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Abstract: The 5G cellular network aims at providing three major services: Mas-
sive machine-type communication (mMTC), ultra-reliable low-latency com-
munications (URLLC), and enhanced-mobile-broadband (eMBB). Among
these services, the URLLC and eMBB require strict end-to-end latency of
1 ms while maintaining 99.999% reliability, and availability of extremely high
data rates for the users, respectively. One of the critical challenges in meeting
these requirements is to upgrade the existing optical fiber backhaul network
interconnecting the base stations with a multigigabit capacity, low latency and
very high reliability system. To address this issue, we have numerically ana-
lyzed 100 Gbit/s coherent optical orthogonal frequency division multiplexing
(CO-OFDM) transmission performance over 400 km single-mode fiber (SMF)
and 100 km of multi-mode fiber (MMF) links. The system is simulated over
optically repeated and non-repeated SMF and MMF links. Coherent trans-
mission is used, and the system is analyzed in a linear and non-linear regime.
The system performance is quantified by bit error ratio (BER). Spectrally
efficient and optimal transmission performance is achieved for 400 km SMF
and 100 km MMF link. The results designate that MMF links can be employed
beyond short reach applications by using them in the existing SMF infras-
tructure for long haul transmission. In particular, the proposed CO-OFDM
system can be efficiently employed in 5G backhaul network. The multi-gigabit
capacity and lower BER of the proposed system makes it a suitable candidate
especially for the eMBB and URLLC requirements for SG backhaul network.

Keywords: CO-OFDM; coherent transmission; spectrally efficient;
optical communication; optical networks; dispersion; eMBB; URLLC;
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1 Introduction

The introduction of 5G technology globally is driving radio access network densification,
new network architectures, and innovative use cases with stringent performance requirements
(e.g., throughput, latency and reliability) [1]. To be successful, network operators need to deploy
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5G transport technologies that can meet these new requirements in a cost-efficient and timely
manner. Traditionally, point-to-point dark fiber has been the transport technology of choice for
wireless networks but can quickly become cost prohibitive in certain scenarios [2]. Today, fiber-
optic networks play a crucial role in mobile backhaul, supporting over 65% of all macro cell
and small cell connections [3]. As 5G deployments continue to accelerate, service providers will
need to augment their current fiber networks to stay ahead of growing 5G capacity demands.
For operators with their own fiber assets, this may require costly and time-consuming new fiber
builds as spare fibers along existing routes are exhausted. One of the key innovations in wireless
backhaul is integrated access and backhaul (IAB) [4]. IAB is standardized in 3GPP Release 16
and aims to reuse the existing 5G radio air interface for backhaul purposes as well [5].

As service providers move from initial 5G market launches to building 5G capacity, they
are faced with an immediate challenge of securing high bandwidth backhaul solution to the 5G
sites in a fast, cost effective manner. mmWave-based 5G deployment increases the challenge of
securing optimum backhaul solutions to the sites exponentially. IAB can potentially overcome
some of the challenges faced by service providers planning to provide a cost-effective coverage and
capacity solution. As a result, there has been significant interest of late in leveraging wavelength
division multiplexing (WDM) technology for 5G backhaul [6-8]. A WDM system is also largely
transparent to the optical signals it carries. WDM is protocol agnostic and introduces little to
no latency, a feature that is particularly important for certain 5G applications and backhaul
architectures [9]. Depending on the wavelength grid and the optical transceivers employed, WDM
is also capable of supporting individual wavelengths with data rates up to 100 Gbps or more [10].
WDM technology was first developed for and deployed in long-haul fiber-optic networks to
maximize system capacity [11]. Using WDM, up to 100 or more wavelengths can be combined
(or multiplexed) onto a single fiber, effectively increasing system capacity by 100 times. Over time,
as WDM technology has matured it has migrated from long-haul networks to metro networks,
and more recently into access and data center networks [12]. The right choice for 5G transport
is driven by rigorous technical requirements and the vast array of use cases that 5G technology
enables, balanced with real world economic and operational considerations [13].

There has been a lot of advancement in fiber-optics communication systems and networks
over the past few years due to the telecommunication sector’s ever-increasing requirements. Two
streams, which are conspicuous nowadays in optical networks: (a) The rapidly increasing trans-
mission data rate per channel and going beyond 100 Gbit/s, and (b) The use of optical add-drop
multiplexers for the dynamically reconfigurable network, are becoming more common. The optical
systems face critical challenges due to the fore stated trends in implementing high-speed trans-
mission links [14]. Precisely, for the transmission rate beyond 100 Gbit/s, conventionally preferred
optical dispersion compensation and non-linear effects mitigation such as self-phase modulation
(SPM), cross-phase modulation (XPM), and four-wave mixing (FWM), are not time and cost-
efficient. This is because the dispersion compensation and non-linear effects mitigation require
accurate fiber dispersion measurement and precise matching of the dispersion compensation across
a broad wavelength range [15].

Recently, the employment of higher-order modulation formats in fiber-optic networking has
been observed that heavily rely on digital signal processing (DSP). Several years ago, this similar
shift was a prominent feature in the wireless community. Furthermore, the vision of providing
high-speed access everywhere to information has led to comprehensive research in advanced
modulation formats [16]. Comprising the advantage of scalability to higher-level modulation for-
mats and well-defined spectrum useful for realizing next-generation flexible optical networks [17],
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orthogonal frequency division multiplexing (OFDM) has emerged as a promising modulation
technique. OFDM is a multi-carrier transmission technique where a data stream is carried with
many lower-rate subcarrier tones [18]. In recent years, OFDM has been evolved as a leading
physical-layer interface for high-speed wireless communications. Both single carrier and multi-
carrier (e.g., OFDM) systems for such DSP-based systems have been proposed [19]. However,
OFDM demonstrates distinct advantages over single carriers and is promptly adopted as a
dominating modulation format for several wireless community applications [20].

With the increasing interest in coherent receivers, much more effort has been converged
on the DSP, which is a key technology for realizing beyond 100 Gbit/s optical transmission
system. Coherent optical (CO)-OFDM incorporates the advantages of both ‘coherent detection’
and ‘OFDM modulation.” It possesses many features that are definite for upcoming high-speed
optical fiber transmission systems [21]. Recently, there has been remarkable advancement in CO-
OFDM for long-haul transmission [22,23]. CO-OFDM appears to be an appropriate contender for
efficient and high capacity transmission by rendering its strength to mitigate the fiber dispersion.
Dispersion litheness of CO-OFDM promotes it as an authoritative candidate for multi-mode fiber
(MMF)-based transmission. Firstly, the polarization mode dispersion (PMD) and the chromatic
dispersion are well predicted and effectively mitigated, while the partially overlapped spectra
of OFDM subcarriers ensure high optical spectral efficiency. Secondly, the electrical bandwidth
requirement can be reduced for the CO-OFDM transceiver by employing the direct up/down
conversion architecture [24]. Thirdly, the innovative algorithm of fast fourier transform (FFT) or
inverse fast Fourier transform (IFFT) can be employed in the OFDM transceiver for the signal
processing, which indicates that OFDM can effectively scale the system data rate and overcome
the channel dispersion [25].

MMF links are currently drawing much attention for transmission medium of multi-gigabit
access networks [26]. Among the in-door installed fibers, multimode silica fiber is at the top of
the list. MMF is of enormous demand in LANs due to its prominent features like simplicity
in installation, maintenance, and handling, which portray a simple and economical solution [27].
However, inter-modal dispersion limits the capacity of MMF transmission [28]. The center launch-
ing technique can minimize the inter-modal dispersion by effectively limiting the MMF’s number
of propagating modes [29].

In this paper, the theory and design aspects of CO-OFDM are discussed by reviewing the
theoretical fundamentals of CO-OFDM. The proposed design is then simulated to enhance trans-
mission capacity for optical networks by employing CO-OFDM for MMF links for long haul
transmissions. In particular, the employment of such a system to meet the requirement of eMBB
and URLLC services of 5G networks is demonstrated.

2 Theoretical Principle of Coherent Optical OFDM

In general, an optical OFDM system consists of five major functional blocks, which are:
Radio frequency (RF) OFDM transmitter, RF-to-optical (RTO) up-convertor, an optical link,
an optical-to-RF (OTR) down-convertor, and RF OFDM receiver [30]. Fig. 1 shows the generic
block diagram of the CO-OFDM system.

Due to OFDM’s drastic litheness to the channel dispersion in the optical domain, it has
been widely investigated for many applications [31]. The key proposition of OFDM is its linear
modulation and demodulation while keeping linearity in propagation too. Furthermore, a linear
transformation is a key goal for the OFDM implementation. So, the main challenge faced for
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CO-OFDM implementation is the realization of a linear RTO up-convertor as well as a linear
OTR down-convertor. To address this challenge, a linear conversion between the RF signal and
optical field signal is achieved by biasing the Mach-Zehnder modulators (MZM) at the null
point [32]. With coherent detection, linearity in transformation can be ensured while going from
optical field signal to RF (or electrical) signal [33]. Keeping in view the aspects mentioned above,
it is feasible to model a linear channel that ensures OFDM’s best performance by canceling the
impact of channel dispersion in both the RF domain and optical domain [34].

RFTO OPTICAL
RF OFDM
[ SR Ao ]i}[ UPCONVERTOR ]

(RTO)
( OPTICAL LINK )
OPTICAL TO RF FROFDM
DOWNCONVERTOR |2 RECIEVER
(OTR)

Figure 1: Block diagram of a generic CO-OFDM system

3 Simulation Model and Optimization Scheme

In this paper, a CO-OFDM system is simulated using direct up/down conversion architecture
for data rate 100 Gbit/s over SMF and MMF links. Fig. 2 shows the simulation model of the
proposed scheme. A dual-polarization RF transmitter capable of generating two RF OFDM
signals is designed to support the transmission data rate of 100 Gbit/s. For each polarization,
the RF OFDM transmitter uses 128 points FFT, out of which only the middle 82 subcarriers
are effectively used as data. The guard interval is 1/8th of the observation window, and four of
them are used for phase estimation. The modulation format is 4-QAM on each subcarrier. For
each polarization of the RF OFDM transmitter, two 2!3~! PBRS generators are used as a data
source. To convert the RF signals to optical domain, RTO up-convertors are employed. Each
RTO up-convertor contains two MZMs. One modulator is for the real part of the input signal,
while the other with 90° phase shift is for the imaginary part of the input signal. A continuous-
wave (CW) laser is used as the optical modulator at a wavelength of 1550 nm. Four spans of
SMEF, each having length of 100 km, are used to design the optical link for transmission up
to 400 km. For the SMF, the attenuation coefficient «, dispersion coefficient 8, and non-linear
coefficient y are taken to be 0.2 dB/km, 16 ps/nm -km, and 1.2 w~! ~km™!, respectively. An
erbium-doped fiber amplifier (EDFA) with a gain of 20 dB/span and noise figure of 4.5 dB is used
as an optical amplifier to compensate for the transmission losses, while dispersion-compensating
fiber (DCF) is used to compensate for dispersion. For the DCF, the attenuation coefficient «,
dispersion coefficient 8, and non-linear coefficient y are taken to be 0.5 dB/km, —80 ps/nm - km,
and 4.5 w=! - km™, respectively. In the next investigation, a single span of 20 km MMF is used,
followed by 5 spans of 20 km MMF to achieve a transmission distance of 100 km. The signal
launch power is varied at the transmitter, and it is propagated through the MMF’s fundamental
mode. At the receiver end, a dual-polarization optical receiver is used, which converts the optical
signal to electrical using OTR down-converters; each of them comprises four photoelectric PIN
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diodes and is observed through an eye-diagram analyzer. To model the local oscillator (LO), a
CW laser is used. Bit error rate (BER) and Q-factor are used to quantify the system performance.
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Figure 2: Proposed model of CO-OFDM system
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The simulation parameters used are summarized in Tab. 1.

Table 1: Parameters used for simulation at 1550 nm

Simulation parameters Values
Data rate 100 Gbit/s
No. of FFT points 128
Modulation format 4-QAM
Total transmission distance for SMF 400 km
Total transmission distance for MMF 100 km
Attenuation coefficient of SMF 0.2 dB/km
Attenuation coefficient of MMF 0.7 dB/km
Core diameter of SMF 10 um
Core diameter of MMF 50 um

10

Amplitude-Q (a.u.)
0

-10

-10 0 0
Amplitude-1 (a.u.l)
X-Polarization

Log of BER

=
10

Amplitude-Q (a.u.)
0

1040
—&—Back-to-back
'''''''' FEC limit [107] &
10°5° : : : : : ' "0 0 0
25 24 23 22 21 20 -19 -18 Amplitude-1 (a_u_lj
Power transmited (dbm) Y-Polarization

(a) (b)

Figure 3: (a) BER as a function of launched power into the transmitter for back to back
transmission (b) X- and Y-polarization constellation diagrams

4 Simulation Results and Discussion
4.1 Back-to-Back Transmission

Back-to-back transmission with a non-amplified optical link is first simulated for the proposed
system. While the transmission characteristics of SMF/MMF fiber transmission are monitored,
the effect of PMD and laser linewidth is ignored in our first analysis. The BER against the
transmitter’s launched power is shown in Fig. 3a for back-to-back transmission. The vertical axis
represents the log of BER, while the horizontal axis represents the launched power. It is observed
that the BER improves with an increase in transmitted power, which in turn tends to improve the
Q-factor. The transmission maintains the forward error correction (FEC) limit of 10~3 for the
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whole range of launched power from —25 dBm to —18 dBm. The received X- and Y-polarization
constellation diagrams of the CO-OFDM signal for the 4-QAM modulation scheme are shown in
Fig. 3b, which ensures optimal transmission with minimum BER for back-to-back transmission.
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Figure 5: BER as a function of launched power into the transmitter for (a) 20 km MMF link
(b) 40 km MMF link (c) 60 km MMF link (d) 80 km MMF link

4.2 400 km Single-Mode Fiber Link

Amplified SMF link transmission is then simulated with the proposed system. The optical
link contains 4 spans of SMF, each of length 100 km for transmission up to 400 km. For
the SMF, the attenuation coefficient «, dispersion coefficient 8, and non-linear coefficient y are
taken to be 0.2 dB/km, 16 ps/nm.km, and 1.2 w~! ~km™!, respectively. An EDFA with a gain
of 20 dB/span and noise figure of 4.5 dB is used as an optical amplifier to compensate for the
transmission losses, while DCF is used to compensate for dispersion. For the DCF, the attenuation
coefficient «, dispersion coefficient 8, and non-linear coefficient y are taken to be 0.5 dB/km,
—80 ps/nm - km, and 4.5 w~! km™!, respectively. Simulation is done for linewidth of modulating
CW laser at 0, 2, 4, 6, and 8 MHz. The results of BER against launched power into the
transmitter are shown in Fig. 4a for 400 km SMF transmission. The vertical axis represents the
log of BER, while the horizontal axis represents the launched power. It is observed that the BER
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improves with an increase in transmitted power, which in turn tends to improve the Q-factor. The
FEC limit is maintained in the transmission for launched power from —25 to —18 dBm. The
received X- and Y-polarization constellation diagrams of the CO-OFDM signal for the 4-QAM
modulation scheme are shown in Fig. 4b, which ensures optimal transmission with minimum BER
for SMF transmission link. Fig. 4c shows the variation in BER vs. launched power graph with
the change in CW laser linewidth. It is observed that increasing the laser linewidth degrades the
Q-factor. This results in a decrease in BER, so the system is less immune to dispersion. In this
work, the CW laser linewidth is taken to be 0 MHz.

4.3 20-100 km Multi-Mode Fiber Link

MMF link transmission is then simulated with the proposed system. MMF optical link
contains 5 spans of MMEF, each of length 20 km for transmission up to 100 km. Simulation is
done for the attenuation coefficient of MMF at 0.7 dB/km. The results of BER against launched
power into the transmitter are shown in Fig. 5a-5d for 20, 40, 60, 80 km MMF transmission
links, respectively. The vertical axis represents the log of BER, while the horizontal axis represents
the launched power. It is observed that the BER improves with an increase in transmitted power,
which in turn tends to improve the Q-factor. Inter-modal dispersion is minimum in 20 km MMF
link and increases as we increase the transmission distance.
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Figure 6: (a) BER as a function of launched power into the transmitter for 100 km SMF
transmission (b) X- and Y-polarization constellation diagrams

The results for 100 km MMF link transmission are shown in Fig. 6. Fig. 6a shows the
results of the bit error rate (BER) against launched power into the transmitter for 100 km MMF
transmission link. The vertical axis represents the log of BER, while the horizontal axis represents
the launched power. It is observed that the BER improves with an increase in transmitted power,
which in turn tends to improve the Q-factor. The FEC limit is maintained in the transmission
for launched power from —24 to —18 dBm. The 4-QAM modulation scheme received X- and
Y-polarization constellation diagrams of the CO-OFDM signal are shown in Fig. 6b, which
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ensures optimal transmission with minimum BER for 100 km MMF transmission link. Fig. 7.
summarizes the variation in BER vs. launched power for 20, 40, 60, 80, and 100 km MMF
transmission links. With variation in the transmitter’s power levels and increased transmission
distance, degradation in Q-factor and resulting BER are observed, increasing dispersion. Inter-
modal dispersion is minimum in 20 km MMF link and increases as we increase the transmission
distance. In the 100 km MMF link, the dispersion level is higher.
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Figure 7: Summary of BER vs. launched power variation for 20, 40, 60, 80, and 100 km MMF
transmission links

5 Conclusions

We have numerically analyzed the performance of 100 Gbit/s CO-OFDM transmission over
400 km SMF and 100 km MMF fiber links. The system is simulated over optically repeated and
non-repeated SMF and MMF links. Coherent transmission is used, and the system is analyzed
in linear and non-linear regimes. The system performance is quantified by BER. Both X- and
Y-polarizations show similar results. The maximum Q-factor is stabilized for a wide range from
—24 to 4 dBm launch power into MMF. With variation in the transmitter’s power levels, and an
increase in transmission distance, degradation in Q-factor and resulting BER is observed, which
show an increase in inter-modal dispersion. This effect is minimum in 20 km MMF link and
increases as we increase the transmission distance. The SMF and MMF links results are closely
correlated, which show that MMF can be used as transmission link in existing infrastructure of
SMF provided the mitigation of intermodal dispersion and non-linear effects by using modulation
format like CO-OFDM. The results signify that the MMF link can be employed beyond short-
reach applications by using them in the existing SMF infrastructure for long haul transmission. In
particular, the proposed system can be efficiently employed in 5G backhaul network. The multi-
gigabit capacity and lower BER of the proposed system makes it a suitable candidate especially
for the eMBB and URLLC requirements for 5G backhaul network.
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