattered radiation
from the fiber [309]. In another approach, localization of the
perturbation has been demonstrated by cross-correlating the
phases extracted from the two receivers of a bidirectional
transmission system [310]. Both techniques are based on the
extraction of the polarization-averaged phase retrieved by the
coherent receiver, which also contains information on the
environmental perturbations acting upon the fiber. However,

the ability of the cross-correlation method proposed in [310]
to localize low-frequency perturbations, such as those caused
by earthquakes, is limited. Furthermore, since these techniques
are based on the detection of an absolute phase, they require
the use of lasers with a linewidth much narrower than that of
typical telecom-grade lasers and hence their real-world applic-
ation would necessitate an upgrade of transmitter and receiver
apparatuses. The definitive resolution to the localization issue
would be achieved through the deployment of the cable monit-
oring system demonstrated in [304]. Through the implement-
ation of this monitoring system, a transoceanic cable could
effectively transform into an ultra-long DAS system, enabling
detection and localization of cable perturbations with a sub-
span resolution.

Considering now potential advancements in commu-
nication technologies, the adoption of the efficient high-
dimensional modulation formats proposed in [311] will neces-
sitate the development of receiver DSP capable of performing
joint phase retrieval on the two polarization-multiplexed chan-
nels. Such receivers will uncouple the complete reconstruc-
tion of the output polarization from the phase and frequency
noise of the transmit and local-oscillator lasers, producing a
cleaner channel reconstruction and more accurate polarization
sensing.

Finally, at a technological level, it is imperative to upgrade
the coherent receiver hardware and software, so as to give
access to the relevant link parameters. Real-time processing
of these parameters will ultimately unlock early-warning
functionalities.

Concluding remarks

The operation of a coherent optical transmission system
requires that the coherent receiver reconstructs in real time the
characteristics of the fiber-optic channel, which is affected by
time-varying environmental perturbations. If this information
is extracted from the receiver, the fiber can be transformed into
a distributed sensing device. As earth is covered with optical
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Figure 33. Hybrid very high throughput satellite networks with site diversity and HAPS relaying.

the associated reduction in spectral efficiency when intens-
ity modulation direct detection is used). It remains very com-
plex to implement transceivers, analog-to-digital converters,
and digital-to-analog converters with Tb/s digital processing
capabilities.

Efficiency and affordability also remain a challenge for
FSO adoption and deployment in terms of reducing the cost
of manufacturing and maintenance in order to reap the bene-
fits of the economies of scale.

Advances in science and technology to meet
challenges

For adaptive optics, recent advances with post-compensation
or pre-compensation wavefront correction are shown to effect-
ively mitigate the effect of atmospheric turbulence and so are
expected to improve the performance of vertical optical feeder
links [328, 329]. This performance can be further enhanced
by introducing HAPS with FSO relaying capability to cre-
ate integrated two-hops ground–air/space links with reduced
beam-wandering/spreading effect [330–332].

Other options are emerging to reduce problems associated
with weather conditions. RF transmission typically exhibits
complementary characteristics to FSO transmission, and so
hybrid FSO/RF systems are developed that, with fog or strong
cloud attenuation, switch to the RF back-up link when FSO
link performance becomes unacceptable [333]. A more prac-
tical soft-switching using a dual-FSO threshold can be adop-
ted to reduce the loss of information packets associated with
frequent back-and-forth switching between FSO and RF links
[334]. In addition, to avoid having a dedicated RF link for each
FSO feeder link, a shared backup RF link can be employed

by multiple optical users in case a FSO feeder links fails
[335]. Site diversity among multiple OGGSs is another effect-
ive approach to avoid outages due to fog or cloud obstruction
[336]. It relies on state-of-the-art infrared imaging techniques
to effectively characterize the type of clouds, in order to both
determine and forecast their induced attenuation. This cloud-
monitoring/characterization process needs to be done at the
beginning of the site survey stage for ‘optimal’ placement of
OGGSs, and then again when the OGGS are operating for
optimal traffic scheduling or handover between the various
OGGSs.

To ensure that the alignment loss is minimized, mod-
ern and practical positioning, acquisition, and tracking (PAT)
algorithms—which rely, for example, on an array of highly
sensitive avalanche photodiode detectors [337]—need to be
implemented. Once the acquisition stage is complete and act-
ive tracking is triggered, the receiver array and the trans-
mitter laser beam need to stay ‘locked’ to each other.
Furthermore, if the transmitter’s beam position on the array
experiences any jitter due to vibrations or beam wan-
dering, the implemented PAT system needs to be intelli-
gent and adaptive enough to track in real-time any error
in alignment and use a feedback loop to minimize that
error.

To address the interfacing concern with low-complexity
Tb/s digital processors, there is a need to design effi-
cient FSO-specific multicarrier waveforms, in order to cap-
italize on the full potential of the huge available optical
bandwidth.

Finally, using off-the-shelf components, which can be
internally air/space-qualified, will significantly reduce the cost
of deploying these transceivers. Further efficiencies in costs
and manufacturing will come from the use of metal optical
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Figure 34. Quantum communication network stages and examples of corresponding functionalities and applications.

cryptographic sequences in a comprehensivemanner will open
the way to their use in practical application scenarios.

Remaining on the application side, but from a more funda-
mental angle, although proof-of-principle implementations of
QKD achieving so-called device independence (i.e. minimal
assumptions on the experimental systems) have succeeded
recently (see for instance [343]), it is still a major challenge
to realize fully this task with photons. More globally, theor-
etical developments towards protocols and certification tech-
niques for security models with flexible requirements con-
stitute, together with enabling the practical demonstration of
quantum advantage for diverse functionalities such as secure
multiparty computing or long-term secure storage, important
milestones for the next few years.

Addressing the above challenges will firmly consolidate
and significantly expand the maturity and applicability of
QC technologies in the near or medium term. However, to
materialize the long-term vision of QC networks, arguably
the strongest challenge lies in the performance of quantum
memories and repeaters. There, years of carefully crafted tech-
nological progress using a variety of platforms (such as for
instance cold atom clouds or doped crystals) have recently
brought exciting results in terms of record-high storage-and-
retrieval efficiency with 99% fidelity [344] and elementary
quantum-repeater links [345, 346]. Next, it will be necessary
to improve the entanglement rate, the range, and tackle the per-
formance benchmark trade-offs in quantum memories, con-
cerning in particular the storage time and efficiency. Targeting
a communication rate of a few tens of bit/s over a few tens of
kilometers (compared to bit/s over meters achievable today)
with a fidelity exceeding 97% appears to be an ambitious but
realistic goal for the next few years, and will open brand-new
perspectives in the field.

Let us also remark that, although QC is mostly associated
with long-distance links, such technologies may in fact also
play a central role for shorter communication spans, linking
in particular quantum processing units forming a full-scale

quantum computer. The issue of interconnecting quantum sys-
tems has indeed been recognized as one responding to an
imminent bottleneck in quantum information [347], and we
expect that QC will open new frontiers in this direction. As the
understanding of the underlying needs advances, it is certain
that new challenges will emerge and addressing them effect-
ively will be of utmost importance.

Advances in science and technology to meet
challenges

The description of some of the most significant challenges
mentioned above point to the direction of strongly syner-
gistic efforts that need to be established to be able to bypass
the existing barriers. These synergies concern QC with clas-
sical optical communication; system, network, and software
engineering; PIC design and development; hardware security;
classical cryptography; and possibly more. Similar to other
quantum technologies, QC will profit from the implement-
ation of hybrid classical–quantum solutions and infrastruc-
tures, where it can leverage existing well-established tech-
nology and in turn bring quantum-enhanced functionalities
and new services. Conceiving and implementing efficient and
operational hybrid protocols and systems is actually hard and
requires focused efforts, which may depend on the specific
configuration or application under study. Some technologies
will be more suitable to satisfy some benchmarks and less
so for others. For example, encoding information in continu-
ous variables of light enables cryptographic systems that are
particularly well adapted to techniques used in classical coher-
ent communication and also amenable to photonic integration,
but such systems are in general less performant in terms of
communication range.

For quantum memories and repeaters, a major technolo-
gical advance for all platforms concerns the multimode aspect.
Achieving multiplexing in some suitable degree of freedom
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Figure 35. VLC is positioned as a complementary wireless access solution to radio-based cellular and WiFi systems, releasing the pressure
on highly congested RF spectrum.

this limits the bandwidth of LED to a few MHz. Alternatively,
with the RGB method, white light is obtained by combin-
ing the outputs from red, green, and blue LEDs. RGB LEDs
provide typical bandwidths up to 20 MHz. To position VLC
as a part of 6G ecosystem and fully tap its potential, the band-
width limitations imposed by the conventional light sources
need to be addressed.

In addition to indoor deployments, the widespread util-
ization of LED-based headlights, taillights, streetlights, and
traffic lights in vehicles and roadside infrastructures has fur-
ther prompted investigation of VLC as a potential candid-
ate for vehicular connectivity [352]. In comparison to indoor
VLC, vehicular VLC has progressed at a relatively slower
pace, due to challenging outdoor environment where adverse
weather conditions and solar radiation can significantly affect
the link reliability. In addition to environmental conditions,
the lack of line-of-sight between distant vehicles and the diffi-
culty of maintaining a VLC link between two mobile vehicles
are other major challenges that need to be addressed to realize
widespread implementation of vehicular VLC systems.

Convergence with existing and/or emerging technologies is
another major challenge. The increasing bandwidth require-
ments in 6G systems has motivated the wireless researchers to
go beyond the conventional sub-6 GHz spectrum and explore
the upper parts of the electromagnetic spectrum including
millimeter-wave and terahertz (THz) frequencies. To exploit
the complementary features of these RF bands and visible light
spectrum, the design of radio and lightwave wireless access
systems can be pursued [353]. However, several challenges
on resource allocation and vertical handover management still
need to be addressed for a seamless integration.

Advances in science and technology to meet
challenges

Laser-based lightingmight provide the platform for VLC tech-
nology to realize its full potential. Early examples of laser
diode (LD)-empowered white luminaires are already being

used in automotive applications [354]. These will likely be
deployed in homes and offices, replacing LEDs in the fore-
seeable future. LD-based white light sources have a much
higher electrical bandwidth (up to several GHz) than LED
counterparts. Initial experimental works [355] have already
demonstrated that tens of Gb/s can be achieved with white
light LDs.

The coherent nature of LDs allows the implementation of
coherent detection, paving the way for coherent VLC systems
[356]. Unlike IM/DD systems, coherent optical systems allow
the modulation of amplitude, phase, and frequency of the
optical carrier signal. Much higher spectral efficiencies can
be therefore realized using multi-level modulation formats,
which make use of both amplitude and phase modulation.
Coherent systems also have a higher receiver sensitivity and
become advantageous to extend the transmission range, which
can be advantageous for vehicular VLC systems. Future coher-
ent VLC systems can also leverage advanced DSP techniques,
which makes possible the use of digital estimation and correc-
tion techniques. In particular, a software-defined system archi-
tecture can be envisioned where all core receiver functionalit-
ies take place in the DSP domain. Such coherent systems can
be further integrated with MIMO techniques and reconfigur-
able intelligent surface (RIS) assisted transmission for addi-
tional performance enhancements in both indoor and outdoor
environments.

The physical layer design of future VLC systems (both
coherent and IM/DD versions) can also benefit from the recent
advances in machine-learning techniques [153, 357], as dis-
cussed in section 8. In the traditional approach, the phys-
ical layer is split into a chain of multiple blocks, where each
block performs an isolated function, e.g. source coding, chan-
nel coding, modulation/demodulation, channel estimation, or
equalization. These blocks are typically developed and optim-
ized individually, and the overall performance is not guaran-
teed to be optimal. The use of AI can enable optimization of
communication systems for end-to-end performance without
the need for splitting transmitter and receiver into blocks.
Such an AI-native physical-layer design will be optimally
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