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Abstract: Wheel-based network resilience passive optical network (PON) based on mode division
multiplexing (MDM) can be integrated with optical code division multiple access (OCDMA) schemes
efficiently for the fixed and backhaul traffic under normal and break/failure fiber operating conditions.
In this work, a bidirectional 10/2.5 Gbit/s hybrid MDM-OCDMA-PON system using multi-weight
zero cross-correlation (MWZCC) code is proposed. Donut modes 0 and 1 are incorporated by the
MDM technique in the proposed system. The benefit of this work is to offer an inexpensive, high-
bandwidth and advanced long-haul network with satisfactory resource utilization ability for fiber
links with protection against faults and to improve the reliability along with survivability of the
network. The simulation results show the successful realization of the multimode fiber (MMF) link
at 1.6 km in the uplink and 1.2 km in the downlink directions under an acceptable bit error rate
(BER). The minimum accepted received power of —31 dBm in uplink and —27 dBm in downlink over
1 km link at 10/2.5 Gbit/s rate is obtained. Moreover, the minimum received power of —20 dBm in
uplink and —30 dBm downlink is achieved by using MWZCC code compared to other codes handling
58 simultaneous end users. Further, the influence of fiber impairments and connected devices on the
proposed approach is numerically evaluated. Moreover, it is shown that the wheel based proposed
approach performs well than other topologies for the bidirectional network resilience transmission.

Keywords: mode division multiplexing (MDM); donut modes; optical code division multiple access
(OCDMA); multimode fiber (MMF)

1. Introduction

The fortified multimedia applications, in addition to wider bandwidth appeal and
real-time service, request immense rise in the intercommunication area. This incites service
suppliers to find a highly effective method to meet the access arena requirements, which
eradicates network failure and distance. Previous research has been interested in the passive
optical network (PON) to address the “last mile” obstruction matter in the future generation
of fiber access networks. PON does not incorporate active components with the signal
pathway and is designed for point-to-multipoint. PON supplies the privilege, comprising
coverage to long-reach transmission, wider bandwidth and reduced fiber deployment
within the loop and local exchange. Moreover, PON network incorporation permits several
splitting points that offer various customers access to the flexible topology. The hybrid
topology is based on wavelength division multiplexing (WDM), time division multiplexing
(TDM), optical code division multiple access (OCDMA) and orthogonal frequency division
multiplexing (OFDM) [1,2].

Recently, TDM-based PON standards, such as gigabit ethernet PON (GE-PON) and gi-
gabit PON (G-PON), are major in distinct countries. However, due to the whole bandwidth
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range being shared among different customers in the system, every customer receives ac-
cess to a restricted transmission rate, frequently condensed to Mbit/s. Presently, the request
for large bandwidth is growing quickly because of the advent of modern multimedia apps
such as video-on-demand services with online gaming. Thus, upgrading and developing
the latest technologies is essential to adapt to the latest applications. Amongst the several
PON technologies, time and wavelength division multiplexing PON (TWDM-PON) has
been chosen as the preferred topology for next-generation PON (NG-PON) as it sustains
backward compatibility, static sharing and flexibility. Additional advantages consist of a
high transmission rate, stability, protocol transparency, cost-effectiveness and dedicated
connectivity [3,4].

Though, multipoint transmission is handled by some addressing prime factors such
as network resilience and failure management. Several approaches were presented for
TWDM-PON to form possible communication, such as tree, bus, ring and wheel-based
structures. Conventionally, the TWDM-PON is utilized in a tree or bus fashion. However,
a link break or failure can interrupt the whole network by deactivating the optical line
terminal (OLT) from optical network units (ONUs). The majority of limitations emerge
from the topology of the network and be unsuccessful to employ the possible network
resources effectively from mildly loaded, idle channels or customers to the highly loaded
channels in the PON network. Additionally, the growing demands for huge bandwidth to
handle upcoming heavy data traffic of the network access domain cannot be obtained along
with the incorporation of conventional tree-based TWDM-PON. Furthermore, mapping
a multi-star architecture in TWDM-PON is accessible by implanting a sequence of power
splitters. The primary disadvantage of utilizing single star-based TWDM-PON is high
preliminary installation expenditure because of the integration of multiplexer (MUX) and
de-multiplexer (DEMUX) for each star. Moreover, ring topology was presented to reduce
the cost of settling superfluous paths in conventional PONs. However, ring-based TWDM-
PON generates needed reliability at average costs, and the inclusion of passive optical
couplers between OLT and various ONU units raises critical power problems which inhibit
the network capacity. Additionally, the hybrid topologies, i.e., the mixture of tree-star, tree-
ring, ring-star or star-tree-ring, improvised TWDM-PON network capacity, redundancy
and credibility while strengthening the network complexity. The recent work focuses on
investigating and profiting from reliable topologies, especially for TWDM-PON, to build
reliability in fast access networks. In wheel-based TWDM-PON architecture, an OLT is
located in the fiber ring center linked with an “n” number of ONUs to generate a closed-loop
access ring structure. In contrast to ring topology, OLT directly links the entire connected
remote nodes (RNs) or ONUs by assigning two directed optical fiber links. This topology is
employed to manage the optical and wireless resources with separate integration of each
bandwidth allocation in PON [1].

1.1. Related Work

Recently, several researchers presented their proposed systems and experimental /
simulation results on PON employing different topologies. Gong, Y. et al. demonstrated a
WDM-PON using ring topology to analyze the system reliability and network scalability.
It was found that a maximum of eight remote nodes can be connected with a receiver
sensitivity of —26 dBm [5]. Yeh, C.H. et al. investigated a tree-based PON employing
self-restorable apparatus against the optical fiber cable. It was found that restoration time
and protection of the PON can be obtained within 7 ms [6]. Bulu, I. and Caglayan, H.
presented an experimental demonstration of ring-based PON utilizing asymmetric passive
splitters. It was reported that the designed network could offer full restoration of the traffic
if one OLT failed in real applications [7]. Singh, S. and Singh, S. proposed a hybrid ring—tree
topology in a WDM system with polarization shift keying/non-return to zero (NRZ) at
60 Gbit/s data rate for 64 consumers. The results depict that the performance of the system
is affected by input signal power, channel spacing and data rate. Moreover, the orthogonal
modulation format enhances the system performance in terms of high bandwidth for future
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access networks [8]. Bala, A. and Dewra, S. investigated the performance of a hybrid ring—
star-based dense wavelength division multiplexing (DWDM) system utilizing add /drop
multiplexers. The results show that the suggested system runs a high transmission range
of 150 km at a 15 Gbit/s data rate for 128 end users [9]. Rani, A. and Dewra, S. investigated
the semiconductor optical amplifier (SOA) 400 mA biased current-based performance of
ring and bus topologies supporting 100 nodes at 10 Gbit/s [10]. Additionally, in [11],
a dual ring-based WDM system employing hybrid fiber/free space optics (FSO) link
over 5 km transmission distance at 20 Gbit/s data rate was proposed. Moreover, a ring-
based integrated WDM-TDM PON over 20 km single mode fiber (SMF) at 10 Gbit/s was
reported [12]. In another work, a self-protected integrated FSO-fiber link-based WDM-
PON system over 25 km SMF and 2 m FSO range at 24.3 Gbit/s transmission rate was
successfully presented [13]. Furthermore, due to the faster development over the last
few years, the SMF-based transmission system has progressively arrived at its Shannon
capacity limit [14-16]. To further enhance the system capacity by keeping less extensive
inline devices such as optical amplifiers, etc., for minimal cost and energy consumption/bit,
mode division multiplexing (MDM) technique employing multimode fiber (MMF) or few-
mode fiber (FMF) has recently been demonstrated and comprehensively reported [17].
In the MDM technique, a single fiber is utilized for transmitting distinct optical spatial
modes via the single core fiber. It can also encourage the transmission abilities of fiber by
‘n’ times. The TWDM-PON employing MDM can be further engaged to widen the network
capacity for a definite set of channels to implement the high-speed PONs [18]. Chen, Y.
et al. suggested a four channels MDM-PON system employing self-homodyne detection.
The results show that the suggested system delivers a high transmission rate of 160 Gbit/s
over 55 km FMF successfully [19]. Moreover, Chen, Y. et al. presented a bidirectional
MDM-TDM PON using a reflective semiconductor optical amplifier (RSOA) over 10 km
FMF and 20 km SMF at 10 Gbit/s transmission rate [20]. Additionally, Sharma, A. et al.
proposed a four-channel WDM-MDM PON using two linearly polarized (LP) modes over
10 km MMF at a 25 Gbit/s data rate [18]. Hu, T. et al. experimentally demonstrated a full-
duplex PON-MDM transmission system using two LP modes over 10 km two-mode fiber
at 10 Gbit/s data rate [21]. In [22], they also proposed an MDM-GPON incorporating 10 km
wavelength insensitive weakly coupled FMF and 10 km SMF at a 2.5 Gbit/s transmission
rate. Ren, F. et al. experimentally demonstrated an MDM-TDM-PON system using two
LP modes over 10 km SMF and 10 kmm FMF at 10 Gbit/s data rate [23]. Wan, Y. et al.
reported a chaotic power division multiplexing-based MDM-PON system over 5 km FMF
at a 30 Gbit/s transmission rate [24]. Chaudhary, S. et al. presented a radio over free
space optics (RoFSO) employing an MDM-WDM system over 80 km FSO at 120 Gbit/s
transmission rate [25].

Furthermore, spectral amplitude coding (SAC) based OCDMA operates at bit rate
instead of chip rate and balanced detection scheme to reduce the multiple access interference
(MAI). SAC-OCDMA also offers a large code set at a lower cost as compared to the
OCDMA scheme, which is appropriate for PON applications, where the number of users
and cost are important. Moreover, it is known that by incorporating balanced detection
techniques and spectral encoding in MDM-PON systems, MAI can be fully restrained.
Lately, researchers have introduced various SAC-based OCDMA codes such as random
diagonal (RD) [26], modified double weight (MDW) [27], optical orthogonal [28], modified
frequency hopping (MFH) [29], multi diagonal (MD) [30], zero cross correlation (ZCC), etc.
A Hermite-Gaussian (HG) modes OCDMA-MDM system using RD code over 11 km MMF
at 100 Gbit/s transmission rate was successfully introduced in [31]. Moreover, an integrated
MDM-OCDM system incorporating LP modes over 2 km two-mode fiber (TMF) at 80 Gbit/s
data rate was demonstrated [32]. In another work, LP modes incorporated MDM-based
OCDMA-PON system at 2 km and 40 km TMF and single mode fiber, respectively, at
80 Gbit/s transmission rate, was demonstrated [33].
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1.2. Motivation and Contributions

Considering the large investments needed for MDM-PON transmission systems, using
a defined topology would be of foremost significance. Moreover, except for the quality
of service, complexity, power management, cost of bandwidth, defect detection, and
management are challenging and critical for various service suppliers. A consumer at each
receiver end in the network expects to acquire the highest bandwidth at an acceptable
cost, but the conventional PON-MDM network topologies offer confined protection. The
condition causes serious information loss because of failure in optical fiber medium or
optical components. So, a required topology design that solves network resilience is crucial
while keeping a uniform traffic transmission at a preferable and economic capacity. In one of
the recent works in reference [34], ring-based PON and FSO using single weight ZCC code
over 10 km fiber and 40 km FSO range at 1 Tbit/s bit rate has been suggested. Work in this
reference offers high security, high data rate and long distance but lacks system scalability
and supports less number of end users/nodes. Moreover, it poses high transmission losses
due to the presence of unguided FSO links, such as weather and turbulence effects. Thus,
there is a need for an adequate topology to overcome all these problems. Although the
current developments in TWDM-PON defined the significance of ring, bus, tree, star and
wheel-based topologies, no work investigated their credibility toward fault detection or
failure management. Furthermore, an OCDMA is one of the promising candidates for
NG-PON:s. Thus, a study regarding the high-speed and secure wheel-based MDM-PON
incorporating OCDMA technique for network resiliency in next future networks is needed.

In this work, an MDM-based TWDM-PON system employing the SAC-OCDMA code
is demonstrated. Donut modes 0 and 1 are utilized in the proposed system to transmit
10/2.5 Gbit/s bit rate per channel over bidirectional MMFs in wheel topology. Multi-weight
zero cross-correlation (MWZCC) code is utilized to minimize the MAI effect and improve
network security with ‘n” input channels. Additionally, the system performance has been
evaluated in terms of received optical power and bit error rate (BER). The presence of
fiber impairments and the presence of noise due to various active or passive devices cause
degradation in system performance. Therefore, in addition to the design and simulation
analysis, the impacts of four-wave mixing (FWM)), fiber interference and dispersion, power
dissipation due to power splitters/combiners, and mode selectors on the proposed scheme
are discussed.

This proposed work in the paper is organized as follows: Section 2 depicts the pro-
posed design of wheel-based MDM-PON using MWZCC code. Section 3 describes the
results and discussion. Section 4 concludes the work and its pros/cons and emphasizes
future directions.

2. Proposed Design

Figure 1 illustrates the conceptual diagram of wheel-based architecture, first proposed
by Zentani, A. in [1], which incorporates MDM-based TWDM-PON. OLT in the design is
positioned in the mid of the fiber ring linked by the ‘n’ number of RNs, which are further
connected to the ‘2n” number of connected ONUs to build a close-loop across the optical
ring with end nodes.

Here, the defined wavelengths A, are assigned for downlink and uplink transmission
to each RN with donut modes 0 and 1. OLT helps to identify, control and communicate
inter RNs. Each RN is further connected to two ONUs through a fiber link, each at a
single wavelength but with two different donut modes. At each RN in wheel topology, the
broadcasting, completion, regeneration and rebroadcasting of wavelength for the OLT path
is performed clockwise via a unidirectional ring. Moreover, in the wheel-PON architecture,
the OLT is fixed with an #n-secure number of transmitters (Tx) and receivers (Rx) employing
an OCDMA code. Each RN is connected with a pair of ONUs working on distinct modes at
each Tx/Rx as well as the same defined wavelength is used to handle the downlink and
uplink traffic through two fixed fiber links. Additionally, switches are positioned with OLT
to transfer the data to the respective queue, as decided by a scheduler for distinct data
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conditions. In this architecture, the fiber capacity is utilized under the link failure scenario.
The wheel topology directs the data from the failed /break path onto the alternative linked
path that mainly encloses the OLT channel or nearby RN or ONU to reduce the failure
consequences [1,35,36].

mode 0, .1

iy mode 0, 7.,

mode 1, &,

mode 0, 7,

ONUS ONU3

mode 1 RNS o mode 1,7, R\'S mode 0
mode 0 mode 1, %, mode 0, .,
ONUS model NONU3
RN4
mode 1 mode 0
ONU4 ONU4

Bidirectional

Figure 1. Conceptual diagram of network resilience wheel-based hybrid MDM-OCDMA-PON using
modes 0 and 1.

Figures 2-5 illustrate the block diagram of the proposed bidirectional MDM-PON
system by incorporating MWZCC OCDMA code with generated modes. In the proposed
system, there are ‘n” numbers of channels with a group of eighteen channels working at
two MWZCC code patterns for two users. For the downlink, at the transmitter side, a
continuous wave (CW) laser array operating at 10 dBm input power was utilized. Here,
a single CW laser array generates eighteen wavelengths of 1596-1602.8 nm with 0.4 nm
channel spacing, as depicted in Figure 2. Anideal 18:1 WDM MUX multiplexes all incoming
input signals and transfers to the 1:18 WDM DEMUX in each downstream transmitter (Tx
dnl). Each encoder incorporates a 4:1 WDM MUX to multiplex distinct input wavelengths
according to MWZCC code sequence, pseudo-random bit sequence generator (PRBS) at
10 Gbit/s to induce a random bit sequence, a pulse generator non-return to zero and Mach
Zehnder modulator (MZM) for modulating the MWZCC coded signal. The output of MZM
is transferred to the mode generator that yields the donut mode 0. Likewise, in another
encoder, the next coded modulated signals are transmitted to the donut mode generator
that yields the donut mode 1. Afterward, a 2:1 power combiner was incorporated to join the
incoming different modes signals. An n:1 power combiner was then used to transmit the
‘n’ number of transmitters (Tx dn_1 to Tx dn_n) followed by a 3-port optical circulator to
direct the different incoming modes downstream signals for propagation via bidirectional
MMF using two ports. The third port of the circulator was used for upstream transmission
at OLT. The generated modes 0 and 1 are presented in Figures 3 and 4, respectively. Two
separate MMFs are used for uplink and downlink transmission simultaneously, as depicted
in Figure 5.
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Figure 2. Proposed design of bidirectional MDM-PON system incorporating MWZCC OCDMA code
of transmitter section.
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Figure 3. Generated donut mode 0 in MDM-PON system.
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Figure 4. Generated donut mode 1 in MDM-PON system.
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Figure 5. Proposed design of bidirectional MDM-PON system incorporating MWZCC OCDMA code

of receiver section.

For data received, a 1:2 bidirectional power splitter working as RNn was utilized to
split the optical data into two segments; one for the downlink receiver and another one
for the uplink transmission. A 1:n power splitter was used to transmit the received traffic
to separate the ‘n” number of 1:2 power splitters. Each 1:2 splitter was utilized to split
the mode signals into mode 0 and mode 1 through mode selectors 0 and 1, respectively,
which select the required mode transferred at the transmitter side. Moreover, the received
mode selector output is transferred to the appropriate downstream receiver section, which
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includes a 1:18 de-multiplexer to de-multiplex the incoming mode signals to two decoders
for decoding the output for two users. A decoder includes a 4:1 WDM MUX, which is
accompanied by a spatial receiver to retrieve the basic baseband signal succeeded by the
BER analyzer. For the uplink, the input signals from ‘n” uplink transmitters (Tx up1 to Tx
upn) are combined by an 7:1 power combiner, which is again fed into a 1:2 bidirectional
power splitter and upstream MME. Here, for each transmitter and receiver section, eighteen
upstream wavelengths of 1527-1533.8 nm with 0.4 nm channel spacing were generated at
0 dBm input power while the rest of the connections remained the same as the downlink.
The system was designed and analyzed in OptiSystem 19.0 software.

Table 1 presents the MWZCC code pattern utilized in the system for two users at both
donut modes 0 and 1. Moreover, Table 2 presents the assorted parameters utilized in the
proposed system modeling.

Table 1. MW-ZCC code design for two users for both downlink and uplink wavelengths [37].

E © S o ~ © » < o o~ © - < o ~ © . S )
=] x O O D~ D~ > [} [} =) =N S =) =3 - — I=) [ [
- in x ) o) N in =X R =N N 3 S S =] o 3 =) =]
E - 2 2 2 2 - 2 2 2 2 - 2 = & == - = =2
<
E 5 ¥ 2 9 2 g 3 3 % 2 2 T =2 84 & o 3 2
~ in N [N I I in I I 5] a 15 o e & 0 15 [35) 1}
e e T
<
U1l 0 0 0 0 1 1 0 1 1 0 0 0 0 0 0 0 0 0
U2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1
U2 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1
Table 2. Parameters used [34].
Parameters Values
Laser input power (downlink) 10 dBm
Laser input power (uplink) 0 dBm
Wavelength (downlink) 1596-1602.8 nm
Wavelength (uplink) 1527-1533.8 nm
Data rate (downlink) 10 Gbit/s
Data rate (uplink) 2.5 Gbit/s
Reference wavelength 1550 nm
Dark current 9nA
Measured index multimode fiber length 100-800 m
Dispersion 17 ps/nm x km
Attenuation 0.25 dB/km

3. Results and Discussion

In this segment, the results obtained from the design of the hybrid MDM-based
TWDM-PON system utilizing MWZCC code are depicted and discussed for both downlink
and uplink transmission considering the 103 BER threshold in OptiSystem software.

Figure 6 presents the BER performance of the 10/2.5 Gbit/s hybrid MDM-OCDMA-
PON system over 1 km fiber distance for both users operating modes 0 and 1 in downstream
and upstream transmission. The BER threshold of 10~ by a dashed line is also displayed.
It was noted that the system operating at mode 0 for User 1 in uplink transmission offers
the best performance out of all modes. Furthermore, User 2 operating at mode 1 in uplink
performs better than both downlink users, i.e., User 1 at mode 0 followed by User 2 at
mode 1. The proposed system offers the minimum required received power of —31 and
—28 dBm for User 1 and User 2, respectively, in the upstream transmission. Moreover, the
minimum received power for User 1 and User 2 is —27 and —25 dBm, respectively, in the
downstream direction. The measured eye patterns at —20 dBm received optical power for
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both User 1 at mode 0 in both downlink and uplink directions, illustrating the successful
transmission of traffic.

100 . T .
Userl mode0
. User2 model
\"\ —+#=-Userl mode0
1024 _ \*. =#=-TUser2 model |
- TSk, S
[ 1T I N S A BER threshold
E - \\
L hx\ \‘\
10~F SeQw ;
Qﬂ i \*-"'-.._.‘h\*\~
= it SRR
[=a} -h"‘"-:'
\1\“’\*\“..
104)-? i\:“.*-h"'---.__ 3
F \*...__t e
E ..""-1;
i o4
i Upstream  Downstream |
10 Il ] 1 1 .
10 =30 -25 —20 -15 -10

Received Optical Power[dBm]

Figure 6. Measured BER vs. received optical power at 10/2.5 Gbit/s data rate over 1 km range for
both User 1 and User 2 operating at modes 0 and 1 in downstream and upstream transmission. Insets:
corresponding eye patterns over —20 dBm received power for User 1 operating at mode 0.

Figure 7 depicts the BER performance of the 10/2.5 Gbit/s hybrid MDM-OCDMA-
PON system employing MWZCC code over 1 km fiber distance for downstream and
upstream transmission, respectively, at mode 0 and mode 1 for both Users 1 and 2. It is
noted that as the MMF length of fiber exceeds, the BER value increases; therefore, the
system’s performance diminishes for all end users in both modes 0 and 1. Moreover,
the uplink transmission performs better than the downlink as the former operates at a
lesser data rate and low input power than the latter, which causes fewer impacts of fiber
impairments on uplink transmission. This system performance degradation is because of
the presence of non-linearities and noise in the fiber link. Moreover, User 1 operating at
mode 0 performs better than User 2 operating mode 1 in both upstream and downstream
transmission. It further presents that User 1 and User 2 achieve acceptable <10~3 BER
at the MMF length of 1.6 and 1.3 km, respectively, in the upstream direction. Likewise,
for User 1 and User 2, under the BER threshold, the obtained fiber length is 1.2 and 1 km,
respectively, in the downstream direction. The computed eye patterns at the 1 km fiber
range illustrate the faithful transmission of end users. MDM operates with multiple optical
modes, and these modes are limited to being connected with other propagating modes
because they pass through MMEFE. Here, mode 0 performed better than mode 1 in both
downlink and uplink transmission. It is due to the reason that the traveling higher-order
modes in MMF are more absorbed or scattered (due to fiber attenuation) than lower-order
modes. The higher order modes (other than fundamental mode) are more susceptible to
fiber bending and other variants of impact on the fiber as compared to fundamental mode
(mode 0) due to the mode field cross distributions character in fiber. Additionally, the
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major differential mode delay (DMD) between mode 0 and mode 1 transmission cause
distributions in different operating higher-order modes. Thus, the modal dispersion caused
by DMD would result in intense signal degradation at the receiver, and it restricts both the
transmission distance and data rate at mode 1 than mode 0 in MMF [38,39].

100 1 1 . .
102F I
Upstream  Downstream " - Pl -
BER threshold =" s ad
/t
10+
22
=
jaa
10-¢
-"?. '. :
10- {V Userl mode0 |4
Upstream —==-User2 model | ]
Userl mode0| ;
—«--User2 model |
. 10_10 Il 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Length[km]

Figure 7. Measured BER vs. fiber length at 10/2.5 Gbit/s data rate for both User 1 and User 2 using
modes 0 and 1 in downstream and upstream transmission. Insets: corresponding eye patterns over
1 km fiber length for User 1 mode 0.

Figure 8a,b show the measured BER performance of the 10/2.5 Gbit/s hybrid MDM-
OCDMA-PON system over 1 km fiber distance for downstream and upstream transmission,
respectively, at modes 0 and 1 for both users 1 and 2. It is depicted that the system operating
at mode 0 offers better performance than mode 1 for both downlink and uplink transmission.
For the downstream transmission operating at mode 0, it is analyzed that system using
MWZCC, ZCC, RD and MD code, the minimum optical power needed to achieve the BER
threshold is —30, —28, —22 and —20 dBm, respectively, as shown in Figure 8a. Moreover, in
the downstream transmission operating at mode 1, when the MWZCC, ZCC, RD and MD
codes are used in the system, the minimum received power is —20, —14, —13 and —8 dBm,
respectively, under the BER threshold. Further, Figure 8b shows that for the upstream
transmission operating at mode 0, the minimum received power for MWZCC, ZCC, RD
and MD code is >—30, —30, —29 and —26 dBm, respectively, under the BER limit. Likewise,
the power of —24, —20, —16 and —22 dBm was received for MWZCC, ZCC, RD and MD
code, respectively, in the system for the upstream transmission operating at mode 1.
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Figure 8. Measured BER vs. received optical power at 10/2.5 Gbit/s data rate over 1 km range for
modes 0 and 1 for different codes in (a) downstream and (b) upstream transmission.

Figure 9a,b show the BER versus the number of active ONUs for different OCDMA
codes employed in the system at 10/2.5 Gbit/s data rate over 1 km range for modes
0 and 1 for different codes in downstream and upstream transmission. It is noted that
with the increasing number of ONUs, the system performance degrades along with an
increase in respective BER as the received power is restricted by the power splitters for both
downstream and upstream coded signals. The proposed fiber link using the MWZCC code
provides superior performance with respect to the other OCDMA codes in both downlink
and uplink transmission. The maximum number of ONUs obtained for mode 0 and mode
1 for MWZCC, ZCC, RD and MD code is 58, 32; 50, 24; 42, 16 and 34, 15 simultaneous
ONUs, respectively, at the BER threshold in the downstream transmission as shown in
Figure 9a. Additionally, Figure 9b illustrates that the maximum number of uplink ONUs
handled by MWZCC, ZCC, RD and MD code is >58, 58, 50 and 44, respectively, operating
at mode 0. However, in the downlink, for MWZCC, ZCC, RD and MD codes, the highest
number of supported ONUs are 42, 38, 34 and 28, respectively. The performance of the
proposed system for a large number of ONUs decreases because of the presence of inter-
symbol interference and four-wave mixing effects, which again increases the fiber noise,
non-linearities and dispersion.

3.1. Influence of FWM, Dispersion and Interference

(a) Influence of FWM: By realizing a wheel-based MDM-PON scheme utilizing MWZCC
OCDMA code, the high bandwidth and secure and protected network can be obtained, but
some limitations also exist in the proposed scheme. However, as the number of channels ()
increases in the proposed scheme, there is an increase in system capacity by N, times, but
it also causes a major non-linear effect, i.e., FWM. The FWM effect generates unwanted
wavelengths because of the interference of at least three distinct wavelengths in the fiber
medium. The interactions of primary wavelengths cause unwanted FWM wavelengths in
the transmission link. Mathematically, the generated FWM wavelengths can be expressed
as [34]:

Agpe = Aa £ Ap £ Ac 1)



Photonics 2023, 10, 329

12 of 17

10°

where A;, Ay and A. are three primary wavelengths in the fiber link. The number of
generated FWM wavelengths are expressed as [34]:
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Figure 9. Measured BER vs. number of ONUs at 10/2.5 Gbit/s data rate over 1 km range for modes
0 and 1 for different codes in (a) downstream and (b) upstream transmission.

In the proposed scheme, a total of eighteen wavelengths were utilized. Thus, the total
numbers of generated FWM wavelengths are 10 using Expression (2). Additionally, the
decrease in channel spacing and increase in data rate in the system further increases the
FWM side lobes. This impact can be minimized by using adequate channel spacing, data
rate and optimum multiplexing techniques to handle multiple wavelengths. Therefore, in
the proposed scheme, the MDM technique was used.

(b) Influence of Dispersion: Fiber dispersion is another parameter that decreases the
system performance. However, chromatic dispersion (CD) is the main cause of restricted
bandwidth in fiber. Additionally, the CD tolerance of 18,817 ps/nm and 1176 ps/nm
for uplink at 2.5 Gbit/s and downlink transmission at 10 Gbit/s, respectively, is defined
in [40]. Therefore, the CD present in the proposed wheel architecture, at 1550 nm reference
wavelength, is calculated as [34]:

Driper = LD + S(A —1550)] (©)]

where Dpjpe,1inx implies CD in fiber, L represents fiber range, A indicates transmission
wavelength, D presents dispersion coefficient and S indicates slope coefficient. Table 3
represents the calculated CD in fiber link at different transmission lengths of the proposed
scheme for uplink and downlink wavelength.

The obtained results in Table 3 present that the achieved CD values are lower than the
tolerance range for downlink and uplink wavelengths over 0.2~1.6 km at 10/2.5 Gbit/s data
rate in the wheel-based MDM-PON with MWZCC code. However, uplink transmission
shows less CD than downlink as uplink wavelength operates at a low data rate of 2.5 Gbit/s
than downlink wavelength.
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Table 3. Calculated CD for downlink and uplink transmission wavelengths.

Transmission Wavelength (nm) Length (km) Chromatic Tolerance (ps/nm)
0.2 200
0.6 400
Downlink 1596 1 600
1.2 800
1.6 1000
Uplink 0.2 150
0.6 300
1527 1 450
1.2 600
1.6 700

(c) Influence of interference: However, for low data rate signals, the CD does not
notably broaden the propagating pulses into contiguous bit periods in fiber cable. Therefore,
the CD does not influence the transmission of the system at a low data rate. Furthermore,
at a high data rate, the pulses are shorter and closer. It prompts pulse overlapping into
neighboring bit intervals, also known as inter-symbol interference (ISI). The expression for
pulse broadening in ps is given as [34]:

At = DLAA (4)

where At implies pulse spread and AA means pulse spectral linewidth, i.e., 1 nm. Addi-
tionally, the bandwidth of fiber cable is limited by dispersion and interference. Thence, the
maximum supported bit rate in Gbit/s is evaluated as [34]:

B,At < 1 @)

where B, indicates the bit rate in the system. Table 4 indicates the measured pulse broaden-
ing and supported bit rate for distinct fiber lengths of the proposed scheme for uplink (at
2.5 Gbit/s) and downlink (at 10 Gbit/s) transmission.

Table 4. Measured pulse broadening and supportable bit rate in the proposed scheme.

Length (km) At (ps) B; (Gbit/s) [Downlink] B, (Gbit/s) [Uplink]
0.2 34 0.03 0.008
0.6 10.2 0.10 0.2
1 17 0.17 0.4
1.2 20.4 0.20 0.5
1.6 27.2 0.27 0.6

Table 4 indicates that the supportable bit rates for both downlink and unlink trans-
missions are less than 1 over 0.2~1.6 km fiber length. Thus, the proposed scheme performs
well under the influence of ISL

3.2. Power Budget (PB) Analysis

PB calculates the total loss in the system due to power splitters, power combiner and
mode selectors. The expression for total loss, L, of the system is given as [41]:

Lt = Lc + Ls + aLgjper + Lis (6)

where L, Ls, a, Lfiper and Lys represent combiner loss, splitter loss, fiber attenuation, fiber
loss and mode selector loss, respectively. In the proposed system, mode selector loss is
considered zero as its basic function is to draw a single mode from the multimode signal in
MME. Table 5 presents derailed loss calculations of the proposed scheme at an input power
of 10 dBm and 0.2 dB/km attenuation.



Photonics 2023, 10, 329

14 of 17

Table 5. Analysis of loss budget in the proposed scheme.

Fiber Loss aLgpe, 2:1 Power 1:2 Power
Length (im) (dB) Combiner (dB)  Splitter (4B)  10tal Loss (dB)
0.2 34 0.3 3.6 7.3
0.6 10.2 0.3 3.6 14.1
1 17 0.3 3.6 20.9
1.2 20.4 0.3 3.6 243
1.6 27.2 0.3 3.6 31.1

Table 5 illustrates that the maximum engagement to the total loss in the proposed
scheme is fiber loss, followed by splitter loss and connector loss. Table 6 presents the
compassion of the proposed scheme with previously reported schemes.

Table 6. Comparisons of proposed scheme with other reported schemes.

Maximum .
Scheme Transmission Highest ]?ata Rate No. of ONUs Code Used Design Features
. (Gbit/s)
Distance (km)
Hybrid tree-ring
topf)logy_bésed 26 1.25 4 Not used Complex and costly
radio over fiber
system [42]
Ring-based WDM 60 25 10 Not used Not scalable, losses
system [43] and not secure
Ring-based WDM 15 10 6 Not used Not scalable, losses
system [44] and not secure
WDM Ring Not scalable, losses
network [45] 10 25 4 Not used and not secure
Ring-based hybrid 10 (fiber) and 40 . . Not scalable, costly
PON-FSO [34] (FSO) 1000 50 Single weight ZCC and more losses
Proposed scheme 1.6 10/2.5 58 MNZCC Scalable and fewer

losses

Table 6 presents that the proposed scheme based on wheel topology offers the highest
number of connected ONUs (=58) with high security by employing MNZCC code with high
scalability and fewer losses at a high data rate (=58 x 10/2.5 Gbit/s) than other existing
schemes. Except for reference [34], no other scheme uses code for enhancing the system
security at high data. Although the transmission distance of the proposed scheme is less
than other schemes, other ring/tree-based schemes include losses and lack in scalability as
well as security of the system. Furthermore, to improve the transmission distance and data
rate in the proposed schemes, amplifiers can be employed successfully.

4. Conclusions

In this work, a 10/2.5 Gbit/s hybrid MDM-PON system incorporating OCDMA was
designed. Donut modes 0 and 1 are utilized in the MDM scheme in both downlink and
uplink transmission. The system operating at mode 0 performs better than mode 1 for
MWZCC code as compared to ZCC, RD and MD code. For acceptable BER, the minimum
required received power is —31 dBm in upstream and —27 dBm downstream over 1 km
length at a 10/2.5 Gbit/s data rate. The faithful transmission distance of 1.6 km in uplink
and 1.2 km in a downlink can be achieved at 10/2.5 Gbit/s successfully. Moreover, the
MWZCC code offers minimum acceptable received power of —20 dBm in uplink and
—30 dBm downlink direction for User 1 operating at mode 0. Moreover, the maximum
number of ONUs handled by the system using the MWZCC code is 58 in both uplink
and downlink transmission. The numerical measured influence of fiber impairments and
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splitters/combiners depicts that a wheel-based scheme is a preferable approach for future
networks. Moreover, it shows better outcomes than other existing schemes.

In addition, as the proposed scheme has various pros, it also poses some cons. The
major benefit of the proposed wheel-based scheme is to offer reliable topology for fast access
communication. It also improves the network protection from fiber break or failure and
lowers the link connection failure impact from OLT to ONUs and vice-versa. Additionally,
the proposed work lacks to consume surplus fiber capacity, as the channel capacity will
be utilized under the link break/failure scenario. Additionally, the presence of embedded
devices such as switches with OLT to control the traffic to the respective ONU is required, as
in ring topology-based systems. In the future, a network resilience wheel-based OCDMA-
based MDM-PON system can enhance the usage of the link under the presence of fiber
break/failure, interference or dispersion.
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