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Abstract: This work demonstrates the potential of a dual-polarized multilevel modulation format with coherent detection (CD) to maximize
the spectral efficiency to meet the demand of the next-generation passive optical network (NG-PON). Maximizing capacity and spectral
efficiency in NG-PON networks is particularly crucial for improving high-speed internet access, bridging the digital divide, and enabling
new services and opportunities in rural and underserved areas, ultimately contributing to their socio-economic development. The proposed
NG-PON system based on a higher modulation format can support 64 subscribers accessing the medium simultaneously at a 10 Gb/s data
rate. The power splitting network was investigated using the Virtual Photonics Incorporation simulation tool. In this paper, we optimize
the downstream transmission of the 1550.1 nm channel over 20 km standard single-mode fiber using Quadrature Phase Shift Keying and
Quadrature Amplitude Modulation (4-QAM and 8-QAM) formats. A digital signal processing system was employed to mitigate fiber
dispersion and losses. The modulation format of 8-QAM was discovered to maximize the spectral efficiency of the carrier. From the bit error
rates analysis, an aggregate transmission capacity of 3.84 Tbps was achieved for 64 users using the 8-QAM format. The findings showed
that CD with higher modulation formats improved receiver sensitivity by more than 7 dB to —22.69 dBm, compared to direct detection
reported in the literature. This enhancement increases the capacity of optical networks. The study also provides an analytical perspective

on high-capacity NG-PON systems utilizing advanced modulation techniques for diverse users.
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1. Introduction

The increasing development of data communications and 5G
applications has driven the need for broadband access networks with
higher bandwidth and low latency requirements. Passive optical net-
works (PONs) have become promising technologies that fulfill these
demands, providing advantages such as high bandwidth, increased
reach, greater subscriber density, flexibility, and security [1]. PONs
use point-to-multipoint (P-to-MP) tree topologies based on a power
splitter to provide overall bandwidth to users over greater distances.
There exist various competing technologies for high-speed access
networks, and the adoption of this technology depends on sev-
eral factors such as cost, demand, and the subscriber’s environment
[2]. To support high bandwidth demand, optical fiber transmission
allows access to fiber-to-the-home (FTTH) networks. The FTTH
architecture in PONs is particularly suitable for rural and under-
served areas, providing triple-play services (voice, video, and data)
using an optical splitter to distribute connections from the opti-
cal line terminal (OLT) to optical network units (ONUs) at user
premises [3].
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In the past, several evolutions of PON have been standardized
to meet single-channel requirements. These technologies employ
intensity modulation and direct detection (IM/DD) based on On-
Off Keying Non-Return to Zero (OOK-NRZ) modulation formats
[4]. A proposed modeling of a 5G topology system based on PON
has been reported to use the IM/DD technique [5]. The simulation
results reported in this work achieved an acceptable bit error rate
(BER) at a receiver sensitivity of -18 dBm for a 1:64 split ratio
[6]. However, this technique can be more susceptible to noise and
signal degradation over long distances. Additionally, this format
is less spectrally efficient and may not fully utilize the available
bandwidth [7]. As emerging technologies like 5G and Internet of
Things (IoT) expand, passive networks will need to support inter-
net applications such as remote education, smart agriculture, and
healthcare services. Hence, the IM-DD PON systems might not be
sufficient to handle the diverse requirements of these technologies
due to their limitations in terms of capacity and bandwidth. The
IM-DD technologies are normally limited by receiver noise and
fiber dispersion, which cause significant distortions in the optical
pulses [8, 9]. Therefore, to bridge the foregoing gap, the next-
generation passive optical network (NG-PON) as an access network
was developed [10]. The NG-PON aims to provide effective solu-
tions to the ever-increasing bandwidth demand of end users with
data rates of 10 Gb/s or more and can successfully meet this growing
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communication bandwidth need [11, 12]. These NG-PON systems
can be realized by either bonding multiple wavelengths or increasing
the data rate per wavelength [13, 14].

To improve the receiver sensitivity and the overall performance
of a communication system, coherent detection (CD) in the NG-
PON is considered a promising technique [15]. A local oscillator
(LO) laser at the receiver would beat at the photodiode, enhancing
the sensitivity. Moreover, the CD can recover the amplitude and
the phase information of the optical signal. The evolution of PON
systems has progressed from Broadband PON (BPON) to Giga-
bit PON (GPON) and 10 Gigabit PON (XG-PON), each offering
increased bandwidth and capacity to meet single-channel require-
ments [16—18]. The earlier PON systems offered broadband passive
optical networks (BPON) for residential users only. However, the
capacity of BPON cannot be able to meet the future demand for
internet services. To address this, the gigabit passive optical net-
work (GPON) recommendations were developed [19]. The GPON,
utilizing a 1:32 split ratio and enhanced communication bandwidth,
encounters significant challenges related to signal degradation over
long distances, which becomes problematic in high signal transmis-
sion systems. With the increase in broadband demand, XG-PON
(10 Gb/s PON) was developed to meet this increasing demand [20].
The XG-PON (10 Gb/s) has emerged to provide higher transmis-
sion rates and longer transmission systems [21]. This technology
allows the transmission of high-speed internet over single-mode
fiber (SMF), enhancing network capacity and efficiency. These
standards are classified according to their bidirectional data rates
and distance between the OLT and the ONU as illustrated in
Figure 1 [22].

However, as the user demand for bandwidth continues to
grow, the XG-PON will not be able to meet the future demand for
bandwidth and quality of services (QoS) requirements. In data trans-
mission rates exceeding 10 Gbps, dispersion impairments emerge
as a significant limiting factor, constraining spectral efficiency
(SE) [23]. These effects limit the bandwidth, and the power fad-
ing degrades the overall transmission performance of the system.
The integration of low SE channels into higher orders in advanced

modulation formats presents a promising solution for the future
of networks [24]. The SE improvement will not only enhance the
network performance but also meet the increasing demand of the
end user. Increasing the number of customers in NG-PON can be
achieved by using high splitting ratios, such as 1:64, without chang-
ing the optical modules [25]. The emergence of 5G communication
technology has driven the emergence of new signal processing tech-
niques, enhancing the quality and speed of transmitted signals [26].
High-speed technologies such as digital signal processing (DSP)
with CD can provide improved tolerance to system impairments,
enhanced efficiency, and greater overall capacity [27]. Together
with DSP algorithms, the NG-PON systems enable high spec-
trum utilization, increased capacity, and extended reach, which are
crucial for providing broadband services in internet-underserved
regions. Innovative techniques such as advanced modulation for-
mats [28] enable the consolidation of multiple services onto a
single optical infrastructure, offering a cost-effective alternative for
broadband access.

Given the rapid growth in mobile applications and end-
user demands, there is a pressing need to modernize the existing
infrastructure through technological innovation. This moderniza-
tion relies on the adoption of advanced modulation formats to
enhance the transmission rate of optical communication. To address
this increasing demand for data bandwidth, various advanced
modulation techniques have been proposed [29]. Advanced modu-
lation techniques like Quadrature Phase Shift Keying (QPSK) and
multi-Quadrature Amplitude Modulation (m-QAM) have gained
significant attention due to their ability to achieve high SE [30, 31].
Combining intensity and phase, these techniques reduce the number
of states for the same number of symbols, enabling substantial data
capacity and long-distance signal transmission in access networks
[32]. By transmitting more than one bit per symbol, the bandwidth
per user for a given bit rate reduces, while the SE increases sig-
nificantly [33]. Together, these innovations underscore the dynamic
and rapidly evolving field of fiber optic communications, driving
the industry toward greater performance, capacity, and reliability to
meet the increasing demands of broadband access. A typical PON

Figure 1
PON standards development in ITU-T and IEEE
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Figure 2
Passive optical network architecture
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architecture in which unpowered optical splitters are used to enable
an SMF to serve multiple premises is shown in Figure 2 [34].

The integration of NG-PON with multilevel modulation holds
great promise to meet the growing bandwidth demands of modern
optical networks. To fulfill the demands for developing ultrafast
optical transmitters, the capacity of the modern communication for-
mats has been scaled up from 10 Gb/s per channel to 20 Gb/s and
beyond [35]. This growth is fueled by the increasing demand for
higher bandwidths to support the continuously rising volume of
data traffic. Recently, a spectrally efficient QPSK scheme has been
demonstrated, enabling the transmission of 32 channels at data rates
of up to 10 Gb/s per channel, achieving an aggregate capacity of
300 Gb/s using coherent technology [36]. In previous work, the 4-
QAM modulation format has been employed to transmit data to 64
subscribers located at remote endpoints. The ONUs demonstrated
high per-user capacity [37]. A comparison of various detection tech-
niques employing advanced modulation formats in NG-PON2 has
been presented [38]. The results demonstrated improved BERs with
a 1:64 ratio using QPSK, 8-QAM, 16-QAM, and 64-QAM modu-
lation formats. Furthermore, the transmission of an energy-efficient
optical signal was successfully achieved over 20 km of SMF. How-
ever, this system is limited by dispersion, thereby degrading the
overall performance of the transmission system.

With the continuous growth in user demand for band-
width, NG-PON2 may fall short of meeting future bandwidth and
QoS requirements. To address this challenge, dual-polarized (DP)
systems — which transmit two orthogonally polarized signals — can
offer a promising solution for meeting the growing demand for com-
munication bandwidth [39, 40]. The DP technique has emerged as
an effective approach to further enhance the SE of multilevel mod-
ulation formats by transmitting two distinct signals at the same
wavelength over orthogonally polarized channels, effectively dou-
bling the SE. The digital processing systems (DSP) mitigation
in DP signals can reduce the processing power per channel and
hence increase the overall efficiency of the communication sys-
tem. This can be realized by designing an NG-PON2 system that
transmits a dual-polarized (DP) signal using advanced modulation
formats to various users (splits) with each ONU receiving more
than 40 Gb/s with increased receiver sensitivity. This work provides
network operators with crucial information required for selecting the
appropriate modulation format for each ONU. This was achieved

by analyzing BER measurements and receiver sensitivity, tailored
to a specific user, based on their transmitted data rates. This study
presents a simulation analysis of 10 Gb/s data per symbol using a
higher-level modulation format over a 20 km standard single-mode
fiber (SSMF) in the C-band based on the Virtual Photonics Incorpo-
ration (VPI) photonics simulation tool. We provide a comprehensive
comparison scheme of 16, 32, and 64 subscribers using DP QPSK,
4-QAM, and 8-QAM modulation formats. In this paper, Section 2
explains the advanced modulation in PON. Section 3 describes the
architectural designs of the proposed work. Section 4 discusses the
results of the BER performance. Section 5 concludes the findings of
this work and outlines potential directions for future research.

2. Advanced Modulation in PON

QPSK modulation is a form of phase modulation where the
phase of the laser optical light is used for encoding data. Each sym-
bol corresponds to a discrete phase value that is imposed on the
optical carrier with a constant amplitude.

The signal representation, S(t) in QPSK, can be expressed as:

S(t) = AcosQr f .t + %) )

where f, is the carrier frequency carrier and @° = 0°, 90°, 180°, 270°
describes the phase shifts. The transmission of four phases enables
the encoding of 2 bits of data per symbol, doubling the bit rate
as compared to OOK in the same bandwidth, hence increasing the
SE [41].

To increase the SE beyond 2 bits/s/Hz, m-QAM modulation
formats have been proposed [42]. This modulation format can
achieve high SE by using three characteristics of the optical field,
that is, phase, intensity, and polarization [43]. The QAM modulation
format combines Amplitude Shift Keying and Phase Shift Keying
with 90° out of phase with each other.

The signal representation, S(t) in QAM, can be expressed
as [44]:

S(#) = AjcosQrf 1) + Ag sin27f 1) 2)

where 4; and 4, are data beat streams split into in-phase and quadra-
ture points. In PON technology, a passive splitter is used to divide
the signal equally to all consumers; hence, the receiver requires a
minimum optical power (receiver sensitivity) to operate in an error-
free region. For an ideal splitter with the number of subscribers N,
the optical power budget is expressed as:

P(dBm) = 10logoN 3)

To improve the efficiency of a transmission system, the
receiver sensitivity needs to be improved to reduce the power
required to achieve error-free transmission [45].

In higher modulation formats, the amplitude and phase of an
optical carrier can be modulated by binary data simultaneously, so
that each » bit of the input data is mapped into one symbol M such
that:

n = logyM (@)

Each constellation point is represented by a symbol made up of
several bits. For # bits per symbol, the number of constellation points
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or symbols is given by M = 2". Using the multilevel signaling, data
bits are transmitted at a reduced symbol rate, R of:
R R
R=—0t =22
LogopM  n

®)
where R, is the bit rate.

3. Simulation Setup

The setup used to demonstrate the operation of the PON net-
work utilizing QPSK, 4-QAM, and 8-QAM is shown in Figure 3.
A signal at 1552.52 nm transmission wavelength with a symbol
data rate of 10 Gb/s was used to transmit the signal from the OLT
located at the central office. Channel performance in a communica-
tion system is influenced by optical signal-to-noise ratio (OSNR),
dispersion, and nonlinear effects. As a result, it is essential to opti-
mize the OSNR level in optical networks while minimizing the
input power, as excessive power can lead to nonlinearity, ultimately
reducing the received signal strength. To address this, an optical
power of 10 dBm and a signal-to-noise ratio of 6 dB were main-
tained throughout the simulation. The modulated signal was then
transmitted over an SSMF with a length L=20 Km (typical length
for PON). An erbium-doped fiber amplifier (EDFA) with a power
gain of 20 dB was employed after the SMF to mitigate the effect of
power losses and extend the reach of the PON signal. A passive opti-
cal splitter was used to divide the downstream signal from the OLT
at the network edge into multiple, identical signals that were broad-
cast to the ONUs. At the receiver end, the LO was used to recover
the transmitted data signals for BER measurements and simultane-
ous analysis. The pre-amplifier was used to amplify both signals that
carried the information and the accompanying noise generated by
signal dispersion in the fiber. Several DSP functions and algorithms
were employed to aid in recovering the incoming transmission
channel(s) after CD was performed on the receiver side. These
include quadrature imbalance, linear compensation, timing recov-
ery, and carrier phase estimation. These algorithms compensate for
signal impairments and aid in recovering the incoming signal.

4. Results and Discussions

To provide higher capacity and meet the performance require-
ments of an optical transmission system, it was therefore nec-
essary to explore the 100 G and beyond PONs. The analytical

Figure 3
Simulation setup for the transmission of dual-polarized (DP)
modulated signal in PON: m-QAM: multi-quadrature,
amplitude modulation; EDFA: erbium-doped fiber amplifier;
DSP: digital signal processing; 2-D: two-dimensional analyzer
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Table 1

Simulation parameters considered for the PON link
Parameter Value
Symbol rate 10 Gb/s
Laser center wavelength 1552.52 nm
Input optical power 10 dBm
Fiber length 20 km
Attenuation 0.22 dB/km
Dispersion 16.75 ps/nm/km
Laser linewidth 0.1 MHz
Photodetector responsivity 1 A/W
Photodetector dark current 10 nA

investigation of the proposed NG-PON was conducted for several
ONUs, that is, 16, 32, and 64, under the effect of fiber attenuation
and dispersion. We present the DP QPSK, 4-QAM, and 8-QAM
operating with a symbol rate of 10 Gb/s. Performance is evaluated
using BER, received optical power, and constellation points of the
signals at the ONUs. The BER measurements were recorded at 1E-9,
the threshold for the communication system. The BER and constel-
lation diagrams were observed by varying the number of subscribers
while employing system performance parameters in Table 1. Both
point-to-point and point-to-multipoint were considered for system
analysis.

4.1. Performance analysis at QPSK, 4-QAM, and
8-QAM modulation for different split ratios

Figure 4 illustrates the BER performance of the DP 40 Gb/s
QPSK-modulated signal at various split ratios, along with the corre-
sponding constellation diagrams. It was observed that BER reduced
with an increase in output power. A receiver sensitivity of -27.63
dBm was recorded for a single user.

However, as more subscribers accessed the medium simultane-
ously, the receiver sensitivity decreased to -26.45 dBm, -26.23 dBm,
and -26.01 dBm for 16, 32, and 64 users, respectively. The power
penalty between 16 and 32 splits is less than 1.5 dB. The low power
penalty was due to compensation techniques (i.e., DSP algorithms),

Figure 4
Variation of BER with received power for QPSK format at
different splitting ratios
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which minimized the signal impairments and recovered the trans-
mitted symbols, lowering the power penalty. This trend was also
reflected in the constellation diagrams for the modulated signal at
different split ratios, shown in the inset of Figure 4. Distinct constel-
lation points were observed for all the ratios, signifying good signal
quality. Noted also was the rotation of the constellation diagrams
due to dispersion in the fiber, which affects the transmitted signal.

Figure 5 shows the BER performance for the 40 Gb/s
DP-4-QAM coherent system and the corresponding constellation
diagrams for different numbers of users at ONUs.

It was observed that as the BER decreases, the received sensi-
tivity increases. The required power to maintain an acceptable BER
is -26.53 dBm for a single user. However, as the number of users
increased, the sensitivity dropped to -26.25 dBm, -25.89 dBm, and -
25.09 dBm for 16, 32, and 64 users, respectively. From the figure, it
can be observed that the constellation points are distinct, signifying
minimal signal distortions. This implies that inter-symbol interfer-
ence and dispersion have minimal effects on the transmitted signal
in the 4-QAM modulation format.

Figure 6 shows the BER performance curves for different split
ratios using the 8-QAM modulation formats. It is observed that the

Figure 5
BER performance of 4-QAM modulation format at the
different splitting ratio
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Figure 6
BER versus received power using 8-QAM modulation formats
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BER declines with an increase in the power received. Moreover,
better BER performance was recorded for point-to-point transmis-
sion with a receiver sensitivity of -26.95 dBm. However, to achieve
a BER threshold of le-9, the respective receiver sensitivities of -
25.13 dBm, -24.14 dBm, and -22.69 dBm were required to transmit
a signal to 16, 32, and 64 users at the ONUs. The performance of
the 8-QAM signal was noted to achieve an error-free transmission
at high receiver sensitivity.

4.2. Performance comparison between QPSK,
4-QAM, and 8-QAM for 64 users

Figure 7 shows the effect of different modulation formats on
the BER performance for 64 subscribers. Receiver sensitivities of
-26.01 dBm, -25.09 dBm, and -22.69 dBm were recorded for QPSK,
4-QAM, and 8-QAM, respectively. It was also noted that the differ-
ence between QPSK and 4-QAM modulation techniques is minimal.
This is because both methods transmit two bits per symbol, with the
former encoding the information in phase, while the latter encodes
the information in both the phase and the amplitude. Notably, the
8-QAM had a reduced sensitivity compared to other formats for 64
users. This is because dispersion and interference have an impact
on higher modulation formats. With the increased number of bits
per symbol, the dispersion tolerance becomes weaker. Therefore,
8-QAM modulation formats enable higher data throughput with
the same spectral bandwidth, hence high SE. The combination of
CD, DP signals, and advanced modulation formats enables PON
systems to achieve very high data rates, making them suitable for
next-generation networks that need to support bandwidth-intensive
applications such as cloud computing and loT. The proposed 8-
QAM model has the capability to support up to 64 users concurrently
situated 20 km from the OLT, with a data rate of 60 Gb/s per
user.

Figure 8 shows the receiver sensitivity values for 16, 32, and
64 users using QPSK, 4-QAM, and 8-QAM formats. It is observed
that the QPSK and 4-QAM modulation formats are more resilient to
noise and interference, maintaining better receiver sensitivity even
with the increased number of users. A significant reduction in the
receiver’s sensitivity was noted as the number of splits increased
for the 8-QAM format. This was because 8-QAM modulation for-
mats transmit three bits per symbol, and therefore, more power
was required to distinguish the received bits. The compensation

Figure 7
BER curves for QPSK, 4-QAM, and 8-QAM for 64 users
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Figure 8
Receiver sensitivities for different numbers of users
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techniques (i.e., DSP algorithms) minimized the signal impairments
and recovered the transmitted symbols. A high receiver sensitiv-
ity of -26.01 dBm was achieved for the QPSK modulation format.
QPSK transmits two bits per symbol with the signal encoded in
phase. Therefore, less power was required at the receiver to recover
the information, hence high receiver sensitivity.

The 4-QAM format achieved a receiver sensitivity of -25.09
dBm. This format transmits two bits per symbol in amplitude and
phase variations. More power is therefore required to recover the
received bits compared to the QPSK format. The 8-QAM has a
reduced sensitivity of -22.69 dBm. The 8-QAM modulation for-
mats transmit three bits of information in amplitude and phase form.
Therefore, dispersion and interference have a greater impact as the
modulation order increases. More power at the receiver end was
required to distinguish the received bits in 8-QAM, hence reducing
receiver sensitivity. In contrast, 8-QAM, while offering high data
rates, suffers from reduced sensitivity due to bit-overlap, resulting
in received error bits. Therefore, the choice of modulation scheme
in a multi-user environment affects the receiver’s sensitivity.

5. Conclusion

We have investigated the performance of a PON transmis-
sion system operating at a symbol rate of 10 Gbps using QPSK,
4-QAM, and 8-QAM modulation formats across various splitting
ratios. Higher modulation formats transmit multiple bits per sym-
bol, increasing the SE and maximizing the bandwidth usage in PON,
making them ideal for this network application. Notably, the opti-
mized PON architecture can deliver 60 Gbps of downstream data
over 20 km of SSMF to ONUs. This was achieved using the 8-QAM
modulation format, which provided a receiver sensitivity of -22.69
dBm. From the BER analysis, an aggregate transmission capacity
of 3.84 Tbps was achieved for 64 users utilizing the 8-QAM for-
mat. The transmitted signals were successfully recovered using DSP
techniques. The DSP compensation technology, together with CD,
mitigates linear effects, preserves signal integrity, and extends data
rate transmission in PON. Therefore, passive optical splitting is a
fundamental aspect of PONs that allows a single optical fiber to
serve multiple users by splitting the optical signal into several paths.
Determining the optimal split ratio is crucial for balancing the num-
ber of users served by the network and the signal quality. A higher
split ratio allows more users to be connected to a single fiber, but it
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results in greater signal attenuation, hence reduced receiver sensi-
tivity. Limited reach can therefore necessitate the use of additional
network infrastructure, such as optical amplifiers, to maintain ade-
quate signal over long distances, thereby increasing the overall cost
and complexity of the network. These results validate the successful
aggregations of different modulation formats, enabling higher SE
while maintaining acceptable signal quality.

Funding Support

This work received funding support from the Africa Laser Cen-
tre. Special gratitude goes to Optica University Program, USA, for
providing the VPI package used in this study.

Acknowledgment

The author gratefully acknowledges the University of Eldoret,
Kenya, CSIR, Telcom, and Nelson Mandela University, South
Africa, for providing the necessary infrastructures and facilities for
this research work.

Ethical Statement

This study does not contain any studies with human or animal
subjects performed by any of the authors.

Conflicts of Interest

The authors declare that they have no conflicts of interest to
this work.

Data Availability Statement

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

Author Contribution Statement

Henry C. Cherutoi: Conceptualization, Methodology, Soft-
ware, Validation, Formal analysis, Investigation, Data curation,
Writing — original draft, Writing — review & editing, Visualization,
Project administration. Dismas K. Choge: Conceptualization, Val-
idation, Investigation, Resources, Data curation, Writing — review
& editing, Supervision, Project administration, Funding acquisition.
David W. Waswa: Conceptualization, Validation, Investigation,
Resources, Data curation, Writing — review & editing, Supervision,
Project administration, Funding acquisition.

References

[1] Kramer, G., de Andrade, M., Roy, R., & Chowdhury, P. (2012).
Evolution of optical access networks: Architectures and capac-
ity upgrades. Proceedings of the IEEE, 100(5), 1188-1196.
https://doi.org/10.1109/JPROC.2011.2176690

[2] Alimi, I, Patel, R., Silva, N., Sun, C., Ji, H., & Shich, W.
(2021). A review of self-coherent optical transceivers: Funda-
mental issues, recent advances, and research directions. Applied
Sciences, 11(16), 7554. https://doi.org/10.3390/app11167554

[3] Zhang,J., Li, G., Xing, S., & Chi, N. (2023). Flexible and adap-
tive coherent PON for next-generation optical access network.
Optical Fiber Technology, 75, 103190. https://doi.org/10.1016/
j-yofte.2022.103190


https://doi.org/10.1109/JPROC.2011.2176690
https://doi.org/10.3390/app11167554
https://doi.org/10.1016/j.yofte.2022.103190
https://doi.org/10.1016/j.yofte.2022.103190

Journal of Optics and Photonics Research Vol. 00

Iss. 00 2025

(4]

(1]

[12

—_—

[14

—

[17]

Nikmah, A., Mauludi, L. D., & Firdaus, R. A. (2023). Analy-
sis of effect of input power and RF optical signal rate on optical
communication system with OOK-NRZ modulation. Journal of
Physics: Conference Series, 2623(1), 012027. https://doi.org/
10.1088/1742-6596/2623/1/012027

Isoe, G. M., Wassin, S., Rotich Kipnoo, E. K., Leitch, A. W.
R., & Gibbon, T. B. (2019). VCSEL-based differential modula-
tion technique for high-speed gigabit passive optical networks.
Journal of Modern Optics, 66(4), 419-423. https://doi.org/10.
1080/09500340.2018.1535672

Kumari, M. (2023). Modeling of disaster resilience 5G fron-
thaul/backhaul hybrid ring-mesh topology based PON/FSO
system using 2D-modified FRS code. Optical and Quantum
Electronics, 55(12), 1098. https://doi.org/10.1007/s11082-023-
05398-0

van Veen, D., & Houtsma, V. (2023). Real-time validation of
downstream 50G/25G and 50G/100G flexible rate PON based
on Miller encoding, NRZ, and PAM4 modulation. Journal of
Optical Communications and Networking, 15(8), C147-C154.
https://doi.org/10.1364/JOCN.483159

Che, D., & Chen, X. (2024). Modulation format and digital
signal processing for IM-DD optics at post-200G era. Journal
of Lightwave Technology, 42(2), 588—605. https://doi.org/10.
1109/JLT.2023.3311716

Karembera, R. S., Nfanyana, K., Isoe, G. M., & Gibbon, T.
B. (2022). Experimental investigation of VCSEL-based optical
heterodyning with PAM 4 and envelop detection for 5G fron-
thaul systems. Journal of Modern Optics, 69(2), 72-81. https://
doi.org/10.1080/09500340.2021.1999516

Shah Newaz, S. H., Ahvar, E., Ahsan, M. S., Kamruzzaman, J.,
Karmakar, G., & Myoung Lee, G. (2025). Energy conservation
in passive optical networks: A tutorial and survey. IEEE Com-
munications Surveys & Tutorials, 27(1), 667—724. https://doi.
org/10.1109/COMST.2024.3397690

Nesset, D. (2017). PON roadmap. Journal of Optical Commu-
nications and Networking, 9(1), A7T1-A76. https://doi.org/10.
1364/JOCN.9.000A71

Olmos, J. J. V., Sugawa, J., Ikeda, H., & Sakamoto, K. (2011).
GPON and 10G-EPON coexisting systems and filtering issues
at the OLT. In 16th Opto-Electronics and Communications
Conference, 828-829.

Zaouga, A., de Sousa, A. F., Najjar, M., & Monteiro, P.
P. (2021). Self-adjusting DBA algorithm for next generation
PONs (NG-PONs) to support 5G fronthaul and data services.
Journal of Lightwave Technology, 39(7), 1913-1924. https://
doi.org/10.1109/JLT.2020.3044704

Saiyyed, R., Sindhwani, M., Sachdeva, S., & Shukla, M.
K. (2025). Comparative analysis of passive optical net-
works using multiple parameters: A review. Journal of Opti-
cal Communications, 45(s1), s2659—s2667. https://doi.org/10.
1515/joc-2023-0350

Perin, J. K., Shastri, A., & Kahn, J. M. (2021). Coherent data
center links. Journal of Lightwave Technology, 39(3), 730-741.
https://doi.org/10.1109/JLT.2020.3043951

Memon, K. A., Jaffer, S. S., Qureshi, M. A., & Qureshi, K.
K. (2025). Dynamic bandwidth allocation in time division mul-
tiplexed passive optical networks: a dual-standard analysis of
ITU-T and IEEE standard algorithms. PeerJ Computer Science,
11, ¢2863.

Li, Q., Yang, X., Wen, H., Xu, Q., Yang, J., & Yang, H.
(2023). All-optical format conversion for star-8QAM signals
based on nonlinear effects in elastic optical networks. Journal of

(18]

[19]

[20]

(21]

[22

—_—

(23]

[24]

[25]

[26]

[27]

(28]

[29

—

[30]

Lightwave Technology, 41(2), 440-450. https://doi.org/10.
1109/JLT.2022.3216841

Lamba, A., Kumar, M., Sehgal, J., & Akanksha, E. (2024).
Improving WDM in SMF-PON with Polarization Multiplexing
and Optical Comb. In 2024 International Conference on Elec-
tronics, Computing, Communication and Control Technology,
1-8.

Mrabet, H., Bahloul, F., Cherifi, A., Raddo, T., Karar, A. S.,
Belghith, A., & Zayani, H. M. (2024). Capacity optimization of
the next-generation passive optical networks based on genetic
algorithm. Optical Fiber Technology, 88, 104041. https://doi.
org/10.1016/j.yofte.2024.104041

Garima, Jha., V, & Singh, R. K. (2023). Comprehensive per-
formance analysis of dynamic bandwidth allocation schemes
for XG-PON system. Optical Switching and Networking, 47,
100711. https://doi.org/10.1016/j.0sn.2022.100711

Rodrigues, F., Rodrigues, C., Santos, J., Rodrigues, C., &
Teixeira, A. (2023). Photonic integrated circuits for passive
optical networks: Outlook and case study of integrated quasi-
coherent receiver. Photonics, 10(2), 182. https://doi.org/10.
3390/photonics10020182

International Telecommunication Union. (2023). ITU-T PON
standards — progress and recent activities [PowerPoint slides],
Retrieved from: https://www.itu.int/en/ITU-T/studygroups/
2017-2020/15/Documents/OFC2018-2-Q2_v5.pdf,

Essiambre, R.-J., Kramer, G., Winzer, P. J., Foschini, G. J., &
Goebel, B. (2010). Capacity limits of optical fiber networks.
Journal of Lightwave Technology, 28(4), 662—701. https://doi.
org/10.1109/JLT.2009.2039464

Huynh-The, T., Pham, Q.-V., Nguyen, T.-V., Nguyen, T.
T., Ruby, R., Zeng, M., & Kim, D.-S. (2021). Automatic
modulation classification: A deep architecture survey. [EEE
Access, 9, 142950-142971. https://doi.org/10.1109/ACCESS.
2021.3120419

Feng, N., Ma, M., Zhang, Y., Tan, X., Li, Z., & Li, S. (2023).
Key technologies for a beyond-100G next-generation passive
optical network. Photonics, 10(10), 1128. https://doi.org/10.
3390/photonics10101128

Khanh, Q. V., Hoai, N. V., Manh, L. D., Le, A. N, & Jeon,
G. (2022). Wireless communication technologies for IoT in 5G:
Vision, applications, and challenges. Wireless Communications
and Mobile Computing, 2022(1), 3229294. https://doi.org/10.
1155/2022/3229294

Torbatian, M., Lavery, D., Osman, M., Yao, D., Millar, D., &
Gao, Y. (2022). Performance oriented DSP for flexible long haul
coherent transmission. Journal of Lightwave Technology, 40(5),
1256—-1272. https://doi.org/10.1109/JLT.2021.3134155

Misra, A., PreuBler, S., Singh, K., Meier, J., & Schneider,
T. (2023). Optical channel aggregation based on modulation
format conversion by coherent spectral superposition with
electro-optic modulators. APL Photonics, 8(8), 086112. https://
doi.org/10.1063/5.0150989

Forestieri, E., Secondini, M., Poti, L., & Cavaliere, F. (2022).
High-speed optical communications systems for future WDM
centralized radio access networks. Journal of Lightwave
Technology, 40(2), 368—378. https://doi.org/10.1109/JLT.2021.
3131399

Al-Tememy, N. A. K., & Al-Jaifari, F. M. A. (2024). Mod-
ulation techniques in DWDM systems: A comprehensive
review of current challenges and future directions. AIP Confer-
ence Proceedings, 3232(1), 020019. https://doi.org/10.1063/5.
0236224

07


https://doi.org/10.1088/1742-6596/2623/1/012027
https://doi.org/10.1088/1742-6596/2623/1/012027
https://doi.org/10.1080/09500340.2018.1535672
https://doi.org/10.1080/09500340.2018.1535672
https://doi.org/10.1007/s11082-023-05398-0
https://doi.org/10.1007/s11082-023-05398-0
https://doi.org/10.1364/JOCN.483159
https://doi.org/10.1109/JLT.2023.3311716
https://doi.org/10.1109/JLT.2023.3311716
https://doi.org/10.1080/09500340.2021.1999516
https://doi.org/10.1080/09500340.2021.1999516
https://doi.org/10.1109/COMST.2024.3397690
https://doi.org/10.1109/COMST.2024.3397690
https://doi.org/10.1364/JOCN.9.000A71
https://doi.org/10.1364/JOCN.9.000A71
https://doi.org/10.1109/JLT.2020.3044704
https://doi.org/10.1109/JLT.2020.3044704
https://doi.org/10.1515/joc-2023-0350
https://doi.org/10.1515/joc-2023-0350
https://doi.org/10.1109/JLT.2020.3043951
https://doi.org/10.1109/JLT.2022.3216841
https://doi.org/10.1109/JLT.2022.3216841
https://doi.org/10.1016/j.yofte.2024.104041
https://doi.org/10.1016/j.yofte.2024.104041
https://doi.org/10.1016/j.osn.2022.100711
https://doi.org/10.3390/photonics10020182
https://doi.org/10.3390/photonics10020182
https://www.itu.int/en/ITU-T/studygroups/2017-2020/15/Documents/OFC2018-2-Q2_v5.pdf
https://www.itu.int/en/ITU-T/studygroups/2017-2020/15/Documents/OFC2018-2-Q2_v5.pdf
https://doi.org/10.1109/JLT.2009.2039464
https://doi.org/10.1109/JLT.2009.2039464
https://doi.org/10.1109/ACCESS.2021.3120419
https://doi.org/10.1109/ACCESS.2021.3120419
https://doi.org/10.3390/photonics10101128
https://doi.org/10.3390/photonics10101128
https://doi.org/10.1155/2022/3229294
https://doi.org/10.1155/2022/3229294
https://doi.org/10.1109/JLT.2021.3134155
https://doi.org/10.1063/5.0150989
https://doi.org/10.1063/5.0150989
https://doi.org/10.1109/JLT.2021.3131399
https://doi.org/10.1109/JLT.2021.3131399
https://doi.org/10.1063/5.0236224
https://doi.org/10.1063/5.0236224

Journal of Optics and Photonics Research Vol. 00

Iss. 00 2025

[31] Djordjevic, I. B. (2022). Advanced modulation and multiplex-
ing techniques. In 1. B. Djordjevic (Ed.), Advanced optical
and wireless communications systems (2nd ed., pp. 249-301).
Springer. https://doi.org/10.1007/978-3-030-98491-5 5

Miao, S., Kestel, C., Johannsen, L., Geiselhart, M., Schmalen,
L., & Balatsoukas-Stimming, A. (2024). Trends in channel cod-
ing for 6G. Proceedings of the IEEE, 112(7), 653—675. https://
doi.org/10.1109/JPROC.2024.3416050

El-Nahal, F. I. (2018). Coherent quadrature phase shift keying
optical communication systems. Optoelectronics Letters, 14(5),
372-375. https://doi.org/10.1007/s11801-018-8032-y
Uzunidis, D., Logothetis, M., Stavdas, A., Hillerkuss, D., &
Tomkos, 1. (2022). Fifty years of fixed optical networks evolu-
tion: A survey of architectural and technological developments
in a layered approach. Telecom, 3(4), 619—674. https://doi.org/
10.3390/telecom3040035

Shi, W., Tian, Y., & Gervais, A. (2020). Scaling capac-
ity of fiber-optic transmission systems via silicon photon-
ics. Nanophotonics, 9(16), 4629-4663. https://doi.org/10.1515/
nanoph-2020-0309

Zhang, H., Jia, Z., Campos, L. A., & Knittle, C. (2024). Exper-
imental demonstration of rate-flexible coherent PON up to 300
Gb/s. Journal of Lightwave Technology, 42(16), 5440-5449.
https://doi.org/10.1109/JLT.2024.3366163

Zhou, Z., Wei, J., Clark, K. A., Sillekens, E., Deakin, C.,
& Sohanpal, R. (2022). Multipoint-to-point data aggregation
using a single receiver and frequency-multiplexed intensity-
modulated ONUs. Optical Fiber Communication Conference
2022, Tu2G.4, https://doi.org/10.1364/0OFC.2022.Tu2G.4
Kumar, P., Sharma, N., & Gautam, K. (2023). Performance
comparison of classical and quantum-based NG-PON2 commu-
nication system. /[EEE Transactions on Consumer Electronics,
69(4), 1035-1044. https://doi.org/10.1109/TCE.2023.3295169
Kumar, S., Mishra, A., Pagare, R. A., & Marques, C. (2024).
Advance transceiver mechanisms enabling FOAN. In S. Kumar,
A. Mishra, R. A. Pagare, & C. Marques (Eds.), Future optical
access network: Design and Modelling of FTTX/5G/loT/smart
city applications and services (pp. 75-98). Springer. https://doi.
org/10.1007/978-981-97-4371-1 3

[33

[

[34

—

[36]

[38]

08

[40] Morita, 1., Hirooka, T., Takara, H., Awaji, Y., Fukuchi,
K., & Igarashi, K. (2022). Optical transmission technolo-
gies. In M. Nakazawa, M. Suzuki, Y. Awaji, & T. Morioka
(Eds.), Space-division multiplexing in optical communication
systems: Extremely advanced optical transmission with 3M
technologies (pp. 257-368). Springer. https://doi.org/10.1007/
978-3-030-87619-7_5

Barakat, J. M. H., El, Falou., R, A., Giirkan, Z. N., Alboon, S.
A., & Karar, A. S. (2024). Enhanced performance of intensity
modulation with direct detection using Golay encoded Nyquist
pulses and electronic dispersion compensation. /[EEE Photon-
ics Journal, 16(3), 1-8. https://doi.org/10.1109/JPHOT.2024.
3386818

Elsayed, E. E., & Yousif, B. B. (2020). Performance enhance-
ment of the average spectral efficiency using an aperture averag-
ing and spatial-coherence diversity based on the modified-PPM
modulation for MISO FSO links. Optics Communications, 463,
125463. https://doi.org/10.1016/j.optcom.2020.125463

Ding, F., Tang, S., & Bozhevolnyi, S. 1. (2021). Recent advances
in polarization-encoded optical metasurfaces. Advanced Pho-
tonics Research, 2(6), 2000173. https://doi.org/10.1002/adpr.
202000173

Sarnin, S. S., Sulong, S. M., & Asa’Ari, N. A. H. (2016). BER
performance of QAM and QPSK modulation technique for DCT
based channel estimation of STBC MIMO OFDM. MATEC Web
of Conferences, 75, 06002. https://doi.org/10.1051/matecconf/
20167506002

Zhang, J., Wu, X., Sun, L., Liu, J., Lau, A. P. T., & Guo,
C. (2021). C-band 120-Gb/s PAM-4 transmission over 50-km
SSMF with improved weighted decision-feedback equalizer.
Optics Express, 29(25), 41622-41633. https://doi.org/10.1364/
OE.444231

[41]

[42]

[43]

[44]

[45]

How to Cite: Cherutoi, H. C., Choge, D. K., & Waswa, D. W. (2025).
Increasing the Capacity in NG-PON Using QPSK, 4-QAM, and 8-
QAM Modulation Formats. Journal of Optics and Photonics Research.
https://doi.org/10.47852/bonviewJOPR52025167



https://doi.org/10.1007/978-3-030-98491-5_5
https://doi.org/10.1109/JPROC.2024.3416050
https://doi.org/10.1109/JPROC.2024.3416050
https://doi.org/10.1007/s11801-018-8032-y
https://doi.org/10.3390/telecom3040035
https://doi.org/10.3390/telecom3040035
https://doi.org/10.1515/nanoph-2020-0309
https://doi.org/10.1515/nanoph-2020-0309
https://doi.org/10.1109/JLT.2024.3366163
https://doi.org/10.1364/OFC.2022.Tu2G.4
https://doi.org/10.1109/TCE.2023.3295169
https://doi.org/10.1007/978-981-97-4371-1_3
https://doi.org/10.1007/978-981-97-4371-1_3
https://doi.org/10.1007/978-3-030-87619-7_5
https://doi.org/10.1007/978-3-030-87619-7_5
https://doi.org/10.1109/JPHOT.2024.3386818
https://doi.org/10.1109/JPHOT.2024.3386818
https://doi.org/10.1016/j.optcom.2020.125463
https://doi.org/10.1002/adpr.202000173
https://doi.org/10.1002/adpr.202000173
https://doi.org/10.1051/matecconf/20167506002
https://doi.org/10.1051/matecconf/20167506002
https://doi.org/10.1364/OE.444231
https://doi.org/10.1364/OE.444231
https://doi.org/10.47852/bonviewJOPR52025167

	Introduction
	Advanced Modulation in PON
	Simulation Setup
	Results and Discussions
	Performance analysis at QPSK, 4-QAM, and 8-QAM modulation for different split ratios
	Performance comparison between QPSK, 4-QAM, and 8-QAM for 64 users

	Conclusion

