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Abstract—A new optoelectronic oscillator (OEO) is implemented
for a novel self-sustained flat-topped self-oscillating optical fre-
quency comb generator (SO-OFCG), which can be deployed in
terahertz optical transmission. The OFCG is designed from a
cascaded configuration of an electro-absorption modulator and a
polarization controller. In this work, the radio frequency source of
a traditional-OFC scheme is replaced by the OEO. The frequency
spacing of the generated spectrum is defined by the OEO∼20 GHz
that contains 15-healthy frequency tones. The carriers are modu-
lated using the 16-quadrature amplitude modulation technique and
transmitted across an SSMF implemented in a loop to complete a
fiber span of 80 km-240 km. Overall, 1.12Tbps transmission can
be achieved with the help of the given setup. At the receiver side, a
homodyne coherent receiver is designed using the proposed OFCG
to receive the signal. The conventional local oscillator lasers are
replaced by the SO-OFCG generated from the received central
optical carrier. Through offline DSP, the received optical signals
are remunerated from various signal distortions and nonlinear im-
pairments by utilizing digital backpropagation, constant modulus
algorithm, and blind phase search algorithm at the receiving end.
The system is analyzed regarding the bit error rate, symbol error
rate, Q-factor, and error vector magnitude.
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I. INTRODUCTION

THE traffic of broadband terahertz (THz) technologies is
growing at an unprecedented rate due to the emergence of

bandwidth-hungry applications. The optical industry is working
hard to create novel strategies for increasing the overall capacity
of deployed optical networks both at wired and wireless medi-
ums [1], [2]. Optical communications have permeated numerous
domains of science and technology and evolved into a crucial
and fast evolving topic, attracting interdisciplinary study [3], [4],
[5]. The transformative impact of photonics on the development
of science and technology is appreciable, including the emerging
traits like quantum and topological photonics [3]. Similarly,
the integrated photonics aims to inspire further developments
for scalable solutions, particularly emphasizing on-chip lasers
and their integrations into various systems [4]. Coupled with
rapid progress in electronics, the silicon photonics are driv-
ing performance gains in terms of speed and bandwidth [5].
Recent advancements in the field of optical communications
have enabled the way to deal with high data rate transmission,
particularly when one or more multiplexing techniques are con-
sidered [6], [7], [8]. The solution to achieve the bit rate enhance-
ment is wavelength division multiplexing (WDM) which also
shows resilience towards fiber impairments such as chromatic
dispersion [9]. Increasing the number of WDM channels has
received much attention for obtaining a high data rate. However,
this increase also enables increasing the seed complexity of
optical-to-electronic and electronic-to-optical conversion [10],
which would result in a data rate that is much higher than what
the optoelectronic senders and receivers can handle.

A bank of lasers or laser arrays in a conventional WDM system
provides unmodulated optical carriers at the transmitter side.
The frequencies of these channels must be properly adjusted to
achieve high accuracy and produce specific channel frequency
spacing, also known as frequency interval [11], [12], which also
increases the cost and complexity of the system. A similar setup
of laser arrays should also be used at the receiver side to recover
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the transmitted data in case of coherent detection. To overcome
this limitation, scientists have proposed to use of OFCs to replace
the conventional setup of laser arrays in the WDM systems
[9], [13], [14]. Low-cost, easy-to-implement and scalable new
solutions are required. The OFC is one such technology that
offers diverse characteristics of transmitting higher data rates at
lower costs [15], [16]. The data rate can be further enhanced upon
employing the OFC scheme in an advanced n-QAM modulation
technique, as the system can transmit 2n symbols per carrier
per bit [17]. This way, a huge amount of bandwidth can be pro-
duced to cope with the demands of broadband THz technology.
Another interesting frequency combs called microcomb soliton
microcombs have diverse applications in the imaging, and in
low noise microwave generations [18], [19]. The OFC can be
generated by various techniques, including single or cascaded
configurations of optical modulators [20], [21], [22], [23], radio
frequency shifting loops (RFS) [24], [25], mode-locked lasers
[26], [27], [28], and self-oscillation loops [27], [29], [30], [31],
[32], [33], [34], [35], [36]. The RFS loops and mode-locked
lasers also produce efficient results, but the system complexity
is greatly increased. Furthermore, a dedicated external RF source
is mandatory to drive the optical modulators, which may result
in a poor phase noise portrayal of the OFC, particularly when a
high RF frequency is used [31]. This limitation can be addressed
by using the self-oscillation (SO) loops to create a microwave RF
signal that can also be regarded as an optoelectronic oscillator
(OEO) In all the cases for generating an OFC, the motivation
is to produce a feasible signal in the optical domain directly,
allowing it to be processed and distributed photonically. The key
application of OFCG is in the optical access network, because
of its potential for having many frequency carriers of interest.

Many researchers have proposed various topologies for gen-
erating OEO deployed for generating the OFC, this paragraph
summarize most of the state-of-the-art techniques offered for
designing OEO based OFCG. In [27], the authors proposed a
OEO loop for OFC generation based on dual-mode microcavity
laser. The OEO loop was designed by launching the optical sig-
nal into a SMF1 which is then detected by a photodetector (PD),
following by two electrical amplifiers (EAs) to compensate the
loss of the link. The amplified RF signal is used to drive the
two electro-optic modulators to accomplish OFC. J. Liu et al.
demonstrated OFC based on OEO, where in OEO loop [32], the
modulated light coming out of MZM is fed to dispersion shifted
fiber that is deployed to realize the energy storage function
for decreasing the phase noise in the signal, followed by the
PD for converting the optical signal to electrical signal. In this
feedbacking topology, the RF-BPF and EAs are deployed for
selecting the resulted oscillation and for compensating the link
loss. After the first EA, 50% of the amplified signal is deployed
to run the RFS loop and the rest of the power is used to drive
the EO modulator [32]. A SO based OFCG was implemented
based on a dual loop mechanism that successfully generated 23
comb lines with a bit low frequency spacing and high amplitude
difference [29]. The authors deployed the proposed SO-OFCG
for a RoF link that operated at 94.8 GHz. For designing the OEO,
a dual-loop based balanced detection mechanism is deployed
through feedbacking loop with two different sized fibers, each

fiber is feed to a PD with a specific bandwidth and responsivity,
followed by a band pass filter for selecting the desired available
microwave signal. The filtered signal is then passed through a
low noise amplifier followed by a power splitter of 50:50 ratio,
whose one output is used to drive the DDMZM and is connected
to EA (electrical analyzer) for monitoring and measurement
purposes. Similarly, the same authors proposed almost same SO
based OFCG with low frequency spacing was proposed in [30],
which has produced 23 comb lines with frequency spacing of
11.8 GHz. X. Xie et.al. proposed a single loop based OEO for
OFCG [31]. In this article for designing the OEO, the OEO loop
replaces single mode fiber with a long zero dispersion optical
fiber for realizing the delay and received an oscillating signal
with a low phase noise. The optical fiber is followed by a PD
for converting the signal to electrical, then the signal is feed to
BPF and a phase shifter. In the OEO loop two EAs are deployed
to provide enough gain in the feedbacking: one amplifier is a
low noise and the second one is a high-powered amplifier [31].
An OEO based phase conjugate resonator act as an OFCG was
proposed in [33], with a propagating-forward four-wave mixing
effect, which oscillates and provides a spontaneous emission
that exhibits OFC like properties: specific frequency spacing and
phase coherence. The authors in [34] proposed a coherent 7-lined
OFC based on a microwave signal of low phase noise signal.
The RF signal is generated from Raman-pumped Brillouin,
where stimulated Brillouin scattering (SBS) is exploited for
frequency selection∼11 GHz frequency shift, because the SBS
has narrow-gain bandwidth∼30 MHz in a SMF [34]. Q. Zhao
et.al. proposed a self-oscillating based OFC in [35]. The OEO
loop is designed from passing the amplified light through fiber
Bragg grating (FBG) via circulator, which is divided into 60:40
ratios through an OC. The 40% was separated for measurements
and the 60% of light was further divided in two halves that
were then injected into SMFs of different lengths, which are
then detected by PDs and then combined, which is amplified by
EA. The amplified electrical signal is passed through a BPF and
50:50 coupler, where half of the signal was fed to the external
modulated light source and the rest is again passed through an
EA and then used to drive the modulator for OFCG.

A novel scheme for self-sustained flat-topped OFCG and for
low noise RF signal is offered and demonstrated here. This
scheme replaces the conventional laser array at the OLT side
of an optical communication network with the self-oscillating
OFC (SO-OFC) generator. Compared to the majority of cited
works, the OEO loop offered in this scheme is simple and
cost-effective, producing a stable and flattened OFC with higher
frequency spacing. The OEO replaces the traditional RF source,
offering 15 comb lines with a frequency spacing of 20 Gbps.
A coherent optical communication system for downlink trans-
mission based on a SO-OFC generator at the OLT and ONU
sides, replacing the laser array at the OLT side as a transmitter
and local oscillator source at the ONU side is presented here.
Electro-absorption modulators (EAM), in contrast to traditional
Lithium-Niobate (LiNbO3) MZMs, provide a better and fast
response with lower power consumption. Meanwhile, EAMs
have seen widespread application as transmitters in high-speed
and long-haul optical transmissions due to the ease with which
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they can be integrated with lasers while maintaining a relatively
modest size. In the proposed scheme, the SO OFC is generated
by the cascaded configuration of the EAM and polarization
controller. The self-oscillation loop is configured by employing a
high-speed PIN-photodetector, an electrical amplifier, a standard
single-mode fiber, and a bandpass Bessel filter. The scheme
generates an overall 15 healthy carrier signals. These signals
are individualized using wavelength division de-multiplexer in-
corporating rectangle optical filters. 20 Gbps 16-quadrature am-
plitude modulation (16QAM) data is modulated on each carrier
and collectively transmitted across 240 km standard single-mode
fiber in loop structure without using a dispersion compensation
fiber in the transmission line. On the receiving end, gaussian
optical filters are used to recognize the carrier signal and detect
the in-phase and quadrature-phase of the input signal using
a 16QAM receiver. Furthermore, digital signal processing is
performed to aid in recovering the signal from various nonlinear
impairments and signal distortions. The system is analyzed in
terms of the error vector magnitude, bit error rate, symbol error
rate, and constellations of the received signal.

The introduction section of this paper covers all the related
literature and comparisons. The second part has discussed the
detailed theoretical background of the proposed scheme, then
the main principal of the scheme is proposed and the results
are discussed. The third sections discuss the deployment of the
proposed scheme in a long-haul optical network with results. The
results are discussed in terms of bit error rate (BER), error vector
magnitude (EVM), and symbol error rate (SER) vs different fiber
optic cable lengths. The last section discusses the conclusion of
the scheme.

The main highlights in the paper can be given as under:
� A novel and cost-effective self-oscillating optical fre-

quency comb generator is proposed in this paper where the
optical comb is designed from a cascaded configuration of
electro-absorption modulator and a polarization controller
driven by the designed oscillator.

� The conventional microwave source is replaced with the
designed OEO signal.

� The microwave signal is generated by passing the optical
signal via a standard single mode fiber, a PIN Photodetec-
tor, an electrical amplifier, and a band-pass Bessel filter.
By deploying the proposed scheme in an optical access
network, we can perform 1.12 Tbps 16QAM uncompen-
sated long-haul data transmission across 80 km to 240 km
SSMF.

� An optical frequency comb source is deployed both at the
transmitter and the receiver side.

II. PRINCIPLE OF OPERATION AND SIMULATION RESULTS

Traditionally, the OFC generators are driven by a dedicated
external RF source which drives the optical modulators and
specifies the frequency spacing of the generated optical fre-
quency comb. In this scheme, an optical signal is converted to a
microwave signal using the OEO loop. The generated RF signal
is then used to drive the optical modulator where the output of
the CW laser is also injected into the modulator. The output of
this process is a series of evenly spaced optical frequencies that

Fig. 1. Optical frequency comb generations, the red and blue lines show the
optical and RF signals respectively. (a) Using a conventional RF source for
generating the OFCG, RF: Radio frequency generator, CW: Continuous wave
laser source, EOM: Electro-optic modulator, OFC: Optical frequency comb
and (b) using optoelectronic oscillation loop for generating the RF signal in
an OFC, OEO: Optoelectronic oscillator.

Fig. 2. Schematic of the proposed OFCG. PC: Polarization controller (rest of
the components are already defined above).

form an OFC. The spacing between the optical frequencies is
determined by the frequency of the RF signal used to modulate
the optical signal. Fig. 1(a) illustrates the generation of an OFC
using electro-optic modulators driven by an RF signal. On the
other hand, the generation of an OFC source using an OEO loop
is demonstrated in Fig. 1(b). In this method, a feedback loop
is constructed to generate the optoelectronic oscillator which
determines the frequency spacing of the OFC source.

The SO-OFC is essentially an OFC generator with OE feed-
back loop: that is the OFC is photo detected and produces an RF
signal with a fundamental frequency difference/spacing, which
is the fundamental frequency used to drive the OE modulator
and thus produces OFC by completing the loop. Therefore,
the SO-OFC has the advantage of eliminating the need for
an external RF source while maintaining the low-phase noise
characteristics of the OEO. The OEO feedback loop, shown
in Fig. 2, consist of a single-mode fiber, PIN photodetector,
electrical amplifier, and bandpass Bessel filter to generate a
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stable and coherent RF signal at a specific frequency. This RF
signal is then fed back to the EOM to stabilize its bias point and
ensure a stable output frequency comb. The single-mode fiber
plays a crucial role in this feedback loop. It is used to delay
the RF signal by a specific amount, to allow the photodetector
and amplifier to operate properly. The length of the fiber is 1.5
km of standard single mode fiber, it also helps in improving
the Q factor. This delay ensures that the feedback signal is in
phase with the modulating signal and can properly stabilize its
bias point. Afterwards, the signal is detected and converted to
an electrical signal using a high-speed PIN photodetector. The
PIN photodetector converts the optical signal from the fiber into
an electrical signal, which is then amplified by an electrical
amplifier∼13.5 dB amplification is performed. The bandpass
Bessel filter is then used to extract a bandwidth of 1 MHz and
specify the desired frequency spacing of the SO-OFCG. The
resulting RF signal is then fed back to the EAM, where it is used
to stabilize the bias point and ensure a stable output frequency
comb. The self-oscillating RF signal generated by this feedback
loop is typically sinusoidal and has a frequency determined by
the round-trip delay of the feedback loop. Overall, the feedback
loop plays a crucial role in generating a stable and coherent
optical frequency comb through the electro-optic modulation of
a CW laser. By using an OEO signal to stabilize the modulator’s
bias point, the output frequency comb can be made more stable
and accurate.

The proposed OFC generator consists of a CW laser connected
with a EAM and a polarization controller. The OEO loop is
also connected to the polarization controller and feedback to the
optical modulator, as shown in Fig. 2. The CW laser is centered at
193.1THz frequency with a linewidth of 0.1 MHz and an initial
power of 6.9 dBm. This optical signal is then passed through the
EAM and polarization controller before entering the loop. In
the loop, the optical signal is converted into an electrical signal
which is used to drive the optical modulators and generate the
optical frequency comb. The EAM and polarization controller
generates and stabilizes the optical frequency comb signal which
is driven by the OEO. The frequency of this oscillator is 20
GHz which demonstrates the frequency spacing between the
OFC tones. This model is implemented in the OptiSystem and
MATLAB simulation environments and the important simula-
tion parameters are listed in Table I.

Overall, the generated comb contains 15 carrier frequencies
with a high carrier-to-noise ratio (CNR)∼over 45 dBm. The
results of the generated OFC and the OEO can be seen in Fig. 3.
It can be seen that the amplitude differences vary from left to
right. These carriers are filtered using a Gaussian optical filter
and individually passed through a 16QAM modulator where 20
Gbps data is overridden on each carrier (20 Gbps (bit rate) ∗4
(bits per symbol) = 80 Gbps).

III. RESULTS AND DISCUSSION OF THE 16QAM
TRANSMISSION DEPLOYING THE OFCG

The generated OFC is used to transmit the 16QAM data signal
with a carrier frequency fc. As described earlier that frequency
comb is a collection of equally spaced frequencies, we can

TABLE I
IMPORTANT SIMULATION PARAMETERS

Fig. 3. Generated results of the proposed OFC generation scheme (a) gener-
ated OEO, (b) generated optical frequency comb.

use it to modulate the 16QAM signal on each of its carriers,
individually. To do this, we can use a set of N carriers that are
equally spaced in frequency and have a frequency spacing ofΔf.
We can then represent the 16QAM signal as a sum of complex
symbols, where each symbol represents a different amplitude
and phase modulation. We can denote the complex symbol for



ULLAH et al.: 1.12TBPS-16QAM UNCOMPENSATED LONG-HAUL TRANSMISSION 7200507

Fig. 4. Schematic diagram of the proposed self-oscillating optical frequency
comb generation scheme and its deployment in the coherent 16QAM transmis-
sion network.

Fig. 5. Simulation results of the carrier 193.08 and 193.12 across 80 km to
240 km fiber transmission along with their constellation diagrams.

the kth 16QAM symbol as Sk, then the 16QAM signals can be
modulated onto the frequency comb by modulating the data on
each of the comb channel, given by fk= fc+ kΔf. The modulated
signal can be represented as:

x (t) = Re

{
N−1∑
n=0

sne
j2π(fc+nΔf)t

}

where x(t) shows the time-domain waveform of the modulated
optical signal, Re{} denotes the real part of the expression, sn
shows the 16QAM signal modulated onto the nth subcarrier,
with a complex amplitude of An, fc presents the center frequency
of the OFC, and n is the number of subcarriers. The complex
amplitude An for each subcarrier can be calculated based on
the 16QAM signal being transmitted, using the equation: An =√
Pn .e

jϕn , wherePn is the power allocated to the nth subcarrier,
andϕn is the phase shift applied to the subcarrier to represent the

Fig. 6. Error vector magnitude (EVM), SER, and Q-factor of the selected
channels.

16QAM signal. The summation over n in the equation represents
the combination of all the subcarriers to generate the modulated
optical signal. The real part of the complex sum is taken to
ensure that the modulated signal is a real-valued waveform that
can be transmitted over an optical fiber. We can then transmit this
modulated signal over an optical fiber. At the receiver end, we
can use a frequency comb to demodulate the signal by mixing
it with the same set of carrier frequencies. Using a suitable
decoding algorithm, we can then decode the 16QAM signals
from the demodulated signal.

In the 16QAM modulator, the input bitstream is generated by
a pseudo-random bit sequence generator (PRBS). The filtered
signal is split into real and imaginary (I and Q) parts using
the beam splitter (BS) which is injected into the in-phase and
quadrature-phase (IQ) optical modulators. The signal from both
ends is combined using an optical combiner to produce the
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desired 16QAM signal, shown in Fig. 4. A 15 × 1 optical
multiplexer is used to syndicate the modulated carriers and
inject the data to the transmission channel. In the transmission
channel, a loop structure of single-mode fiber along with an
optical amplifier to maintain the gain of the optical signal is
used to preserve the transmission superiority. Each span of the
loop structure contains 80 km single-mode fiber along with 18
dB optical gain. In total, three spans are used extending the fiber
length to 240 km. On the receiving side, an optical DEMUX
with the same number of channels is used to detach the optical
signal and identify each carrier. Furthermore, optical homodyne
receiver structure is used at the receiver side where the local
oscillator (LO) is replaced by an identical OFC source used at
the transmitter side, as can be seen in Fig. 4. However, the CW
laser source is replaced by the received central carrier frequency
(193.1 THz) which is dedicated to generating the LO-SO-OFC
source. A 90-degree optical hybrid is used to recover the I and Q
parts of the signal. In the offline DSP stage, the received optical
signals are recovered from various signal distortions by utilizing
digital backpropagation, constant modulus algorithm, and blind
phase search algorithm.

The system promises decent performance in terms of BER,
SER, and Q-factor. The BER performance of the proposed
scheme at different instances of fiber span is shown in Fig. 5. It
can be seen that the scheme offers optimum results for 80 km
and 160 km fiber transmission and the BER value for 240 km
is still below the threshold value. Furthermore, the constellation
diagrams of channel-1 and channel-2 can also be seen in the
insets of Fig. 5. Moreover, the EVM, SER, and Q-factor of the
received channels can be seen in Fig. 6. Based on the obtained
results, it can be concluded that the proposed SO-OFC gener-
ation scheme has the potential to be deployed in the 16-QAM
coherent optical communication system over a fiber span of 80
km to 240 km.

IV. CONCLUSION

A novel SO-OFCG technique and its deployment in the co-
herent 16-QAM optical communication system is proposed and
discussed. In the OFC generation scheme, the conventional RF
signal is replaced with the generated optoelectronic oscillator
which defines the frequency spacing among the generated carri-
ers. Overall, 15 carriers are generated where the central carrier
on the receiving side is used for generating the LO-OFC and the
left and right carriers are used for 16-QAM data modulation in
a long-haul network from 80 km to 240 km single-mode fiber
transmission. The results have illustrated the transmission of
14∗80 Gbps (1.12 Tbps) 16-QAM transmission over uncom-
pensated fiber link of 80 to 240 km standard single-mode fiber.
Additionally, the BER, SER, EVM, and Q-factor of the received
channels along with their clear constellation diagrams strongly
support the applicability of the proposed scheme in coherent
optical communications. The central carrier frequency of the
OFC is dedicated to generate the LO-OFC, hence no data is
sent over it. If a separate laser source is employed to generate
the LO-OFC, this channel can be used for data modulation,
increasing the overall transmission rate to around 1.2 Tbps.

REFERENCES

[1] R. Ullah, S. Ullah, M. W. Imtiaz, A. A. Alatawi, Z. Alzaid, and H. S.
Alwageed, “Optimization and analysis of spectral/spatial optical code
division multiple access passive optical network,” AEU-Int. J. Electron.
Commun., vol. 175, 2024, Art. no. 155084, doi: 10.1016/j.aeue.2023.
155084.

[2] R. Ullah et al., “A high-capacity optical metro access network : Efficiently
recovering fiber failures with robust switching and centralized optical line
terminal,” Sensors, vol. 24, 2024, Art. no. 1074.

[3] C. Xiang, S. M. Bowers, A. Bjorlin, R. Blum, and J. E. Bowers, “Perspec-
tive on the future of silicon photonics and electronics,” Appl. Phys. Lett.,
vol. 118, no. 22, 2021, Art. no. 220501.

[4] Z. Zhou et al., “Prospects and applications of on-chip lasers,” ELight,
vol. 3, no. 1, pp. 1–25, 2023.

[5] Z. Chen and M. Segev, “Highlighting photonics: Looking into the next
decade,” ELight, vol. 1, no. 1, 2021, Art. no. 2.

[6] P. Wang et al., “Diffractive deep neural network for optical orbital an-
gular momentum multiplexing and demultiplexing,” IEEE J. Sel. Topics
Quantum Electron., vol. 28, no. 4, Jul./Aug. 2022, Art. no. 7500111,
doi: 10.1109/JSTQE.2021.3077907.

[7] S. E. Mirnia et al., “Proposal and performance evaluation of an effi-
cient RZ-DQPSK modulation scheme in all-optical OFDM transmission
systems,” J. Opt. Commun. Netw., vol. 5, no. 9, pp. 932–944, 2013,
doi: 10.1364/JOCN.5.000932.

[8] E. A. Anashkina et al., “Microsphere-based optical frequency comb gen-
erator for 200 GHz spaced WDM data transmission system,” Photonics,
vol. 7, no. 3, 2020, Art. no. 72, doi: 10.3390/PHOTONICS7030072.

[9] S. Ullah et al., “Performance evaluation of optical carrier suppressed RZ-
DPSK signal in WDM networks employing OFC,” Microw. Opt. Technol.
Lett., vol. 64, no. 5, pp. 839–844, 2022, doi: 10.1002/mop.32976.

[10] B. C. Chatterjee and E. Oki, Elastic Optical Networks: Fundamentals,
Design, Control, and Management. Boca Raton, FL, USA: CRC Press,
2020.

[11] D. J. Blumenthal et al., “Frequency-stabilized links for coherent WDM
fiber interconnects in the datacenter,” J. Lightw. Technol., vol. 38, no. 13,
pp. 3376–3386, Jul. 2020, doi: 10.1109/JLT.2020.2985275.

[12] M. Mazur, J. Schroder, A. Lorences-Riesgo, T. Yoshida, M. Karlsson,
and P. A. Andrekson, “12 b/s/Hz spectral efficiency over the C-band
based on comb-based superchannels,” J. Lightw. Technol., vol. 37, no. 2,
pp. 411–417, Jan. 2019, doi: 10.1109/JLT.2018.2880249.

[13] R. Ullah et al., “Application of optical frequency comb generation
with controlled delay circuit for managing the high capacity network
system,” AEU-Int. J. Electron. Commun., vol. 94, pp. 322–331, 2018,
doi: 10.1016/j.aeue.2018.07.025.

[14] R. Ullah et al., “Optical 1.56 Tbps coherent 4-QAM transmission across
60 km SSMF employing OFC scheme,” AEU-Int. J. Electron. Commun.,
vol. 105, pp. 78–84, 2019, doi: 10.1016/j.aeue.2019.04.004.

[15] R. Ullah, L. Bo, S. Ullah, M. Yaya, F. Tian, and X. Xiangjun, “Cost effective
OLT designed from optical frequency comb generator based EML for1.22
Tbps wavelength division multiplexed passive optical network,” Opt. Fiber
Technol., vol. 43, pp. 49–56, 2018, doi: 10.1016/j.yofte.2018.01.025.

[16] S. Ullah et al., “Generation of flattened multicarrier signals from a
single laser source for 330Gbps WDM-PON transmission over 25km
SSMF,” J. Opt. Commun., vol. 39, no. 1, pp. 129–135, Dec. 2017,
doi: 10.1515/joc-2017-0183.

[17] X. Yi, N. K. Fontaine, R. P. Scott, and S. J. B. Yoo, “Tb/s co-
herent optical OFDM systems enabled by optical frequency combs,”
J. Lightw. Technol., vol. 28, no. 14, pp. 2054–2061, Jul. 2010,
doi: 10.1109/JLT.2010.2053348.

[18] B. Shen et al., “Integrated turnkey soliton microcombs,” Nature, vol. 582,
no. 7812, pp. 365–369, 2020.

[19] C. Xiang et al., “Laser soliton microcombs heterogeneously integrated on
silicon,” Science, vol. 373, no. 6550, pp. 99–103, 2021.

[20] X. Lv, J. Liu, and S. Wu, “Flat optical frequency comb generation based on
polarization modulator with RF frequency multiplication circuit and dual-
parallel Mach-Zehnder modulator,” Optik, vol. 183, pp. 706–712, 2019,
doi: 10.1016/j.ijleo.2019.02.114.

[21] Q. Ding et al., “Tunable multiwavelength optical comb enabled RoF-
OFDM-PON with wavelength multiplex,” Microw. Opt. Technol. Lett.,
vol. 63, no. 8, pp. 2208–2213, 2021, doi: 10.1002/mop.32868.

[22] B. Das, K. Mallick, P. Mandal, B. Dutta, C. Barman, and A. S. Patra,
“Flat optical frequency comb generation employing cascaded dual-drive
Mach-Zehnder modulators,” Results Phys., vol. 17, 2020, Art. no. 103152,
doi: 10.1016/j.rinp.2020.103152.

https://dx.doi.org/10.1016/j.aeue.2023.155084
https://dx.doi.org/10.1016/j.aeue.2023.155084
https://dx.doi.org/10.1109/JSTQE.2021.3077907
https://dx.doi.org/10.1364/JOCN.5.000932
https://dx.doi.org/10.3390/PHOTONICS7030072
https://dx.doi.org/10.1002/mop.32976
https://dx.doi.org/10.1109/JLT.2020.2985275
https://dx.doi.org/10.1109/JLT.2018.2880249
https://dx.doi.org/10.1016/j.aeue.2018.07.025
https://dx.doi.org/10.1016/j.aeue.2019.04.004
https://dx.doi.org/10.1016/j.yofte.2018.01.025
https://dx.doi.org/10.1515/joc-2017-0183
https://dx.doi.org/10.1109/JLT.2010.2053348
https://dx.doi.org/10.1016/j.ijleo.2019.02.114
https://dx.doi.org/10.1002/mop.32868
https://dx.doi.org/10.1016/j.rinp.2020.103152


ULLAH et al.: 1.12TBPS-16QAM UNCOMPENSATED LONG-HAUL TRANSMISSION 7200507

[23] S. Ullah et al., “Ultra-wide and flattened optical frequency comb gen-
eration based on cascaded phase modulator and LiNbO3-MZM offer-
ing terahertz bandwidth,” IEEE Access, vol. 8, pp. 76692–76699, 2020,
doi: 10.1109/ACCESS.2020.2989678.

[24] F. Tian et al., “Theoretical analysis of high-quality multicarrier
generator based on double complementary re-circulating frequency
shifter,” Opt. Commun., vol. 445, no. 10, pp. 222–230, 2019,
doi: 10.1016/j.optcom.2019.03.015.

[25] W. Jiang, S. Zhao, X. Li, and Q. Tan, “Optical frequency comb generation
based on three parallel Mach–Zehnder modulators with recirculating fre-
quency shifting loop,” Opt. Rev., vol. 24, no. 4, pp. 533–539, Aug. 2017,
doi: 10.1007/s10043-017-0344-9.

[26] R. Liao, Y. Song, W. Liu, H. Shi, L. Chai, and M. Hu, “Dual-comb
spectroscopy with a single free-running thulium-doped fiber laser,” Opt.
Exp., vol. 26, no. 8, 2018, Art. no. 11046, doi: 10.1364/oe.26.011046.

[27] T. Wang, J.-L. Wu, K. Yang, Y.-D. Yang, J.-L. Xiao, and Y.-Z. Huang,
“Flat self-oscillating parametric optical frequency comb based on a dual-
mode microcavity laser,” IEEE Photon. Technol. Lett., vol. 34, no. 6,
pp. 325–328, Mar. 2022, doi: 10.1109/LPT.2022.3155763.

[28] D. M. B. Lesko, H. Timmers, S. Xing, A. Kowligy, A. J. Lind, and S. A.
Diddams, “A six-octave optical frequency comb from a scalable few-cycle
erbium fibre laser,” Nature Photon., vol. 15, no. 4, pp. 281–286, 2021,
doi: 10.1038/s41566-021-00778-y.

[29] G. K. M. Hasanuzzaman, A. Kanno, P. T. Dat, and S. Iezekiel, “W-
band radio-over-fiber link based on self-oscillating optical frequency
comb generator,” in Proc. Opt. Fiber Commun. Conf. Expo., 2018,
pp. 1–3.

[30] G. K. M. Hasanuzzaman, A. Kanno, P. T. Dat, and S. Iezekiel,
“Self-oscillating optical frequency comb: Application to low phase
noise millimeter wave generation and radio-over-fiber link,” J. Lightw.
Technol., vol. 36, no. 19, pp. 4535–4542, Oct. 2018, doi: 10.1109
/JLT.2018.2844344.

[31] X. Xie et al., “Low-noise and broadband optical frequency comb gen-
eration based on an optoelectronic oscillator,” Opt. Lett., vol. 39, no. 4,
pp. 785–788, 2014, doi: 10.1364/ol.39.000785.

[32] J. Liu et al., “A broadband, rectangular, and self-sustained optical fre-
quency comb generation employing recirculation frequency shifter,”
IEEE Photon. J., vol. 9, no. 5, Oct. 2017, Art. no. 7803207,
doi: 10.1109/JPHOT.2017.2745707.

[33] Z. Zhou, J. Zhao, R. W. Spiers, N. Brewer, M. C. Wu, and P. D.
Lett, “A self-oscillating phase conjugate resonator as an optical fre-
quency comb,” in Proc. Conf. Lasers Electro-Opt., 2021, pp. 40–41,
doi: 10.1364/cleo_at.2021.jtu3a.48.

[34] J. Liu, B. Zheng, and C. Shu, “Self-oscillating optical frequency comb
based on a Raman-pumped Brillouin optoelectronic oscillator,” IEEE
Photon. Technol. Lett., vol. 29, no. 12, pp. 1003–1006, Jun. 2017,
doi: 10.1109/LPT.2017.2700895.

[35] Q. Zhao and J. Yan, “Self-oscillating broadband optical frequency comb
generation using an EML-based optoelectronic oscillator and a recirculat-
ing frequency shifter,” in Proc. Commun. Photon. Conf., 2021, pp. 1–3,
doi: 10.1364/acpc.2021.w2e.3.

[36] R. Ullah et al., “Ultrawide and tunable self-oscillating optical frequency
comb generator based on an optoelectronic oscillator,” Results Phys.,
vol. 22, 2021, Art. no. 103849, doi: 10.1016/j.rinp.2021.103849.

Open Access provided by ‘Università degli Studi di Enna “KORE”’ within the CRUI CARE Agreement

https://dx.doi.org/10.1109/ACCESS.2020.2989678
https://dx.doi.org/10.1016/j.optcom.2019.03.015
https://dx.doi.org/10.1007/s10043-017-0344-9
https://dx.doi.org/10.1364/oe.26.011046
https://dx.doi.org/10.1109/LPT.2022.3155763
https://dx.doi.org/10.1038/s41566-021-00778-y
https://dx.doi.org/10.1109/JLT.2018.2844344
https://dx.doi.org/10.1109/JLT.2018.2844344
https://dx.doi.org/10.1364/ol.39.000785
https://dx.doi.org/10.1109/JPHOT.2017.2745707
https://dx.doi.org/10.1364/cleo_at.2021.jtu3a.48
https://dx.doi.org/10.1109/LPT.2017.2700895
https://dx.doi.org/10.1364/acpc.2021.w2e.3
https://dx.doi.org/10.1016/j.rinp.2021.103849


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


