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1. Introduction

With the advent of the fifth generation fixed network (F5G) era,
a host of transformative functionalities are becoming a reality.
F5G is emerging as a pivotal enabler for various applications,
encompassing the Internet of Things, 8K/16K streaming, mixed
reality, and more. Access networks, such as passive optical net-
works (PONs), form the last-mile connectivity for end-users and
are instrumental in harnessing the full potential of F5G. These
networks must be capable of handling the increased data rates
and low-latency requirements of F5G!'™*), thereby serving as
a critical bridge between the core F5G infrastructure and end-
users. The current standards of IEEE’s 25/50G NG-EPON
and the ITU-T 50 GPON are anticipated to no longer meet
the market’s demands, necessitating the pursuing for 100G
and even beyond 200G PON networks"”). However, it is
becoming more and more difficult for conventional intensity
modulation and direct detection (IM/DD) technology to sup-
port such a high speed, considering the power budget.
Considering the development trend of PON, the 200G PON
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Increasing bandwidth requirements have posed significant challenges for traditional access networks. It is difficult for
intensity modulation/direct detection to meet the power budget and flexibility requirements of the next-generation passive
optical network (PON) at 100G and beyond considering the new requirements. This is driving researchers to develop novel
optical access technologies. Low-cost, wide-coverage, and high-flexibility coherent PON is emerging as a strong contender
in the competition. In this article, we will review technologies that reduce the complexity of coherent PON (CPON), enabling
it to meet the commercial requirements. Also, advanced algorithms and architectures that can enhance system coverage

Keywords: access network; coherent optics; flexible data rate; low complexity; wide dynamic range.

network is considered to be the most powerful contender for
the next generation network. Although some work has demon-
strated its feasibility, it comes at the cost of high equipment
expenses®. Coherent optical technology is a powerful solu-
tion that has proved its superior sensitivity and high-speed per-
formance in long-haul and core networks. Coherent PONs
(CPONs) with high-speed and large dynamic ranges have been
demonstrated in recent years''®~'?. Low-cost coherent commu-
nication systems over 200G have been proposed by simplifying
the transceiver!'***!. By enhancing the system dynamic range
through electric or optical adjustment, 200G coherent PONs
with ultra-large dynamic range have been proposed!®!®!],
Various schemes supporting flexible coherent PON networks
over 200G have also been validated">**2°, The current stan-
dard and the state-of-the-art works in the field of CPON are
shown in Table 1. The power budgets of all technologies, aside
from the standard ones, are displayed at a 200G line rate.

As shown in Fig. 1(a), PON is a point-to-multipoint
system that comprises an optical line terminal (OLT) and
numerous optical network units (ONUs). Therefore, it is more
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Table 1. Typical Research on CPON. received power, resulting in a wider dynamic range!'”**.
Leveraging these technologies, CPONs can offer wide coverage
Low-Cost ~ Power  Flexibility Line Rate and work under various channel conditions, including optical

Reference (Y/N) Budget (dB) (Y/N) (Gb/s) path loss (OPL), fiber length, and nonlinearity.
In traditional PON, all users are provided with the same net
506 PON (6.9804) N 20 N 50 data rate (NDR). However, different users possess varying
[15] v 5 N 200 channel conditions, which can limit the peak rate to that of
the poorest ONU. Flexible PON (FLCS-PON) was initially
[14] v 33 N 200 introduced to address this issue by offering different NDRs to
7] N 18 N 200 different users. This technology was originally demonstrated
in IM/DD systems by the adaptive coding rate method. In coher-
[10] N 3 Y 300 ent systems, due to the increased operational dimensions, it can
18] N 2% y 400 provide even greater flexibility in speed regulation. Three typical

FLCS-CPON methods are listed in Fig. 1(d), including the
time and frequency division multiplexing (TFDM) CPON
cost-sensitive compared to other point-to-point systems. To  architecture!'***], adaptive coded-modulation approach!****],
reduce the power consumption and thereby meet the size and ~ and probabilistic shaping (PS)-based entropy adjusted
cost requirements for access applications, numerous methods CPON!*1827:28] "The abbreviations “K,” “M,” “S,” and “P” in
of low complexity coherent architectures and digital signal  the context of FEC coding methods denote the information
processing (DSP) have been proposed, such as Alamouti coding,  length, parity length, shortening length, and puncturing length,
heterodyne detection, and intensity modulation with coherent  respectively. Further details can be found in Ref. [29].
detection"**"*?!. The Alamouti receiver is shown in Fig. 1(b) These approaches can offer fine adjustment granularity, ena-
as a representative, which is polarization-independent assisted ~ bling the full utilization of each user’s channel condition and
by a space-time block coding scheme, achieving a significant =~ maximizing the overall throughput.
complexity reduction in a coherent ONU receiver'>*). These sol- In this article, we initially discuss several cost-effective
utions make the deployment of coherent PONs possible. coherent architectures, encompassing the simplified transmit-
Coherent reception lays the groundwork for advanced DSP ter, receiver, and equalization algorithms. Subsequently, we
technology, enabling the recovery of distortions such as  introduce solutions for achieving extensive coverage through
dispersion and frequency offset. Additionally, it supports signal ~ algorithmic and architectural innovations. Lastly, two demon-
transmission in the low-loss C-band, significantly extending the strations of FLCS-CPON are shown, one leveraging PS technol-
signal’s reach length. Leveraging the unique architecture of  ogy and the other utilizing the TFDM architecture. These
coherent reception, the local oscillator (LO) can provide coher- ~ demonstrations serve as exemplary models for next-generation
ent beating gain and thereby enhance the power budget. Also,by ~ CPON, exhibiting characteristics of low cost, wide coverage, and
adjusting the LO power, the system can adapt to a wider range of ~ flexibility.
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Fig. 1. (a) Point-to-multipoint schematic of the CPON system; (b)-(d]) present the three key advancements in next-generation CPON, low cost, wide coverage, and
high flexibility.
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2. Low-Cost Optimization of Coherent Optics for PON

Coherent optics is renowned for its exceptional sensitivity and
high spectral efficiency!*>***"). Nonetheless, the adoption of
this technology in access networks has been limited due to
the significant complexity of its components and DSP. Cost is
the challenge that must be resolved to introduce coherent optics
into access networks. In order to tackle the cost issue, several
low-cost coherent architectures have been proposed, which tar-
get the reduction of expenses in the transmitter, receiver, and
DSP, respectively. In this section, we will delve into the low-cost
optimization of coherent optics for passive optical networks,
focusing on both upstream and downstream scenarios. As
PON includes one OLT and numerous ONUs, the ONU side
is more cost-sensitive. Therefore, the primary simplification
strategies are aimed at reducing complexity at the ONU. In
the upstream scenario, the primary objective is to reduce
the complexity of the transmitter. And in the downstream sce-
nario, the complexity of the receiver should be kept as minimal
as possible. When discussing the low-cost optimization of
coherent PON, it is important to mention that the benefits
come with sacrifices in terms of rate and sensitivity. For exam-
ple, the modulation dimensions are reduced to one, and the sim-
plification of the receiver decreases signal sensitivity. These
factors should be taken into account when considering these
approaches.

2.1. Upstream

To reduce costs at the user end, the Mach-Zehnder modulator
(MZM) is considered as an alternative to IQ modulators. Based
on this transmitter configuration, three feasible simplified trans-
mitter schemes are presented in Fig. 2. Figure 2(a) represents the
IM scheme, aiming to achieve equal power differences between
different signals, as indicated by the eye diagram where different
signals have equal optical power differences. However, after
coherent reception, the signal’s amplitude is no longer uni-
formly distributed, requiring squaring of the signals to obtain
the final output. The drawback of this scheme is that, as the final
reception is an intensity signal, it prevents signal processing in
the complex domain. Nonetheless, the advantage lies in having
the same receiver DSP as the DD scheme, leading to the simplest
DSP operations. Additionally, it exhibits excellent tolerance to
frequency offset. In Ref. [32], by adopting this approach in con-
junction with a 3 X 3 coupler, —21.4 dBm optical sensitivity at
50 Gb/s has been achieved. Correspondingly, the receiver has
also been simplified to a certain extent, which would impact
the system’s sensitivity.

The other two amplitude modulation schemes are shown in
Figs. 2(b) and 2(c). Both schemes operate in the complex
domain, allowing for more sophisticated DSP and the potential
for superior performance. The difference between the two lies in
that the scheme in Fig. 2(b) does not utilize phase information,
while the scheme in Fig. 2(c) additionally utilizes phase informa-
tion, specifically only 0° and 180°. Consequently, the scheme in
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Fig. 2. (a) Intensity signal with coherent detection and DSP; (b) amplitude
signal with coherent detection and DSP; (c) PAM-4 ASK signal coherent detec-
tion and DSP.

Fig. 2(c) requires carrier recovery to obtain accurate phase infor-
mation. Based on the scheme in Fig. 2(b), Ref. [33] has achieved
the first single-wavelength 100-Gb/s PAM-4 TDM-PON trans-
mission in the C-band with over 32 dB power budget using sim-
plified and phase insensitive coherent detection. The scheme in
Fig. 2(c) has been demonstrated in Ref. [15], and a 200 Gb/s
PDM-PAM-4 signal was transmitted over 20 km fiber with
an over 29 dB power budget using heterodyne coherent
detection.
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2.2. Downstream The structure shown in Fig. 3(d) can receive only a single
polarization signal. However, it offers advantages over the

In the downstream scenario, users receive signals from the OLT.
5 scheme in Fig. 3(b) as it uses only three single-ended photodi-

Simplifying the coherent receiver structure can significantly des (SPD da 3x3 i King it 1 1

reduce costs. Figure 3(a) illustrates the structure of a dual-polari- ~ 9“% ( s) and a 3X 5 coupler, maxing 1t less complex.
. . . ) o . Additionally, it can achieve higher sensitivity compared to the

zation coherent receiver, which requires two 90° hybrids and 1aly: & 4

four balanced photodiodes (BPDs). In Figs. 3(b)-3(e), several SCP;;I_I;% in Fig. 3(c). The output of the coupler can be expressed

representative simplified coherent receivers are shown, which as

can inherit the capability of using LO to provide power gain

while reducing the expenses of components and DSP. Ex Ey a b b Exx  Exy
Figure 3(b) shows a DP-heterodyne coherent receiver with Eyx Epy|=|b a b Erox 0 > 3)
two 2 X 2 couplers and two BPDs. The receiver current from Esx Esy b b oa 0 Ewo,y

one polarization can be calculated by!!****°]

where k is the channel number. The coefficients a and b are sim-

iy =2RE,;,E1o cos2rAwt + 0), (1) ply given by Ref. [38] as
where R is the photodiode responsivity. E,, and E; o represent a=2 exp(j2n/9)/3 + exp(—j4r/9)/3,
the amplitude of the signal and LO, respectively. Aw is the fre- b=exp(—jdn/9)/3 — exp(j27/9)/3, (4)

quency offset between the signal and LO, and 6 is the

phase noise. and the three currents can be simply derived by i=
The coherent detection structure can be further simplified to  R(|E, |2 + | Ey,[?). By summing the squares of the three cur-

just two SPDs and one 2 X 2 coupler, as shown in Fig. 3(c). Due  Lots we can obtain the final output as follows:

to only one of the coupler’s outputs being detected, there is a

natural 3 dB power loss. By pre-designing to ensure that the 2 .
polarization beam splitter (PBS) can split two polarizations of S(t) = ngEfoEé (1 — sin(2¢) X sin (6 —4rAwt — W))»
LO signals with the same amplitude, both being E; o, the current
of a single channel can be represented as follows: (%)
E.. 4B where Ej is the modulated amplitude, ¢ is the orientation of the
iy = R‘ —xy T 71O main axis of the polarization ellipse, and y is the SOP ellipticity
V2 angle®®. This scheme has the advantage of being polarization-
R independent. However, it can only detect the intensity informa-
== (B2, + E}o +2E,),E 2nAwt + 6 P : Y
2( xiy T Bio + 2By Bro cosQriwt +6)) tion of the signal.
R The structure shown in Fig. 3(d) is another simplified single-
~2 (2
~5 (Efo + 2Ey,Eio cos(2nAat + 0)). @ polarization heterodyne receiver, which is known as the receiver

of Alamouti coded signals'>"****~*! It consists of a 2 X 2 cou-

Next, the direct current (DC) offset of the LO-LO beating  pler and a BPD. This type of receiver has specific requirements

term can be removed using a DC blocker. However, while the  for the transmitted signal. The symbols are grouped into pairs of

structure becomes simpler, the output signal’s power is reduced ~ time slots!®). 1t transfers the single polarization signal to an
compared to Eq. (1). Alamouti dual-polarization signal on a single block as

e
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Fig.3. The concept of coherent receiver simplification schemes. (a) A DP-intradyne receiver: (b) a DP-heterodyne receiver: (c) a 2 x 2 coupler and single-ended PD
(SPD)-based heterodyne receiver: (d) a single polarization heterodyne coherent receiver with a 3 x 3 coupler; and (e) an Alamouti single-polarization heterodyne
receiver.
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where E,, and E,, are two consecutive symbols on X-polariza-
tion, and * represents the complex conjugate operation. The sys-
tem diagram based on Alamouti coding is shown in Fig. 4.

At the receiver end, coherent DSP also consumes a significant
amount of power, which needs to be reduced for application in
the ONU. Among those processes, the adaptive equalization
(AEQ) has the greatest circuit complexity*?. In Ref. [43], by
splitting the conventional AEQ into a 1-tap butterfly finite
impulse response (FIR) filter and two nonbutterfly FIR filters,
the proposed scheme can reduce the number of taps by half.
And the number of multiplications is reduced by 41% compared
with more conventional cases. Frequency domain (FD) signal
equalization is also an effective way to reduce DSP complexity.
An FD training-aided equalization supported by 2 X 2 multi-
input multi-output channel estimation is proposed in
Ref. [44]. The FD filter provides the receiver with the advantage
of being independent from the filter length. And the robustness
of the proposed methods is demonstrated with respect to the
main degrading optical propagation effects. In recent years,
there have been studies aimed at reducing the complexity of
nonlinear equalization algorithms'*~**, However, due to a
comprehensive consideration of cost and benefits, nonlinear
equalization has not been practically applied in PON systems.

3. Coherent Detection Enabled Wide Coverage

In access networks, different users experience varying channel
conditions influenced by factors such as transmission distance
and splitting ratios. These introduce distortions like dispersion
and losses. IM/DD access networks face challenges in covering
areas with either excessively low or high OPL. When the OPL is
too high, the received signal is adversely affected by limited SNR
and significant dispersion, resulting in severe degradation.
Conversely, for users with excessively low OPL, additional non-
linearity can be introduced during burst mode due to limitations
in the ADC range. However, coherent detection technology can
significantly enhance the coverage area of access networks. This
advantage is primarily based on advanced DSP techniques!*~>*]
and the power gain provided by LO.

The DSP processes of coherent detection are in Fig. 5. In the
downstream mode, the signal is broadcasted from the OLT to all
users, which is also known as continuous mode. The OLT
receiver will compensate chromatic dispersion (CDC), lock
the clock, correct the state of polarization, and handle the
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Fig. 5. Advanced DSP in both upstream and downstream.

frequency offsets, phases, and other channel responses. This
approach can significantly enhance the sensitivity, enabling the
system to maintain a dynamic range of 20 dB at a data rate of up
to 300G and achieve a dynamic range of 39 dB at a speed of
200G"**). The dynamic range refers to the range of variation in
the power of the received signal. In a coherent PON system, due
to the shorter transmission distance and the ability to compen-
sate for dispersion, the split ratio is the most significant factor
affecting the received power.

In the upstream mode, the OLT receives signals from different
users, also known as burst mode. Hence, the receiver at this stage
must be capable of recognizing the modulation formats of
received signals and performing fast detection with various
channel impairments they experience. It needs to handle differ-
ent clocks, random SOP, different carrier frequency offsets and
phases, and different channel responses from different bursts'>®!.
The frame structure shown in Fig. 5 is designed for fast conver-
gence to ensure a low handoff latency for real-time bandwidth
allocation®”). Different synchronization patterns (SPs) serve
different functions, corresponding to the DSP processes in burst
mode. Due to the burst-mode reception, uneven error distribu-
tion can lead to a decrease in FEC performance®®). Some solu-
tions such as bit interleaving coding have been proposed to
alleviate this issue'™’.

Recently, there have been studies proposing new specially
designed SP structures and novel equalization methods to accel-
erate convergence rates and enhance the range of supported
channel conditions in CPON systems?”°*®!], By using an
inserted pilot structure, it can realize fast SOP, carrier phase
tracking, and channel estimation. The pre-stored FIR coeffi-
cients can also be used to reduce the convergence time.
Several neural network-based equalization methods have been
proposed to achieve more efficient channel equalization'>*],
For instance, leveraging end-to-end optimized deep neural net-
works has been shown to highly enhance sensitivity*”.

In upstream, due to the limitations of ADC range, utilizing a
burst-mode fast tunable amplifier is an effective solution to
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widen the receiver input dynamic range. Electronic burst-mode ~ where Eg,(#) and E;(¢) represent the electric fields of the input
amplification techniques have been extensively studied for this  signal and LO, respectively; ¢s;; and ¢b; o represent the phases of
purpose!’®®*. Harnessing the distinctive architecture of a  the input signal and LO, respectively; and R and Ay, represent
coherent receiver, optical burst-mode amplification can be real-  the responsivity of the BPDs and TIA, respectively. Thus, the
ized through the integration of a power-controlled LO. The  flexible adjustment of the LO power enables effective control
power of the output signal from a coherent receiver can be  of the received signal’s power. To maintain LO wavelength sta-
represented as bility, a variable optical attenuator (VOA) can be utilized to

regulate the LO’s light power!?*), Figure 6 illustrates two possible

implementations for adjusting the LO power. The difference

R « *
I1(t) = Aqia ) (Esig(t) - E1o(t) + Egy (1) - Ero()) between these two methods lies in the origin of the reference
signal employed to adjust the LO power. The first scheme in
=Aia - Ry/PsigP1o c0s(dsig — P10 Fig. 6(a) regulates the LO power by monitoring the magnitude
R of the electrical signal at the input ADC. In the alternative
Io(t) = Aqpy - 5 (Egg(t) - Eio(t) eI/ 4 E;ig(t) - Ejo(t)ei™/?) scheme, the intensity of the signal light serves as the reference.
When the signal light increases, the LO power is decreased, and
=Ams - Ry/PsigPr1o sin(dhsig — Pro), (7)  when the signal light decreases, the LO power is increased. This

strategy ensures the steadfastness of the received electrical sig-
nal"”***) while the first approach has lower cost.

We tested the effect of LO power adjustment on dynamic
range. Figure 7 displays the BER curves for QPSK, 16QAM,
and 64QAM with and without LO power adjustment. When
LO power adjustment is not used and the scale is set to
0.1Vpnax with an LO power of 10 dBm, the dynamic ranges of
QPSK, 16QAM, 64QAM are 32.6 dB, 18 dB, 5 dB respectively.
LO power can be adjusted to achieve higher dynamic ranges. As
the received optical power (ROP) increases, the LO power is
gradually decreased to maintain the BER below the threshold.
R S meemeee—. D ; Because of the inherent attenuation of the 20 km fiber, the maxi-
mum ROP can only reach —4 dBm, and at this point, the BER of
the signals for all three modulation formats has not yet exceeded
the threshold. Therefore, LO power adjustment can significantly
increase the dynamic range of the signal.

Signal

Optical hybrids

4. Rate-Adaptive Accesses for Flexible CPON

In the conventional access network where only one rate is trans-
mitted in the system, the peak rate is limited by the worst ONU.
Fig. 6. Two examples of the possible implementation of LO power adjustment: How to fully utilize the channel conditions of all users is a chal-
(a) adjustment based on the detected photocurrent output from the photo- lenge. The concept of FLCS-PON is introduced to address this

!Aﬁh
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diodes; (b) adjustment based on the optical input signal power. challenge. This technology can tailor the NDR for each user by
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considering their unique channel conditions, such as nonlinear- HPS combines the CPS and reversed PS (RPS). RPS is the better
ity, attenuation, and noise. Several methods have been demon-  solution in a PPC system that can help reach a higher NDR2*°),
strated in IM/DD PON to realize adaptive rate adjustment, such ~ And CPS shows its capability to counteract the clipping nonlin-
as PS and adaptive FEC coding rate. With the expansion of  earity in burst-mode. In the HPS system, the constellation
modulation dimensions and advancements in signal processing  entropy decreases as the absolute value of v increases from 0.
techniques brought about by coherent detection, we gain ~ When v is 0, the constellation yields to the equal distribution.
increased flexibility in manipulating signals. Several ways of = The constellation entropy H can be calculated by

changing the entropy of the signal in the CPON system have

been put forward, including TFDM CPON architecture!' ), H=- z:PX(x)log2 (Px(x))

adaptive coded-modulation approach!'!), and PS-based entropy xeX
adjusted CPON!#3%:6566] g ot
In Fig. 8, we show a PS-based FLCS-CPON system. PS is a =- ¢ ~log, ¢ —1. )
technique that adjusts the entropy of transmitted signals by X Ypex e e e
changing the signal’s distribution'®”~"?, As shown in the setup,
only single-mode fiber (SMF) exists between the transmitter and And the corresponding NDR can be calculated accordingly as
receiver. Due to the improved sensitivity in the coherent system,
optical amplifiers can be eliminated to lower the cost. HPS is NDR=BX (H — (1 — R,)m), (10)

employed in such a peak-power constraint (PPC) system. The
transmitted signal first undergoes the distribution matcher ~ Where B, R, and m correspond to the modulation bandwidth,
(DM), which is the most significant process. The task of the FEC code rate, and constellation modulation order, respectively.

DM is to transform a sequence of bits into a probabilistic shaped The frame generation and frame detection are utilized in
amplitude at the transmitter and to carry out the inverse oper- ~ burst-mode to make sure the start of a signal frame can be
ation at the receiver!”?!. Given CCDM’s serial nature, complexity detected and equalized quickly. Several 3D constellations are
increases with block size”*], creating a complexity-rate trade-  also placed at the bottom of the figure, the shaping factor v of
off. In FLCS-PON, we support 2 dB rate-change fitness, accept- ~ Which varies from —0.1 to 0.1.

ing short blocks for lower complexity. Shaping methods for Recently, TFDM-based FLCS-CPON has attracted the atten-
shorter block lengths have been studied to address this!”>7¢!,  tion of many researchers!'***””. By utilizing the multiple
The probability distribution of the constellation symbols is ~ dimensions of coherent signals, TEDM CPON can provide more
adjusted to approximate the Maxwell-Boltzmann distribution, ~ flexible bandwidth allocation. Huawei’s latest research show-

cases a simplified CPON system based on the TFDM architec-

e ture. This study introduces a distinctive FD signal design that

Pyx(x) =——, (8)  leads to the simplification of ONU transceivers. This achieve-
—v|x | o .

ment can significantly reduce costs at the user end and realize

a flexible rate adjustment at the same time!”®). The architecture

where v is a shaping factor to control the entropy. x and x" re-  of the simplified TFDM-CPON is shown in Fig. 9. Five digital

present the constellation symbols on the complex plane. In  subcarriers are transmitted, while only four of them carry data.

classical probabilistic shaping (CPS) method, the v is always ~ The middle one is a blank carrier required by heterodyne detec-

greater than 0. And the inner points exhibit a higher probability ~ tion. To meet the changing needs of all ONUs, FLCS-CPON can

than the points in outer rings. As the value of v increases, the  schedule resources in two dimensions: time and frequency. In

probability of outer ring points also increases. The method  the time dimension, each subcarrier can transmit varying

QAM orders at different times. Additionally, PS technology

[P can also be used to finely adjust the transmitted data entropy.

[ 2 islvfﬂb“tif’n ]—»[ I ]—»[ QM | mame In the frequency dimension, each subcarrier can transmit
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o Dual Pol | | CRL] e || varying rates. To reduce the cost of an ONU, a single-polariza-
T wilbly Rx ol tion heterodyne receiver based on Alamouti coding can be used.
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v=-0.05 v=0 v=0.05 v=01 |} In this article, we have reviewed the recent progress for using a
low-cost, wide-coverage, and high-flexibility CPON for next
Fig. 8. Schematic of a hybrid PS (HPS)-based flexible CPON system without ~ generation 100G and beyond access networks. The high com-
any optical amplifiers. plexity of coherent receivers is the major factor limiting their
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Fig. 9. The architecture of simplified TFDM CPON with adaptive rate.

application in access networks. This article comprehensively dis-
cusses methods to effectively reduce complexity, covering the
transmitter, receiver, and DSP algorithm. These techniques en-
able significant cost reduction at the ONU end in both upstream
and downstream scenarios, meeting commercial requirements.
Due to the beating gain from the LO, coherent receivers inher-
ently have a significant high sensitivity. Additionally, coherent
receivers support the utilization of more powerful DSP algo-
rithms at the receiving end. This article shows several recently
proposed advanced techniques that can effectively mitigate
channel noise and enable a larger dynamic range. The flexibility
of the PON is another research hotspot. FLCS-PON can greatly
increase the overall throughput of the system. Adaptive FEC
coding and PS are commonly used methods in IM/DD systems
to enhance flexibility. They have also been proven feasible in
CPON. Another approach enabled by coherent receivers is
the TFDM. Two typical FLCS-CPON schemes are introduced
in the paper, which simultaneously consider low cost, wide cov-
erage, and high flexibility. These schemes demonstrate the inte-
gration of these three aspects in the CPON and serve as
templates for the future development of CPON.

Looking ahead, the prospects for CPON technology appear
promising. As research and development continue, we antici-
pate further innovations that will refine CPONs for broader
adoption in access networks. Enhanced integration of low-cost,
wide-coverage, and high-flexibility aspects will be a key focus.
Aided by these advanced technologies, we foresee CPONs con-
tributing significantly to the realization of the sixth-generation
fixed network (F6G). It can not only satisfy the growing band-
width demands but also make “fiber to the X” (FT'TX) a practical
reality, where X represents the home (FTTH), office (FTTO),
building (FTTB), and mobile cell (FTTC)*”). The F6G is
poised to address the unique challenges presented by these
applications, such as stringent power budgets and the need
for adaptive data rates. Low-cost, wide-coverage, and high-
flexibility CPON technology is on a trajectory of continuous

improvement and adaptation, which will provide significant
support for the construction of the F6G.
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